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Interaction between unsteady surface flow and wing trailing edges is considered one of the dominant source
mechanisms of airframe noise. For the prediction of trailing-edge noise radiation, detailed information on the
unsteady-flow behavior close to and at the edge is essential. Therefore, surface pressure measurements were
conducted near the wing/flap trailing edge of a business jet aircraft (HFB-320) and a large commercial aircraft
(DC-10/30) under realistic flight conditions within a wide range of flight speeds and typical flap deflection
angles. The spectral distribution of pressure intensities and coherences were determined and compared to
corresponding results from model and glider measurements, respectively. On the basis of integral pressure field
coherence dimensions (deduced from measured data), the applicability of the hydrodynamic trailing-edge noise
model is evaluated.

Nomenclature
a = ambient speed of sound, m/s
C = flow variable
/ = frequency, Hz
Lp = pressure level (ref. 20 N/m2), dB
/_ = integral correlation length, m
P2

F = mean square sound pressure, Pa2

P2
S = mean square surface pressure, Pa2

q^ = freestream dynamic pressure, Pa
r - distance between source and receiver, m
As = effective sensor separation distance, m
(/„, = freestream (flight) velocity, m/s
UT = velocity component of side-edge vortex or-

thogonal to side-edge and parallel to flap sur-
face, m/s

W = total wetted span, m
x, y, z = Cartesian coordinates with x in stream wise

direction, m
x', y', z' = Cartesian coordinates with x' orthogonal to the

trailing edge, m
y2 = coherence function
6 * = boundary-layer displacement thickness, m
6 = angle-of-sound radiation in the^-z plane, deg
Xc = convective hydrodynamic wavelength, m
£ = relative eddy spacing in spanwise direction
<t>lt2 - relative phase angle from cross-power spectrum,

deg
\l/ = angle of sound radiation in the x-z plane, deg

Introduction

A IRFRAME noise prediction is still largely an empirical
art due to the complexity of aircraft geometries and the

ensuing flow patterns, particularly when landing-approach
configurations are considered. Even for a "classical" noise
source such as the wing trailing edge, available theories do not
yield accurate results, since the unsteady flow behavior in the
very vicinity of the edge is not known to the necessary degree
of accuracy even if an infinitely extended "two-dimensional"
airfoil is considered. Much less information is available on the
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flow characteristics near the wing trailing edges of realistic
aircraft, particularly in view of the unknown effects of
Reynolds numbers (which are high for the real aircraft case)
and of the possible vibrational effects on the usually nonrigid
surface structure.

Therefore, it seemed important to conduct an experimental
program to investigate the flow characteristics near the
trailing edges of real, i.e., full-scale, aircraft. This paper
describes results of such a program in which a business jet and
a large commercial aircraft were used as test vehicles.

Problem Definition
Trailing-edge noise theories and physical ad-hoc models to

predict farfield radiated noise have been discussed and were
recently extended by Ho we.! He emphasized again that flow
turbulence characteristics as well as the unsteady flow con-
ditions at the very edge are the essential parameters governing
the noise radiation from the edge. Appropriate model-scale
tests were conducted by Brooks and Hodgson.2 These in-
vestigations showed the lower bound of edge noise—if there
was one—and what the influencing parameters were. For full-
scale aircraft the contribution of trailing-edge noise to the
total airframe noise cannot be extracted by experiment.
Therefore, surface pressure measurements and analyses with
respect to the unsteady flow characteristics near the trailing
edges of real aircraft were considered to be useful to com-
plement the detailed model experiments.

Similar measurements were conducted earlier on a glider
wing whereby surface pressure spectra and integral pressure
field correlation lengths had been determined3 and farfield
radiated edge noise had been calculated on the basis of the
hydrodynamic edge-noise model given by Hay den et al.4

Experimental Program
Fluctuating surface pressures were measured near the

trailing edges of a business jet, a HFB-320, and of a large
commercial aircraft, a DC-10/30 (Fig. 1). Miniature
piezoelectric pressure sensors of !4 in. diam were flush
mounted in a specially designed panel of 4 mm thickness on
the suction side of each aircraft wing/flap, respectively. A
total of seven sensors together with an accelerometer were
arranged in a T-shaped array parallel and perpendicular to the
respective edge (Fig. 2), whereby a minimum edge distance to
within 1 % of the chord was achieved. For reference purposes,
one additional sensor was located at the spanwise location of
the sensor array but at the 30% chord position from the
leading edge. On the HFB-320 additional measurements were
conducted with a sensor array located at the outer side edge of
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Fig. la Business jet aircraft HFB-320. Fig. 3 Sensor array on HFB-320 flap side edge.

