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Trailing Edge Bluntness Flow and Noise Control UsingPorous TreatmentsSyamir A. Showkat Ali∗, Máté Sz®ke†, M. Azarpeyvand‡Department of Mehanial Engineering, University of Bristol, BS8 1TR, UKCarlos R. Ilário da Silva§Embraer, São José dos Campos, 12227-901, BrazilThis paper is onerned with the noise generation mehanism from blunt trailing edgesand the use of porous treatments as a mean to redue the radiated noise and stabilizingthe wake �ow. Experiments have been arried out for �at plates with and without poroustrailing edge for a wide range of Reynolds numbers. To gain a better understandingof the underlying physis of the noise generation mehanism and the e�ets of poroustrailing edges, data has been olleted for steady and unsteady aerodynami fores, hot-wire measurements within the boundary layer and the wake region and the boundarylayer surfae pressure measurement. It has been seen that the use of porous material ansigni�antly redue the unsteady drag �utuations, stabilize the boundary layer, lessenthe surfae pressure �utuations on the surfae and ontrol the wake �ow. Results haveshown that the use of porous surfaes leads to an inrease of the shear stresses in the innerturbulent boundary layer thikness but signi�ant redution of the energy ontent of thelarger turbulent struture in the outer layer. It has also been observed that the use ofporous material leads to the redution of the turbulene level within the near wake regionand signi�ant elongation of the turbulent strutures in both spanwise and streamwisediretions. Nomenlature
Lx fore-body length
Lz spanwise length
h plate thikness
B bluntness parameter
U∞ free stream veloity
Re Reynolds number
BR blokage ratio
H wind tunnel height
PPI pores per inh
U mean veloity
Urms root mean square veloity
δ 99% boundary layer thikness
δ∗ boundary displaement thikness
St Strouhal number
L11 longitudinal integral length sale
φuu Power spetral density of veloity �utuations
x, y, z artesian oordinates
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I. IntrodutionThe blunt trailing edge bodies have been widely used for numerous aerodynami appliations, suh as the�atbak airfoils and the wind turbine blades. The blunt body is known to have superior lift harateristisand strutural improvement, however the use of blunt trailing edges also results in strutural vibration andinrease of drag, whih is due to the undesirable vortex shedding generated by the blunt trailing edge. Gener-ally, passive ontrol systems have been widely used for �ow ontrol and noise redution purposes for airfoils,blu� and blunt bodies in many engineering appliations. The passive ontrol methods inlude serration,1�5O-rings,6 dimple,7 longitudinal groove,8 splitter plate,9, 10 morphing,11, 12 porous material13�29 and et. Theuse of porous material for blunt bodies to improve their aerodynami and aeroaousti performane has beenthe subjet of numerous experimental and numerial researh studies over the previous deades.17�29 The�uid movement through the permeable material is governed by the geometrial and mehanial propertiesof the porous material, namely, porosity, permeability, tortuosity, pore size and the properties of the �uid.The omplex internal struture of the pores (voids) potentially ontrols all relevant physial and hemialproperties as well being a medium of di�erent transport proesses. The use of porous material as a �owontrol method depends on the in�uene of the relationship between the porosity and permeability. To date,prior researh in this area has shown that areful implementation of porous materials an lead to robust �owontrol, turbulene stabilization and signi�ant noise redution.17�29Blunt trailing edge noise has been an important topi due to the wide range of engineering appliationsthey feature in. Bearmen and Tombazis17, 18 in their study involving spanwise periodial protrusions atthe blunt trailing edge pro�les resulted into 34 % redution of drag. This is related with the mitigation ofvortex shedding whih was identi�ed with the advanement of three dimensional strutures in the shear layer.Interest in blunt airfoil, also alled �thik airfoil� in several studies have shown signi�ant improvement inthe lift performane for a wide range of Reynolds number appliations. Standish and Van Dam19 onludesthat blunt airfoils generate steep adverse pressure gradients leading to the premature �ow separation. Thisan be seen from the upper surfae of the airfoil even with small perturbations whih moves a portion ofpressure reovery to the airfoil's wake. Hoerner and Borst20 showed that blunt trailing edge on symmetriG-490 airfoil have signi�ant inrease in the maximum lift oe�ient and maximum-thikness to hord ratio
(t/c) using a onstant hord Reynolds number of 500,000. Moreover, the impat of blunt trailing-edge airfoilsetions for lower Reynolds number have been onsidered by Sato and Sunada.21 They have tested �ve airfoilsetions at three di�erent Reynolds number (33,000, 66,000 and 99,000) for the aerodynami fores and �owvisualizations studies. The results indiates that at low Reynolds number, the total drag is redued and themaximum lift had been inreased. In addition, the maximum lift to drag ratio has inreased and the linearityof the lift urve have improved. Besides that, Deshpande and Sharma22 have investigated the vortex �owsbehind a segmented blunt trailing edge with di�erent spanwise, resulting into suppression of the periodivon Kármán vortex shedding in the near wake behind the blunt body. A omprehensive experimental studyon the vortex shedding ontrol from a blunt trailing edge using plasma atuator in laminar boundary layerregime had been onduted by Nati et al.23 using hot wire anemometry and high speed PIV. The resultsindiate the suppression of von Kármán vortex in the developing wake region where the analysis showsredution in the vortex shedding frequeny peak during steady plasma atuation by 10 dB.Bruneau et al.24 had numerially studied the use of porous interfaes on the blunt bodies in order toregularise the �ow and redue drag. Results had shown the apability of porous layer in reduing the pressuregradient near wake up to 67 % and onsiderable drag redution up to 45 %. The e�et of porous treatment onblunt trailing edge of a �at plate have been investigated by Bae et al.25 The three-dimensional turbulent �owover the blunt trailing edge �at plate has been studied using inompressible large eddy simulation (LES) andlinearized perturbed ompressible equations (LPCE) with Reynolds number of 130,000 and M=0.06. It wasfound that the porous surfae weakens the pressure �utuations near the trailing edge for separate �ow ases,whih results in notieable noise redution of up to 10 dB over a wide range of frequeny. The broadenedtonal noise also have been redued signi�antly up to 13 dB by breaking the wall pressure �utuations spaeorrelation length. Bae and Moon26 have studied the e�ets of permeable material surfaes on turbulentnoise generated by a blunt trailing edge of �at plate using LES on the domain rigid on LPCE, and theresults have shown signi�ant redution of the broadband noise over a wide range of frequenies. Shulzeand Sesterhenn27 have studied the use of porous material for trailing edge noise ontrol and developed amethodology to maximise the noise redution by optimizing the porous material. Zhou et al.28 developed adisrete adjoint-based optimization framework to obtain optimal distribution of porous material on trailingedge of a �at plate using an LES solver. The results obtained indiated that there is possibility of minimizing2 of 22Amerian Institute of Aeronautis and Astronautis



