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This study aims to investigate the assumptions used in &relynodels for the prediction of
trailing edge noise and uncertainties involved in the mesament of near-field flow parameters,
such as surface pressure spectra, convection velocitypamiise length scale. The comparison
and accuracy analysis of several aerofoil trailing edgesenonodels is performed. The study
investigates the models developed by Amiet, Parchen (TN@Baiooks-Pope-Marcolini (BPM).
To provide the input variables for the different models, & fliate has been manufactured on
which the surface pressure fluctuations are measured usigay of flush mounted microphones
and the boundary layer properties are found using hot-winbgs. It was found that the input
properties of the investigated trailing edge noise pramianodels showed strong dependency on
the trailing edge condition and that the far-field noise t@ehs can be significantly affected by
these changes.

1. Introduction

Trailing edge noise is one of the main components of aers@ftnoise([1, 2]. The phenomena
plays an important role in the noise generation in the fielaMidtion, wind turbines, turbo-machinery,
etc. The main cause of the noise is the pressure fluctuati@mrgloe surface generated by turbulence
which is being scattered to the far field from the trailingedgE). The mechanism of the TE gener-
ated noise has been a topic of research interest over seeeades.

The problem has been addressed both by measurements arematdal modelling, from which
we can now find empirical, semi-empirical, and analyticabiels to predict the TE noisgl[3, 4,5, 6].
These models predict the noise by relying on the propertigarbulence and the boundary layer
which are mainly calculated from upstream geometry and flomd@ions. The main input parameters
of these models are, for example, the surface pressuredhimtuturbulence length scales, convection
velocity and boundary layer displacement thickness, etc.

Based on the developed models, several attempts have bantmeeduce the noise both by
modifying the flow over the surface or by changing the geoyi#:i8,[9]. These have been addressed
by measurements in anechoic chambers and using compuatatiethods, both of which are limited
by their own constraints [10, 11, 12]. Capturing the low freqcy components of the scattered
noise is difficult due to the background jet noise in anechaitd tunnels and the finite size of
the anechoic chambers. From the computational side, riegdlve pressure fluctuations over a wide
range of frequencies due to the broadband nature of the e isnecessary, which causes inevitable
difficulties for fluid flow solvers. These limitations inciathe uncertainty in the exact resolution of
the TE noise, which means that the accurate descriptioreafaise is more difficult in these “shadow
zones”. For this reason, the better understanding of thertaaties of the TE models is necessary.
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The developed TE noise models reduce the complexity of thienzatical description of the fluid
flow by adapting different assumptions (frozen turbulena®, dimensionality, isotropic turbulence
etc.), which are valid either in a given range of applicationin specific conditions. One of the most
important effects which distorts the flow is the presencénefE itself by introducing a singularity
and discontinuity in the geometrical condition of the flowhi§ condition, and especially when it
presents alongside with adverse pressure gradient (ergfod®), can change the flow upstream of
the TE such that the assumptions considered by the diff@fempise models might not be valid any
more. The effect of the TE without the presence of adversespre gradient in the flow is considered
in the current paper by measuring the turbulence propeaabese an extendible flat plate. The plate
offers the opportunity to perform measurements of veloaitgt surface pressure fluctuations at given
streamwise locations with and without the presence of a TE.

This paper is organised as follows: Sectidn 2 gives an ogendn how the measurement of
the trailing edge boundary layer was performed in order fmiwa the hydrodynamic field related
guantities relevant to the TE noise prediction models. &magdels with their main assumptions and
input parameters are briefly presented in Se¢tlon 3. Firthkyeffects of the presence of trailing edge
on the measured quantities are shown and discussed inddctio

2. Measurement Set-up

Us
—_—

( Base platt. Extensior

- X

Figure 1: The schematic of the rig: base plate (black); estten(red); microphone locations (blue);
velocity measurement locations (green)

A flat plate was built to measure the flow properties, see[Eig.He rig consists of a base plate
and an extension component which can be attached to the laésespthat it can be extended further
downstream. The TE is made of a®1sharp wedge and the location of the TE can be shifted down-
stream using the extension component. The width of the rig-is715 mm, the length of the plate is
1000 mm and it is 1500 mm long with the extension component.

Measurements were carried out in the open test sectiomrgfoe wind tunnel of the University of
Bristol, in which the far field flow velocity was set to, = 10 m/s with a typical turbulence intensity
of less than 1 %. The properties of the flow was measured withtd2ab5P16 type miniature hot-
wire, which was operated by Dantec 91C10 CTA modules at arheag¢ratio of 1.8. The uncertainty
of the hot-wire measurements was found to be less thaf %. The surface pressure fluctuations
were measured at 24 different streamwise and spanwisedosatith Knowles FG-23329-P07 type
miniature electret condenser microphones, which werdmEdid in advance of the measurements.
The data acquisition system was National Instruments PX¥RB9 type operated with a sampling
frequency and measurement time66b36 = 2'® Hz and8 sec. During the post processing of the
measured quantities, the frequency resolution was stttz for all quantities that are defined in the
frequency domain.

