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Diameter of jet at exit plane
Frequency

Empirical constant
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Velocity distribution in a plane perpendicular

to the jet trajectory axis
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Jet trajectory slope, dy/dx
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SUMMARY

Possible installations for 1lift fans in future V/STOL aircraft include
vertical mounting in wing pods, vertical mounting in the fuselage, and lift-
cruise mounting on the fuselage with the jet being vectored for 1ift and cruise.
In all these possible configurationms, the jet will experience various degrees
of crossflow during flight. An investigation was conducted into the effects of
crossflow velocity on the generation of 1lift fan jet noise. This investigation
included an analytical study and an examination of experimental data, both of
which confirmed an increase in jet noise sound power level with increasing
crossflow velocities. The aero-acoustic analysis utilized a turbulent mixing
noise prediction technique which is based upon a velocity profile method that
was modified to handle deflected jet velocity profiles. Confirmation of the
aero-acoustic analysis was obtained by examining acoustic data recorded during

testing of a V/STOL model in the NASA Ames 40 foot by 80 foot (12.2m by 24.4m)

wind tunnel. I



INTRODUCTION

Reéearch is currently being directed toward the design of V/STOL air-
craft to be used as commercial subsonic transports. Many of the configurations
being considered by NASA and the airframe manufacturers incorporate 1lift fans
which are fixed in wing pods or mounted in the fuselage with the inlets oriented
vertically. During transition from vertical to horizontal flight on takeoff
or the reverse on landing, exhaust jets from these lift fans experience various

degrees of crossflow velocities.

During aerodynamic and acoustic investigations of a large scale lift fan
model in the NASA Ames 40' by 80' (12.2m x 24.4m) wind tunnel, sound pressure
levels in the jet noise reglon of the spectrum were observed to increase when
the jet was issuing perpendicular to the crossflow (Reference 1). This paper
reports on analysis of additional noise measurements taken in the NASA Ames
40' by 80' (12.2m by 24.4m) wind tunnel with a complete lift fan aircraft
model. The results were analyzed to give an empirical understanding of jet

noise in a crossflow and to provide verification of an analytical study.



ANALYTICAL STUDY

CROSS WIND ADJUSTMENT TQ JET NOISE

The jet noise adjustment used in the prediction model to account for in-~
troducing a cross wind component to the jet flow is based on several fundamental
theoretical noise relationships with modifying assumptions. This cross wind
adjustment factor is applied to the undisturbed jet noise spectra to arrive at

a predicted jet noise with cross wind.

The reference jet noise spectra is prepared using the method delineated
in Reference 2. The flight Strouhal curve is used as being representative of
the free field sound generating conditions experienced in aircraft flyover.

. This jet noise spectfa is calculated for a jet exhausting into an undisturbed
area with the assumption that complete mixing occurs between the fan and jet
stream so that the charaéteristics of a single jet stream are used to obtain

the jet spectra.

The evaluation of the acoustic power spectra of a jet in a crossflow is
based on a turbulent mixing noise analysls using a velocity profile method as
outlined in Reference 3. To compute the acoustic quantities two basic

assumptions are employed:

1. For static jets or jets without crossflow, the sound power, P, generated

by a slice of a circular jet obeys Lighthill's eighth power law

dP 8
= V- dA - (1)
dy / AY) |

where V is the mean velocity which varies with axial location y and radial
distance r from the jet centerline and A (y) is the cross gection area of the
jet at the axial location y.

2.  The nomdimensional sound frequency (Reference 3 and 4) is directly
proportional to nondimensional axial location as defined by the empirical
relationship

f

d
1 - & ylay *? (2)
Vet 1 97%



where f i1s the frequency, dj the jet exit diameter, V the jet exit velocity,

jet

and Kl and K2 are experimentally determined constants which have values of 1.25

and 1.22 respectively.

To evaluate equation 1, the velocity profiles at each axial location are
needed. In this way, the power per slice of jet can be readily converted to

a power per frequency band (or power spectral level). For a jet in a cross-
flow, the trajectory, jet spread, and velocity profiles are computed from the
model of Bowley and Sucec in Reference 5. Their analysis treats the deflected
jet as a jet composed of two regions - an initial mixing region and a fully
mixed region. Figure 1 presents the coordinates and form of the deflected jet

characteristics.

