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Jet Noise Source Modification Due to Forward Flight

R. S. Larson,* C. J. M¢Colgan,t and A. B. Packmani
. Pratt & Whitney Aircraft, East Hartford, Conn.

The effects of forward flight on the turbuience characterisiics of a jet in a coflowing stream have been
determined for a 2.22 in. circuiar jet in a 36 in. free jet wind tunnel. The nozzie exit velocity was 400 fps and the
tunnel velocity was set at 8, 40, 120, and 200 {ps. Measuremenis of flow properties including mean veiocity,
turbulence intensity and spectra, convection velociiy, integral fengih scaie, and convected frame integral time
seaie were carried out using two linearized hot wires. Results were used to predict changes due to flight in the jet
acousiic sources. The necise reductions for a cold jet with a velocity of 1060 fps, due (o the change in acoustic
sources in flight, agreed well ai ail angies with measured neise reductions.

I. [Entroduction
XTENSIVE use of noise-absorbing matcrials in the inlet

‘4and exhaust ducting of modern high bypass ratio
turbofan engines has reduced the noise generated by fans,
compressors, turbines, and burners to the ievel that the jet
noise (noise generated in the exhaust piume by mixing the high
velocity jet with the ambient air} is an important part of the
total noise signature of current aircraft. The characteristics of
jei noise from turbojet and turbofan engines have been well
documented under static conditions. However, aircraft noise
certification limits must be satisfied under actual aircraft
flyover conditions during takeoff and approach operations.
Thus, it is important that methods be deveioped to more
accurately predict the jet noise under flight conditions.

The éeffect of flight on jet noise of a circular jet exhaust has
been simulated by tesiing in wind tunnels.!? Noise
measurements obtained in wind tunnel tests show that the jet
exhaust noise of nozzles operating subsonically is reduced in
flight from the static levels at all measarement angles.
However, noise measurements obtained from some flyover
tesis’ have shown less noise reduction than the resuits of the
wind tunnel tests. In order to help resolve the differences in
wind tunnel and flyover results, it is necessary to understand
the effects of flight on the fundamental mechanisms of jet
noise generation. Measuring the changes caused by fiight in
the aerodynamic parameters responsible for noise generation
and relating these changes to the measured noise reductions
caused by flight will provide a more basic understanding of
the eifect of flight on jet noise than is currently available. This
understanding will allow eventual improvements in our ability
to develop more accurate in-flight predictions.

The noise reduciion in flight is generally attributed to
changes in the sirength of the acoustic sources distributed
throughout the jet shear layer. The acoustic.source strength at
a point in the jet shear layer is determined from the local
aerodynamic fiow properties. The mean and turbuience flow
quantitites needed to determine the acoustic source strength
are mean velocity, mixing layer growth, turbulence intensity,
integral iength scale, eddy convection velocity, and integral
time scale corresponding to the eddy lifetime in a frame
moving at the eddy convection velocily. Limited
measurements of the changes in the shear layer of a jet in a
wind tunnel flow have been used to predict the noise reduction
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in flight.? These attempts were unsuccessful, suggesting either
that the reduction in noise may not be explained entirely on
the basis of changes in the jet turbulence structure or that a
more complete series of turbulence measurements is required,
The present investigation was designed to provide a consistent
set of data for the effect of flight on the jet shear layer
characteristics and to predict, based on the shear layer
measurements, the reduction in neise due to flight.

The turbulence characteristics of an axisymmetric jet in a
static environment have been investigated in many studies. *®
The corresponding data for a jet in a coflowing stream are
less comprehensive. In Refs. 7-9, the turbulence properties of
a plane two-stream mixing layer were measured. However,
such a3 mixing layer may not simulate the shear layer of an
axisymmetric jet a coflowing stream. The mean velocity and
turbulence infensity for an axisymmetric jet in a coflowing
stream were deiermined in Refs. 10 and 11, but the other
turbulence properties required for jet noise prediction, such as
integral fengih scale, integral time scale, and eddy convection
velocity, were not measured. An extensive set of data was
obtained in Ref. 12 for a coaxial nozzle with an area ratio of
10, but the noise reductions expected on the basis of these
measurements were not investigaied. Furthermore, the
structure of the inner shear layer of the coaxial nozzie would
be affected by the developing outer shear layer at large
downsiream positions. Thercfore, a complete set of data is
not available for the turbulence and mean flow properties of a
jetin a large area ratio wind tunnel.

