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Analytical Study of the Effects of Wind Tunnel
Turbulence on Turbofan Rotor Noise
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An analytical study of the effects of wind tunnel turbulence on turbofan rotor noise was carried out to
evaluate the effectiveness of the NASA Ames 40 % 80-ft wind tunnel in simulating flight levels of fan noise. A
previously developed theory for predicting rotor/turbulence interaction noise, refined and extended to include
first-order effects of inlet turbulence anisotropy, was employed to carry out a parametric study of the effects of
fan size, blade number, and operating line for outdoor test stand, NASA Ames wind tunnel, and flight inlet
turbulence conditions. A major result of this study is that although wind tunnel rotor/turbulence noise levels are
not as low as flight levels, they are substantially lower than the outdoor test stand levels and do not mask other

sources of fan noise.

Nomenclature
A =fan rotor inlet annulus area
AWT1 =Ames wind tunnel, ¥, =80 knots
AWT2 =Ames wind tunnel, ¥, =180 knots
BPF =blade-passing frequency

Cc =contraction ratio

D, =fan rotor tip diameter

FLT =flight, ¥, =180knots

f =frequency

[z =blade-passing frequency

HF =high-flow operating line of M, vs M,
h =blade height

LF =low flow operating line of M, vs M,
l, =turbulence axial length scale

A =turbulence transverse length scale

M, =fan inlet axial Mach number

M, =fan inlet tip speed Mach number

M, =fan inlet relative Mach number (M2 + M?) %
Ny =rotor blade number

Ng =fan rotative speed, rpm

n =blade-passing frequency harmonic number

OTS  =outdoor test stand

PR = fan total pressure ratio

PWL =acoustic powerlevel, dBre: 10 -2 W

r =spanwise radial coordinate

s =Dblade-to-blade spacing 2xr/Npg

TCS  =turbulence control structure

U, =fan rotor inlet axial velocity

U, =fan rotor inlet tip speed

u, =axial component of rms turbulence velocity

u, =transverse component of rms turbulence velocity

V, =wind tunnel velocity or flight speed
Introduction

T is now well known that acoustic testing of turbofan
engines in an outdoor test stand facility does not yield the
same noise characteristics as those measured in flight. As
discussed in Ref. 1, atmospheric turbulence is drawn into the
inlet during ground static testing, undergoing substantial
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elongation and contraction. Because of the large contraction
of the inflow streamlines, the turbulent eddies convecting with
the flow appear as long ‘‘sausages’’ as they pass through the
rotor. This is illustrated in Fig. 1. Many blades will suc-
cessively ‘‘chap’’ the same eddy, producing blade-passing
frequency tones as well as broadband noise. This
rotor/turbulence interaction is usually strong enough to
dominate other sources of fan inlet noise during static testing.

In flight, the fan inlet flow does not undergo very much
contraction because of the aircraft forward motion. The fan
inlet contraction ratio, defined as fan face through-flow
velocity divided by flight speed, is not too different from
unity at normal flight approach speeds. At typical approach
altitudes (500-1000 ft or 150-300 m), the atmospheric tur-
bulence scales or eddy sizes are much larger than on the
ground, so that the eddies do not appear to the rotor as
‘“‘sausages” which are successively ‘‘chopped’’ by the rotor
blades, but may have cross sections as large as, or larger than,
the inlet itself. Very little rotor/turbulence interaction noise is
therefore produced in flight, allowing other sources to
dominate the observed noise spectrum.

It is desirable to have a “‘static’’ or ground-based test
facility for acoustic evaluation of turbofan engines, one which
correctly simulates the flight inlet turbulence conditions.
Flight testing is not only costly and time-consuming, but has
severe limits on test conditions, power settings, etc., and is
subject to variability and uncertainty with respect to at-
mospheric propagation, ground reflections, and aircraft
location. For research and development purposes, extensive
hardware changes and elaborate instrumentation and data
acquisition equipment are often required which cannot be
easily implemented in a flight test. Acoustic testing of full-
scale turbofan engines in a large wind tunnel is a viable
alternative to flight testing. Flight contraction ratios and
aircraft speeds can be simulated in a wind tunnel, under more
controlled conditions, with test measurement capability and
flexibility rivaling that of a conventional outdoor test stand.

