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Abstract

:

This work explores the aerodynamic and aeroacoustic responses of an airfoil fitted with a harmonically morphing Trailing Edge Flap (TEF). An unsteady parametrization method adapted for harmonic morphing is introduced, and then coupled with dynamic meshing to drive the morphing process. The turbulence characteristics are calculated using the hybrid Stress Blended Eddy Simulation (SBES) RANS-LES model. The far-field tonal noise is predicted using the Ffowcs-Williams and Hawkings (FW-H) acoustic analogy method with corrections to account for spanwise effects using a correlation length of half the airfoil chord. At various morphing frequencies and amplitudes, the 2D aeroacoustic tonal noise spectra are obtained for a NACA 0012 airfoil at a low angle of attack (AoA = 4°), a Reynolds number of 0.62 × 106, and a Mach number of 0.115, respectively, and the dominant tonal frequencies are predicted correctly. The aerodynamic coefficients of the un-morphed configuration show good agreement with published experimental and 3D LES data. For the harmonically morphing TEF case, results show that it is possible to achieve up to a 3% increase in aerodynamic efficiency (L/D). Furthermore, the morphing slightly shifts the predominant tonal peak to higher frequencies, possibly due to the morphing TEF causing a breakup of large-scale shed vortices into smaller, higher frequency turbulent eddies. It appears that larger morphing amplitudes induce higher sound pressure levels (SPLs), and that all the morphing cases induce the shift in the main tonal peak to a higher frequency, with a maximum 1.5 dB reduction in predicted SPL. The proposed dynamic meshing approach incorporating an SBES model provides a reasonable estimation of the NACA 0012 far-field tonal noise at an affordable computational cost. Thus, it can be used as an efficient numerical tool to predict the emitted far-field tonal noise from a morphing wing at the design stage.






Keywords:


harmonically morphing; active flow control; dynamic meshing; tonal noise; RANS-LES; SBES












1. Introduction


The phenomenal growth of the aviation industry with its associated environmental and noise pollution has motivated the European commission to set a vision for 2050 in its Flightpath 2050 project [1] to reduce the perceived noise by up to 65%, or the equivalent of a 15 dB reduction relative to the year 2000 levels. This goal is the main driver for industry to develop new technologies in order to achieve the noise reduction target. One of the promising concepts to deal with aviation noise is the use of adaptable morphing structures for either passive or active flow control.



Morphing concepts have been the focus of many academic and industrial endeavours. Recently, NASA developed aerodynamic surfaces that are highly flexible and could be optimized in-flight [2]. Such concept proved to be an efficient technique not only to decrease airframe noise but also to enhance lift and reduce drag, all so crucial in civil aviation transport. Airframe noise reductions attributed to morphing concepts are mainly due to the streamlining of the wing and the removal of gaps presented between some rigidly moving elements of the lifting surfaces such as flap side-edges, slotted slats, and trailing edge flaps (TEF) [3,4].



An additional concept, which has already reached the flight-test stage, is the one developed under NASA’s Adaptive Compliant Trailing Edge (ACTE) project and led by FlexSys Inc. [5]. The high-lift flaps of a Gulfstream III business jet were replaced by a morphing structure that has a compliant fairing at the end of each flap to seal any gaps. Subsequent flight tests of this concept demonstrated that it is possible to reduce aircraft noise by as much as 30% [6]. In the past, the studied morphing concepts were mainly passive, i.e., they were not being used actively to influence the flow, focusing on shape optimization to enhance performance [7,8].



Lately, research has explored the use of morphing mechanisms as active flow control devices for drag reduction, flow separation mitigation, and noise abasement. Some concepts are based on the harmonic forcing of the flow, e.g., as investigated by Greenblatt and Wygnanski [9] who suggested that the formation of Large Coherent Structures (LCS) is affected and accelerated by periodic excitation. It is known that periodic motion in a flow can enhance the transfer of high momentum fluid across the boundary layer region [10]. Thus, this transfer of high momentum fluid leads for example to a reduction in the size of a recirculation zone on the suction side of the airfoil which is associated with aerodynamic performance losses.



Cattafesta et al. [11] reviewed and categorized various methods used for harmonic forcing as follows: (1) fluidic methods, which use steady/unsteady fluid injection (i.e., blowing or suction) to delay separation (e.g., [12,13,14]; (2) plasma-based actuators (e.g., [15,16]; (3) moving surfaces method such as rigidly vibrating flaps [17], vibrating diaphragm and morphing flaps [18,19]. It is the latter method of morphing flaps which will be the focus of this paper.



Seifert et al. [20] successfully used a piezoelectric rigid flap actuator for separation control, where a stall delay of 2° to 4° was obtained, along with up to 20% enhancement in the maximum lift coefficient Cl,max. Several other studies then used the same concept, e.g., Kegerise et al. [21] who applied a piezoelectric bimorph cantilever beam with its tip situated at a leading-edge cavity and moved it periodically in the direction normal to the incoming flow, for control purposes. It was found that only the tonal noise component of the cavity wall-pressure fluctuations could be suppressed, with little effect on the broadband noise reduction.