The current investigation consisted of the measurement of
the turbulence and mean flow properties of a jet in a
coflowing stream and the prediction of the in-flight jet noise
reduction using these measuremenis, The measurement ap-
paratus is discussed in Sec. 11 and the flow measurements are
presenied in Scc. [il. ‘The predicted in-flight jet noise
reduction based on the flow measurements is derived in Sec.
IV and compared to the reductions obtained from acoustic
ineasurements in Ref. I. Concluding remarks are presented in
Sec. V.

Fi. Experimental Procedure

Wind Tunnel Facility

The investigation was carried out in the United
Technologies Research Center Acoustic Research Facility, 3 a
free jet wind tunnel which provides an anechoic environment
for flight simulation of aircrafl and jet engine noise sources.
Figure 1 is a schematic of the tunnel configuration. The fan
and drive motor for the tunnel flow are downstream of the
test section, while the model nozzie flow is provided by
compressors. Adjustable louvers provide control of the tunnel
velocity, Honeycomb and screens are located in the inlet and,
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Fig. 1 UTRC acoustic research facility.

¥ig.2 Model nozzic and hot wire instaligtion.

in conjunciion with a contraction ratio of ii.5, provide a
uniform low turbulence (0.12%) test section flow.

Figure 2 shows the test arrangement employed in this study.
A round convergent nozzie with an exit diameter of 2,22 in.
was positioned coaxially with the tunnel flow. The tunnel
nozzle diameter is 36 in., resulting in a ratio of tunnel area to
model nozzle area of 262. This large area ratio was sufficient
to insure that the tunnel shear layer did not disturb the model
nozzle flowin the region of interest.

The nozzie was operated at a nominal exit velocity of 400
fps, while the tunnel velocity was set at values of 0, 40, 120,
and 200 fps. The rcsulting values of the velocity ratio, m,
defined as the wind tunnel velocity divided by the jet velocity,
were 0, 0.1, 0.3, and 0.5. Three downstream measurement
stations, normalized by the jet diameter, D, were selected for
each velocity ratio as shown in Table 1. .

Data were taken at x/D =13 for all velocity ratios to provid
measurements at a common point for direct comparison. The
hot wire probes were moved downstream at the other stations
to maintain approximately the same ratio of downstream
distance to potential core length, since the potential core
lengthens with increasing tunnel speed. For each axial
measurement station three radial positions were established,
denoted as the inner and outer ‘‘edges’” of the shear layer and

Table 1 Downstream measurement station locations

Velocity ratio, m

Axial measurement stations, x/D

0 3 5 7

0.1 3 5.5 7.7
0.3 3 6.8 9.5
0.5 3 7.7 12.1
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the ‘“‘center.’’ The edges were defined to be the points where
the velocity fluctuation level was 50% of the peak level, and
the center was defined as the peak fluctuation location.
Convection velocity was the principal quantity determined at
the edges. The nozzle and tunnel flow total pressures were set
for a given temperature to give the desired velocities.

Hot Wire Measurements

Hot wire measurements of local flow properties were made
at each of the stations in Table 1. The hot wire measurements
were divided inio two categories, according to whether a
single probe or two probes were necessary to acquire the data.
A single probe was used to measure mean velocity and tur-
bulence intensity profiles, and its signal was analyzed to
provide frequency spectra and autocorrelations for selected
points in the shear layer. The signais from two probes were
cross correlated for varying values of probe separation.
Longitudinal convection velocities, integral length scales, and
integral time scales were determined from the cross
correlation records. The probes were mounted on traverse
mechanisms. The upstream probe, A4, traversed radially,
while the downstream probe, B, traversed axially along the
jet. i