the turbulene near the trailing edge and therefore ontrolling the noise generation at the trailing edge. Inaddition, Koh et al.29 investigated the trailing edge noise redution of a �at plate using LES and AoustiPerturbation Equations (APE). The results showed that the porous surfae hanges the turbulene struturesin the shear layer, redues the sound pressure level up to 3-8 dB and in�uenes the tone generation bysigni�ant redution in the peak by 10 dB.As reviewed above, the viability of using porous materials as a passive method to ontrol the �ow andweaken aero-aousti type noise soures has been veri�ed experimentally and numerially in several researhworks over the past deades. In some more reent researh ativities, it has been tried to further improvethe e�etiveness of suh porous treatments by optimizing the shape and mehanial properties of the poroussetion, i.e. porosity and resistivity. In this paper, passive �ow ontrol method based on porous material forblunt trailing edge has been investigated. The experimental setup and wind- tunnel tests are desribed inSe. II. The results and disussions are detailed in Se. IV.II. Measurement SetupExperiments were performed with two di�erent porous materials applied at the blunt trailing edge in theopen jet wind tunnel of University of Bristol (UoB). The wind tunnel has a test setion with 1 m diameterand with a test setion length of 2 m. The maximum reliable speed whih an be set is 30 m/s with amaximum turbulene intensity of 0.05 %. Measurements were performed using Fore Balane, Hot-wireAnemometry, Partile Image Veloimetry (PIV) and also surfae boundary layer pressure measurement.A. Blunt trailing edge model design and on�gurationThe model of the blunt trailing edge �at plate rig is shown in Fig. 1. The plate has a fore-body length of
Lx = 350 mm and spanwise length of 715 mm (Lz) and h =20 mm thikness. The orresponding aspetratios of the �at plate are ARx = Lx/D = 17.5 and ARz = Lz/D = 35.75. The model in the open jet windtunnel gives a blokage ratio of BR = 1.8 %, whih learly has negligible e�et on any obtained results.30The �at plate has an elliptial leading edge in order to prevent �ow separation at the beginning of the plate,and to help for the turbulent boundary layer to develop before the porous region.Turbulent vortex shedding will our at the trailing edge if the plate has a ritial bluntness ratio.To ensure the presene of vortex shedding, the ratio of the trailing edge height and the boundary layerdisplaement thikness must obey31

B =
h

δ∗
> 0.3, (1)where B is the bluntness parameter, h is the model base height and δ∗ is the boundary layer displaementthikness at the trailing edge. The ratio of h/δ∗ an be determined by onsidering the �ow over a smooth�at plate using empirial formula.32 Based on the �ow veloity of U∞=20 m/s at Reynolds number ReLx

=
4.6 · 105, the boundary layer displaement thikness is approximately 1.1 mm. Hene, the ratio of bluntnessparameter is approximately 18.2, whih is signi�antly larger than the 0.3. In order to reah a well-developedturbulent �ow before the porous setion, a 25 mm wide sand trip was applied just aft the leading edge witha thikness of approximately 0.6 mm and grit roughness of 80. The trip was plaed on both sides of theplate. The porous setion is plaed at the trailing edge with a width (Lpx) and length (Lpz) of 50 mm and500 mm, respetively, see Fig. 1. Two di�erent porous materials were used with 25 and 80 pores per inh(PPI), whih were made of aluminium, see Fig. 2. To ensure two dimensional �ow over the span retangularside-plates (425 mm x 80 mm) with sharpened leading edges with an angle of 20◦ were mounted on the rig.The side-plates were installed approximately 1.25h from the leading edge and 2.5h from the trailing edge.Figure 2 shows the rig installed in the wind tunnel.

