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USB FLOW CHARACTERISTICS RELATED TO

NUISE GENERATION

W. H. Brown and N. N. Reddy
Lockheed~Georgia Company

SUMMAKA

“ne effects of nozzle and flap geometry on USB flow fie.d characteristics
relatei t9 noise generation were examined experimentally using static models of
two sizes. Flow attachment and spreading characteristics wera observed using
flow visualization techniques. Velocity and turbulence profiles in the trail-~
ing edge wake were measured using hot-wire anemometry, and the efrfects of the
geometric variables on peak velocity and turbulence intensity were determined.
Then, it is shown thet peak trailing edge velocity is a function of the ratio
of flow length t¢ medified hydraulic diameter.

INTRODUCTION

Design concepts such as blown flaps, which provide high 1ift by turning
and spreading the engine exhaust, necessarily produce more noise than would an
undeflected jet. It is the problem of the designer to establish an acceptable
balance between the performance of the aircraft and its noise. In this area,
USB offers an apparent advantage over other techniques because the engine
placement above the wing inherently provides noise shielding between the engine
and the ground.

Performance and noise are directly related to flow characteristics. Per-
formance evaluation generally involvas only the gross properties of the flow
field, such as mean velocity and pressurs distributions, whereas noise evalu-
ation requires knowledge of more detailed properties of the flow field, such
as turbulence properties. The exrorimental work presented in this paper is
directed toward understanding the role of turbulent flows interacting with rig-
id surfaces (wing and flap) in noise generation and propagation. Even so, some
of the flow data obtained are applicable to performance evaluations. Radiated
sound measurements and the analysis of noise sources given in references 1 and
2 provided some guidelines as to which flow characteristics might be pertinent
in the determination of the noise characteris*.cs of USB configurations. The
resuits of flow visualizations, mean velocit: and turbulence profiles, and the
space-time cross correlations of fluctuating velocities in the trailing edge
wake are presented.
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EXPERIMENTAL MODEL AND APPROACH

Model designs and test conditions were kept general as befits an explor-
atory program and were selected to cover the range from CTOL through STOL air-
oraft. Nozzle and installation variables include nozzle size, shape, chordwise
location on the wing, inclination and height above the wing. Flap variables
include radius of curvature, deflection, and total flow-path length. Scale
effects are provided by two model sizes.

The small-scale static model is shown in figure 1. This mcdel, of 51 cm
span, provided 5.08, 7.62, and 10,16 cm flap radii each ai 30°, 45° and 60° de=
flection with provisions for a common flow length. The nozzle can be located
off the surface or on the surface at any of three chordwise positions and at
any desired impingement angle. Nozzles are provided in two sizes to cimulate
the range of engine by-pass ratio appropriate to the CTOL and STOL operation and
in several shapes. Six nozzle shapes were used - circular, rectangular noz-
zles of aspect ratios 2, 4, and 4, D-shaped, and elliptical. The holes shown
along the surface in this figure were used for surface static pressure measure-
ments and with probe microphones to obtain space~time correlaticas of the fluc-
tuating surface pressures.

The large-scale static model is shown in figure 2. This model, of 74 cm
span, is approximately 2% ‘imes the linear scale of the small model (except in
span). A constant watio of flap-radius-of-curvcture-to-nozzle-height is main-
tained between the two model sizes. The large model corresponds to the 7.62 cm
radius small-scale configuration at 30° and 60° deflection angles with nozzles
of aspect ratios 4 and 8. Circular nozzles were provided also.

Flow visualizations provide a useful point of departure by showing in a
qualitative way the extent and intensity of the flow fieid. Photographs of
surface oil flow show flow attachment and spreading characteristics. Schlieren,
being sensitive to density gradients in the flow, shows attachment in another
perspective in addition to showing turning sihocks, the overall jet boundaries,
and possible large-scale structure in the Jet.

Previous studies have indicated that the major source of USB noise is
located in the vicinity of the trailing edge. For that reason, mean velocity
and turbulence profile measurements were concentrated there. Fairly extensive
sets of wake velocity and turbulence intensity profiles were obtained using the
small-scale static model and a single-channel linearized constant temperature
anemometer. The hot-wire was positioned parallel to the trailing edge and
moved normal to the upper surface of the flap. Centerline values received the
most attention because they more nearly represent two~dimensional behavior
(which is easier to handle analytically) and because vhe centerline flow is
more firmly attached to the surface, thereby having steeper velccity gradients
and higher turbulence levels generated near the surrface.
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Space-time correlations of fluoctuating velooities were measured in the
vicinity of the trailing edge. C.rrelations of each component of the fluctu-
ating velocity would have provided a better understanding of the turbulence
structure and its role in noise generation. However, component-by-component
correlation was not feasible at the time because only two-channel auemometry
capability was readily available and bscause the yawed-wire technique is too
ocumbersome. Therefore, useful correlation measurements ware made using two
lineurized hot-wire channels with an on-line digital correlator.