Thermo-Systems, Inc. model 1210-T1.5 standard hot wire
probes were used in conjunction with model 1054A
anemometers for the data acquisition. The sensors were 1.3
mm fong and 0.004 mm in diameter, and the probes were
operated in the constant temperature mode. The anemometer
bridge outputs were linearized to simplify data analysis. The
signals from both probes were bandpass filtered from 6-20
kHz to remove a spurious electrical resonance in the
frequency range of 200-500 kHz. At 20 kHz the spectrum
ievels were 30 dB lower than the levels at the spectrum peak
frequency. At -the beginning of each test run, the voltage
output of each anemometer was calibrated against flow
velocity with the individual probe in the potential core of the
jet {as in Ref. 5), and the resulting calibrations were used to
reduce the data. :

Single-Probe Measurements

The mean and fluctuating voltage signals {which were
proportional to mean and fluctuating velocities) from probe
A were read from a digital dc¢ voitmeter and rms ac voltmeter,
respectively, as the probe was radially stepped across the jet
flow. Narrowband frequency spectra were obtained at the
radial position of maximum fluctuation intensity using a
Spectral Dynamics 301C spectrum analyzer and 302C en-
semble averager.

Two-Probe Measurements

The two-probe mcasurements were used to determine the
local turbulence convection velocity, integral length scale, and
integral time scale. Autocorrelations and cross correlations
were obtained using a Saicor model SAI-42 probability and
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Fig.3 Normalized mean veiocity profiles.
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cross-properties analyzer. Cross correlations at each axial
station in Table 1 were obtained for 12 different probe
separations. The cross correlations were normalized by the
autocorreiations to give the normalized cross correlation
coefficient defined as

u'{x,,tu’ (xg,t+7)

RAB (x:A:xB:T) =

)

where an overbar indicates a time average, and 7 is the time
delay between the signals from probe 4 and probe B.

III. Results of the Flow Investigation

Single-Probe Measurements
Mean Velocity

Figure 3 is a plot of normalized mean velocity vs nor-
malized radius. The normalized velocity, U, is defined as

U=(U-U,)/(U;-U,)

where U is the local mean velocity, Uj is the jet velocity, and
U, is the tunnel flow velocity. The normalized radius, 7, is
defined as

F= (r—r0'5)/b

where 7y s is the radial position at which U=0.5 and b is the
mixing layer width based on 5% boundaries (defined in the
next section). The data collapse well and agree well with the
normalized static jet data of Ref. 5. The negative normalized
velocity near the edges of the jet, at a normalized radius of
+ 1.0, is a residual effect due to the external boundary layer
of the nozzle due to the external flow. The external boundary
layer thickness normalized by the nozzle diameter increased as
velocity ratio increased to a value of 0.54 for a velocity ratio
of 0.5.

Mixing Layer Growth

The mixing layer width b is defined as the distance between
the locations where the normalized velocity is 0.95 and 0.05,
or

b=r;95 —Troos

The mixing layer was found to grow linearly with down-
stream distance. The effect of external velocity on mixing
layer width is shown in Fig. 4. The data collapse, using a least-
squares fit, to the line given by

Lrm b 203 @
I-m D D )

The inverse of the variation of the mixing layer width, &,

with relative velocity was used as an approximation to the
variation of the potential core lengih with relative velocity.
This approximation is not exact because the mixing layer
width does not develop symmetrically with respect to the
nozzle lip. However, the difference is small and will be
neglected in the analysis of Sec. IV.

Turbulence Intensity.

Peak turbulence intensity at an axial station of x/D=23.0
was found to decrease with increasing flight speed as shown in
Fig. 5. The reduction is represented by the line

M;/u[;|,,,:o=(f—'m)0'7 (3)

where u is the peak fluctuating velocity component at a given
x/D. The exponent 0.7 was also determined in Ref. 10 for
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several velocity ratios and axial stations. This would imply
that the value of the exponent 0.7 is not sensitive to small
differences in the experimental apparatus because the data
were taken in different facilities. Differences between the
facilities include 1) different turbulence levels in the potential
core of the nozzles and 2) different boundary layer thicknesses
on the outside of the nozzle: The turbulence level in the nozzle
potential core in the present experiment was approximately
1.5%, while the corresponding level from Ref. 10 was 2.5%.
The initial boundary layer thickness of the flow around the
nozzie, normalized by the nozzle diameter, was 0.31 for the
facility in Ref. 10 and was 0.54 for the present investigation
(for a velocity ratio, m, of 0.5 in both cases).