3 of 22Amerian Institute of Aeronautis and Astronautis



Figure 1: Flat plate blunt trailing edge shemati with major dimensions and the oordinate axis

Figure 2: (a) The rig in the open jet tunnel with the single hot-wire probe (without side plates) (b) a pitureof the applied porous materialsB. Fore Balane Measurement SetupAll steady and unsteady aerodynami measurements were performed in the open jet wind tunnel of the Uni-versity of Bristol. The drag fore measurements were olleted using a fore plate unit. The rig was mountedon a set of steel extension arms whih had symmetrial tear drop shape to minimise any drag generated onthem. The extension arms were �xed on the AMTI OR6-7-2000 fore plate, whih was load tested prior tothe experiment. The generated voltage signal from the fore plate passed through an AMTI MSA-6 straingauge ampli�er. The �nal data from this unit was aptured using a LabView system. The measurementwas performed for 30 seonds at eah veloity with a sampling frequeny of 45 Hz. Measurements wereperformed from 6 m/s to 26 m/s wind speed with 2 m/s inrements. The speeds were set suh that all datawas reorded one the deviation of the veloity was 0.2 m/s or less. To asertain the repeatability of themeasurements, repeated tests were onduted and the unertainty was found to be less than 1 % di�erentfrom eah other. 4 of 22Amerian Institute of Aeronautis and Astronautis



C. Hot-wire Anemometry SetupTo measure the turbulent properties of the �ow, hot-wire anemometry was used. The �ow measurementswere arried out using single and ross hot-wire probes. The single hot-wire probes were Dante 55P16 typewith a platinum-plated tungsten wire of 5 µm diameter and 1.25 mm length. The ross hot-wire (X-wire)probe was a Dante 55P51 type sensor with 5µm diameter and 3 mm length platinum-plated tungsten wires.The probes were operated by a Dante StramlinePro frame whih has two CTA91C10 modules. The appliedoverheat ratio was 1.8.33 The signal was low pass �ltered by the StreamlinePro frame with a orner frequenyof 30 kHz before it was A/D onverted. The data was aquired by a National Instrument 9215 type devie,with a sampling frequeny of to 40 kHz. The signals of the hot-wires were measured for 15 seonds at eahloation.The alibration of the wires were performed using a Dante 54H10 type alibrator. The alibrationwas employed by �tting a fourth order polynomial on the two known speeds. The X-wire probe was alsoalibrated using diretional alibration to obtain the pith and yaw oe�ients on the same alibrator unit.The alibration proess was performed before and after eah measurement, and the polynomial onstantswere averaged prior to post proessing of the results. The error analysis of the veloity values obtainedby the use of the hot-wire probes was performed based on the manufaturers desription.33 Based on thedesription given by the manufaturer, the typial error of the measured veloity given by the single wire isless than 0.5 %. The unertainty derived from the measured veloity signals were found to be within 1 %.The hot-wire probe was installed on a traverse system. The system an over 300 mm times 300 mm intwo perpendiular diretions. The system onsists of two ThorLabs LTS300M stages, whih typial minimumpositioning auray is 5 µm.D. Surfae Pressure Measurement SetupFG-23329-P07 miniature mirophones are used for the measurement of the unsteady boundary layer surfaepressure �utuations. The mirophones dimensions are of 2.5 mm diameter and height with 0.8 mm ofirular sensing area. The use of this mirophone was onvined to be reliable for trailing edge turbulentboundary layer measurement.34, 35 The trailing edge plate was instrumented with 11 mirophones under apinhole mask of 0.4 mm diameter in order to ompensate the large disontinuities36 of the pressure attenu-ation at the wall interfered with the turbulent �eld. Hene, a small-sized pinhole mirophones sensing areaan minimize the attenuation of pressure �utuations and eliminate the errors presene in the wall pressurespetrum at high frequenies.37, 38 The mirophones were installed inside the plate parallel (horizontally) tothe surfae and were arranged in the form of L-shaped array on the surfae in the streamwise and spanwisediretions. The mirophones loated in the spanwise diretion will be used for alulation of the spanwiselength sale of �ow strutures, whereas the mirophones employed in the streamwise diretion provide theinformation on the turbulent eddies onvetion veloity. Prior to this researh, the unsteady boundary layersurfae pressure �utuations test was onduted using the mirophones in the streamwise diretion. Thedetailed arrangement of the miniature mirophones on the detahable trailing edge is shown in Fig. 3 andtheir loations are summarized in Table 1.
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Figure 3: Distribution of mirophones array in spanwise and streamwise diretionsTable 1: Positions of pinholes mirophones on the trailing edgePosition MirophonesNumber Distane fromTrailing Edge (mm)

Distane fromMid Span (mm)Streamwise 1, 2, 3, 4, 5, 6 7, 14, 20, 26, 32, 38 0.0Spanwise 7, 8, 9, 10, 11 14 4.6, 13.4, 27.4, 46.6, 81.4The spanwise pinhole mirophones were arranged in a way to obtain a smooth distribution of potentialfuntion of turbulent properties near the trailing edge. The distane between the mirophones has to bediverse and must not be small in order not to be a�eted by the sattering proess of the pressure �eld atthe trailing edge. The minimum sensor distane to avoid the sattering e�ets is approximately λh/2, where
λh is the onveted hydrodynami wavelength of interest (λh = Uc/f).39, 40 Based on this spei�ation,the spanwise mirophones were plaed 14 mm upstream of the trailing edge. The minimum and maximumdistane of the pinhole mirophone in spanwise diretion is 4.6 mm and 81.4 mm, respetively. In ontrast,uniform distribution of pinhole mirophones was employed in the streamwise diretion from mirophone 2-6.III. Data Analysis and Post ProessingThe mean and root mean square veloities an be obtained from the veloity time history, as:

U =
1

N

N
∑

i=1

Ui, (2)and
Urms =

√

√

√

√

1

N

N
∑

i=1

(Ui − U)2, (3)where N is the total number of veloity samples in time and U is denoted as the mean veloity.The boundary layer thikness δ orresponds to the loation where the veloity reahes 99 % of the freestream veloity U∞. The boundary layer displaement thikness δ∗ is de�ned in Eq. (4).
δ∗ =

∫ δ

y=0

(1 −
U(y)

U∞

)dy, (4)where the integration was performed using the trapezoidal numerial integration method.6 of 22Amerian Institute of Aeronautis and Astronautis



In order to alulate the the Reynold stresses, two simultaneous time series is needed at eah loation.The Reynolds stresses an be indiated as a tensor:
τij = −ρu′

iu
′

j , (5)where ρ is the �uid density, u′

iu
′

j express the veloity orrelation of the momentum �ux in the diretion arossa plane perpendiular to the oordinate diretion. Average stress is attained from the turbulent �utuatingomponents as:
Ui = U + u′

i, (6)Using the veloity data olleted from the ross-wire probes, these an be alulated as:
−u′u′ =

1

N

N
∑

i=1

(Ui − U)(Ui − U) , (7)
−v′v′ =

1

N

N
∑

i=1

(Vi − V )(Vi − V ) , (8)
−u′v′ =

1

N

N
∑

i=1

(Ui − U)(Vi − V ) , (9)The Strouhal number based on the bluntness trailing edge thikness (h), and the free stream veloity(U∞) is de�ned as;
St =

fh

U∞

. (10)To identify the pattern of turbulent strutures in spae, two point orrelation funtion of the veloity isused:
Rii(r) =

< u′

i(xi, t)u
′

i(xi + r, t) >

< (u′

i)
2 >

, (11)where u′

i is the �utuating veloity in streamwise diretion and r is the distane between measurementloations.For the better understanding of the turbulent strutures within the boundary layer and wake, it isimportant to study the integral length sale (Lij). In this study, the integral length sale is obtained usingthe two-point veloity orrelation funtion as:
L11(x, t) ≡

1

R11(0, x, t)

∫

∞

0

R11(e1r, x, t)dr, (12)where e1 is the unit vetor in the x1-oordinate diretion, r is the distane between the two measuring pointsand Rij is the two-point one-time autoovariane.41To resolve the energy signal in the frequeny domain, Welh's power spetral density of veloity �utu-ations (φuu) has been alulated based on the time history data veloity �utuations. The alulation wasperformed in Matlab using Hamming windowing, with 50 % overlapping and segmenting. The frequeny res-olution (∆ f) was set to 64 Hz from whih de�ned a sample length for a whole wavelength of this frequeny.This wavelength was equal to 1/5 of the window length used in the windowing proess.IV. Results and DisussionA. Steady Drag Coe�ientThe steady and unsteady aerodynami fore measurement of the blunt TE �at plate with solid and poroustrailing edges are presented and explained in this subsetion. The experiments overed a wide range ofplate length (Lx) based Reynolds numbers: ReLx
= 1.3 · 105 to 5.8 · 105, orresponding to the �ow veloityof U∞=6 m/s to U∞=26 m/s. The results presented in Fig. 4, show the drag oe�ient (CD) of the plateagainst the Reynolds number, for the solid and porous TEs. It an be seen that all the porous treatments have7 of 22Amerian Institute of Aeronautis and Astronautis



redued the CD. Notably, there is a sudden sharp drop in CD for all ases at the range up to ReLx
= 3 · 105.After this point, the drag oe�ient gradually dereases over the lower ritial region (> ReLx

= 3 · 105) ofthe plate. The 25 PPI porous material has the largest redution in CD, roughly 16 % followed by porousmedia with 80 PPI porosity ompared to the solid ase. Also, the trend shown by the solid and porouswith 80 PPI ases were almost idential. This behaviour an be explained by the fat that it takes morespae/time for the �ow to penetrate into the 80 PPI material, and therefore the porous material with highPPI, lower permeability behaves more similar to the solid ase.
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Figure 4: The measured drag oe�ients for the di�erent ases: blak line: solid; blue line: porous 25 PPI;red line: porous 80 PPI.B. Boundary Layer Analysis1. Veloity Pro�le and Their Energy ContentThe behaviour of the boundary layer upstream of the blunt trailing edge was studied for di�erent ases. Themeasurement is onduted at zero angle of attak and the free-stream �ow veloity was set to U∞=20 m/s.The detailed loations of the measurements are shown in Table 2 and in Fig. 5 . The loations are denotedby BL1, BL2, BL3 and BL4. The distane between two neighbouring lines orresponds to 1/3Lpx. Thehot-wire probe has been traversed and the data has been olleted between y ≈ 0 mm and y = 50 mm at35 points above the plate for eah line.Table 2: Measurement loations in the boundary layer and wake regionMeasurementRegions MeasurementLoations Upstreamdistane from TE(mm) Downstreamdistane from TE(mm)Boundary Layer Region BL4, BL3, BL2, BL1 1.0, 17.7, 34.3, 51.0 -Wake Region W1, W2, W3, W4, W5, W6 - 2, 10, 20, 40, 60, 100
8 of 22Amerian Institute of Aeronautis and Astronautis