Discrete, oscillating TEFs have also been addressed in the literature. A NACA 0012 wing section with a harmonically deflecting TEF was tested in a subsonic wind tunnel by Krzysiak et al. [17] who demonstrated an increase in Cl,max when both the angle of attack of the airfoil and flap deflection angle increase simultaneously. Liggett et al. [22] investigated the impact of an oscillating flap with and without flap gap using a hybrid RANS/LES turbulence model. It was found that the presence of the gaps caused a decrease in aerodynamic performance due to flow recirculation and further confirmed some earlier findings that the oscillating movement drives the unsteadiness in the flow. Most recently, Jones et al. [18] used wind tunnel tests and Direct Numerical Simulation (DNS) to investigate the use of periodic surface morphing for separation control at a low Reynolds number (50,000). In their experimental work, a small wing was designed with a dynamically morphing upper surface skin and actuated by very thin Macro-Fibre Composite actuators. Results showed that periodic morphing had limited separation mitigation effects on the flow when actuating at a low frequency (10 Hz). However, when the forcing frequency was increased to 70 Hz, it became the dominant frequency in the spectra, causing LCSs to transport high momentum fluids to the near wall region, effectively reducing the flow separation, and the drag coefficient Cd.



Scheller et al. [23] performed Particle Image Velocimetry (PIV) measurements on a piezoelectric actuation mechanism integrated into the Trailing Edge (TE) of an aileron at high Reynolds numbers. The effects of high-frequency, low-amplitude TE oscillations were investigated, and it was found that an attenuation of the high-frequency wave inside Kelvin–Helmholtz (K-H) vortices was achievable using optimal morphing frequencies (60 Hz for their setup). Likewise, Jodin et al. [24] used the same concept in an experiment on the TEF of an Airbus A320 hybrid morphing wing concept and showed that a significant reduction in large-scale K-H instabilities could be obtained, equivalent to a reduction of up to 20 dB at the dominant frequency. Additionally, with optimal frequency and amplitude, a 5% pressure drag reduction and a 2% increase in lift were achieved.



Most studies to date, mainly experimental, have demonstrated that optimal morphing frequency/amplitude pairing is critical for achieving the best aerodynamic performance (L/D). However, given the large design space, it is extremely costly and time consuming to explore these parameters in full using only experiments, especially when it comes to acoustic effects which usually require characterization of both the near-field (e.g., using PIV) and far-field (e.g., from high fidelity microphone arrays) noise aspects. The same is true if a computationally prohibitive numerical approach like DNS is used at high Reynolds numbers. Therefore, to investigate such effects for a harmonically morphing TEF at practical Reynolds numbers, there is a need for a balanced methodology between computational requirements and accurate resolution of flow physics. As the first step towards predicting and understanding the aerodynamic and noise aspects of harmonically morphing TEFs, this paper explores the capabilities of a hybrid RANS-LES approach.



In this paper, a method for morphing airfoils first introduced in Abdessemed et al. [25,26] is modified to allow the study of the aerodynamic and aeroacoustic effects of harmonically morphed TEFs. The commercial software ANSYS Fluent is utilized with dynamic meshing method to deform the mesh and control the motion of the oscillating TEF. The 2D unsteady flow simulations are performed using a hybrid Stress Blended Eddy Simulation (SBES) RANS-LES method, while the far-field noise is predicted using the Ffowcs-Williams and Hawkings (FW-H) acoustic analogy. Provided that source correlation lengths are carefully selected to account for 3D spanwise effects, the estimation of the far-field noise from 2D CFD data has been proven to be a reasonable approach, e.g., as shown in the findings of Alqash et al. [27], Doolan [28] and Brentner et al. [29]. The use of hybrid RANS-LES models in aerodynamic and aeroacoustic studies has previously been reported in literature, e.g., Arunajatesan and Sinha [30], Houseman et al. [31], and Mahak et al. [32]. More recently, Syawitri el al. [33] showed that in comparison to other hybrid RANS-LES models, it is possible to significantly improve the numerical prediction of the flow around a three-straight-bladed Vertical Axis Wind Turbine (VAWT) using SBES turbulence modelling. In a recent review by Pratomo et al. [34], the authors indicated that SBES model along with RANS-ILES have superior performance characteristics for turbulence modelling compared with their predecessors. To the authors’ best knowledge, a framework integrating UDFs with Fluent’s dynamic meshing tools for investigating aeroacoustic effects of harmonically morphing TEFs using hybrid RANS-LES approach has not previously been used.



In this paper, a validation study of the unmorphed NACA0012 airfoil at Re = 0.62 × 106 is first performed and results are compared with published experimental and numerical data. Second, a 3D LES study performed by Wolf et al. [35] is replicated using the 2D SBES simulation and differences between the 2D and 3D predictions are discussed. Finally, a case study of a periodically morphing TEF is investigated at two frequencies (100 Hz and 800 Hz) for a fixed morphing amplitude (0.01% of the chord), then at a fixed frequency (100 Hz) and two amplitudes (0.01% and 0.1% of the chord). While the 800 Hz is selected as an example of a very high actuation frequency, the 100 Hz frequency is inspired by beneficial lift increments reported in the experimental tests of Jodin et al. [24] at a similar Reynolds number to this study. The effects of the periodic morphing on the acoustic spectra, tonal noise specifically, and aerodynamic performance are then observed and discussed.




2. Computational Methodology


The accuracy of the computational framework proposed here is assessed in 2D by comparing its results with the experimental data of Brooks et al. [36]. The experiment investigated a NACA 0012 wing with a chord (c) of 0.2286 m, a span of 0.4 m and a sharp TE in a low turbulence intensity core of a free jet tunnel located in an anechoic chamber. The Reynolds number was 0.62 × 106, based on a free stream velocity of 40 m/s (Mach number = 0.115) and the chord length. The microphone in the experiment was placed at 1.22 m perpendicular to the airfoil TE. More details of the setup can be found in Brooks et al. [36].