Fig. Ib Commercial aircraft DC-10/30.

Fig. 2 Sensor array on DC-10/30 flap trailing edge.

the flap since this region is known to be an area of highly
disturbed flow when the flap is deployed (Fig. 3).

Data were taken both in the cruise configuration and at
different flap deflection angles (typically 20, 35, and 50 deg)
and for various flight speeds.

Results
The results pertain to the aircraft at cruise and during

landing approach (i.e., with a 50 deg flap deflection angle),
representing the two extreme operational conditions. As
became evident, small flap deflection angles—as typical for
takeoff—do not significantly alter the flow characteristics at
the edge compared to those at cruise.

Measured surface pressure data are compared and nor-
malized on the basis of aircraft flight speed and boundary-
layer displacement thicknesses calculated for a flat plate at
zero pressure gradient. This procedure was applied to both the
suction and pressure sides of the airfoil, with the chordwise
sensor distance to the airfoil leading edge as the relevant
length scale.

Surface Pressure Spectra
Cruise Configuration

In comparing spectra obtained through all 17 measuring
locations within 1-5% chord distance to the trailing edges of
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Fig. 4 Typical normalized surface pressure spectra as measured in
cruise configuration near HFB-320 flap trailing edge.

both the HFB-320 and the DC-10/30, two typical spectral
shapes were obvious. One, representing a lower bound, shows
a very smooth "haystack'' shape for a wide range of
freestream velocities. The other contains superimposed
discrete components whose frequencies are seemingly in-
dependent of freestream velocity. A comparison of both types
of spectra on a nondimensional basist shows generally higher
pressure levels when discrete components are present (Fig. 4).
With the exception of these discrete components, both cases
show excellent normalization properties.

Obviously, the most severe deviation between both types of
spectra (up to 15 dB) occurs within the Strouhal number range
of maximum pressure intensities. No relationship between this
phenomenon and a particular sensor location could be
determined. However, while an influence of engine noise
could be excluded on the basis of reference data obtained with
the aircraft at rest and with the engines running, vibrational
effects were clearly identified to be responsible for that
phenomenon.

Vibration measurements in the vicinity of the respective
sensor array showed that the acceleration level spectra exhibit
a broadband character and are comparable to the surface
pressure spectra. Evidently, vibration is driven by turbulent
flow shedding off the trailing edge. However, since the wing
surface is not rigid and only one vibration pickup was em-
ployed, only order-of-magnitude information of the
vibrational wing surface response is obtained. Depending on
panel thickness and driving frequency, but nearly independent
of flow velocity, flow-excited bending waves must be ex-
pected5'6 with wavelengths on the order of several cen-
timeters, well within typical sensor separation distances.
Analyses of phase spectra for different sensor pairs showed
that flow-excited bending waves are indeed present. Un-
fortunately, the complex wing structure and the additional
"spoiling" effect of the sensor plate itself (altering the local

tFluctuating surface pressure referenced to freestream dynamic
pressure vs a Strouhal number defined through the freestream velocity
and the local boundary-layer displacement thickness.
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Fig. 5 Normalized surface pressure spectra near wing trailing edges
of different aircraft.
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Fig. 6 Comparison of normalized surface pressure spectra measured
near HFB-320 wing trailing edge at midspan location a) and near side
edge b) with 50 deg flap deflection angle.

vibrational characteristics) prohibit the computation of the
vibrational modes. To obtain more information on possible
coupling processes between whole-wing vibration or localized
surface vibration and fluctuating flow pressures, a controlled
model experiment was conducted. A replica of a typical
structural flap element was exposed to turbulent flow on one
side. Discrete-frequency external vibrational excitation of that
element caused a broadband increase of turbulent flow
pressure levels. Thus, one could be fairly certain that both
spectra presented in Fig. 4 do indeed represent the actual
surface pressure characteristics.

To compare pressure data on real aircraft wings with data
gathered under carefully controlled conditions and at
significantly lower Reynolds numbers, pressure spectra
representing the earlier defined lower bound are shown in Fig.
5 in a nondimensional representation together with surface
pressure spectra obtained near the trailing edges of glider
wings.3'7 Considering the vastly different geometric scales,
good agreement is achieved with respect to absolute levels and
spectral shapes. In addition, the excellent fit between the low
Strouhal number part (obtained by the upstream-located
reference sensor at 30% of wing chord for the HFB-320) and
the high Strouhal number part (as measured near the trailing
edge), when compared on the basis of calculated boundary-
layer displacement thickness, indicates the reliability of the
procedure and the accuracy of the data.