The NASA Ames 40 x 80-ft wind tunnel facility at Moffett
Field, California, has recently been used for acoustic
evaluation of turbofan engines under simulated flight con-
ditions. This wind tunnel facility has turbulence properties
which are different from both the outdoor test stand and
flight altitude environment, and it is important to know
whether the rotor/turbulence interaction noise in the tunnel is
low enough to. provide a true simulation of flight noise
characteristics.

The primary objective of the present study was to evaluate
the degree to which the NASA Ames 40 x 80-ft wind tunnel
simulates flight conditions in terms of producing sufficiently
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Fig. 1 Fan rotor-turbulence interaction and large-scale turbulent
eddy contraction under static test conditions.
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Fig. 2 Rotor-turbulence interaction theory model geometry and
nomenclature.

© Measured 1/3 Octave Spectrum (Ref, 6)

+ Predicted Tone Harmonic Spectrum
130

al 54% N
120 f-
+
. o o )
+
110 5 oTRP0d
6 © °
o
g 00—y
— oo
E 9P Lal J
2
E 130
S b 69% Ny
©
120
o Poet+
[o]
o)
110 o—% ]
00
wL—-° |
00
bo©
90
- 1K 10K 100K

Frequency, Hz

Fig. 3 Predicted vs measured PWL spectrum (inlet arc) for 44-blade
scale model fan.
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low levels of rotor/turbulence interaction noise. Guidelines
for the ranges of fan size, blade number, and operating speeds
over which sufficiently low rotor/turbulence noise levels can
be expected were to be established. A previously developed
theoretical prediction model was to be used for performing
the analytical study.

Description and Verification of Theoretical Model

As discussed in Refs. 2 and 3, inlet turbulence may be
regarded as a pattern of vorticity convecting with the flow
whose statistical properties are known. The nonuniformity of
the velocity associated with the turbulence convecting with the
flow produces unsteady fluctuations in angle-of-attack on the
rotor blades, leading to unsteady blade forces and, hence,
noisé radiation. This mechanism is usually referred to as a
dipole source and is analyzed in detail in Ref. 2.

Further, when the rotor is loaded, i.e., has some steady lift
distribution, there is a rotor-locked asymmetric flow pattern
spinning in the fan duct having a fundamental period equal to
the blade spacing. This asymmetric pattern itself is an inef-
fective noise source for subsonic tip speeds, but its interaction
with inflow turbulence leads to a quadrupole source. The
quadrupole source depends on blade loading, whereas the
dipole source, to first order, does not. The quadrupoie
mechanism is treated in detail in Ref. 3.

Based on the above physical picture of noise generation due
to turbulence incident on a blade row, theoretical analyses
were developed (Refs. 2 and 3) relating the characteristics of
the turbulence, design parameters of the blade row, and the
spectrum of the radiated noise. A spectral representation of
turbulence which treats the turbulence as a superposition of
shear waves was used. The turbulence was assumed to be
homogeneous and isotropic. The effects of inlet contraction
were subsequently accounted for by utilizing sudden-
contraction theory,* as illustrated in Fig. 1.

A two-dimensional cascade representation of the blade row
is employed, and the blades are idealized as flat plates. The
flow is assumed to enter the inlet axially with axial Mach
number M,, while the cascade translates with transverse
Mach number M,, as illustrated in Fig. 2. The turbulence is
treated as a superposition of shear waves of varying
wavenumber in the axial (x), transverse (y), and spanwise
(z) directions.

The computer code utilized herein for the prediction of
rotor/turbulence interaction noise is essentially a modified
form of the code presented in Ref. 3. The incompressible lift
response function (Sears’ function) has been replaced by
compressible response functions>¢ and the inlet contraction
effects* have also been added. The anisotropic (axisymmetric)
turbulence spectrum model has been added as described in
Ref. 7. A simplified formulation which invokes a long length-
scale assumption was shown to predict trends quite well in
Ref. 7, and this simplified version was used in the parametric
studies to follow.