Using the velocity(u(z, t)) and pressurép(x,t)) data collected, a set of physical properties can
be calculated, which gives a basis to study the changes tartidence properties of the flow for the
two investigated geometrical conditions. The calculatexgperties are the followings: mean velocity
(u), root mean square of velocity.z,ss), friction velocity (., found iteratively from the boundary
layer velocity measurement results), boundary layer tiesk §, defined where the velocity profile
reaches 99 % of the free-stream veloaity), boundary layer displacement thickn¢§s), boundary
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layer momentum thicknes®), point spectra of surface pressure fluctuatiénsg,), Pearson’s cor-
relation coefficien{r) defined between velocitft’) and pressurép’) fluctuations([13], magnitude
squared coherende?) between:’ andp’, spanwise turbulence length scélg;) and temporal cross
correlation( R, ).

3. Trailing Edge Noise Models

The current paper investigates three different TE noiseatsodiamely, the BPM_[5], Amiet [3]
and Parchen’s TNQO [4] trailing edge noise models and theistimoportant inputs. These models
are presented in this section, where the main input pregseatie highlighted for each model and the
parameters for which the presence of the TE has no or nelgigffect are also listed.

3.1 BPM Model

The BPM model is an empirical model developed by Brooks, RopmkMarcolini [5] based on
several aerofoil noise measurements. The far field soursbpre level generated by an aerofoil is

defined as .
B §*M°LD,, Sts
S(f)—lOlog( — >+A<St1>+m—3, (1)

whereSts = (f6*)/uco, Sty = 0.02M %6, M is the Mach numbels is an empirical constant which
is a function of angle of attacky;, = (2sin*(©/2) sin*(®))/((1 + M cos ©)[1 + (M — M.,) cos O)),
in which® , © andR are describing the location of the obsernve, = 0.8 M is the convection Mach
number andA is the empirical spectral shape parameter which is definddragion of Strouhal
number ratio. A more detailed description can be foundlin [3]

We can see that, M, A, K;, R and the fluid properties are not affected by the presenceeof th
TE for a fixed observer location and far field velocity, whiteand M. might be affected by the
presence of the TE. Therefore, the changes to the boundeaydesplacement thickne$§") and the
convection velocityu.) will be investigated experimentally.

3.2 TNO Model

The TNO model was developed by Parchen [4] is a semi-empimiodel, assuming frozen and
isotropic turbulence. The model integrates the surfacespire fluctuation over the entire wavenum-
ber domain in the streamwise direction to achieve the féa-feessure power spectra. The surface
pressure spectra as a function of wavenunmiet, (k1, ks, k3), and frequency reads as

27 ou\’
Opp(k, w) = 40” 2 4_1 K2 0/ Lo(y)u; <a_Z> P (K, W) Py (W — ue(y) ey e 2Hv2dy, (2)

whereg,, is the so called moving axis spectrum that is dedicated toedfie distortion of turbulent
eddies as they pass over the TE angl is the spectrum of the vertical velocity fluctuations. These
guantities are defined in the model as:

1

OZG\/Ee

4 (k1 /ke)? 4 (ks /ke)?
Pnlknbs) = 5 1+ (k/ke)? + (ks ke)2] " @

gbm(w - uc(y)kl) — 7[(‘*}7”0(3/)]‘31)/&@] , (3)

wherek, ~ 0.74/L, is the wavenumber of the energy containing eddies,= 0.05u./Ls is the
Gaussian constant and = 0.7u. is the convection velocity. Finally, the far-field sound gsere
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reads as

oo

L w
S(W) = W / % ¢pp(kaw)|k3:0 dF;. (5)

Similarly as in the former casd,, R are independent of the flow condition and are not affected
by the TE. The presence of a TE may, however cause some ch@nipesconvection velocityu..),
the shear stress in the boundary lag@#/0y), the vertical integral length scale of turbulent eddies
(Lo (y2)) and the vertical velocity fluctuatiofi2), which can effect the surface pressure spectrum
(¢pp). Therefore, the measurements are focused on the resotitibase properties.