Additionally, to gain further understanding of the differences between 2D and 3D simulations, a study conducted by Wolf et al. [35] is replicated as a precursor using the current 2D approach. Wolf et al. [35] investigated a similar setup by Brooks et al. [36] using compressible LES, though the conditions were slightly different; namely c = 0.1524 m, Re = 0.408 × 106, AoA= 5° and Mach number = 0.115. Also, instead of a sharp TE, a rounded TE was used. Further details pertinent to this case study can be found in [35]. Once the validity of the computational approach is established, the proposed framework is applied to model a harmonically morphing TEF and to survey the effects that specific morphing frequencies and amplitudes have on the tonal noise levels, acoustic spectra, and aerodynamic performance. Table 1 summarizes the cases studied in this work.



2.1. Governing Equations


2.1.1. Fluid Dynamics


The governing equations are the conservation of mass and the conservation of momentum. Since the flow velocities in the domain are much smaller than the speed of sound, it can be assumed that the density remains constant throughout the flow field. Therefore, the incompressible pressure-based solver included in the ANSYS Fluent is used to solve the Navier–Stokes equations [37]. However, the formulation of the conservation equations is different when it comes to moving boundaries problems such as a morphing surface. Equation (1) is the integral form of the conservation equation for a general scalar quantity φ on a random control volume V with moving boundaries:


   ∂  ∂ t     ∫  V  ρ φ d V +   ∫   ∂ V   ρ φ  (   u →  −   u →  g   )  d  A →  =   ∫   ∂ V   Γ ∇ φ · d  A →  +   ∫  v   S φ  d V  



(1)




where ρ is the fluid density, Γ is the diffusion coefficient,   u →   is the time-averaged flow velocity vector,     u →  g    is the grid velocity vector,    S φ    is a source term, and   ∂ V   represents the boundary of the control volume V.




2.1.2. Turbulence Modelling


The hybrid model Stress-Blended Eddy Simulation, or SBES, introduced by Menter [38] was used in this work to provide a closure to the Reynolds Averaged Navier–Stokes equations. The SBES was used in conjunction with the Shear Stress Transport (SST) k-ω turbulence model for the RANS region, and for the Large Eddy Simulation (LES) region, the Wall-Adapting Local Eddy-Viscosity (WALE) sub-grid model [39] is considered.



The blending function is the same as that used in the Shielded Delayed Eddy Simulation (SDES) [37]. Moreover, a shielding function Equation (2) is used to explicitly switch between the RANS and LES models:


   τ  i j   S B E S   =  f  S D E S    τ  i j   R A N S   +  (  1 −  f  S D E S    )   τ  i j   L E S    



(2)




where    τ  i j   R A N S     is the RANS portion and    τ  i j   L E S     is the LES portion of the modeled stress tensor.    f  S D E S     is the shielding function [37].



Unfortunately, the exact formulation of the shielding function is proprietary and to date has not been published by ANSYS for public use [40].



There are several advantages of applying SBES, e.g., it gives explicit control on which part of the flow the LES is applied to, it provides a rapid transition from RANS to LES region, and it has less dependency on the mesh compared with the SDES model for instance. The RANS wall boundary layer regions are protected against influences from the LES model when the shielding functions are in use, such as early switch to the LES model, because if it occurs it can cause a considerable decline in the RANS capabilities [41].




2.1.3. Ffowcs-Williams and Hawkings Model


Computational Aeroacoustics (CAA) requires a time-accurate unsteady solution of the Navier–Stokes equations and acoustic wave equations to obtain pressure distribution, velocity components, and density on source surfaces. Thus it requires large computational resources and long simulation time. To predict far-field noise, a less expensive method is to apply acoustic analogy approach, instead of directly solving wave equations, to predict the far-field noise accurately. The FW-H formulation [42] is the most general form of Lighthill’s acoustic analogy [43]. By manipulating the conservation equations (continuity, momentum), Ffowcs-Williams et al. [42] were able to construct an inhomogeneous wave Equation (3) which is the basis of the FW-H model:


   1   a 0 2       ∂ 2   p ′    ∂  t 2    −  ∇ 2   p ′  =    ∂ 2     ∂   x i     ∂   x j       {   T  i j   H  ( f )   }  −  ∂  ∂  x i     {   [   P  i j    n j  + ρ  u i   (   u n  −  v n   )   ]  δ  ( f )   }  +  ∂   ∂ t     {   [   ρ 0   v n  + ρ  (   u n  −  v n   )   ]  δ  ( f )   }   



(3)




where




	
ui = fluid velocity component in the xi direction



	
un = fluid velocity component normal to the surface f = 0



	
vi = surface velocity components in the xi direction



	
vn = surface velocity component normal to the surface



	
δ(f) = Dirac delta function



	
H(f) = Heaviside function



	
p′ = the sound pressure at the far field



	
Tij = the Lighthill’s stress tensor



	
a0 = far-field sound speed



	
(f = 0) = corresponds to the source (emission) surface



	
Pij is the compressive stress tensor



	
nj is the unit normal vector pointing toward the exterior region








In ANSYS Fluent, Equation (3) is integrated analytically, assuming the absence of obstacles between the sources and receivers, the solution integrals consist of surface and volume integrals. Surface integrals are the contribution from both monopole and dipole acoustic sources whereas volume integrals embody the quadrupole sources. The quadrupoles are sometimes dropped as their contribution becomes negligible for low subsonic flows [37].