Turbulence Specira

Turbulence spectra were obtained by analyzing the fluc-
tuating anemometer output with the Spectral Dynamics
specirum analyzer and ensemble averager. The turbulence
spectrum was defined as the narrowband analysis (with a
constant bandwidth of 78 Hz) of the fluctuating anemometer
output. Figure 6 shows the effect of increasing velocity ratio
on the frequency content of the turbulence. The spectra were
obtained in the peak turbulence region of the shear layer. At a
given axial station, the low frequency content decreases as
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forward flight velocity increasss, but the levels at high
frequencies remain constant. This suggestes that flight effects
do not change the turbulence microscale associated with the
high frequency levels but do affect the large scale eddies
associated with the low frequency levels.

A line representing the —5/3 power law is also shown in
Fig. 6. While the data are close to this law, the slope is ac-
tuaily found to be —2.04. This is in very good agreement with
the results of previous experimenters who show values of
—2.07, -2.09, and —2.08 (Refs. 4, 12, and 7, respectively).

Two-Probe Measurements

Convection Velocity

The convection velocity was determined by cross
correlating the fluctuating signals of two hot wires which were
separated axially by a distance Ax. Convection velocities were
calculated by dividing the separation Ax by the time delay for
the maximum cross correlation coefficient. A more precise
calculation of convection velocity is described in Ref. S.
However, the more simple procedure used here results in
answers within 4% of the exact method. With one probe {ixed
at a given measurement station, convection velocities were
calculated for two separation distances of the two probes.
‘Convection velocities for the two axial separations agreed
within 10%. The normalized convection velocity, U,., was
defined as

l:rc=(Uc_Ue)/le_Ue

where U, is the measured convection velocity.

The normalized convection velocity at the radial station of
maximum turbulence intensity is shown plotted against the
_axial position in Fig. 7. Included is a line, U, =0.57, which is
the average of the values shown on the plot. The average
normalized correction velocity in the peak turbulence region
of the shear layer, 0.57, is approximately the same as the
value 0.50 obtained in Ref. 5 for a circular nozzle in a static
environment and 0.52 obtained in Ref. 8 for a two-
dimensional mixing layer.
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Fig. 7 Normalized convection velocity in the peak turbulence region
of the shear layer as a function of x/D.
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Convection velocity varies across the shear layer much
more slowly than the mean velocity. The normalized con-
vection velocity is plotted in Fig. 8 against a normalized
radius for all velocity ratios and axial positions. The con-
vection velocity decreases from a maximum value of about
0.85 at the inner edge of the shear layer to about 0.45 at the
outer edge of the shear layer, whereas from Fig. 3, the mean
velocity decreases from a maximum of 0.95 to about 0.20
toward the outer edge of the shear layer.

Integral Length Scale

The integral length scale is a measure of the distance over
which the turbulence remains correlated. If Ax is defined as
the separation distance between hot wire probes 4 and B, the
axial integral length scale, L, is defined by

L= gO-RAB(Ax,T:O)d(Ax) )

When R,y contains negative lobes it is customary to in-
tegrate only to the first zero crossing. The axial length scales
in the peak turbulence region of the shear layer for all velocity
ratios and axial stations are plotted vs the corresponding
mixing layer width in Fig. 9. The data collapse in Fig. 9 shows
that the length scale is proporticnal to the mixing layer width
for all velocity ratios. That is, the axial variation of the in-
tegral length scale is the same as that for the mixing layer
width. The data are represented by the line

L=0.29 &)

Cross correlations R, p{dx,7=0) were plotted vs Ax/L in
Fig. 10. The resulting collapse of the cross-correlation curves
shows that the cross correlation at zero time delay is a func-
tion only of probe separation divided by the integral length
scale,

The constant in Eq. (5) depends upon the definition used to
determine the mixing layer width. For example, in Ref. 11 a
definition which produced smaller mixing layer widths was
used and the proportionality constant in Eq. (5) was con-
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sequently larger. The same constant, (.29, may be calculated
from the results in Refs. 7 and 8 for a two-dimensional mixing
layer with the same definition of mixing layer width used
herein.