Figure 5: The shemati of the blunt trailing edge rig and the positions of the hot-wire measurementsFigure 6 presents the mean and rms boundary layer veloity pro�les along the BL lines shown in Fig. 5.The y axis of the boundary layer pro�le have been normalized by the boundary layer thikness at BL1. Notethat at BL1, the veloity of �uid goes to zero at the boundary in whih that the no-slip ondition is still validat the wall and is not the same in the ase of porous boundary. The veloity pro�le results show that thereis an inrease in the veloity gradient at the wall from BL1 to BL4 and the boundary layer thikness foundto be dereasing from BL2 to BL4. This implies that favorable or negative pressure gradient ours nearthe TE whih tend to aelerate the �ow.42 All of the boundary layer pro�le downstream from BL1 hange,and they di�er from the fully developed turbulent boundary layer pro�le beause over an in�nitely long �atplate, as the bluntness auses signi�ant veloity overshoot in the viinity of the trailing edge. By omparingthe boundary layer pro�les, it is notied that the pro�les are quite similar in the �rst two loations (BL1and BL2). Results have shown that the porous materials derease the bluntness aeleration, i.e. the redand blue pro�les show lower veloities. The 25 PPI material redues the aeleration the most, whih is wellvisible at the BL4 loation.The presented RMS veloity pro�les show redution when the porous material was applied at the trailingedge. This beomes learly visible at x=17.7mm (BL3) and x=1mm (BL4), upstream of the trailing edge.However, there is an inrease in the RMS veloity magnitude near the wall espeially for the ase of porous25 PPI at both BL3 and BL4. This means that there is an inrease in the energy ontent near the wall, whihis believed to have been aused due to visous frition e�et taken plae at the porous surfae. However,results show that the overall energy ontent in the boundary layer is signi�antly redued by both porousmaterials, but espeially by the 25 PPI one.
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Figure 6: Boundary layer mean and RMS veloity pro�les at di�erent streamwise loations over the blunttrailing edge �at plate model. blak line: solid; blue line: porous 25 PPI; red line: porous 80 PPI.2. Veloity Power Spetra in the Boundary LayerThe loation of the dominant turbulent strutures within the boundary layer and their frequeny energyontent an be studied using the veloity power spetrum (φuu). Figure 7 presents the veloity powerspetral density as a funtion of the Strouhal number at di�erent axial loations upstream of the TE andprovides omparison between the three investigated ases. The spetra at BP1−3, BL1−4 shows the near wallregion, of whih BP1 orrespond to the point near the surfae. The spetra at BP4, BL1−4, on the otherhand, show the outer layer of the boundary layer.In the viinity of the wall, the porous material espeially in the ase of 25 PPI auses an inrease inthe energy ontent over the whole Strouhal range, whih is in agreement with the RMS veloity pro�les inFig. 6. The investigated spetra at BP3, BL1−4 orresponds to the inner edge of the turbulent boundarylayer edge. At this loation, it is learly visible that the energy ontent of the porous ases have been reduedsigni�antly. However, in the outer layer (BP4, BL1−4), all the porous materials experiene an inrease inthe energy ontent ompared to the solid TE, whih appear to be due to the detahed eddies from the TEwall. The inner layer is predominantly omposed of wall attahed eddies of quasi-streamwise vorties. Theharateristis between attahed and detahed eddies are given by Perry and Maru²i.43 Consequently, theseeddies in the inner layer whih interats on the TE wall will have a very signi�ant e�et on its struture.The energy redution observed in the ase of porous TE is believed to be the result of eddies break-up inthe porous media. The tonal peaks are well visible for solid and porous 80 PPI in the viinity of the TE at
BL3−4.The tonal peak ours at St ≈ 0.21, whih orresponds to the vortex shedding frequeny as expeted.The peaks vanish in the ase of the 25 PPI porous material apart from the BP4, BL4 (upper right plot) ase.This is believed to be due to the fat that this material has a �ow stabilizing e�et in the near wake regions.10 of 22Amerian Institute of Aeronautis and Astronautis



This will be further disussed in Se. D 3. One an infer from the results that the two porous materials havevery di�erent e�ets on the tonal peaks, as well as the broadband ontent
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C. Surfae Pressure Measurement1. Veloity-Pressure Correlation (Ru′p′ and Rv′p′ ) in the Boundary LayerIn haraterizing the noise generated from the trailing edge, it is essential to examine both the �uid �eld andthe pressure exerted on the surfae. The orrelation studies between the veloity �eld within the BL and thesurfae pressure �utuations were onduted in order to identify the harateristis of the oherent turbulentstruture and the statistial properties of �utuations in spae and phase relation. The �ow veloity was setto U∞=20 m/s and the measurements were taken at four loations above the mirophones numbered 1,2,4and 6, as shown in Fig. 3. The loations are denoted by BLm1, BLm2, BLm4 and BLm6. Cross-wire probehas been used and the data has been olleted between y ≈ 0 mm and y = 50 mm at 49 loations aboveeah mirophone.Figure 8 presents the veloity-pressure Ru′p′ and Rv′p′ orrelation pro�les within the BL at di�erentdistanes from the trailing edge. The y axis of the veloity-pressure orrelation plots have been normalizedby the boundary layer thikness at BL1 (Fig. 5). It is notied that the values of orrelation oe�ient learlyinrease in the negative sale downstream of the trailing edge for all porous ases in both Ru′p′ and Rv′p′orrelation pro�les at the loations near to the wall. As for the solid ase, the Ru′p′ orrelation is highlyonentrated in the negative region at the position loser to the wall between BLm2 to BLm6, and positivelyorrelated at BLm1. The positive orrelation an also be seen for the ase of porous 80 PPI at BLm1 and
BLm2, however this trend does not appear in the ase of porous 25 PPI. On the ontrary, the Rv′p′ value isnegatively orrelated for all ases, where porous 80 PPI displays higher orrelation value ompared to others.
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Figure 8: Veloity-Pressure Correlation, Ru′p′ (upper row) and Rv′p′ (lower row) in the boundary layerorrelation pro�les at di�erent streamwise loations over the blunt trailing edge. blak line: solid; blue line:porous 25 PPI; red line: porous 80 PPI.
12 of 22Amerian Institute of Aeronautis and Astronautis