2D vs. 3D Analysis


Since most significant noise generation mechanisms are three-dimensional (3D), the FW-H formulation used in this study is preferred for more practical cases. Unfortunately, the computational cost of generating high fidelity unsteady flow data for full 3D cases is restrictive, especially for complicated setups where coupling with other models is needed like rotating and deforming bodies [44]. Furthermore, the flow features generating noise in the spanwise direction can be two-dimensional or pseudo-two-dimensional in nature [45] like the Laminar Boundary Layer-Vortex shedding noise (LBL-VS) [35] which is a prominent noise source for airfoils at moderate Reynolds numbers. Various studies have confirmed the two-dimensional nature of the LBL-VS [46,47,48].



Therefore, pure 2D and pseudo 2D simulations could be used for aeroacoustic predictions at moderate Reynolds numbers, not as a replacement for 3D simulations, but for the purpose of demonstrating trends, giving approximations of noise levels, and determining resolutions and guidance for the 3D simulations. Singer et al. [48] demonstrated the ability of 2D aeroacoustics simulations of a TE slat to capture all the important features observed in both experimental work and 3D simulations. The same study also noted that a scaling parameter must be selected to account for the spanwise effects, which is often done empirically.



Finally, Golubev et al. [49] performed an extensive 2D analysis using an Implicit LES (ILES) code and compared their findings to experimental work and later on to the full 3D ILES results ([50]). The use of the 2D approach was justified by the fact that even though the investigated flow is fundamentally unsteady, the flow regime investigated is primarily laminar with possible local separation zones. This enables the 2D analysis to adequately describe the tonal noise since the mechanism of its generation is inherently 2D as explained by Golubev et al. [51]. The overall comparison between the 2D and 3D simulations was found to be satisfactory, justifying therefore the use of the 2D assumption. The only significant difference between 2D and 3D was the discrepancy in broadband noise levels and the over prediction of sound pressure levels (SPLs) by the 2D approach. However, such differences can be corrected for what is done in this paper and as discussed next.




Source Correlation Length and Acoustic Corrections


To compute the sound using 2D flow results, a source correlation length is needed to evaluate the FW-H in the spanwise direction since the formulation is always 3D. Nevertheless, this comes with the assumption that the surface pressure along the entire correlation length chosen is fluctuating with a constant intensity along the entire span. However, as shown by Kato et al. [52], this cannot be assumed for all the structures, particularly the small turbulence eddies. This assumption results in the over prediction of the SPL, as much as 14 dB in some cases [52,53], thus showing a need for a correction to account for such effects.



Several correction methods have been proposed with varying levels of complexity. Kato et al. [52] proposed a relatively simple correction to account for the differences between the simulated and the (experimental) measured spanwise generated noise, by introducing an equivalent coherence length which assumes that the pressure fluctuations are the same along the defined coherence length (same definition as the source correlation length used in ANSYS Fluent). Kato’s corrections were successfully implemented in various studies such as Orselli et al. [53] or adapted for long-span bodies as demonstrated by Seo et al. [54]. Another correction formula for both the span size and the position of the microphone was proposed in Hansen and Bies [55] and was successfully used by De Gennaro et al. [46]. This latter correction is formulated in Equation (4) and used in this paper.


     S P  L  c o r r     = S p a  n  c o r r   + D i s  t  c o r r        = 10   log   10    [      tan   − 1    (     S 0     r  e , 0      )  +   sin 2   tan   − 1    (     S 0     r  e , 0      )   2      tan   − 1    (     S 1     r  e , 0      )  +   sin 2   tan   − 1    (     S 1     r  e , 0      )   2     ]       + 20   log   10    (     r  e , 1      r  e , 0      )      



(4)




where:




	
   S 0    = Span length simulated



	
   S 1    = Span length targeted (i.e., experimental setup)



	
   r  e , 0     = Microphone distance in the simulation



	
   r  e , 1     = Microphone targeted











2.2. Mathematical Model of the Trailing-Edge Flap Motion


The parametrization method used for the TEF motion is a modified version of the method introduced [25,26] and repeated in Equations (5) and (6). It consists of the baseline NACA 0012 thickness distribution as defined in Equation (5) [56] added to the unsteady parametrization of the camber line as defined in Equation (6).


   y t  =  (    t h   0.2    )   (  0.2969    x ¯    − 0.1260  x ¯  − 0.3516    x ¯   2  + 0.2843    x ¯   3  − 0.1015    x ¯   4   )   



(5)






   y c  =  {     0    , 0 ≤  x ¯  <  x S    a n d   0 ≤ t <  T 4          −  w  t e   sin  (    2 π t  T   )     (   x ¯  −  x S   )   3       (  1 −  x S   )   3        ,  x ¯  ≥  x S    a n d   0 ≤ y ≤  T 4          −  w  t e      (   x ¯  −  x S   )   3       (  1 −  x S   )   3        ,  x ¯  ≥  x S    a n d   t >  T 4         



(6)




where t is time and T is the period of the airfoil’s trailing-edge harmonic motion. At t = 0 s the morphing starts, and the flap is deflected downward until it reaches the maximum deflection value wte at    t  m o r p h   =  T 4   , effectively simulating a quarter of a period.



Equation (6) is adapted so that the entire range of motion (i.e., upward, and downward flap deflection) can be achieved; this change is reflected in Equation (7), in which the morphing start time (tstart) is included to control the start of the morphing at any set time:


   y c  =  {     0    , 0 ≤  x ¯  <  x S          −  w  t e   sin  (  2 π f  (  t −  t  s t a r t    )   )     (   x ¯  −  x S   )   3       (  1 −  x S   )   3        ,  x ¯  ≥  x S         



(7)




where f is the morphing frequency and xs is the start location for the morphing.