Integral Time Scale

The integral time scale in a coordinate frame moving at the
focal turbulence convection velocity is defined by the
autocorrciation. curve in tihe convected frame, The
autocorrelation in the convected frame is determined by
plotting Rap{X4,X3,7) as a function of time delay for dif-
ferent axial separations as indicated in Fig. 11. The envelope
tangent to each curve is then the autocorrelation function in
the convected frame of reference. If a curve of the form

Rag=e~"7 - ®

is fit to the envelope autocorrelation curve, the integral time
scale in the convected frame of reference is defined by the
vaiue of T required to give a best fit to the envelope curve, A
close approximation of 7 was determined by plotting the
peaks of the cross correlation curves in Fig. 11 vs time delay
and fitting Eq. (6) to this curve. The calculated integral length
scales in the peak turbuience region of the jet shear layer were
found to be proportional to the mixing layer width divided by
the relative velocity between the jet and external flow as
illustrated in Fig. 12. The data are represented by the line

T=3.17b/ (U, = U,) 7

The small offset from the origin of the line in Fig. 12 is due to
the virtual origin of the nozzie flow.

Equation (7) is valid for all axial measurement positions.
Figure 13 contains normalized convected frame
autocorrelations plotted as a function of 7/7. The collapse of
the autocorrelation curves indicates that in the convected
frame of reference the autocorrelation is a function only of
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time delay divided by integral length scale. Equation (7) shows
that the integral time scale is proportional to the mixing layer
width divided by the relative velocity between the jet and
coflowing stream or, equivalently, inversely proportional to
the mean shear. This result illustrates the necessity of using
jets in a coflowing stream to obtain turbulence measurements
rather than a 2D mixing layer. For example, it was determined
in Ref. 8 that the proportionality constant in Eq. (7} for a 2D
mixing layer differs from that for a static round jet. The
proportionality constant in Eq. (7) is consistent with the result
for a coaxial jet obtained in Ref. 12,

Equations (5) and (7) and the relation U, =% (U, +U,)
may be combined to determine the ratio of the characteristic
turbulence eddy size to the distance an eddy travels {(in a
reference frame fixed with respect to the flow). This ratio,
denoted by «, is

a=L/[(U,-U,)T1=0.18 8)

Therefore, « is independent of all flow properties. The
quantity « is used in the convective amplification factor for
quadrupole sources in the jet shear layer to account for the
finite existence of a turbulent eddy.

Summary of Turbulence Properties

General scaling laws for the turbulence characteristics of a
round jet in a free jet wind tunnel have been determined in this
investigation and are summarized in Table 2.

The properties summarized in Table 2 are in basic
agreement with those obtained in Ref. 12 for the inner shear
layer of a coaxial jet. The integral time scale and mixing layer
growth relations in Table 2 differ from the corresponding
relations for a two-dimensional mixing layer while the con-
vection velocity and integral length scale relations are similar.
Since these results were obtained for a relatively low velocity
cold jet, they may require modification for hot, high velocity,
Of supersonic jets.

Tabie2 Scaling laws for turbulence properties

U =4 (U;+U,)

Convection velocity

. Vit+m b x
Mixing layer growth — =0.24+0.13 -
I-m D D
Integrai length scale L=0.29b
. b
Integral time scale =317 -
i Ue
u ’
Peak turbulence — L = (l-m)%7
Upim=0
Alpha ) ’ a=0.18
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IV. Jet Noise Reduction with Forward Flight

The turbulence measurements described in Sec. III may be
used te calculate the flight reduction in noise based on the
change due to flight in the jet noise sources. These calculated
reductions will be compared to the noise reductions measured
in the same facility.! The noise data in Ref. 1 were obtained
for jets with high velocity (1009-1670 fps) over a range of
temperatures from 300°F to 900°F, while the flow measure-
ments discussed in Sec. III were obtained for an unheated
flow. Consequently, the comparison of the noise reductions in
flight predicted from the turbulence measurements with the
measured noise reductions will focus on low temperature jets.
Comparisons are also shown for high temperature jets in
which it is assumed that the flow measurements are valid at
high temperature.