The above-described computer code predicts inlet and
exhaust radiated acoustic power (PWL) in narrowband peaks
at blade-passing frequency and its harmonics. Input required
is M,, M,, rotor solidity (defined as chord ¢ over blade
spacing s), inlet axial and transverse turbulence intensity,
axial and transverse length scales, and inlet contraction ratio.
Output includes dipole, quadrupole, and total PWL for both
inlet and exhaust ducts. »

Noise predictions are made using the rotor blade geometric
properties and mean flow conditions at the rms radius of the
inlet annulus. '

Computed and measured inlet PWL spectra are shown in
Fig. 3 for a 44-blade fan stage described in Ref. 8. It can be
seen that the prediction of blade-passing frequency tones and
harmonics is in good agreement with the data for the new
axisymmetric turbulence formulation. It was observed that
the theory overpredicts the noise at high frequencies if the
relative Mach number is rather high, M,>0.85 at the
pitchline.
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Tablel Summary of typical average inlet turbulence properties
for various turbofan engine test facilities (U, ~122 m/s)
Outdoor NASA Ames 40 x 80-ft Aircraft
test stand wind tunnel installation
Parameter (static) V, =80 knots V, =180 knots (V, = 180 knots)
Location Fan face Upstream Upstream Upstream
u,, m/s 1.2 0.081 0.183 1.4
u,, m/s 4.8 0.224 0.503 1.4
l;,m 30.5 0.414 1.83 91-213
l,m 0.12 N/A N/A 91-213
C=U,/V, 40-50 3.0 1.33 1.33
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Fig. 4 Predicted vs measured PWL spectrum (inlet arc) for 18-blad
variable pitch scale model fan. '
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Data/theory comparisons were also carried out for a scale
model 18-blade variable-pitch fan tested in the same anechoic
chamber as was the 44-blade fan stage reported in Ref. 8. Inlet
arc Y4-octave PWL spectrum comparisons are shown in Fig.
4, the data being taken from Ref. 9. The BPF tones are
predicted quite well for both fans, except at transonic relative
Mach numbers, as shown in Fig. 5.

To test the ability of the prediction model to evaluate wind
tunnel turbulence noise for a fan, predictions were made of
the BPF tone PWL (inlet arc) for the 15-blade fan tested in the
NASA Lewis 9x 15-ft wind tunnel, the results of which are

made inside the fan duct close to the rotor. For the static
(V,=0) case, the measured transverse and axial intensities
were used to estimate the effective contraction ratio, using the
sudden-contraction theory, and this contraction ratio was
used to estimate the fransverse length scale only, based on
measured axial length scale. For the wind-on case, V, =80
knots, the actual contraction U,/ V, was used to estimate the
transverse length scale.

The resulting predictions of BPF tone PWL vs fan speed for
both static and wind-on conditions is shown in Fig. 6 along
with the measured values. It can be seen that the agreement is,
on the average, reasonably good, considering the ap-
proximations and assumptions made, lending further support
to the validity of the basic rotor/turbulence interaction
prediction model.

Based on the analysis and review of existing data described
above, the current rotor/turbulence interaction noise model
appears to be adequate for predicting wind-tunnel tur-
bulence/rotor interaction noise when the fan face turbulence
properties are known.

Parametric Studies -
Inlet Turbulence Properties

A literature survey of published data on fan inlet turbulence
properties was carried out. From this survey, an ‘‘expected
ensemble average” set of turbulence properties was deduced
for a typical outdoor test stand and the NASA Ames 40 x 80-
ft wind tunnel. Expected average values for in-flight con-
ditions were derived from the results of flight test correlations
of atmospheric turbulence summarized by Houbolt. !!