Landing-Approach Configuration
For a flap deflection angle of 50 deg (corresponding to a

landing-approach configuration) one finds a drastic increase
in surface pressure intensities compared to those for the cruise
configuration. The corresponding level difference is minimum
at a Strouhal number of approximately 0.02, pertaining to the
spectral peak at cruise configuration, and increases suc-
cessively for higher and lower Strouhal numbers, respectively.
The resulting extremely flat spectrum shape over a wide
frequency range (Fig. 6) is typical for the separated flow
conditions in the vicinity of the flap trailing edge for a 50 deg
flap deflection angle. In accord with this finding, data ob-
tained on the lower flap surface correspond to those for the

1.0

0.8

0.6

0.4

0.2

4.1

0.001 0.01 0.1 1

Fig. 8 Normalized HFB-320 and DC-10 spanwise surface pressure
coherence spectra from measurements in cruise configuration for
different flight speeds.

cruise configuration with the exception of a discrete low-
frequency level increase due to the vibrational response to the
Hap.

Additional measurements were conducted on the HFB-320
at one side edge of the deflected flap; the results were com-
pared to the spectrum as obtained at a near midspan location:
For Strouhal numbers beyond 0.03 a drastic level increase of
up to 10 dB was found due to the side-edge vortex that is
driven by the steady-state pressure gradient between upper
and lower flap surfaces.

Measurements at different chordwise locations along the
side edge show the pressure levels to increase toward the
upstream direction compared to a measurement position at
the corner of side edge and flap trailing edge; this increase is
due to the growing steady-state pressure differences in that
direction. Within a distance from the side edge of about 30%
of flap chord along the trailing edge, no substantial decrease
in pressure level was detected; this finding indicates the
substantial extent of three-dimensional flow phenomena and
the ensuing importance for farfield-radiated total airframe
noise.8'9

Pressure Field Coherence Data
As mentioned above, vibration effects on the surface

pressures could be derived from coherence analyses and
relevant phase spectra for certain sensor pairs. Since there is
as yet no definite proof that vibrationally influenced pressures
are always aerodynamical in nature—although that might be
expected—the pressure field coherence analysis was limited to
measurements pertaining to the "lower bound" pressure
spectra.

Cruise Configuration
Typical plots of narrow band coherence spectra (A/= 12

Hz) in the spanwise direction as measured at the suction side
of the HFB-320 flap trailing edge appear in Fig. 7; as can be
seen, maximum coherence shifts to higher frequencies with
increasing the flow velocity.



400 W. M. DOBRZYNSKI J. AIRCRAFT

As evident from Fig. 7 and from earlier measurements on
glider wings3 as well as from coherence data obtained by
other investigators,10 coherence spectra can be normalized on
a Strouhal number basis. This is shown in Fig. 8 for pressure
field coherences in the spanwise direction obtained for dif-
ferent sensor separation distances and flight speeds. While the
high-frequency portions pertaining to different ratios of
spanwise sensor separation distance and boundary-layer
displacement thickness collapse fairly well, the low-frequency
portions branch off at different Strouhal numbers depending
on the particular ratio of Ay '/d*. Similar results are obtained
in the direction orthogonally to the trailing edge (Fig. 9).
Since the coordinate x' has a predominant stream wise
component with reference to the spanwise direction y',
corresponding coherence values are higher with the maxima
not as pronounced as in the spanwise direction.

Coherence spectra in Figs. 8 and 9 allow lines of constant
/SVt/o,, to be drawn as another parameter. This was done
through graphical interpolation and some spectral smoothing.
The results, as obtained in a spanwise direction for example,
are shown in Fig. 10. Because of the few data available to
date, the information is of tentative nature. In agreement with
earlier analyses of comparable glider data an identical
relationship is found between coherence and a Strouhal
number, based on sensor separation distance for
fd*/U00 >0.04 in the spanwise and orthogonal direction to the
trailing edge. To deduce the integral pressure field correlation
dimensions, the square root of the coherence function is
plotted vs Strouhal number for the limiting case of
f^/U^ = 0.04 in Fig. 11 and compared to data obtained from
glider trailing-edge measurements and model experiments.2'3
Obviously, the pressure field coherence as deduced from
measurements on real aircraft wing/flaps is significantly
higher. However, we must keep in mind that the comparison
is not quite correct due to different coordinate systems used as
a result of swept trailing edge.

0.001 0.01 0.1
f-Ax'/Uco

Fig. 9 Normalized HFB-320 and DC-10 surface pressure coherence
spectra orthogonal to trailing edge from measurements in cruise
configuration for different flight speeds.

