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Acoustics Loads on Upper-Surface-Blown Powered-Lift Systems

Conrad M. Willis,* James A. Schoenster, * and John S. Mixsont
NASA Langley Research Center, Hampton, Va.

Fluctuating surface pressures were measured in the jet impingement region of upper-surface-blown con-
figurations having rectangular and D-shaped nozzles. Scaling relationships for these fluctuating pressures were
studied using models having scale factors of 4-to-1. The scaling relationships generally provided reasonable
agreement for the fluctuating-pressure power-spectral-density functions. Effects of forward velocity, jet im-
pingement angle, and angle of attack were small over the parameter range investigated.

Introduction

IRCRAFT currently under development for STOL

application, for example the YC-14 and YC-15, utilize
powered-lift concepts that result in large areas of the aircraft
surface being immersed in the turbulent flow of the jet
exhaust. One of these concepts, upper surface blowing (USB),
places the jet exit just above the upper surface of the wing to
produce powered lift from the jet exhaust blowing over the
deflected flap. This direct impingement of the jet produces a
significant increase in the fluctuating pressure loads and must
be considered in the structural design of the aircraft.

A Langley Research Center program has conducted or
sponsored several investigations to define USB fluctuating
pressure loads and to develop methods for their prediction in
order to allow the incorporation of appropriate structural
properties in the early design stages. Some of the results from
this program are presented in Refs. 1 through 11.
Aerodynamic characteristics were also determined in some of
the tests but this paper will consider only fluctuating pressure
loads. Five models were tested to provide data for a range of
model sizes and configurations. Two nozzle configurations, a
D-shape and a rectangular shape, were investigated. Test
parameters were jet velocity, wind tunnel freestream velocity,
angle of attack, vortex generator deployment, and jet im-
pingement angle. Overall levels of fluctuating pressures and
power spectra for selected conditions were previously
presented' for all five models and scaled spectra were
presented? for the rectangular nozzle model.

This paper presents new data from the same program to
show the effects of the test parameters of airspeed, angle of
attack, and angle of jet impingement not evaluated in the
previous papers. Scaling relationships are examined to show
their applicability for extrapolating data to a different model
size and some of the reference data are used to make com-
parisons. In addition, the measurement locations required to
define the load are examined.

Models

A brief description of the five models tested is given in
Table 1 and model photographs are presented in Figs. | and 2.
The models range in size from a nozzle width of 290 cm for
model 1 to 4.2 cm for model 5. Two nozzle configurations
were used, a D-shaped nozzle for models 1 and 2, and a
rectangular nozzle for models 3, 4, and 5. Model 3 is a wind
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tunnel model and replicates a whole aircraft; the other models
were used for static tests and replicate only the areas adjacent .
to the engine exit.

Model 1 is a full-scale model? of the flaps, engine nacelle,
and a portion of the fuselage sidewall of a YC-14 STOL
transport.® The CF6-50D turbofan engine with a D-shaped
nozzle and the flaps are flight hardware, while the fuselage
and wing are of a boilerplate construction. Model 2 (Fig. 1) is
a Y4-scale model** of the YC-14 nozzle, flaps, and fuselage
sidewall and uses a JT15D-1 engine. Model 3 (Fig. 2) is a twin-
engine Aero Commander aircrafts with the tail removed and
the wing and engines modified to represent a USB con-
figuration. The engines were JTISD-1 turbofans with rec-
tangular nozzles. Model 4 is the same shape and scale’ as
model 3 and uses the same engine, but replicates only the flap
upper surface. Model 5 is a Y4-scale replica of model 4 flap
and nozzle geometry®$ but uses a cold-air jet to represent the
jet engine.

Fig.1 Model 2, V4-scale YC-14 fiaps, vD-shaped nozzle.