A table of typical expected values of inlet turbulence
velocities and scales are given in Table 1. The outdoor test
stand expected values are weighted heavily by the data of
Hanson, !- 12 as well as previously unpublished data taken on a
fan engine at the General Electric Company, Peebles, Ohio,
test facility.
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Fig. 7 Axial Mach number vs tip speed Mach number and pressure
ratio vs tip speed Mach number for typical fan stages.
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Fig. 8 Component source contributions to BPF tone PWL for full-
scale fans with different inlet conditions.

For the flight case, no fan inlet measurements of turbulence
were available. However, the atmospheric properties can be
used ! along with contraction ratio corrections as outlined in
Ref. 4. The contraction ratio is assumed to be equal to the fan
face axial velocity divided by flight velocity, i.e., C=U,/ V.

The NASA Ames 40x 80-ft wind tunnel properties are
taken from. Ref. 13. The measurements were made 20 ft
upstream of the fan inlet, and no fan face measurements were
available. Both tangential and axial turbulence velocities are
given, but only axial length scale was measured. Hence the
transverse length scale must be deduced from the ratio of
tangential to axial turbulence velocity and the sudden con-
traction theory.4 This amounts to assuming that somewhere
upstream of the measurement point the turbulence was
isotropic, and that the eddy elongation and cross section
contraction correspond to the measured velocity ratio. The
turbulence at the measuring point is assumed to undergo
another ‘‘sudden’’ contraction from the measuring point to
the fan face, and the relations developed in Ref. 4 are used to
compute the fan face spectra from the measuring point
spectra. The contraction ratio in this case is assumed to be the
ratio of fan face velocity to tunnel velocity, C=U,/ V.

Fan Geometry and Operating Line
The prediction program requires as input the fan rotor inlet

axial and rotational Mach numbers and rotor total pressure -

ratio. A composite plot of these fan parameters was made for

blade spacing ratio is important. Hence different fan sizes
operating in the same turbulence environment may give
different noise levels when the levels are corrected to a
common fan inlet area. Fan diameters of 2.13 m (84 in.), 1.07
m (42 in.), and 0.53 m (21 in.) were selected for study.

Blade number was also varied, values of Ny=38, 28, and
18 being selected for study. These values represent the range
of fan types currently in use. For example the diameter/blade
number combination 2.13 m/38 is close to the GE CF6 engine
fan, and the combination 0.53 m/28 is similar to the P&WA
JT15D engine fan.

Blade tip solidity was held constant at (c/s) tip = 1 3 for all
LF transonic fan cases and 1.0 for all HF subsonic fan cases,
as it is usual design practice to set rotor tip solidity ap-
proximately equal to design tip relative Mach number.

Calculations of rotor/turbulence noise were made for each
of the above configurations, over the tip speed Mach number
range 0.5<M,<1.0. The calculations were performed for
several turbulence conditions, as follows: 1) Outdoor test
stand (OTS), 2) Ames 40 X 80-ft wind tunnel, ¥V, =80 knots
(AWT1), 3) Ames 40x80-ft wind tunnel, V=180 knots
(AWT2), 4) In-flight, ¥, =180 knots (FLT).

Noise levels were obtained at blade-passing harmonics
n=1-8 for all cases. Some parametric studies were also made
of the effect of length scale and flight speed.

Component Source Contributions

The relative contributions of the dipole (unsteady lift) and
quadrupole (steady loading/turbulence interaction) sources to
the total predicted rotor/turbulence noise were examined
first. Figure 8 shows typical contributions for the full-scale
(2.13 m diam) fans on the low-flow operating line. Note that
the dipole source dominates the BPF tone. Sample spectra,
i.e., tone PWL vs harmonic number n, showing dipole and
quadrupole contributions, are given in Fig. 9.

It was observed from these and other results that the trends
of BPF tone PWL with Mach number M, are similar for OTS
and AWT, but the FLT condition yields a flatter curve. Also,
the quadrupole contribution, for the FLT condition is not as
great as in the other test site conditions. Even though the BPF
tone levels in the AWT are similar at ¥,=80 and 180 knots,
the higher harmonics of BPF are 2-5 dB lower at 180 knots
relative to levels at 80 knots, the larger differences occurring
at the higher tip speed Mach numbers.