Definition of Acoustic Source Strength

Overall sound pressure level (OASPL) may be written,
according to the form of Lighthill theory, !¢ as

w i ftu.dv ;

OASPLx [0log =
[(]—M.cosf)’+ (aM,.}?1°? R

®

where u’ %is the turbulence component in the (R,8) direction,
fis a characteristic frequency, v, is the characteristic volume
of a turbulent eddy, V is the noise-generating volume of the
jet, M_ is the eddy velocity relative to the external flow
divided by the ambient speed of sound, ¢ is an observation
angle measured with respect to the downstream jet axis, and R
is the distance from the observer to the jet. It will be assumed
that all turbulence components vary with relative velocity in
the same manner as the axial turbulence component and the
quantity u’ %4 will be replaced with the axial turbulence
component u’ %,

" Equation (9) may be rewritten as

s} i
(I—M_.cosb)? + (aM.)?}7? R?

OASPLocIOlog( [ ) (10)

in which the acoustic scurce strength, defined as Q, has been
separated from the convective amplification. Convective
amplification is due to the relative motion between the
sources, medium, and observer. The acoustic source strength
Qis defined as

O={u 2’ flv,dv (1)

Q may be expressed in terms of the turbulence properties in

Sec. III. For example, the frequency of noise generated by a
turbulent eddy is inversely proportional to the integral time
scale. That is, foeT 7.

The volume of an eddy is proportional to the integral length
scale cubed, or v, L. -

Finally, the element of d¥ of the noise-producing region of
the jet shear layer may be written

dV=wbDdx

Equation (11) may, therefore, be intégrated since all
functions in the integrand have been determined in Sec. III as
a function of axial position. The result is

[
Q:c‘ga W 2 T#L3pDdx (12)

where c is a constant and (is the length of the potential core of
the jet. All quantities in Eq. (12) are evaluated only in the
peak turbulence region of the shear layer.
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Relation of Static and Flight OASPL

Specific relations for OASPL similar to Eq. (}1) may be
written for static and forward flight simulation experiments.
Static OASPL, denoted OASPLgr,, may be written

QSTA . 1
[(I—M_cos0) + (aM,) 2] 1?2) 3

OASPLg7clog (

where Qgy, 1s the static acoustic source strength,

In a wind tunnel forward flight simulation experiment, if
data are corrected to account for the convection of sound by
the wind tunnel flow (see Refs. 1 or 2), the analog to Eq. (13)
is

QSKM o L

OASPL g xlo {
siMFI08 I+ M,cosf R?

1
X [T = (M, =M, )cosh)  + (a(M, —M,)) 21"

] as

where M, is the Mach number of the external flow relative to
the ambient speed of sound and Qg is the acoustic strength
in flight. Qg;m and Qsya may be related by using the scaling
laws from Table 2 in Eq. (12). The variation in length of the
potential core with flight is assumed to be inverse of the
variation of the mixing layer width, as described in Sec. HI.
The relation between Qgpy and Qgra is then

Qs = —m) *SNI+mQgra (15)
OASPLg1, and OASPLg,;\, are therefore related by

(I—-m)**NI+m

OASPL .y = OASPLgr4 + 1010 (
SIM STA , g 1+M,cost

y [(I—M.cos8)? + (aM.)?}" 16)
[(/—(M,—M,)cos6)? + (Of(Mc—Me))ZP/Z) (

Retlative Velocity Exponents

In Ref. 1, the effects of forward flight on jet noise were
determined experimentally in the same acoustic wind tunnel
used for the present aerodynamic measurements. The noise
reductions in flight determined in this experiment were
summarized by the use of exponents defined as

_ OASPLgrs — QASPLgy
— 10loglU;/ (U; = U]

{17

The jet operating conditions used in Ref. 1 were primarily
high-temperature, high-velocity conditions.

An expression of the exponent in terms of the measured
turbulence properties ¢an be obtained by substituting Eq. (16}
into Eq. (17). The result is

(1-m)y*3N1+m
n=log{———
1+ M,cost
[(I—M_.cosf)? + (aM,)?]°/?
[(1—(M.—M,)cos0)’ + (a(M,—M,))?}*" }
U;,-U, :
+10ng.e (18)

4

Since all quantities in Eq. (18) were determined in Sec. I1I,
exponents may be calculated from Eq. (18) and compared
with those determined experimentally in Ref. 1. All terms in
Eq. (18) are a function of relative velocity and jet velocity
except for the factor (1 +M,cosf). If OASPL,,, data are
corrected for this factor, the exponent at a given velocity
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shouid be only a function of relative velocity. The exponents
in Ref. 1 contain the factor {I + M cos?}, and this factor was
retained in Eqg. (18) in calculating exponents.