2.3. Dynamic Mesh Update Method


Using the parametrization method introduced in the previous section, the dynamic mesh update methods included in ANSYS Fluent are utilized to deform the mesh and the geometry whilst maintaining a high-quality mesh in the process. Diffusion-based smoothing was employed in the present work, this smoothing method is more robust when it comes to mesh quality preservation compared to spring-based smoothing for instance [37] For diffusion-based smoothing, the mesh motion is governed by the diffusion equation:


  ∇ ⋅  (  γ ∇  u →   )  = 0  



(8)




where   u →   is the mesh displacement velocity and γ is the diffusion coefficient. Two different formulations of the diffusion coefficient are implemented in ANSYS Fluent. Boundary distance formulation:


  γ =  1   d α     



(9)




or the cell volume formulation:


  γ =  1   V α     



(10)




where d is the normalized boundary and V normalized cell volume, α is a user input parameter.



The diffusion Equation (8) is discretized using a standard finite volume method and the resulting matrix is then solved iteratively, so that a node’s position is updated according to Equation (11):


     x  n e w    →  =    x  o l d    →  +  u →  Δ t  



(11)







This smoothing method was chosen for its improved suitability for structured meshes, and although it is more computationally expensive, the mesh quality is better preserved especially for larger deformations [37]. Abdessemed et al. [57] produced a comparative study between a mesh deformed using the diffusion-based smoothing and a re-generated mesh, and it was found that the discrepancies between the two is less than 1% in terms of mesh quality metrics, proving the efficiency of such methods.



To drive the dynamic meshing schemes in ANSYS Fluent, a UDF was developed to incorporate the unsteady parametrization method explained in Section 2.2. The UDF makes use of the DEFINE_GRID_MOTION macro embedded in Fluent, and follows the algorithm illustrated by the flowchart in Figure 1. The source code of the UDF was realised as an open source [58].





3. Numerical Procedure


The flow domain consists of a NACA 0012 airfoil with a sharp TE, the pressure far-field was placed at least 30 chord lengths (c) from the TE, and a structured O-grid type mesh (Figure 2) was generated around the airfoil. Three sets of meshes were generated to determine mesh independency. The sizes of the grids were 60k, 100k and 400k cells for the coarse, medium and fine grids, respectively. The number of points on the surface of the airfoil ranged from 600 to 1600 points for the fine mesh. The distribution of points on the airfoil was achieved using a hyperbolic function with points clustered near the LE and TE (spacing of 10−4 m) in order to capture fine geometric features. The inflation layer was refined to achieve a y+ between 0.5 and 1 for the first layer on the wall. A cell height of 8 × 10−6 m was chosen in order to satisfy such requirement, with a growth rate of 1.1 away from the wall. The grids were created in an iterative process to be suitable for the acoustics application, therefore over 90% of the grids created have a CFL number less than one, in which all grids in the near field regions around the airfoil have a CFL less than one. This choice is deemed sufficient for the present tonal noise investigation [59].



The Fractional Step Method (FSM) of the Non-Iterative Time-Advancement scheme (NITA) [37,60] was used as it results in significant computational savings [59]. A second order upwind discretization scheme was used for pressure, density and diffusion quantities and the least-squares cell based spatial discretization for the gradients. For the momentum terms, a central differencing scheme was used to limit the numerical dissipation to capture smaller vortex structures relevant for the acoustics analysis. Given the low Mach number of 0.115, the flow was thus assumed incompressible for all the cases studied in this work. As the farfield boundary condition was used, one of the requirements of ANSYS Fluent is to use the ideal gas law for the density and therefore solving the energy equation as well to meet such requirement.



A second order transient formulation was used for all the simulations. A time step of Δt = 10−5 s was employed in the simulation, it was found that most of the cells in the important flow regions had a CFL number smaller than unity, which guarantees the stability of the NITA scheme and follows best practices scale resolving simulations (SRS) [59]. Diffusion-based smoothing was applied for all the simulation cases, with a boundary-distance parameter equal to 1.5 for a greater preservation of the near-wall mesh.



The FW-H acoustic analogy was used for the far-field noise prediction. The acoustics data was acquired in all simulations for at least 20,000 time steps after a minimum of two flow-through times. In order to re-create the same setup as Brooks et al. [36], the acoustic receiver was placed perpendicular to the airfoil TE at about 1.22 m away in all cases. Finally, as explained in Section 2.1.3, the two-dimensional FW-H acoustic analogy implemented in Fluent needs a source correlation length as an input parameter to account for the spanwise effect of the 2D airfoil in order to evaluate the integrals [37]. This length is problem-dependent and usually can be obtained from empirical correlations or numerical experimentation [48,52,53]. Numerical experimentations for the present case showed that a correlation length in the vicinity of 0.5c produced the closest SPL levels for the main tones compared with Brooks’ experiment [36], this value is consistent with other studies performed using a similar Reynolds number and characteristic length (e.g., chord) [27]. Therefore, this correlation length was used throughout the study.




4. Results and Discussion


4.1. Verification and Validation


Results from the previously mentioned cases are presented in the following. First, the 2D predictions of the unmorphed NACA 0012 are compared with Brooks’ experiment and published 2D RANS results at Re = 0.62 × 106 [35]. This setup will be the one used later for the morphing case study. Section 4.1.2 presents the results of a comparative study between the 2D SBES results and 3D LES results obtained by Wolf et al. [35] of the same setup as Brooks’ experiment but at a slightly lower Re = 0.408 × 106 (see, e.g., Table 1).