RESULTS AND DISCUSSION

Flow Visualigations

0il flow visualizations were used early in the investigation to determine
which configurations had attached flow at the trailing edge. Typical visual-
izations of separated and attached flow are shown in figure 3. These o0il flow
photographs were made with the aspect ratio 2 nozzle touching the wing at the
20% chord location and the 5.08 cm radius 60° deflection flap. The flow at the

trailing ydge is seen to be separated at O° impingement angle and attached at
10° and 20°.

For nozzles discharging at the surface, flow impingement angle clearly is
an important variable relative to flow attachment. For nozzles located off the
surface, the height of the nozzle above the wing is equally important. With
the exception of the circular nozzle, attached flow was obtained from all noz-
zles at an impingement angle of 20°. The circular nozzle due to its narrow
width (almost zero) at the wing surface and its high center of momentum re~
quired w 30° impingement angle to achisve attachment.

Some configurations which extibit attached tlow at the trailing edge have
local separations over the curved flap section as avidenced by the bubble seen
in the oil flow photograph for a 10° impingement anglw. All nozzles except the
aspect ratio 8 nozzle (the thinnest ore) showed a tendency toward this kind of
local separation. Nozzle locatior xnd nozzle height affect the tendency to
form a separation bubble. Moving the nozzle aft from the 20% chord location
towurd the flap increases ithe tendency toward separation presumebly by allow-
irng less opportunity for flow spreading and for velocity decay bLefore the high-
ourvature flap is encountered. Greater nozzle inclination angles tend to re-
duce or eliminate separation bubbles by promoting flow spreading.

Sohiieren photographs taken in the spanwise direction more clearly show
gseparation than do the o0i) flow photographs which suffer somewhat from the
effects of inertia. Schlieren photographs provide a means for distinguishing
bitween a weakly attached and a separatad flow when the o0il flow observations
are inconclusive as often is the case when the 0il streaks near the trailing
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edge are approximately parallel and cover only a narrow span. The Schlieren
visualizations in figure 4 cover the range from separated through attached flow
with the aspect ratio 8 nozzle and the 7.62 cm radius 60° flap.

The o0il flow photographs in figure 3 were used in an attem %t to quantify
flow spreading. A spreading parameter defined as the sum of the scrubbed
widths measured at the nozzle exit, the atart and end of curvature, and the
trailing edge was evaluated for several configurations. The results, plotted
in figure 5, show the strong influence of impingement angle, nozule size, and
nozzle location on flow spreading. The difference in scrubbed area between the
20/ chord location and the 50% chord locution actually is greater than that in-
dicated on the figure because the spreading parameter ignores the area increase
which results from increased flow path length.

Velocity and Turbulence Profiles

Mean velocity and turbulence intensity prorfiles for four different noz-
zles are shown in figures 6 and 7. These profiles were taken along the center-
line behind a 5.08 cm radius 60° deflection flap. The nozzles were touching
the wing at the forward (20% chord) location and were inclined 20° relative to
the wing. The circular nozzle and the rcctangular aspect ratio 4 and 8 nozzles
are tvice the area of tae aspect ratio 2 rectangular nozzle - 20.26 sq cm
as opposed to 10,13 8q cm. The s3pect ratio 2 and 4 nozzles have a ¢ mmon noz-
zle height - 2.25 cm. The circular nozzle and aspect ratio 8 nozzles have
heights of 5.08 cm and 1.58 cm, regpectively. Several characteristiics of USB
flow can be seen in these profiles.,

Consider the shapes of the mean veloacity profiles in figure 6. The pro-
files for the AR2 and ARS8 nozzles are broader than the other two profiles and
have more rounded peaks *than does the profile for the AN} nozzle. The maugni-
tudes of the peak velocities decrease in the order: circula», AR4, AR2, and
ARS8, The location (in nozzle heights) of the peak velocity moves away from
the surface in the order: AR4, AR8, circular, and AR2. Thus, we see that the
magnitudes and locations of the peak velocity do not vary systematically with
nozzle size, height, or aspect ratio when these variatbles are taken
individually.

The turbulence intensity profiles in figure 7 correspond to the previous-
ly discussed mean velocity profiles. These profiles, some with one peak and
others with two peaks, are less similar in shape than the mean velocity pro-
files. The dip between the peaks is related to the extent of development of
the flow mixing profile. A deep dip (as does a high peak velocity) indicates a
region of flow releative.y unaffected by mixing and by bLoundary layer growth.
Tue rounded profiles for the ARZ2 and ARS8 nozzles are characteristic of a more
advanced state of turbulence profile development.
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Effects of Geometric Variables on Peak Velacity

It is believed that practical considerations such as intermal losses and
structurel compatibility ultimately will require nozzles of low aspect ratio,
say less than four. This results in a jet~dimension-to-flow-path-length which
is short in terms of flow field development. More importantly, the inner pro-
file at the trailing edge is in the initial stage of transition from a boundary
layer profile before the edge to a jet mixing profile some distance into the
wake region. Therefore, similarity _rofiles are not expected. However, peak
values of mean velocity should vary consistently with the major geometric and

operational variables.