Effect of Blade Number

The higher harmonics of BPF decrease with increasing
blade number, even though the effect of blade number is very
small at BPF. The effect of blade number is shown explicitly
in Fig. 10. Increasing the number of blades for a given solidity
decreases the blade spacing and hence increases the tangential
length scale-to-blade spacing parameter, /,/s, resulting in a
noise reduction. However, increasing the number of blades
Np also increases rotor blade aspect ratio, resulting in a
higher unsteady lift amplitude. The dipole noise therefore
increases, off-setting the decrease due to increasing /,/s. But
the dipole source only dominates at BPF, so the net result is
little or no change in noise with N at BPF but decreasing
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noise with increasing Ny at second harmonic (n=2) and
higher frequencies.

Effect of Fan Size

To show explicitly the effect of fan size, some of the
predictions were normalized with respect to fan rotor inlet
area by subtracting 10log;,(A4/A,y) from predicted noise
levels, where A is a reference area, taken arbitrarily to be 1
m2, The tone PWL results normalized in this fashion are
" shown in Fig. 11. The major observation to be made is that
size does make a difference, i.e., rotor/turbulence noise does
not scale with fan area unless the turbulence scales are
changed in proportion to the fan diameter change.

The results shown in Fig. 11 show that the smaller fans yield
less noise than the area reduction effect can account for, by 5-
10 dB. This again is related to the difference in /,/s which

on low-flow operating line.
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Fig. 12 Effect of operating line on BPF tone PWL for full-scale 18-
blade fans.

occurs because the turbulence scales (/) remain the same
while the geometric scales (s) decrease with decreasing fan
size.

Effect of Operating Line

Comparisons were made of rotor/turbulence noise of full-
scale fans with 18 blades for two operating lines: 1) the low-
flow (LF) line of Fig. 7 for typical high tip speed fans, and
2) the high-flow (HF) operating line of Fig. 7 for typical
subsonic tip Speed fans such as the variable-pitch fan. The
BPF tone PWL comparisons are shown in Fig. 12. It is seen
from these results that, at a given tip speed Mach number, the"
HF fan is noisier than the LF fan. )

The higher inlet relative Mach number for the high-flow fan
is responsible for some of the noise differences shown in Fig.
12. Assuming the noise to be proportional to M¢ a 3 dB
higher noise level would be expected for the HF fan based on
Mach number level differences alone. The aspect ratio for the
HF fan is higher because of the lower tip solidity, and un-
steady lift is therefore higher for the HF fan. The aspect ratio
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effect alone is estimated to be 3.0-3.7 dB for this case. These
effects account for most all of the differences shown in Fig. 12
for the outdoor test stand.

For the Ames wind tunnel and flight conditions, however,
the higher axial Mach number for the HF fan gives a larger
contraction ratio at a given tip speed. This has the effect of
reducing the tangential length scale (/,/s), which increases the
noise. However, it is also in the direction of reducing tur-
bulence intensity at the fan face, which decreases the noise.
The latter effect apparently overshadows the decreased-scale
effect, since the HF fan and LF fan noise levels are nearly the
same at low tip speeds. The rapid divergence near M,=0.9
between the two operating-line curves is due to the fact that
for the HF fan the rotor inlet relative Mach number is ap-
proaching unity at these high speeds, causing the quadrupole
source contributions to become disproportionately high as
they approach their singularity points. _

The HF fan will produce more propulsive thrust at a given
tip speed than the LF fan, because the flow is higher and the
pressure ratio is the same. It is therefore of interest to com-
pare the HF fan with the LF fan at the same net thrust. These
equivalent thrust points are indicated on Fig. 12 by symbols
for a typical LF fan approach power tip speed Mach number
.of M,=0.95. It can be seen that the HF fan and LF fan
rotor/turbulence noise levels are approximately the same at
the same thrust. :

NASA Ames 40 X 86-Ft Wind Tunnel Evaluation

Based on the results of the parametric study discussed in the
preceding section, an evaluation of the NASA Ames 40 x 80-ft
wind tunnel was carried out to assess the range of fan
geometries, operating speeds, and tunnel speeds over which
the Ames tunnel adequately simulates flight conditions as far
as rotor/turbulence noise is concerned. The objective was to
define the operational/geometric boundaries for adequate
flight simulation.