Acoustically, the splitting of the jet into two aerodynamic regions
also splits the acoustic analysis represented by equation 1 into two regions.
There is a high frequency region associated with the initial mixing region
and a low frequency region associated with the fully mixed region of the de-
flected jet. The superposition of these regions results in the total power

of the jet.

The frequency location along the axis of the deflected jet 1s represented
by equation 2 where the axial location y for a static jet is replaced by the

deflected jet trajectory location £; therefore equation 2 becomes

fd
4
Vjet

-K
2
E/dj)

(K (3)

1
By assuming that the static velocity profiles in equation 1 may be replaced
by relative velocity profiles of a deflected jet or

Ve =V (X,Y) - V_ cosa (4)
a complete computational system is set for calculating the power spectral
properties of a jet in a crossflow. In equation 4, VR is the relative velocity,
V (X,Y) is the velocity in a plane perpendicular to the deflected jet axis,

Vo is the crossflow velocity, and a 1s the jet trajectory slope. As in Refer-

ence 5, the shape of the jet in a plane perpendicular to the deflected jet



axis is assumed rectangular. Typical results of these calculations are shown
on Figure 2 with the peak sound power level occurring at the transition point
between the initial mixing region and the fully mixed region. For Vo/vjet= 0,
the spectra correspond to those predicted by reference 2. This sound power
level increment in decibels is assumed equal to the sound pressure level
change. Since this increment is based on the SAE reference acoustic angle of
135°, the increment is allocated to all acoustic angles using a jet spectra
directivity factor currently in use accounting for the deflection angle for
each frequency. Consequently, the result of the calculation is a noise spectra
in units of SPL for all frequencies and acoustic éngles adjusted‘for cross wind

effects.

Preliminary analysis of predicted power level spectra had indicated a
crossover or decrease in power level at high frequencies as crosswind in-
creased. This was not consistent with experimental data (see Section IV) and
a modification to the method of reference 5 was made. This modification
assumed no deflection of the jet axis in the initial region or more specifi-
cally the deflection angle o = 90° and cos a = 0. Consequently, on the power
frequency plot presented in Figure 2, the lines representing varying cross
flow strengths are regular without any crossover in the range of frequencies
~ generated in the initial region. It is noted, however, that the transition
point on the jet axis between the initial and turbulent region still varies

as a function of crossflow strength.



EXPERIMENTAL ANALYSIS

V/STOL Model and Data Acquisition

A scale model aircraft configured as a V/STOL transport was tested 1In
the 40' x 80" (12.2 m x 24.4 m) wind tunnel at NASA Ames. The aircraft had
four X376B fans of which two were mounted in deep inlets in the nose and two
were mounted as lift/cruise fans near the tail. The exhaust of the 1lift/
cruise fans could be vectored downward simulating a 1ift mode. Exhaust from a
T58 gas generator drove the tip turbine of each 36 inch (.914 m) diameter fan.
Each fan had a design pressure ratio of 1.08 and a tip speed of 640 feet per
second (195 m/ sec). Figure 3 identifies the fan locations on the model and
the microphone locations in the wind tunnel, while Figure 4 is a schematic

of the V/STOL model tramsport.

Noise measurements were recorded on magnetic tape at various tunnel
speeds for various combinations of lift fans and 1lift/cruise fans in operation
by NASA Ames personnel. The data were processed at General Electric Edwards
Flight Test Center to give 1/3 octave band sound pressure levels at each micro-
phone for each test point. All data for this report were referenced to a
120 foot (36.5 m) radius by extrapolating the SPL's measured at each microphone
under the assumption of spherical divergence. No corrections for tunnel

reverberation effects are included in the data.

Lift/Cruise Fans

To understand the effect of crossflow on jet noise, data from runs with
the 1lift/cruise exhaust nozzle in the 1lift mode (GCN = 90°) were analyzed for
various tunnel speeds. Figures 5 through 14 show the effect of crossflow
velocity (expressed here as the ratio of tunnel velocity to jet exit velocity)
on 1/3 octave band sound pressure levels at all microphones and at frequencies
of 50, 100, 200, 400 and 800 Hz. It should be noted that the levels measured
are above the tunnel "floor" or background noise. Reference 6 indicates that
the tunnel broadband noise floor is on the order of 80 dB up to velocity ratios
of 0.4. As tunnel velocity and therefore crossflow velocity ratio decreases,
the tunnel noise floor which is broadband in nature drops accordingly.