Fig.2 Model 3, complete aircraft in wind tunnel, rectangular nozzle.
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Table 1 Model description and test conditions

Model 1 Model 2 Model 3 Model 4 Model §
Description D-shaped D-shaped Rectangular Rectangular Rectangular
nozzle on nozzle on nozzle on nozzle on nozzle on
full-scale Va-scale complete flap flap
YC-14 flap YC-14 flap aircraft
Nozzle size, cm 290 wide 72 wide 16 X 94 16 x 94 4.2x23
Engine CF-6 JT15D-1 JT15D-1 JT1SD-1 Cold-air
turbofan turbofan turbofan turbofan jet
Bypass ratio 4.4 3 3 3 0
Thrust, kKN Not avail. 2.33t07.68 1.27t0 5.59 1.07t06.72 0.004
Jet Mach number, M; Not avail. 0.36t00.62 0.26t0 0.56 0.21t00.56 0.065
Jetvel. V;, m/s 160 138t0 253 123t0 292 96 to 281 22
Airspeed, Vo, m/s 0 0 Oand 16 0 0
Test facility Static Static Wind tunnel Static Static
(Boeing) (NASA) (NASA) (NASA) (UVA)
Reference 1,2 1,4,5 1,6 - 1,7,13 1,3,8

The CF6-50D engine used for model 1 was rated at 220-kN
thrust and was operated at a bypass ratio of 4.4. The JT15D-1
engine used for models 2, 3, and 4 was rated at 10-kN thrust
and was operated at a bypass ratio of about 3. The relative
position of the primary and secondary nozzles for models 3
and 4 is indicated in Fig. 3. Model 5, the small cold-air jet
model did not use bypass flow.

The two nozzle shapes used in this test program are
illustrated in Fig. 4. Both configurations have the lower edge
of the nozzle flush with the flap upper surface. The effective
nozzle area, calculated from nozzle exit velocity and mass
flow, is about 7% less for the model 2 D-shaped nozzle than

that for the model 4 rectangular nozzle. Since the areas are -

about the same and the nozzles were mounted on the same

engine, any differences in loads near the exit for models 2 and

4 are due to nozzle shape. The model 2 D-shaped nozzle had a
width of 0.72 m for the basic nozzle; this test was conducted
with the nozzle side door open which increases the effective
width. The rectangular nozzle for model 4 is 0.94 m wide and
has an aspect ratio of 6. The same nozzle was used for models
3 and 4. A deflector along the upper edge of the nozzle in-
creased the impingement angle of the jet exhaust on the flap
surface.

The shape and relative size of the flaps for models 2 and 4 is
compared in the right half of Fig. 4. Flap deflection, defined
as the angle between tangents to the flap upper surface at the
trailing edge and at the jet exit was 74 deg for the rectangular
nozzle and 87 deg for the D-shaped nozzle model. The run
length, measured along the flap upper surface from the jet
exit to the trailing edge, was 1.6-m for the D-shaped nozzle
model 2 and 2.1 m for the rectangular nozzle model 4. The jet
impingement angle, as defined for this paper, is the angle
between a tangent to the flap upper surface at the jet exit and
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Fig.3 Sketch of engine and wing, model 3.

the direction assumed by the jet thrust vector with the wing
removed. The impingement angle is about 5 deg for models 3
and 5. The impingement angle for model 4 is adjustable by
rotating the flap about an axis along the lower edge of the
nozzle. The impingement angle was not measured for the D-
shaped nozzle models. The D-shaped nozzle models are
equipped with vortex generators consisting of four small flat
plates that extend perpendicular to the flap surface when the
flaps are deflected to the landing configuration and retract
flush with the surface for all other flight conditions. The
measurement locations for the fluctuating pressure loads on
the flap are indicated by black dots in Fig. 5.
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Fig. 4 Nozzle and flap profiles.
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Fig. 5 Distribution of fluctuating pressure loads, OAFPL dB,
M; =0.56.
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Tests