The negative orrelation in Fig. 8 indiates that an inrease in the veloity or pressure �utuating signalreliably predits a derease in the other one. In other words, the negative orrelation demonstrate that the�utuating veloity omponents (u′ , v′) and p
′ are out of phase in the �ow. G.I. Taylor44 interpret that thenegative orrelation as the onsequene of the outer rough boundary layer edge on the external �ow. Dueto the ontinuity of the �ow, the boundary layer will thiken as the e�et of strong downstream disturbanewhih prinipally slowing up of the boundary layer at any moment. A bump is present to the outer potential�ow, and the �ow will aelerate up in passing over the bump. Hene, this two onseutive e�ets will resultin opposite phase and therefore the negative orrelation ours. Thus, from the boundary layer veloitypro�le results obtained previously, the �ow diretion downstream the trailing edge tend to aelerate the�ow whih ompromise the ontext of the resulting negative orrelation. This peuliar result have not beennoted in any of the earlier studies.D. Hot-wire Measurements in the WakeTo better understand the e�et of porous material on the aerodynami performane and the �ow �eld, themean veloity and Reynolds shear stresses pro�les are presented in this setion. Further disussion on thefrequeny response for seleted measurement points and energy ontent of eah ases are also presented here.1. Wake Veloity Pro�leMeasurements have been performed using ross hot-wire probes in the wake at the Reynolds number of

(ReLx
= 4.6 · 105), orresponding to the �ow veloity of U∞=20 m/s. The measurement loations an beseen in Fig. 5, namely x/h = 0.1, x/h = 0.5, x/h = 1.0, x/h = 2.0, x/h = 3.0 and x/h = 5.0 downstream ofthe trailing edge. A total number of 66 points were aptured over 0<y<300mm for both U and V omponentin eah line of measurements using ross wire probe.Figure 9 shows the U and V veloity pro�les at these loations. It is learly visible that the poroustreatment signi�antly hanges the wake pro�les in both x and y diretions. The 25 PPI material signi�antlyredues the magnitude of U veloity in the wake, while the 80 PPI is loser to the solid ase, but still givesa reasonable redution. The U veloity pro�les show that the porous treatment delays the formation ofvortex shedding in the wake, i.e. near-wake stabilization. Generally, it an be seen that the momentumde�it in the porous ases espeially for the ase of porous 25 PPI is larger than that of the solid ase at alldownstream loations. The large de�it in momentum for porous TE ases in the wake is the result of theaeleration �ow from the blunt TE whih ause larger pressure gradient in the wake. It is apparent thatthe di�erene between the solid and porous results dereases at downstream loations. On the other hand,the gradient of the U veloity omponent still remains high for the ase of porous 25 PPI as the vorties arebroken into smaller eddies or have been suppressed by the porous plate. The e�et of porous TE restraintthe entrainment of the high momentum �uid from the free-stream into the wake �eld. This auses lowermomentum transfer in the wake and results in large veloity de�it in the ase of porous TE. Lim and Lee45showed that the large veloity de�it in the wake region promotes lower drag fore in the ase of blu� body.This evidene is in agreement with the results obtained in Fig. 4. The V veloity omponent shows di�erentbehaviour than U . The V veloity is aelerated in the near wake up to x/h = 2.0; where the veloityis positive for y > 0 and negative for y < 0, whih ause the free-stream �ow direted away from the TEenterline. In ontrast, at x/h = 3.0; the veloity phase hanges and the free-stream �ow is direted towardsthe enterline and the V veloity beame signi�antly smaller and almost idential for all ases at x/h = 5.0.
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Figure 9: Mean U and V veloity omponents in the wake of the blunt trailing edge. Blak line: Solid; Blueline: Porous 25 PPI; Red line: Porous 80 PPI.2. Reynold Stresses Veloity Pro�leFigure 10 presents the Reynold Stresses results: the eddy normal stress(−u′u′/U2

∞
, −v′v′/U2

∞
) and theeddy shearing stress omponent (−u′v′/U2

∞
) within the wake at x/h= 0.1, 0.5, 1.0, 2.0, 3.0, and 5.0. It islear from the �gure distribution that the Reynold Stresses are symmetrial along the wake enterline for allases. Both the eddy normal stress omponents −u′u′/U2

∞
, −v′v′/U2

∞
of the porous values were redued atall loations. Similarly as before, the 25 PPI shows larger and 80 PPI showed lesser redution, but unlike inthe mean veloity pro�les, these pro�le show redution onsistently. The peaks in −u′u′/U2