3.3 Amiet Model

The analytical TE noise model which was developed by Amie o gives a connection between
the surface pressure fluctuation and the far-field pressaweipspectra. The model assumes frozen
turbulence and large span to chord ratio(> L). The far-field pressure power spectfs,,) and the
radiation integral £) are defined as

YL L2 A (), 0), 6)

Spp(x7y7 Z,CU) = 47TC00'2§

1
£l = 5

(1+7) N L M Kx/“E* 2u(1+2/0)] e *© — E* [2((1 + M)p + Kx)]} +1[. (7)

l+z/o

The convection of acoustic waves is definedras= = + °y*, wheref? = 1 — M?*, M = uy/co
is the Mach number ang is the speed of sound. Als®, = K, + u (M — z/0), K, = w/u,., and
pu = Mwb/(up?). Finally, E*(x) denotes Fresnel integrals, which is defined as

E*(x) = : 8
According to the model, the surface pressure spectra in ih@lane can be calculated as
4703 ’ ou\’ 9 92k
Gpp(w, 0) = As(w) 0/A2(?/) (6_y> 3 (y) paa(w — we(y)kr)e ¥ dy, 9)

from which one can conclude that the parameters used in tl@ miidel also influence the accuracy
of the Amiet model. An additional term is present in the Ammeidel which is the spanwise length
scale of the turbulent eddiéd ),

As(w) = f«/yQ(w,Az)dAz, (10)
0

where+? is the magnitude square coherence between measured surdasere fluctuations anslz
is the distance between two microphones.

4. Measurement Results

In this section the results from the measurements will bechiced and discussed. The following
figures are comparing the results from the two investigaagduts which are referred to as the TE
and the no TE cases in the discussion. Throughout this sethe red dashed and the black solid
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Figure 2: Boundary layer mean velocity profiles at differstiteamwise locations upstream of the
trailing edge—no TE case; —TE case

lines show, respectively, the results for the TE and noilEgtandard boundary layer) cases. Results
will be presented at four locations, above the surface pressicrophones located at= 4.5, 14.6,
72 and92 mm upstream of the TE.

The boundary layer behaviour upstream of the TE is showndnZi The effect of the discon-
tinuity is noticeable for the location near the TE£ 4.5 and14.6 mm), while the difference fades
away further upstreamc(= 72 and92 mm). It is also observed for the measurement near the TE
that the BL velocity profile has a different gradient to thatlee no TE case, see Figl 2(a). This
indicates that the presence of the TE discontinuity caus@e fniction upstream and in the vicinity
of the TE. This component can be identifiedias/ 0y in the TE noise models, see Sectidn 3. Ad-
ditional measurements are planned involving surface nealinot-film sensors to further investigate
this phenomena.
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Figure 3: Boundary layer RMS velocity profiles at differetieamwise locations upstream of the
trailing edge—no TE case;- —TE case

The energy content of the turbulent structures within theddh be studied using the RMS ve-
locity results. Figur€l3 shows the;, s at different streamwise location for the TE and no TE cases.
By comparing the results, one can conclude that the enengtebin the BL does not change sig-
nificantly at upstream locations, until in the close vigiiff the TE ¢ = 4.5 mm) where the energy
content of the boundary layer decreases betwgén= 0.4 and the edge of the BL. This shows that
the flow within the BL, and in particular in the outer layer bétBL, changes as it approaches the TE.
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Figure 4: Further boundary layer properties upstream ofrtikng edge I: (a) boundary layer thick-
ness, (b) boundary layer displacement thickness alongttbamnswise coordinate upstream of the
trailing edge—no TE case;- —TE case
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Figure 5: Further boundary layer properties upstream ofrdikng edge Il: (a) boundary layer mo-
mentum thickness and (b) friction velocity along the stregse coordinate upstream of the trailing
edge—no TE case;- — TE case

Other flow properties such as the boundary layer thick(@®sslisplacement thicknegs*), mo-
mentum thickness$6) and friction velocity(u,) are plotted in Figd.l4 and 5. As seen before, the
discrepancy between the two geometrical cases increases m®ve closer to the TE location. The
integral propertiesé* and#) of the boundary layer profile show this behaviour too. Th&ahdi-
cates the distortion of the boundary layer in the presendbeofE. Figuré b5(b) shows the friction
velocity, which was found iteratively at each streamwismtmn by achieving the smallest difference
between the measurements and the logarithmic wall law imegien ofy™ € (90, 200). The base-
line case which is presented by black solid line shows a reddyg stable friction velocity along the
streamwise coordinate, unlike the case when the TE is pres#re flow. In the latter case, the fric-
tion velocity decreases as we approach the TE. This progeryated tqdu/dy) ,—o (see Sectionl3),
which is an important parameter in the TNO and Amiet TE noiselabs. This phenomena together
with the changes in all of the formerly presented variablesisthat the frozen turbulence approach
is not valid in the vicinity of the TE even without the preseraf adverse pressure gradient.