Fluctuating pressure loads on aerodynamic surfaces in or
near the jet impingement region were measured for all five
models. The data were recorded on magnetic tape for later
analysis. Test conditions for the data presented herein are
summarized in Table 1. The three models (2, 3, and 4) using
the JT15D engine were tested by Langley Research Center, the
Vi-scale cold-air rectangular nozzle was tested by the
University of Virginia, and the full-size YC-14 was tested by
The Boeing Company. Model 4 was tested in an inverted
position to avoid possible ground effects on the aerodynamic
data obtained in the same test program and presented in a
previous paper.’ Model 2 was tested in an upright position at
two elevations, the lowest representing the wing height above
the runway for the taxi condition. Comparison of the data
indicated little or no effect of ground proximity on fluctuating
pressure level for the height range of this test. Test parameters
varied in the investigation were: jet velocity, wind tunnel
freestream velocity, angle of attack, jet impingement angle,
deployment of vortex generators, and model size. Test
conditions for all five models are given in Table 1. The range
of variables listed in the table is the range for data presented
in this paper. Thrust for models 2, 3, and 4 was measured by a
strain-gauge balance and thrust for model 5 was calculated.
Models 1, 2, and 4 were tested on outside test stands.

Overalil Loads
Magnitude

Fluctuating pressure load distributions for the rectangular
nozzle model 4 and the Y4-scale D-shaped nozzle model 2 with
vortex generators down are presented in Fig. 5. The highest
loading measured for the M; =0.56 condition presented was
an overall fluctuating-pressure level (OAFPL) of 161 dB; this
level is well above the minimum level at which acoustic
loading should be considered in the design process.
References 12 and 13 indicate that fatigue of light secondary
structures in conventional aircraft may become a problem
when the OAFPL loading exceeds 130 dB. The turbulent
boundary layer loading on some areas of the aircraft may
exceed this level and require some design attention. For
example, Ref. 9 reports flight loadings measured on areas
outside the impingement region of the YC-14 STOL transport
that were in the 130- to 145-dB range for a cruise Mach
number of 0.7. Since the impingement region loading is
substantially higher than the background loading of the
trubulent boundary layer, use of a USB configuration will
require a more complex design for the impingement region
structure. This configuration will also require more attention
to noise reduction procedures to provide an acceptable in-
terior noise level for the crew and passengers.

Distribution

The load distributions shown in Fig. 5 indicate the D-
shaped nozzle produces loads a few dB higher than the rec-
tangular nozzle, but the rectangular nozzle is wider and,
therefore, loads a wider area of the wing. The loading is
significant over the entire area immersed in the jet efflux,
which includes much of the flap and some of the fuselage
sidewall. Both configurations experience the highest loads
near the knee of the flap. The jet-exhaust temperatures for
model 2 are near those for the full-scale aircraft (model 1) and
the measured overall levels of fluctuating pressure for a given
measurement location and jet velocity agree well with full-
scale measurements. '© Therefore, the loadings shown in Fig.
S are considered representative of USB aircraft.

The chordwise distribution of loading across the flap at the
nozzle centerline for the rectangular and D-shaped nozzles is
shown for two jet Mach numbers in Fig. 6. The shapes of the
plots forward.of the knee and the levels of the loads are
similar and, as previously noted, the highest loads are near the
knee of the flap. However, the differences in the geometry of
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Fig. 7 Variation of normalized fluctuating pressure with jet Mach
number.

the two models does produce some difference in loading aft of
the knee. The decrease in load at the trailing edge which
occurs with the rectangular but not the D-shaped nozzle may
be due to the longer flap used with the rectangular nozzle.

Selection of Measurement Locations

It is important to select a transducer location pattern that
gives adequate definition to the extent of the high loads of the
impingement region. The wide distribution of high loadings
shown in Fig. 5 suggests that the region of significant loading
may extend beyond the outermost measurement locations.
The seven fuselage measurement locations used for the D-
shaped nozzle in Fig. § appear to define the extent of fuselage
loads reasonably well. Both models need additional spanwise
locations on the flap, and this would require extension of the
model for model 2. The data in Fig. § indicate that the
selected chordwise locations for the rectangular nozzle were
satisfactory but the D-shaped nozzle needed an additional
measurement near the trailing edge.