Before carrying out the evaluation, an assessment of the
wind-tunnel rotor/turbulence noise prediction level variability
was made to establish an uncertainty band in predicted levels.
There is an uncertainty associated with taking turbulence
properties measured 8-10 fan diam upstream of the engine
and projecting these to fan rotor inlet values using sudden-
contraction theory. One extreme is to assume that the sudden-
contraction theory is correct, which qualitatively gives

(ua/Ua)fan -~ (ua/VO)tunnelC-z

and
(ut/Ua)fan - (ut/Vo)tunnelc_V2

Thus both axial and transverse intensities are lower after the
contraction. This assumption gives the lower bound in noise
predictions. The other extreme is to assume that the intensities
do not change at all across the contraction so that

(ua/Ua)fan -~ (ua/Vo)tunnel

and
(ut/Ua) fan = (ut/Vo)tunnel

This gives an upper bound on the noise predictions. Now
across a contraction, u, will decrease by some amount and u,
will increase. In any case, u, will be substantially larger than
u,, and hence the noise level will be primarily governed by the
variations in #, and variations in u, will have little or no
effect. An estimate of the difference between the upper and
lower bound limits can therefore be made by noting? that the
noise varies as the square of the turbulence intensity. Defining
APWL as the difference between upper and lower bound
predictions, where subscripts A and B refer to precontraction
and postcontraction values, we can assume that

APWL = —20log ;o [ [(4,) g/ U,1/[(1,) 4/ V1)

TURBOFAN ROTOR NOISE v 823

" The numerator represents the lower bound value of transverse

intensity at the fan face given by sudden contraction theory,
while the denominator represents the upper bound value
corresponding to no change in intensity. This equation was
used to estimate the difference in calculated noise levels
between the above two assumptions concerning contraction
effects.

The uncertainty band due to contraction effects is about 2
to 6 dB at V,=80 knots over a range of tip speeds
0.5<M, <1.0. At 180 knots the uncertainty band is only 0 to
2 dB for the tip speed range 0.75 <M, < 1.0. For M, <0.75 at
V,=180 knots, the contraction ratio is less than 1.0, i.e.,
V,>U,, and applicability of contraction theory to expanding’
flows is questionable.

It is emphasized that the above uncertainty band is not due
to variability and/or randomness in the tunnel turbulence
properties, but is only due to the uncertainty in the techniques
being used to extrapolate that turbulence information to the
fan face values. In fact, the same uncertainty applies to the
flight case, because upstream atmospheric turbulence
characteristics are being extrapolated to fan face values with
the same techniques. Also the maximum (6 dB) uncertainty
band is less than the tone fluctuation amplitudes usually
observed for rotor/turbulence noise. 10

The outdoor test stand predictions also have an uncertainty
band due to the variability in turbulence properties which are
measured at the fan face. For example, measured axial length
scales varied from 26 to 79 m (86 to 259 ft) at the GE Peebles,
Ohio test facility for one engine test. From these results, it was
concluded that an uncertainty of +1 to —4 dB can exist in
predicted outdoor test stand levels due to uncertainty in
knowing axial length scale, recalling that a nominal value of
1,=30.5 m (100 ft) was used for all OTS calculations
discussed in the previous section. Also, the measured trans-
verse intensity u,/U, varied by a factor of 2, implying an
additional + 3 dB uncertainty due to variability in u,/U,.