Reference 6 places the broadband floor at low tunnel speeds at 65 dB + 5 dB.



There is a definite increase due to crossflow indicated for all microphones

up to and including 400 Hz. 800 Hz data show only a slight increase in SPL

as crossflow velocity increases. For this frequency and presumably higher
frequencies, the noise may be dominated by fan broadband noise. Reference 7

has shown that the fan pure tone noise of the lift/cruise fans does not increase
with increasing tunnel velocity since the fan inlet is aligned with the flow

and does not experience a true crossflow. Assuming that the fan broadband

noise follows the same trend and that fan broadband noise is dominant at 800 Hz
would account for the data of Figures 13 and 14. The downstream microphones
(numbers 1 through 5) at 50 Hz exhibit large change in SPL with crossflow.
Whether this is an actual increase due to crossflow or the result of inaccuracies

involved in measuring low frequency noise is not certain at this time.

The data of Figures 4 through 14 were used to determine the change in
jet noise at selected crossflow velocity ratios for five 1/3 octave bands
(50, 100, 200, 400, and 800 Hz). The procedure is demonstrated for a cross-
flow velocity ratio of 0.396. Shown in Figures 15 and 16 are plots of 1/3
octave band SPL at frequencies of 50, 100, 200, 400, and 800 Hz both with
and without crossflow. The acoustic angles for each microphone.were calcu-
lated relative to the 1ift/cruise fan exhaust axis. At each frequency, there
is a change due to crossflow which is approximately constant for all angles.
This means that one can assume that the power level change due to crossflow
is equal to the measured SPL change. With the exception of the 50 Hz data in

Figure 15, upstream and downstream microphones show the same increase with

crossflow.

Similar analysis at velocity ratios of 0.175 generated the curves shown
on Figure 17 which are the power level changes due to an increase in cross-
flow velocity at fivé-frequencies. Each frequency was normalized to a

fd
Strouhal number (Sn=.v__J).
jet

Figure 18 was generated by reading the APWL values of the lines drawn
through the data of Figure 16 and represents the measured power level in-

crease as a function of Strouhal number for various crossflow to jet

velocity ratios.



Lift Fans

Another source of jet noise data was noise measurements taken with the
forward 1lift fans of the V/STOL model in operation at various tunnel speeds.
The data were evaluated in the same manner as the lift/cruise fans. Figures
19 and 20 show the change in 100 Hz 1/3 octave band sound pressure level for
increasing crossflow. To date, only the 100 Hz data has been analyzed. After
calculating the acoustic angle '"seen" by each microphone relative to the ex-
haust axis of 1lift fan number one, the plots of Figure 21 were made. The data
points represent the value of the lines through the data of Figures 19 and 20
read at the corresponding crossflow ratio. For each crossflow ratio, there
is an SPL increase which is constant over all acoustic angles. As a result,
one can assume that the jet noise power level increase is identical to the
SPL increase. Figure 22 compares the jet noise power level increase indicated
by the 1lift fan data of Figure 21 with the 1lift/cruise results obtained by
reading Figure 18 at Sn= 1.82. The resulting comparison is good although the
forward 1lift fan increase at this selected frequency is higher than that of

the 1lift/cruise fans.



COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS

Figures 23, 24, and 25 represent a comparison of the analytical and ex-
perimental results of the lift/cruise fans. For these comparisons at three
crossflow velocity ratios, the experimental incremental change in power level
from Figure 18 was added to the zero crossflow curve of Figure 2. The result-
ing comparisons indicate that the predicted power level increase and experi-

mental increase due to increasing crossflow are in good agreement.



10

CONCLUSIONS

This investigation included both an analytical study and an examination
of experimental data to determine the effect of crossflow velocity on the jet
noise generation of 1i1ft fans. It was found that an increase in jet noise
power level 1is assoclated with an increase in crossflow velocity perpendicular
to the jet exhaust axis. This predicted increase 1s confirmed by experimental
data from wind tunnel tests of a V/STOL model. It is recommended that the
analytically predicted jet noise power levels with crossflow effects be

incorporated into current prediction techniques.
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