4.1.1. Unmorphed Case: M = 0.115, AoA = 4°, Re = 0.62 × 106


To establish mesh independency of the obtained results, three sets of meshes were investigated, and the difference in lift and drag coefficients was monitored. Results showed that the difference in lift coefficient between the fine and coarse meshes was less than 1%.



Figure 3 presents the instantaneous lift and drag coefficients data, the mean (time-averaged) values are compared with published numerical results from an unsteady RANS study by De Gennaro et al. [46] and with experimental results for a Reynolds number of 0.7 × 106 of Sheldahl and Klimas [61]. Table 2 summarizes the time-averaged aerodynamic coefficients compared with published data. The lift coefficients for all studies compare well. For the drag coefficient, the SBES and URANS results have shown a 5.33% difference. Compared with the experimental study, both SBES and URANS under-predict the drag by 9.63% and 12.34%, respectively. The presence of the LBL instabilities is confirmed by various fluctuations presented on the suction side of the instantaneous pressure coefficient plot (see Figure 4). Later, LBL instabilities move downstream to interact with the laminar separation bubble presented near the TE on the pressure side.



This interaction gives rise to an acoustic source located in the near wake similar to what was proposed by Nash et al. [62]. Such interaction mechanism can be observed clearly in both vertical velocity and the Turbulent Kinetic Energy (TKE) contours (Figure 5).



Figure 6 shows the SPL in one-third octave band (SPL1/3) obtained using FW-H analogy for the three sets of grids studied, compared with experimental results from Brooks et al. [36] and URANS results of De Gennaro et al. [46] for the same configuration. The three sets of grids were able to show very similar behaviour when it comes to predicting the location and amplitude of the main tones and higher harmonics. The most prominent difference could be observed at higher frequencies, as the coarse mesh seems to over-predict the SPL compared with both the fine mesh and the experimental results.



Overall, the 2D FW-H simulation was able to accurately replicate the main tone location (~1.6 kHz) and SPL (75 dB observed in the experiment), which is in accordance with the tonal structure expected from literature [63,64]. Results obtained using SBES gave a slightly more accurate sound level at the main tone compared with the URANS study. For the off-tone regions, both URANS and SBES cannot predict the broadband part of the spectrum, due to the turbulent boundary layer–TE (TBL–TE) noise generation mechanism being highly three dimensional. This may explain the differences observed in the broadband spectra. A clear difference between the URANS and SBES can be seen at the higher harmonic location (~3.2 kHz), for which the URANS under-predicts the sound level whereas the SBES over-predicts it.



The SBES over-prediction might originate from the LES region of the flow, since the pressure fluctuations do not dissipate in the spanwise direction causing an over-prediction especially in high frequency regions (corresponding to small turbulence eddies). A similar over-prediction was observed in previous 2D studies ([48,52,65]). Finally, De Gennaro et al. [46] showed that the weight of the broadband component is negligible in the third octave band which might explain why the SPL of the main peak is not affected.




4.1.2. Unmorphed 2D vs. 3D case: M = 0.115, AoA = 5°, Re = 0.408 × 106


This section presents the results of a comparative study performed for the purpose of gaining an additional understanding of possible differences between 2D and 3D predictions. Given the prohibitive computational cost of performing a 3D scale resolving simulation, the study conducted by Wolf et al. [35] was replicated using 2D simulations. Wolf et al. [35] performed a 3D simulation of Brooks’ experiment using a compressible LES approach that required over 45 Million mesh cells. For the 2D simulation, the same setup of the validation simulation was used, whilst ensuring to adjust the chord length in order to match the Reynolds number as in Wolf’s work.



Figure 7 shows the SPL in one-third octave band (SPL1/3) obtained using 2D SBES and the FW-H analogy compared with both experimental results [35] and the 3D LES results [35]. The overall agreement between the 2D predictions and the experiment is satisfactory; the 2D simulation was able to correctly predict the location and SPL of the main tonal peak at 2.5 kHz, despite of a difference of 2 dB in SPL compared with the experiment. As expected, the broadband region shows a distinct discrepancy compared with the experiment. On the other hand, 3D LES results seem to predict well the broadband noise, yet a shift in the main tone peak location is observed in the 3D LES predictions (at ≈ 3kHz). This difference between the 3D LES and experiment could be explained by the tripping method employed in LES (suction and blowing near the LE) which was different from the experiment (trip wire near the LE).



Figure 8 shows a comparison between the time-average Cp obtained using the 3D LES simulations of Wolf et al. [35] and the one obtained by the current 2D SBES model. An overall agreement is observed between the two. However, the effect that the tripping has on the suction side is clear in the 3D LES results, this tripping mechanism affecting the boundary layer thickness could be the origin in the shift observed. Another variance in the 3D LES result is the use of a rounded TE instead of a sharp TE like in the experiment. The rounded TE maybe inducing recirculation areas around the TE region which would affect the TE tonal noise being generated, thereby contributing to the difference obtained by Wolf et al. [35] in the tonal peak location. This is illustrated in Figure 9 where a side-by-side comparison of the time-averaged Mach number is presented showing the differences in TE geometry and flow behaviour between the two cases.





4.2. Harmonically Morphing Trailing Edge Flap


Having established the validity of the current 2D approach in correctly predicting tonal noise, this section presents a further aeroacoustic study of a NACA 0012 fitted with a harmonically morphing TEF to provide a practical example using the developed framework. The effects of harmonic morphing on the tonal noise are discussed afterwards.