∞
and −v′v′/U2

∞are starting from the same loation: y/h ≈ ±0.5, i.e. at the edges, but afterwards the distane between thepeaks for the di�erent ases are di�erent. The 80 PPI remains lose to solid ase, but still the peaks in thatase get loser to eah other. It also redued the width of the peak in −v′v′ at x/h=3.0 and 5.0. Porous25 PPI has redued the veloity �utuations signi�antly at all loations, however the −v′v′ for porous80 PPI tend to inrease at the last two loations.Results have shown that there is notieable di�erene between the magnitude of the −u′u′ and −v′v′eddy normal stress terms. The −v′v′ beomes twie as large as the −u′u′ at the last four loations. Theinrease in the v �utuation indiates the presene of large swirling turbulent strutures, i.e. the formation ofvortex shedding.46 Also, this suggests that the turbulene shows anisotropy at these loations due to strongvortex shedding. It an therefore be onluded that the e�et of porous treatment on the trailing edge wasto break-down the large �ow struture in the near wake whih was signi�ed by the redution in the veloity�utuations in the wake region partiularly for the ase of porous 25 PPI.The last plot in Fig. 10 illustrates the Reynold Shear Stress (−u′v′/U2

∞
), whih desribes the transport ofmomentum due to the turbulent �utuations in the �ow. The �gure at eah loation displays a symmetrialdistribution of shear stress along the wake enterline. The region with strong loal prodution of turbulenean be seen in the ase of solid TE in the near wake, whih its shear stress gradient is larger relative tothe porous ases. It is lear that the shear stress is redued signi�antly at x/h=0.1 to x/h=2.0 due to the14 of 22Amerian Institute of Aeronautis and Astronautis



larger momentum de�it in the ase of 25 PPI. Also, the lower peaks in the ase of 25 PPI ompared to thesolid TE is due to the elongation of the wake region and the suppression of vortex shedding. In ontrast, thedistribution of −u′v′ obtained at x/h=3.0 and x/h=5.0 shows a slight inrease in the peak onentrationin the porous 25 PPI ase. It is also lear that the �utuations of the veloity omponents have negligiblevalues in the porous 80 PPI ase at the last two loations indiating that the vorties are removed.
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Figure 10: Reynolds stresses omponents within the wake. Blak line: Solid; Blue line: Porous 25 PPI; Redline: Porous 80 PPI.3. Power Spetra of the Wake VeloitiesThe strength of the eddies in the wake an be investigated with the help of the veloity power spetra.These variables were plotted in Fig. 11 at several wake loations downstream of the edge lip-line and along15 of 22Amerian Institute of Aeronautis and Astronautis



the enterline. These loations are shown in Fig. 5. Results show a signi�ant and onsistent redution ofthe veloity PSD in the ase of porous 25 PPI along the enterline, as expeted from the −u′u′/U2
∞

and
−v′v′/U2

∞
results. A broadband peak is obvious at St=0.5 for porous 25 PPI, as shown at the near wake(P1,W1). This likely phenomena an also be seen in the boundary layer power spetra (Fig. 7(BP1−3, BL4)).The evolution of these broadband peak in the boundary layer and in the near wake of the shear layer is due tothe pairing of the vortial strutures, forming large oherent strutures in the �ow. Also, it is believed thatthere is an inrease of the mixing layer thikness due to the veloity overshoot from the blunt trailing edge.However, as the measurement loation moves downstream, this broadband peak disappears and onsequently,the energy of these eddies deay further downstream.The delayed vortex shedding build-up is also observed in these plots. The spetra given by the porousmaterials are getting loser and loser to the baseline ase as moving downstream. The presene of thevortex shedding is distintly pronouned with the appearane of several tonal peak values in the spetra.The amplitude of these peaks are redued by both porous material, and the 25 PPI treatment also eliminatesthe peaks in the early wake. These tonal strutures still build up in the farther wake in the 25 PPI ase, butpeaks with higher frequenies do not develop. In the upper plots, the similar peaks and its harmonis (at

St=0.2 and St=0.4, respetively) are building up and for the porous 80 PPI, the peaks reahed upon thebaseline values in the farther downstream loations. The spetra veloity gradient shown in the plots appearslose to the slope with f−5/3. The slope subsequently deviates as the energy is dissipated throughout thetime. Hene, it is a�rmed that the amount of orresponding eddies is less for both porous ases relative tothe solid one.
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Figure 11: The power spetral density of the U veloity omponents at di�erent loations in the wake. Blakline: Solid; Blue line: Porous 25 PPI; Red line: Porous 80 PPI.4. Power Spetra Contour PlotsFigure 12 shows the power spetra ontour plots of the U veloity omponents for solid trailing edge atdi�erent x/h loations within the wake. It an be seen that the energy is mainly on�ned within the wakearea, and the same tones an be found in these spetra as before. This means that high energy ontent is16 of 22Amerian Institute of Aeronautis and Astronautis