Integrating the continuously decreasing coherence coef-
ficient 7 vs Strouhal number based on sensor separation
distance as given in Fig. 11 yields the pressure field correlation
length scales of type

*X'.y=Cx,iy.(Ua./f) (1)
Applying this same procedure to different values of the
parameter (fd*/U00) as had been plotted in Fig. 10 for
spanwise coherence, the variable C accounting for the flow
characteristics is obtained as function of Strouhal number
based on boundary-layer displacement thickness. This
dependence is shown in Fig. 12 for spanwise direction and
orthogonally to the trailing edge, exhibiting constant values
for the respective flow parameters Cx, and Cy, for
/6*/(700>0.04 and a continuous decrease toward lower
Strouhal numbers. Comparison with equally normalized
surface pressure spectra shows the decrease of the flow
variable C to occur at roughly that Strouhal number which
pertains to the maximum pressure intensities when plotted in
1A octave bands (see Fig. 4).

To check integral correlation length scales as derived from
present data against comparable results from glider
measurements, one should account for the trailing-edge sweep
angle. Assuming a correlation area of elliptic contour11 with
the larger axis in the streamwise direction and an axes ratio
corresponding to Cx/Cy of 2.8 (as found on glider wings with
the flow direction orthogonally to the trailing edge), one may
compute the ratio of Cx,/Cy, to be expected for the swept
trailing edge, i.e., with a flow direction inclined by an angle of
about 62 deg to the edge in the present case. The computed
ratio ofCx*/Cy' = 1.63 is in excellent agreement with the ratio
derived from present measurements Cx,/Cy, =1.65 (see Fig.
12). Thus comparing correlation length scales on the basis of
equivalent coordinate systems, they would be higher by a
factor of 1.7 in the case of surface pressure fields near real
aircraft trailing edges compared to those obtained on a glider
trailing edge.
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Fig. 11 Comparison of coherence properties for different flowfields
in spanwise direction and orthogonal to trailing edge for
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Fig. 10 Idealized normalized representation of spanwise surface
pressure coherence for cruise configuration.
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Fig. 12 Flow variables C as function of Strouhal number deduced
from measurements in cruise configuration.
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Fig. 13 Cross-power phase spectra from chordwise separated sensors
at flap side edge for landing-approach configuration (50 deg flap
deflection).

Fig. 14 Schematic plan view on flap side-edge geometry and
corresponding flow pattern.

Landing-Approach Configuration
Spanwise coherence for a 50 deg flap deflection angle

appears to be extremely broadband with no distinctly
pronounced maximum. Furthermore, from cross-power
phase spectra one finds a phase slope corresponding to a
signal propagating from the wing tip with the speed of sound.
Thus the outer flap side edge is assumed to be the origin of
these sound signals. Evidently, coherence data comprise at
least two phenomena with different coherence characteristics.
Consequently, such a simple data reduction attempt as em-
ployed for the cruise configuration cannot be applied any
longer. Furthermore, the flow separation near the edge gives
rise to highly three-dimensional flow patterns. Data analyses
are going on at present and no definite conclusion can be
drawn as yet.

A few more details can be found, however, on the flow
pattern at the flap side edge by phase analyzing signals from
the sensors distributed along the flap side edge. From the
example given in Fig. 13 which exhibits fairly clear phase
slopes in the high-frequency range, one finds a convection
speed significantly higher than the flight speed when based on
a flow direction roughly corresponding to the direction of the
potential flow. This finding holds for different sensor
separation distances and flight speeds. A simple explanation is
given by an additional velocity component originating from
the side-edge vortex. Figure 14 represents a schematic plan
view of the side-edge geometry considered and the respective
velocity vectors. By an iterative process one can compute the
approximate value of UT necessary to produce the measured
phase slope as a function of the sensor separation distance As1

and the velocity vector sum UR. Through this procedure mean
values of UT were found to be on the order of 60-80% of the
flight speed, the higher values pertaining to lower flight
speeds due to the increasing lift coefficient. As indicated in

(Flow on one Side)/ x-i

f
kHz 10

Fig. 15 Comparison of measured B747 airframe noise and trailing
edge noise as predicted from hydrodynamic-edge noise model for
cruise configuration.

Fig. 14 the velocity component UT should be highest near the
surface, decreasing continuously for increasing distance
perpendicular to the flap surface. Thus for small-scale tur-
bulence near the surface represented by higher fluctuating
pressure frequencies, higher values of UT are to be expected
which result in a continuously decreasing slope of phase vs
frequency. This effect was indeed found by phase analysis
within a wide frequency range of 1-12 kHz for different
sensor separation distances along the side edge (see Fig. 13).
This frequency range corresponds to that where surface
pressure intensities were found to be significantly higher
compared to locations at large distances from the side edge
(see Fig. 6).