Two case studies are considered: in the first case, the morphing frequency f was fixed at 100 Hz and two maximum deflection values were studied: wte = ± 0.01% c and wte = ± 0.1% c. These deflection and frequency values were inspired by similar published tests [23,24]. In the second case, the frequency was modified to f = 800 Hz at wte = ±0.01% c to compare it with the 100 Hz case and observe possible effects of changing the frequency for a fixed amplitude. All the numerical settings used are the same as the Re = 0.62 × 106 unmorphed validation case; a statistically converged baseline NACA 0012 solution was obtained before engaging the dynamic meshing tool and starting the harmonic morphing after two through-flow time (0.4 s).



Throughout the harmonic morphing cycles, the grid was preserved at high quality; the TEF deformation had no major impact on the average values of the orthogonal quality and the cell equiangle skewness, the impact on the maximum values of these quantities was also negligible (0.04% difference). A diffusion parameter of 1.5 was used which enabled the deformation to diffuse well in the far-field, keeping the mesh near the wall intact and thus guaranteeing a good resolution of the near-wall flow.



The time-averaged aerodynamic coefficients for the fixed 100 Hz case are practically unchanged at both amplitudes as only a 0.3% difference in CL and CD was obtained compared with the unmorphed baseline results. On the other hand, when the TEF is harmonically morphed at f = 800 Hz, the average lift coefficient increased by about 0.7% while the drag coefficient decreased by 1.5%, giving an effective increase in the aerodynamic efficiency (CL/CD) of about 3%. This confirms that in addition to effects on tonal noise reduction, the harmonic morphing of the TEF could also result in some aerodynamic benefits for particular combinations of frequency and amplitude. Jodin et al. [23] observed similar effects and demonstrated that a reduction in large-scale instabilities and the breakdown of the LCSs due to a morphing flap contributed to a 5% decrease in drag.



Figure 10 illustrates the acoustic pressure data collected at the receiver location for the cases studied. The pressure fluctuations appear to have similar amplitudes for all cases. A deeper comprehension can be gained from Figure 11 where the Power Spectral Density (PSD) plots obtained for the morphing configurations compared with the baseline NACA 0012 are presented. The main observation that can be drawn from the morphing cases and the baseline comparison is that the main tone location associated with LBL-VS tonal noise is shifted to a higher frequency, i.e., from 1.6 kHz to about 2 kHz. In addition, sub-harmonics are captured clearly with higher PSD levels for the morphing cases at location 900 Hz which was not captured for the baseline study.



When changing the morphing amplitudes from 0.01% to 0.1%, the peak associated with the morphing actuation frequency increases in PSD. The increase is proportional to the increase in morphing amplitude possibly due to larger amplitudes inducing large flow motions in the near-wake. This indicates that the morphing amplitudes could cause an increase in noise that is related to the physical oscillation.



Increasing the morphing frequency from 100 Hz to 800 Hz does not appear to have significant effect on the broadband region of the spectra. However, a sharp tonal peak is observed at the morphing frequency location, which indicates that the amplitude of 0.01% of the chord is possibly too small to cause any significant flow changes in the wake.



Figure 12 shows the SPL in one-third octave band comparing the baseline and the morphing cases, confirming results presented in the spectral analysis of Figure 7. The effect of the 100 Hz morphing frequency on the spectra is similar between the two amplitudes with the exception of a clear difference in the SPL levels near the 100 Hz location where the case with 0.1% amplitude seems to have a 9 dB higher SPL. The shift in the peak associated with the LBL-VS is clearly observed in the one third band plot, and a 1.5 dB noise reduction is associated with it. Possible explanations of these phenomena are discussed in the next section. Finally, the first superharmonic located at about 4 kHz experienced a significant 10 dB reduction, compared with the first superharmonic captured in the baseline airfoil case.



Effect of Harmonic Morphing


The underlying mechanism causing the observed shift in the tonal peak, the SPL reduction and the increase in the aerodynamic efficiency is still not yet clear from the current numerical studies. The decrease in drag indicates a change in the wake structure induced by the harmonic motion, which would possibly introduce a change towards higher frequency turbulence structures causing larger flow structures to break down at the TE, (see Figure 13). Similar effects on the drag were observed by Munday et al. [66] when using active forcing to alter the wake structure. It was found that under certain conditions, the actuations reduce the drag and yield a more streamlined wake structure by elongating it. This occurred when the forcing frequency was chosen to be close to the natural shedding frequency, resulting in a lock-on effect. Nevertheless, the same study by Munday et al. [66] observed instances where the actuation made the wake less streamlined and shortened, which increased the drag. Additionally, similar phenomena of breakdown due to forcing was observed in high fidelity studies of vibrating [18,24] where the breakdown led to a significant decrease in recirculation region on the upper side of the airfoil. However, the aforementioned studies did not provide extra insight into the effect of the acoustic spectra.



In the current study, the range of frequencies tested were all lower than the natural shedding frequency which means that even if a lock-on took place, it was a lock-on with one of the subharmonics which would explain the observed behaviour. Additionally, it appears that harmonic morphing for all the cases seems to alter the spectra regardless of the morphing frequency used, the only changes between predicted tonal frequencies observed are at the low frequency band for the 100 Hz morphing frequency. In this case, the effect of the amplitude seems to be predominant where the peak for the 0.1% case is higher compared with the 0.01% case. One possible explanation is that specific morphing amplitude and frequency couples interact differently with subharmonics producing different responses. In order to acquire a fundamental understanding of this harmonic morphing mechanism and exploit it as an efficient active flow control method for both aerodynamic and aeroacoustic enhancement, it is necessary to study a range of forcing frequencies in both the lock-on and non-lock-on regions. Of course, to do an in-depth analysis of the turbulence structures would require higher-fidelity 3D LES or even direct numerical simulation (DNS), but this is beyond the scope of the present study.