Effect of Jet Mach Number

At a given location, the fluctuating pressure loading in-
creases with jet exit Mach number according to P=aM" as
indicated in Fig. 7. The pressure has been normalized by
dividing each pressure by the value of the coefficient, a, which
is equal to the value of the pressure, P, at M=1.0, obtained
by extrapolating the experimental data for the particular
measurement location. This procedure removes the effect of
local load level and permits a more convenient comparison of
the range of slope for each model. The bars on the plot
represent the range of normalized fluctuating pressure for five
transducers. The average slope for the D-shaped nozzle was
about 0.5 higher than that for the rectangular nozzle. A
previous paper'' noted that USB configurations exhibit a
variation of slope with location. No systematic variation of



OCTOBER 1978

—o~V_=10
Oﬁ’;ﬂ' -G-V:= 16 m/sec

a=0

156 misec, a = 0 0

misec, a = 25
152 - M]. = 0.5
148
14+
140
136 L1 . 8

L J 148
2 6 0

1 I
. K . 5 L0 L5 2.0 25
JET MACH NUMBER

"DISTANCE AFT OF EXIT, m

Fig. 8 Effect of airspeed and angle of attack on fluctuating pressure
loads.
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Fig. 9 Effect of jet impingement angle, rectangular nozzle, model 4.

the slope with distance from the exit could be detected in the
present test. Since the same engine was used for both sets of
data on Fig. 7 and the range of slope variation, indicated by
the bars, is about the same for each of the two models, this
range of slope is possibly associated with a range of local
Mach number due to imperfect mixing of the primary and
bypass flows of this engine. The difference in average slope is
assumed to be due to the difference in model geometry. None
of the other test variables had as much effect on the loads as
jet velocity.

Effect of Airspeed

Fluctuating pressure loadings across the flap chord at the
nozzle centerline for freestream velocities of 0 and 16 m/s are
compared in Fig. 8. The effect of airspeed was small at the
one velocity investigated. For jet Mach numbers of 0.56 and
small angles of attack, an airspeed of 16 m/s reduced the
OAFPL by about 2 dB over the aft half of the flap, with an
even smaller reduction closer to the jet exit. Measurements at
the outermost location (see Fig. 5) which is near the edge of
impingement region indicated reductions of about 1% dB due
to 16 m/s airspeed. The effect of airspeed increased with
decreasing jet velocity. At the lowest jet velocity tested, the
airspeed was about 12% of the jet velocity and the fluctuating
pressure loads were 2 dB lower than the loads for zero air-
speed. Increasing the aircraft angle of attack shielded the jet
exhaust from the freestream air and tended to reduce the
effect of airspeed. At a 25-deg angle of attack, an airspeed of
16 m/s produced no change in the jet loads.

Effect of Jet Impingement Angle

Most USB configurations direct the jet toward the wing
surface at an angle of a few degrees to insure attachment and
turning of the flow. A jet impingement angle of 5 deg ap-
peared to produce satisfactory flow turning for the rec-
tangular nozzle and most of the data were obtained for this
impingement angle. However, one set of data were recorded
with an 11-deg impingement angle to determine the effect on
fluctuating-pressure loads. These data are presented in Fig. 9.
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Fig. 10 Fluctuating pressure spectra for rectangular nozzle, model 4,
M;=0.56.
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Fig. 11 Fluctuating pressure spectra for D-shaped nozzle, model 2,
Mj =0.61.
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Fig. 12 Effect of vortex generator deployment, model 2, M; =0.62.
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Increasing the impingement angle from 5 deg to 11 deg in-
creased the flap loading along the jet centerline up to about 1
dB at some transducers. The average increase for all trans-
ducers was about 2 dB. The effect of impingement angle at a
given measurement location was constant over the Mach
number range of this test.

Fluctuating Pressure Spectra
Spatial Variation

Some selecied spectra for both the D-shaped and rec-
tangular nozzle tests are presented in Figs. 10 and 11.
Measurement locations near the jet exit (no. 3, Fig. 10 and
No. 32, Fig. 11) and locations outside the impingement region
(no. 112, Fig. 11) had spectra that were relatively flat over a
wide frequency range. For most of the measurement locations
within the impingement region, the power-spectral-density
(PSD) maximums occur between 0.04 and 0.25 kHz and then
the PSD decreases at about 6 dB per octave. The frequency of
the PSD maximum generally decreased with increasing
distance aft of the jet exit. Differences in spectra due to
variation in airspeed and impingement angle were small at
most measurement locations.