The peak velocity and the turbulence intensity value at the knee of the
turbulence profile were examined at the trailing edge in the mid-span plane for
attached flow cases. Knee turbulence is used because the peak value, particu-
larly for longer flow lengths, often occurs far from the edge and far from the
high shear area where the noise source is presumed to be. Figure 8 shows how
peak velocity and knee turbulence vary with the nozzle installation variables.
The measured values were found to be '"well behaved" with respect to the chosen
variables. Peak velocity decreases au impingement angle increases and in-
creases as the nozzle is moved aft (tcward the flap) along the wing while main-
taining a constant flow length. The f: rst tendency is believed to be the re-
sult of jet spreading which increases the effective length-to-diameter ratio of
the jet flow. The reason for the increase in velocity with nozzle chordwise
position is not clear, although it might be related to the partial development

of the flow before the flap is reached.

The effects of flap variables on peak velocity are shown in figure 9.
Peak velocity decreases with increasing flap deflection. flap radius, and flow
length. Only the relatively small decrsase with increasing flap radius is sur-
prising. The intuitive thought prior to testing had been that, other things
being equal, peak velocity would decrease with decreasing radius of curvature
because of the higher radial acceleration of the flow, and its greater tenden-

cy to separate.

Jet velocity profiles are expected to be functions of a length-to-
diameter ratio. In the case of non-circular jets. hydraulic diameter is used
with free jets and nozzle height (or jet thickness) is used with wall jets.
Length usually is measured from the nozzle exit along the jet axis. In USB
configurations where th2: jet follows a curved surface, flow length along that
surface from the nozzle to the trailing edge is an appropriate length variable.
It was reasoned that pure hydraulic diameter was inappropriate because it fail~
ed to account for the reduction in rixing area caused by the presence of the
surface. Ultimately a modified hydraulic diameter based on nczzle perimeter
diminished by the nozzle width was successful with "well attached" flows from
all the small-scale static tests and some of the lsrge-scale tests. The re-

sults are seen in figure 10,
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Correlation Measurements

A typical set of space-time oross correlations of fluctuating velocities
is shown in figure 11. These correlation measurements are normalized to the
maximum value of the auto-correlation for the upstream wire which was located
1.6 cm aft and O.1 cm above the trailing edge. Both hot-w'-es were parallel to
the trailing edge.

Two things can ba learned from the peaks of the cross-correlation curves.
The slope of separation distance plotted against delay time at which the corre-
sponding correlation peaks occur is the convection velocity of the turbulent
field. It represents the velocity at which the.turbulent structure is convect-
ed past the measuring locations. The envelope of the peaks provides a measure
of eddy lifetime. By following the peaks, the observer effectively is moving
with the eddy. The eddies lose their identity or coherence by decay and by
coalescence. The time required for the correlation coefficient to rsach 1/e of
its maximum is defined as the eddy lifetime. It is a measure of the length of
time the turbulent structure maintains its spectral identity.

Zhe cross correlations at zero time-delay provide a measure of the size
and isotropy of the turbulent structure. The length scale for a typical eddy
is defined as the area under the curve of the zero-time cross-correlation co-
efficients plotted against the corresponding separation distances. The length
scale or 2ddy size is a measure of the distance over which the structure main-
tains an amount of coherence. These length scales are defined in all direc-
tions - lateral and transverse as well as longitudinal. The ratioa of the
scales are measues of the isotropy of the turbulence. A ratio of unity indi-
cates isotropic turbulence; other ratios indicate deviance from isotropy. We
have used the ratio of streamwise to spanwise eddy sizes as the scale of aniso-
tropy of the vurbulence.

The correlation measurements shown in figure 11 were made in the wake of
the 7.62 cm radius 60° deflection flap with the ARS nozzle inclined 20° rela-
tive to the wing at the 20% chord location. The measurements were made with a
nozzle pressure ratio of 1.1. The ccrresponding peak trailing edge velocity is
74 m/s. The following values were obtained fom that figure and a correspond-
ing set of spanwise corrclation measurements:

Convection Velocity = 0.90 Peak Trailiag Edge Velocity
Strecmwise Length Scele = 0.84 cm

Spanwise Length Scale = 0.37 cm

Scale of Anisotropy - 2.3

The use of these quantities in noise prediction is described in reference 2.
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CONCLUDING REMARKS

It has been shown that the flow fields of realistic USB configurations
are "well behaved" :* least in respect to those gross characteristics, such as
peak velccity, which are important in noise generation. Trends of peak veloc-
ity and turbulence intensity levels with respect to installational and opera-
tional variables appear to be reasonable and therefore should be usable in
analyses of noise generation and of performance trends. These peak velocity
trends when combined with a modified hydraulic diameter yielded a reasonable
collapse of the peak trailing edge velocity data over a wide range of vari-
ables including model scale; flap radius, deflection, and length; and nozzlie
size, shape, location, and impingement angle.

The variation of trailing edge turbulence structure with geometric vari-
ables may be establigshed with a more sophisticated experimental program using
either four channel hot-wire anemcmetry or the four channel laser vslocimeter
developed recently at Lockheed.
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