Prediction of Trailing-Edge Noise from the
Hydrodynamic Edge-Noise Model

A method to predict farfield-radiated trailing-edge noise
from surface pressure characteristics at the edge is given by
the hydrodynamic edge-noise model advanced by Hayden et
al.4

In the case of the wing chord being large compared to the
sound wavelength, and a flow Mach number below 0.5 (based
on convection velocity) Hayden et al. derived a transfer
function between farfield-radiated sound pressure and surface
pressure for flow on one side of a semi-infinite plate. To
check whether Hay den's model gives reasonable results in the
case of trailing-edge noise radiation from a large commercial
aircraft in the cruise configuration, data from the present
study on surface pressure intensities and integral correlation
length scales of the pressure field near the trailing edge are
applied to Hayden's equation yielding the following transfer
function:

w
(|) (2)

From Eq. (2) a prediction of trailing-edge noise for a B747
commercial aircraft was carried out and the results compared
to a measured airframe noise spectrum12 for the cruise
configuration (see Fig. 15). Following the arguments of
Hayden et al. flow on both sides of the wing—not accounted
for by Eq. (2)—results in a level increase of up to 3 dB for
high Strouhal numbers and a decrease of 6 dB at low Strouhal
numbers due to the respective covariances of fluctuating
pressures from both sides of a plate/wing.

The comparison of predicted trailing-edge noise and
measured airframe noise spectra exhibits fairly good
agreement if trailing-edge noise is the main contributor to
airframe noise and if one believes the effect of engine in-
stallation noise to be responsible for the high levels measured
above 0.8 kHz, as has been stated by Fink.13

Measurements conducted with the same aircraft but with
flaps deployed by 25 deg12 exhibit a drastic increase in noise
level compared to the cruise configuration. Since from the
present investigation no significant effect on surface pressure
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Fig. 16 Comparison of measured B747 airframe noise for 25 deg flap
deflection angle and trailing-edge noise as predicted for cruise con-
figuration and estimated for 50 deg flap deflection angle.

intensity or pressure field correlation dimensions could be
detected for small flap deflection angles, the corresponding
trailing-edge noise prediction would be identical to that valid
for the cruise configuration (Fig. 16). Since trailing-edge noise
scattering at the respective flap leading edgesj is not likely to
cause the broad 10-15 dB level increase, the question arises
whether the hydrodynamic edge-noise model is generally
incorrect or whether the mechanism of trailing-edge noise is
masked by other more intense sources even for small flap
deflection angles. To estimate the trailing-edge noise levels to
be expected for the landing-approach configuration i.e., 50
deg flap deflection angle, on the basis of the hydrodynamic
edge-noise model, a rough guess was made on the basis of
data from the present study as presented in Fig. 16 for
comparison. In contrary to the well-established experience
that increasing the flap deflection angle generally results in an
increase of the noise radiation, one finds that the
corresponding spectrum would be even less intense than the
measured 25 deg flap spectrum.

Conclusions
From surface pressure measurements near the trailing edges

of real aircraft wings, a lower bound pressure intensity
spectrum was deduced which is comparable to spectra per-
taining to the flowfield near glider wing trailing edges at
significantly lower Reynolds numbers. On the other hand,
spectra were found that exhibited pronounced discrete
components which cause a broadband level Increase com-
pared to that lower bound spectrum. This phenomenon was
clearly tied to surface panel vibration. It can be expected that
vibrational effects are the reason for higher integral
correlation lengths as determined in the present study com-
pared to those from "clean" experiments.

Making use of the hydrodynamic edge-noise model to
predict the farfield-radiated trailing-edge noise for a com-
mercial aircraft in cruise configuration provides reasonable
agreement with measured data when the lower bound pressure

$The assumption of edge noise radiation from a semi-infinite plate
no longer holds.

spectrum and related integral pressure correlation scales are
employed.

However, no definitive conclusion on the validity of the
hydrodynamic-edge noise model can be drawn since its failure
to predict airframe noise spectra for 25 deg flap deflection
angle could have at least two reasons: First, the simple direct
relation between surface and farfield-radiated pressure as
postulated by the hydrodynamic model does not represent the
dominating effect of edge noise radiation; and second, edge
noise is not a dominant contributor to airframe noise even for
small flap deflection angles. The latter assumption is sup-
ported by the obviously intense sound radiation from the flap
side edges as could be deduced from measured data.
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