5. Conclusions and Future Work


In this paper, a framework to perform aeroacoustic studies of a harmonically morphing TEF is introduced. It is based on a modified unsteady parametrization method defining the TEF motion, and dynamic meshing tools for mesh deformation. This framework can be generally applied to 2D and 3D problems; however, given the prohibitive computational cost of 3D simulations and the large number of possible parameters to consider, the present study is restricted to 2D harmonic deformations and their effects on tonal noise.



A hybrid turbulence model, SBES, was used and its performance was coupled with the Ffowcs-Williams and Hawkings (FW-H) acoustic analogy benchmarked for 2D cases. A 2D aeroacoustic study of an unmorphed NACA 0012 airfoil was performed using the developed framework. Results compare well with published numerical and experimental data. It was found that the SBES model was able to accurately predict the location and amplitude of the main tone frequency related to the laminar boundary-layer instabilities. The structure of the main tone captured is also in good agreement with the published literature. In addition, a comparative study between 2D SBES predictions and published 3D LES results was conducted. It was found that the 2D simulations capture the tonal noise given its pseudo 2D generation mechanisms well.



The use of a hybrid RANS-LES model in the present 2D study showed to be useful for the purpose of demonstrating trends and for providing some guidance for future quasi- or full-3D simulations, especially given the exorbitant computational cost a 3D simulation coupled with dynamic mesh. For an exploratory study such as the current one, the hybrid RANS-LES offered a balanced approach between accuracy and computational requirements and an accurate prediction of tonal noises.



Results for three morphing configurations were presented. Two morphing amplitudes of 0.01% and 0.1% were at a fixed frequency (f = 100 Hz); then, the amplitude was fixed at 0.01% and two frequencies were studied (100 Hz and 800 Hz). It was found that up to a 3% increase in aerodynamic efficiency was possible using the 800 Hz frequency, whereas the 100 Hz frequency had negligible impact on the aerodynamic efficiency.



In terms of aeroacoustic effects, the morphing TEF appears to shift the main tone to a higher frequency (from 1.6 to 2 kHz) with a noise reduction of 1.5 dB for the main tone and up to 10 dB for the first superharmonic. The underlying mechanism causing these effects is still unclear but a possible lock-on with a subharmonic could be the cause for the change in the wake structure producing the observed frequency shift and drag reduction.



For future work, it will be necessary to test a wider range of morphing frequency/amplitude pairs in order to explore optimal configurations that could enhance the aerodynamic performance further while keeping the same noise level if not reducing it. Likewise, exploring the use of the harmonic morphing at higher angles of attack is imperative given the higher impact expected and the practical application possible.



Finally, to capture a more realistic depiction of the physical phenomena, especially within large flow separation regions, the problem needs to be analysed in 3D using LES or even Direct Numerical Simulation (DNS). Such formulations will be able to resolve the small turbulence structures which would offer a better understanding of the effects causing the shift and noise reductions observed, particularly the broadband noise.
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Figure 1. Algorithm used in the UDF to drive dynamic meshing in Fluent [37]. 
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Figure 2. Details of the O-grid computational domain. 
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Figure 3. Time history of lift (top) and drag (bottom) coefficients for unmorphed NACA 0012 at AoA = 4°. 
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Figure 4. Instantaneous and time-averaged pressure coefficient for unmorphed NACA 0012 at AoA = 4°, showing LBL instabilities on the suction side. 
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Figure 5. Vertical velocity contours (Up) and TKE contours (Down) showing instability regions on the suction side near the TE of the unmorphed NACA 0012 airfoil. 
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Figure 6. SPL in one-third octave band (SPL1/3) for the coarse, medium and fine mesh using SBES compared. 
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Figure 7. SPL in one-third octave band (SPL1/3) for the 2D SBES predictions compared with experimental data from Brooks et al. [36] and 3D LES results from Wolf et al. [35]. 
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Figure 8. Time averaged pressure coefficient (−Cp) for the unmorphed NACA 0012 at AoA = 5° for 2D SBES predictions compared with 3D LES results from Wolf et al. [35]. 
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Figure 9. Time-averaged Mach number for the current (a) 2D SBES prediction and (b) 3D LES. 
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Figure 10. Acoustic pressure signal at the receiver for all the morphing cases. 
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Figure 11. Power Spectral Density for the acoustic pressure signals obtained from FW-H simulation for all the morphing cases. 
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Figure 12. SPL in one-third octave band comparing the baseline NACA 0012 SBES results to the morphing TEF cases; wte = ±0.01%, ±0.1%, for f = 100 Hz and 800 Hz. Experimental data from Brooks et al. [36] are also plotted for reference. 
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Figure 13. Instantaneous TKE at various time steps of the morphing TEF wte = ±0.01%, f = 800 Hz. 
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Table 1. Summary of flow configurations analysed.
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	Configuration
	Reynolds

Number
	Angle of Attack

(°)
	Mach

Number





	Unmorphed case
	0.62 × 106
	4
	0.115



	Unmorphed case:

2D SBES vs. 3D LES
	0.408 × 106
	5
	0.115



	Harmonically Morphing TEF
	0.62 × 106
	4
	0.115
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Table 2. Comparison of time-averaged aerodynamic coefficients between current study and published data.
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	Coefficients
	SBES

Current
	URANS

(DeGennaro [46])
	Experiment

(Brooks [36])





	CL
	0.45
	0.46
	0.44



	CD
	0.0075
	0.0071
	0.0083
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