Besides the time-averaged quantities, reviewed aboveyelj@ency-energy content of the BL
guantities and the surface pressure fluctuations also pleyyaimportant role in the prediction of
the TE noise. While in this paper the point spectra of thequmesfluctuation is presentéd,,,(f)),
further measurements are planned in order to capture ttesymee fluctuations in the wavenumber
(spatial) domain as well. Figuié 6 shows,(f) at the same axidlr) locations as before. The peaks

6 ICSV23, Athens (Greece), 10-14 July 2016
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Figure 6: Point spectra of pressure fluctuatiensp TE case;- —TE case

around 3 kHz are due to the tonal noise components of the wimael fan. The captured,,(f)

are quite similar to each other at the first two streamwisatlons (Fig[6(c) and (d)). There is a
more pronounced difference between the dashed red andosatikl curves around 1 kHz at= 4.5
and14.6 mm, which corresponds to the hydrodynamic range. One caclwdathat the presence of
the TE causes distortion on the power spectra of the prefisstaations, see Figl6(a) and (b). To
better understand the change in the pressure spectrarfondasurements are required to resolve the
spatial part ofp,,.

The last calculated input property of the TE models is thengfse length scale of the turbulent
eddies (\3, see Eq._10), which is presented in Fif. 7. The figure showisithaignificant change was
experienced in the spanwise length of the structures, whigdins that this property was not affected
by the presence of the trailing edge.

Up until this point, the main properties of the boundary faged the pressure point spectra has
been presented, most of which are used as input parametetfsef@E noise models. As a final
step, the second order quantities and correlation pre@sestie presented and discussed. The first
quantity to consider is the correlation coefficiénj between the surface pressure fluctuations and
the velocity fluctuations within the boundary layer, whistpiotted as a function of " in Fig.[8(a).
The correlation coefficient was calculated at the last streige microphone locatiofw = 4.5 mm)
and the highest presentgd corresponds tg/6 = 1.5. The plot shows that the correlation coefficient
decreases over the entire boundary layer in the presencémf a

Figure[B(b) presents the change in magnitude square catee¢adn?) between the hot-wire and
the microphone data along the boundary layer. The propbdws the change between the TE and
the no TE cases, i.eAy? = v2, — ~2, 5. While the correlation coefficier(t') decreased in the
entire boundary layer, the magnitude squared coherenmsises, which is clearly visible in FIg. 8(b).
The highest increase was experienced in the low frequenpygnmé~100-300 Hz) and close to the

ICSV23, Athens (Greece), 10-14 July 2016 7
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Figure 7: Spanwise length scale of turbulent structures) TE case;- —TE case

wall (z/§ < 0.1). Further experiments are planned to investigate the irapoe of thev velocity
component in this phenomena.
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Figure 8: Second order properties: (a) Pearson’s coroelaefficient and (b) change in magnitude
squared coherence betwe€randp’ above the last microphone locatiehno TE case;- —TE case

The temporal cross correlation along the boundary layerfaaaion of the dimensionless time
shift (R (y,7) = u/(y,t + 7)p'(t)/(urms Pris)) 1S presented for the cases when the TE was not
(Fig.[Q(a)) and was (Figl9(b)) present in the flow. We can seet amplitudes of?,,, in Fig.[9(b)
compared to Fid.19(a), i.e. the red coloured area is smallboth time and in space domain for the
TE case. This observation implies that smaller structuresgnt in the flow close to the TE. It can be
concluded from the smaller time extent of this area in Eit) ®fat the corresponding frequency of
the dominant eddies are decreased in the TE case. The d=tesdsnt of the turbulent structures for
the TE case also indicates that the eddies are more likely tound in the lower region of the BL than
in the outer region. The horizontal streaks in [Elg. 9(b) sy that the eddies are elongated by the
presence of the TE, which assumption will be further ingggd in the upcoming measurements.

5. Summary

This paper investigates the uncertainty of three diffetexiling edge (TE) noise models, namely
the BPM [5], the TNO [[4] and Amiet model ]3] with the help of timeeasurement of their input
properties. The measurement of theelocity component and the surface pressure fluctuation was
performed for the cases when TE was and was not present irothelfiwas found that the majority

8 ICSV23, Athens (Greece), 10-14 July 2016
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Figure 9: Temporal cross correlation of velocity and pres$luctuations above the last microphone:
(a) no TE case, (b) TE case

of the investigated properties change in the vicinity of Tke This implies that as the flow approaches
the TE, these quantities begin to deviate from the propedian ideal boundary layer. Since these
models rely on ideal BL properties, this introduces unaetyan the calculation of the TE noise.

It was shown that the wall shear stress increases, the energgnt of the streamwise velocity
decreases and the amplitude of the point spectra of theceypfa@ssure fluctuations also decrease as
the flow approaches the TE. The integral properties and itigofn velocity along the plate are also
affected by the presence of the TE. On the other hand, it wasdfthat the streamwise extent of the
turbulent structures does not change significantly whetr#ikng edge is present.

Based on the measured quantities in the study, it is showittta#railing edge has a non negligible
distortion effect on the flow properties, and further meaments involving hot-film and cross-wire
are required in order to more accurately quantify the efbétie trailing edge on the flow.
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