experiened at St=0.2 and its harmonis. The hydrodynami energy at St=0.2 an be felt well beyond thewake region, i.e. y/h > 1.0.Figures 13 and 14 on the other hand present the PSD ontour plots for porous 80 PPI and porous 25 PPI
φuu omponents, normalized with the results obtained from the solid trailing edge, i.e. (φuu)porous-(φuu)solid.These �gures help to identify the loations at whih energy redution or inrease ours in the wake area.It is learly visible that the energy is redued mainly at higher frequeny region in the near wake by the80 PPI material, and the energy is almost uniformly redued at all sales in the ase of the 25 PPI material.The redution about the y axis at about St=0.2 and St=0.4 for both porous ases is due to the slight shiftof the tonal peaks, as observed in the power spetral density of the U veloity omponents in Fig. 11. It isalso visible that the energy ontent in Fig. 14 at x/h=0.1 inreases signi�antly whih is in agreement withthe spetral broadband peak appear in the ase of porous 25 PPI observed at (P1,W1). However, the energyontent is onsistently redued in the downstream loations. It is also apparent that the hydrodynamienergy beyond the wake region, i.e. y/h > 1.0 of the trailing edge width shows signi�ant redution. It islear that the energy is redued signi�antly in the enterline and the shear layer by the 25 PPI material atall loations. These suggest that the use of porous TE has led to the removal of the vortex shedding fromthe near wake.
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E. Correlation StudiesThe integral length sales have been alulated using the orrelation data using Eqs. 11 and 12. Themeasurement have been performed using two hot-wire probes; one of the hot-wires has been �xed while theother one was traversed. The spanwise length sale measurements have been arried out at four di�erentstreamwise loations, x/h = 0.5 x/h = 1.0, x/h = 2.0 and x/h = 3.0. The streamwise length sale, onthe other hand, has been performed by loating the �xed probe at x/h = 0.1, while the seond probe wastraversed up to 15h downstream of the edge lip-line of the upper trailing edge. The spanwise and streamwiseintegral length sales have been plotted as a funtion of the Strouhal number in Figs. 15 and 16, respetively.In Fig. 15, it is obvious that the struture of the �ow at di�erent loations are slightly di�erent. Thesolid and porous 80 PPI at x/h = 0.5 and x/h = 1.0 have a dominant double peak at the vortex sheddingfrequeny. This double peak for solid ase abide a dominant peak at St= 0.22 (x/h = 0.5 and 1.0) and a loweramplitude seondary dominant peak at a lower frequeny at St= 0.19 (x/h = 0.5) and St= 0.2 (x/h = 1.0).The dominant double peak for the ase of porous 80 PPI onsists of a dominant peak at St= 0.22 (x/h = 0.5and 1.0) and a lower amplitude seondary dominant peak at a lower frequeny at St= 0.21 (x/h = 0.5 and
1.0). This variation of peak in the further downstream loations an only be seen in the ase of porous80 PPI. Besides, for the solid ase, there is onurrent derease in both the dominant peak and seondarydominant peak amplitude and beomes a single dominant peak in the later spanwise loation. Moreau andDoolan47 revealed that the multiple dominant peaks in the spetra are beause of the ellular variation inspanwise vortex shedding frequeny. The existene of dominant peak is due to the regular Karman vortexshedding at the trailing edge midspan. The seondary dominant peak on the other hand appeared due toa lower frequeny shedding near the blunt TE-wall juntion. It is antiipated that the redution in theshedding frequeny is due to the interation between the Kármán vorties and the hange in the downwash�ow originating from the aeleration over the TE. It is of interest that the porous 25 PPI does not exhibitsany dominant double peak. The 25 PPI material at x/h = 0.5 redues the amplitude of the �rst peak, whilereduing the integral length sale. Moving downstream, the 25 PPI material inreases the amplitude of therigid peak, eliminates the seond peak while it inreases the integral length sale uniformly in the regionwhere the other materials show the seond peak. It also an be seen that the harmonis develop for all asesat the further downstream.The streamwise integral length sale an be seen in Fig. 16. The three ases show slightly di�erentproperties. The 80 PPI material redues the size of the eddies, and the peaks are experiened approximatelyat the same Strouhal numbers. The 25 PPI material introdues a broadband inrease in L(f) while itdereases the main peak, and eliminates all the harmonis. Comparing the amplitude of dominant struturesin the streamwise and spanwise diretions for the orresponding materials, it an be dedued that for thesolid ase the spanwise diretion of the eddies about the �rst peak (x/h = 1.0) is 3 times larger than instreamwise , for the 80 PPI ase this number is slightly larger and �nally for the 25 PPI material, the ratiois roughly the half of the baseline ase. One an therefore infer that the use of porous materials has led tothe elongation of the turbulent strutures in spanwise diretion in the near wake region, whih also leads tothe signi�ant redution in the energy ontent.
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V. ConlusionsThe aerodynamis and aeroaoustis of the �ow around a blunt trailing edge has been addressed andseveral measurements have been arried out at the open jet wind tunnel of the University of Bristol. Thee�et of applying porous treatments at the trailing edge have been widely investigated by single and rosshot-wire measurements, fore balane measurements and boundary layer surfae pressure measurements. Itwas found that the 25 PPI material yields to onsistent drag redution for all �ow speeds, while the 80 PPIgave less signi�ant drag redution as the �ow speed inreased. It is also shown that the porous materialare apable of reduing the aeleration of the �ow in the boundary layer upstream of the trailing edge.The power spetra showed that signi�ant redution was ahieved in the wake, and at the tonal behaviourof the vorties. It is also obvious that the porous treatment has notieably modi�ed the orrelation lengthsale of the veloity �utuations in both the spanwise and streamwise diretions. Thus, the appliation ofporous blunt trailing edge was found to be useful and e�etive in improving the aerodynami performaneand ontrolling the noise generation mehanism.AknowledgmentsThis projet is sponsored by Embraer S.A. . The third author (MA) would like to aknowledge the�nanial support of the Royal Aademy of Engineering.Referenes
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