Effect of Vortex Generators

The D-shaped nozzle, models 1 and 2, has retractable
vortex generators used to improve flow attachment. Figure 12
shows the effect of vortex generator deployment on the
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Fig. 13 Comparison of fluctuating pressure PSD for a range of jet
velocity, model 4.

spectral shape of the fluctuating pressure at one flap location.
Most of the change appears to be in the form of an increase in
the high-frequency content or decreased rolloff rate. The
vortex generators also produced a slight increase of about 1 or
2 dB in the overall acoustic loading. This increase occurred at
most of the transducer locations including the ones forward
of the vortex generators and those outside the jet flow on the
fuselage.

Effect of Jet Velocity

The spectra for five values of rectangular nozzle jet exit
velocity are compared on the left side of Fig. 13. The spec-
trum shape appears to be about the same for all five values of
jet velocity, V. Spectrum level and the frequency at which
maximum amplitude occur both increase with velocity. The
right half of Fig. 13 demonstrates the collapse of the same set
of data when the frequency and amplitude scales are non-
dimensionalized. The frequencies were reduced to non-
dimensional Strouhal numbers by multiplying by L/V; where
the characteristic length, L, is the nozzle width and V; is the
velocity of the jet at the nozzle exit. The PSD values were
nondimensionalized by multiplication by V;/q}L where g; is
the jet dynamic pressure at the nozzle exit. This adjustment
produces a good match of the peak frequencies, but slightly
overadjusts the amplitude.

Prediction of Spectra

Spectra predicted from Y4-scale model data (models 2 and
5) are compared with measured full-scale spectra (models 1
and 4) in Fig. 14. The model data were scaled by the method
described in Ref. 8. The reference paper indicated that spectra
from rectangular nozzle models 4 and 5 showed better
agreement when the frequency scales of the normalized
spectra, (PSD)( Vj/q}L) vs fL/V; or Strouhal number, were
multiplied by an empirical factor to account for the difference
in jet exit temperature for the two tests. The factor selected
was 1/T%7 where T is the ratio of jet exit to ambient tem-
perature. The collapse of the spectra indicates that the
frequency at which a particular phenomenon (e.g., the
maximum energy) occurs is proportional to V; and inversely
proportional to the characteristic length, L, and 7°%75. The
magnitude of the PSD function at the frequency at which this
particular event occurs will be proportional to g?/V; and L.
Therefore, measured model spectra for one nozzle size, L,,,
and set of test conditions, (g?/V;),, and 757, can be scaled
to spectra for a full-size nozzle having any desired size, L,
and desired operating conditions, (¢2/V;) ; and T%7 by the
following equations:

Lygi\( V
PSD,, =PSD,, (—fl‘,qfs) (——L )
fs mQm
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Fig. 14 Comparison of fluctuating pressure spectra predicted from
V4-scale model data with measured spectra from full-scale models.

and

ff =f ( st ) (Lm Tm0.75 )
s m
Lfs Tfs().75 Vm

The subscripts m and fs are used to indicate model and full-
scale quantities. Note that L, /L is the model scale factor.
Measured jet temperatures were used in scaling the rec-
tangular nozzle spectrum. Jet temperature for model 1 was
not available and the factor (7, / T()%7° was assigned a value
of 1.0 because the difference in temperature measured in the
flap boundary layer of models 1 and 2 was small at a given
velocity.

Both of the predicted spectra presented in Fig. 14 are
considered to be accurate enough in amplitude and frequency
to provide useful information to the aircraft designer.
Measurement location for the spectra is indicated by the dots
on the sketches. Reference 8 presents predicted spectra for
several additional locations.

Conclusions

Fluctuating surface pressure loads have been measured in
the jet impingement region on several models of upper-
surface-blown flaps. The effects of a number of test
parameters were examined and full-scale spectra were
predicted from model data. The results have led to the
following conclusions.

1) Scale models appear to be an effective means for ob-
taining fluctuating pressure spectra for use in aircraft design.

2) The effects of airspeed and jet impingement angle on
fluctuating pressure loads are small for the 0 to 16 m/s air-
speeds and 5 deg to 11 deg impingement angles covered by this
investigation.

3) Prediction of full-scale loads from model data will
require closely spaced measurement locations.
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