Finally, the uncertainty in predicted flight rotor/turbulence
noise levels must be considered. Houbolt!! quotes many data
sources, and suggests that a rather alarming variability in
atmospheric turbulence conditions can prevail, depending
upon the proximity of weather fronts, wind shear, squall
lines, thunderstorms, temperature gradients, terrain, etc.
Aircraft wake turbulence in the vicinity of airports will in-
troduce variations dependent upon traffic patterns, density,
and duration. Houbolt estimates the variation in atmospheric
turbulence length scales to be from 91 to 213 m (300 to 700 ft).
A nominal value of 152 m (500 ft) was used in the present
study. It was estimated that the uncertainty in predicted noise
levels for the length scale range of 91 to 213 m is about +2
dB. Houbolt also states that atmospheric turbulence rms
velocities of 3.0-3.5 ft/s are average values, with possible
peak “‘gust” values of 20 times as much. Such extremes are
rare and are confined to severe weather conditions, but
nevertheless highlight the variability that can be expected in
rotor/turbulence noise in flight. A 4:1 variation in precon-
traction u, is not unreasonable in flight, which would then
yield a +6 dB variation in noise. Combined with the £2 dB
uncertainty due to variations in length scale, a total un-
certainty band on predicted flight rotor/turbulence noise
levels of +8 dB is the best that can be expected, based on
atmospheric turbulence variability from the ‘‘expected
average’’ values.

From the results summarized in Figs. 8-12, rotor/tur-
bulence noise levels in the Ames 40 x 80-ft wind tunnel are

predicted to be 15-20 dB lower, on the average, than the OTS - -

levels, but still about 10-15 dB higher than corresponding
flight levels. The question that arises is, are the wind tunnel
levels low enough? To answer this, first recall that the noise
level increases with decreasing blade number, and that full-
scale fans produce more ‘‘noise-per-unit-area’’ than do scale
model fans. If we take into account all of the above un-
certainty band limits and consider as the worst case the full-
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scale 18-blade fan, the comparison of predicted BPF tone
levels for the various test conditions would look more like Fig.
13, where a band or range of values is shown rather than a
single average line. The point to be learned from this figure is
that when variability is taken into account, the wind tunnel
levels can be as low as flight levels, even though the average
line predictions show a 10-15 dB difference. Also, the un-
certainty band associated with variability in turbulence
properties for the OTS and flight conditions is considerably
larger than the uncertainty for the Ames 40X 80-ft wind
tunnel due to extrapolating upstream turbulence charac-
teristics to the fan face conditions.

Another way of assessing the adequacy of the NASA Ames
40 x 80-ft tunnel for simulating flight turbulence levels is to
see how much tone reduction is obtained relative to the fan
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characteristic broadband level. 'An empirical method for
correlating fan broadband noise was published in Ref. 14, and
this method was used to correlate the broadband levels of
several scale model fan stages, using data with a turbulence
control structure in place (Ref. 8). The correlations, given in
Ref. 15, relate the peak broadband level to rotor inlet tip
relative Mach number M, and rotor tip incidence angle
(relative air angle minus blade leading edge camberline angle).
This correlation was used to estimate the broadband level (V4
octave) at the blade-passing frequency, and these results are
also shown in Fig. 13. It can be seen that the NASA Ames
40 x 80-ft wind tunnel rotor/turbulence tones are well below
the predicted broadband levels at all but the highest tip
speeds.

The spectral distribution of the rotor/turbulence tones is
shown in Fig. 14, compared with predicted Y5-octave fan
broadband noise spectra. It is apparent from this comparison
that the higher harmonics of BPF rotor/turbulence tones are
well below the fan broadband noise level for the Ames
40 x 80-ft wind tunnel case. Additional higher harmonic tone
sources (i.e., rotor-stator interaction noise) will no doubt
dominate the spectrum.

Conclusions

In summary, based on all the calculations and parametric
studies discussed herein, it is concluded that the NASA Ames
40 x 80-ft wind tunnel provides adequate suppression (or
reduction) of rotor/turbulence noise such that proper
simulation of flight fan source noise characteristics is ob-
tained, for subsonic tip speeds. Near M, approaching unity,
wind tunnel rotor/turbulence tones may be as high as or
higher than the broadband level, but cut-on of the rotor-alone
noise field at M, =1 will probably mask this effect.
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