Comparison of the exponents calculated from Eq. (18) and

exponents measured in Ref. ! are contained in Figs. 14-16.-

Figure 14 illustrates the effect of flight on CASPL at a fixed
angle (140 deg with respect to the upstream jet axis) for a jet
veiocity of 1000 fps and temperature of 300°F. The calculated
reduction in level with increasing flight speed, using Eqs. (17)
and (18), is in good agreement with the experimentally
measured noise reductions from Ref. 1. The calculated ex-
ponent aiso varies linearly with log[{U; — U, } /¢,] which is in
agreement with experimental results. Figure 15 contains
calculated exponents for a jet velocity of 1000 fps piotied as a
function of the angle §;, which is measured with respect to the
upsiream jet axis (¢, =« —9). Experimentally determined
exponents using the results from Ref. | are shown for a jet
velocity of 1000 fps with temperatures of 3060°F and 900°F.
The agreement beiween the calculated exponents from the
turbulence measurements and the exponents from Ref. 1 is
good for the jet flow at 300°F. The measured exponernts from
Ref. 1 decrease with increasing jet temperature, which impiies
that the scaling relations for the turbulence and mean flow
properties determined in Sec. III may be altered for jets at
high tcmperaturcs. Aliernatively, increased refraction of
sound generated within the shear layer by the temperature
gradient may be the cause of the experimental variation with
temperature.

Figure 16 coniains exponents for jet velocities of 1600,
1200, and 1670 fps at a temperature of 900°F. The exponents
from the turbulence measurements are larger at aft angles
than the experimental exponents from Ref. 1, aithough the
correct qualitative behavior of the calculated exponents
(inciuding a crossover at forward angles) is observed. As jet
velocity and temperature are increased the discrepancy
between the two sets of exponents aiso increases. This effect
may be a result of increased refraction of sound by the
velocity gradient as jet velocity was increased. The increase in
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exponents as jet temperature decreases, illustrated in Fig, 15,
suggests that exponents obtained from noise measurements at
the same velocities, but lower temperature, would agree better
with the calcuiated exponenis.

The exponents in Figs. 15 and 16 calculated from Eqg. (18)
coliapse to a value of approximately 4.5 at 90 deg and agree
with the exponents calculated from the acoustic data in Ref.
1. The reduction in noise at 90 deg with relative velocity arises
from the reduction in the acoustic source strength of sources
in the jet shear layer.

Figures 14 and 15 indicate that the jet noise reductions
observed in forward flight simulation experiments at low
temperatures and velocities may be explained on the basis of
reductions in the acoustic source strength in the jet shear layer
and reductions in convective amplification. At higher
velocities and temperatures, the difference between calculated
and experimental exponents indicates that the turbulence
scaling laws determined in Sec. 11l may change as velocity and
temperature increase. The extension of the calculated ex-
ponents io these flows would require turbulence, mean
velocity, and mean temperature measurements in high-
velocity, high-temperature flows.

Y. Concluding Remarks

1} General scaling laws for the mean velocity, turbulence
intensity, convective amplification, integral length scale, and
integral time scale have been determined for a low velocity
incompressible jet in a coflowing stream.

2} The turbulence measurements were used to determine
the change in acoustic source strength of sources in the jet
shear layer due to flight and the change in kinematic factors
such as convective amplification due to flight. Relative
velocity exponents calculated from the changes in acoustic
source strength and convective amplification due to flight
were compared to relative velocity exponents obtained from
jet noise measurements. Agreement between the calculated
and experimental exponents was good for low-velocity, low-
temperature jets.

3} At high velocities and temperatures, the calculated
exponents were larger than the measured exponents which
suggests that the turbuience scaling relations determined in
the low-velocity, unheated jet may be modified for high-
velocity and high-temperature flows.

4) Mecasurcments of mean flow and turbulence properties
in high-velocity, high-temperature flows with a laser-
velocimeter could be used to extend the calculated exponents
into the high-velocity, high-temperature regime.
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