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LOW-SPEED WIND TUNNEL TESTS OF A 50, 8-CENTIMETER
(20-IN.) 1. 15-PRESSURE-RATIO FAN ENGINE MODEL
by Howard L. Wesoky, John M. Abbott, James A. Albers, and Donald A. Dietrich

Lewis Research Center

SUMMARY

A model aircraft engine with a 50.8-centimeter (20-in.) diameter, 1.15-pressure-
ratio fan with a variable-pitch rotor was tested in an isolated nacelle configuration at
wind tunnel velocities from 0 to 44 m/sec (143 ft/sec) and at model incidence angles
trom 0° to 50°. With forward thrust, higher total pressure recovéry and less distortion
were obtained at high fan speeds and high model incidence angles with an inlet lip-area
contraction ratio of 1.35 than with a contraction ratio of 1.26. A 17 percent reduction in
net thrust resulted from reduced fan weight flow and stage pressure ratio caused by flow
separation at 50° in the low-contraction-ratio inlet. Decreases in aerodynamic per -
formance of the inlet were accompanied by increases in reverberant noise levels of as
much as 9 decibels near the blade passing frequency and larger increases over a broad -
range of lower frequencies.

Reverse-thrust forces obtained with blade rotation through the ''feathered'’ angle
were about 1.8 times larger than with blade rotation through the ''flat'’ angle. Reverse-
thrust force was reduced from 30 to 50 percent and reverberant noise level increased
from 3 to 7 decibels near the blade passing frequency between a wind-tunnel-off condi-
tion and a typical STOL aircraft landing velocity .

INTRODUCTION

Interest in the application of very-high-bypass~ratio fan jet engines for short take-
off and landing (STOL) aircraft has led the Lewis Research Center to examine problems
of nacelle design and performance related to propulsive lift systems. At takeoff and
landing conditions, important areas for experimental research were considered to be the
coupled aerodynamic performance of the fan and nacelle at STOL aircraft speeds and in-
cidence angles and the reverse-thrust performance with a variable-pitch rotor. Acous-



tic performance variation with flight speed and nacelle incidence angle, for both forward
and reverse thrust, was also considered to be an important area for experimental in-
vestigation.

To obtain the necessary data, an engine model with a 50.8-centimeter (20-in.) di-
ameter, 1.15-pressure~ratio fan with a variable-pitch rotor was tested in the Lewis
Research Center's 9- by 15~-Foot V/STOL Wind Tunnel. Tests were conducted with an
isolated nacelle configuration at wind tunnel velocities from 0 to 44 m/sec (143 ft/sec)
and at model incidence angles from 0° to 50°. Two inlet cowls having the same external
contour but different lip-area contraction ratios were tested with two spinners, provid-
ing data for three inlet duct-area distributions. Two fan nozzles differing in exit area
by 8 percent were also examined in the wind tunnel tests.

Tests of reverse~thrust performance with no wind tunnel flow were conducted to de=
termine the effect of rotor blade pitch angle. A wind tunnel test also investigated the
effect of forward speed on reverse thrust. Reverberant noise levels were measured for
both forward and reverse thrust.

SYMBOLS

A area

BPF blade passing frequency
D diameter

DI distortion, eq. (1)

DIBO» circumferential distortion, eq. (2)

¥ model fan net axial thrust

l nozzle length

P pressure

' velocity

W fan weight flow

X axial length

Y fan nacelle length

Z model length

o model incidence angle

v fan blade design setting angle



4] ratio of total pressure to standard sea-level pressure

6 ratio of total temperature to standard sea-~level temperature
Q@ maximum cowl diffuser surface angle relative to model axis
Subscripts:

av average

d inlet duct, cowl throat to fan face

e fan nozzle exit

f cowl external forebody

th fan hub

ft fan tip

max maximum

min minimum

min60 minimum over any 60 degree interval
spinner

cowl throat

total condition

tunnel free stream

cowl highlight

fan face

W N = O g m

fan stage exit, for duct annulus (fig. 4)

APPARATUS
Fan Model

A schematic drawing of the model, indicating some significant dimensions, is shown
in figure 1. Nacelle dimensions given in the figure are for those configurations tested
with tunnel flow., Construction of the model permitted changing of the fan rotor and
stator for other experiments. The components of the model used in the present experi~
ment are described in the following paragraphs.

Fan stage. - The 50.8-centimeter (20-in.) tip diameter fan stage consisted of
12 rotor blades and 32 stator blades. A constant hub-tip radius ratio of 0. 4 existed from



the rotor leading edge to the stator trailing edge. The rotor was designed for a
244-m/sec (800-ft/sec) tip speed, or 9160 rpm, at standard sea-level pressure and
temperature. At standard conditions, the design weight flow was 30 kg/sec (66 lbm/sec)
and the design total pressure ratio was 1.15. A manual adjustable pitch mechanism al-
lowed setting of the fan rotor blades at any desired angle for forward or reverse thrust.
Some aspects of the design which were related to the low pressure ratio and variable
pitch were the small number of rotor blades, the low rotor solidity, and the low tip
speed. Some details of the fan design are given in figure 2. The large axial spacing be~
tween the rotor and stator was used to minimize noise caused by the impingement of the
rotor wakes on the stator. Further details of the fan design and performance are pro-
vided in reference 1.

Turbine. - The fan was driven by a 4%-stage, 15-centimeter (5.9-in.) diameter
turbine which used air as the driving fluid. Reference 2 gives a detailed description of
the turbine design and performance. Design turbine inlet temperature was 367 K
(660° R), design inlet pressure was 241 N/cm2 (350 psia), and design weight flow was
5.5 kg/sec (12 lbm/sec). Drive air was delivered to the turbine plenum through the
pylon shown in figure 1.

Fan inlets. - Axisymmetric inlets, shown in figure 3, were designed by using em-~
pirical information from references 3 to 6. The external forebodies (contours from
highlight to maximum nacelle diameter) were designed for a drag divergence Mach num-
ber of 0.80 with an equivalent fan weight flow of 34.5 kg/sec ('75.9 lbm/sec) at a cruise
Mach number of 0.75. A single NACA 1-Series contour (ref. 3) was used for the ex-
ternal forebody of both cowls. The ratio of highlight diameter to maximum cowl diam-
eter D1 /Dmax was 0.935, and the ratio of length to maximum nacelle diameter
Xf/Dmax was 0.175. Maximum nacelle diameter was chosen to keep the nacelle pro-
jected area and the surface area low. The resulting ratio of maximum nacelle diameter
to fan diameter, 1.075, was small but would probably be sufficient for a full-scale flight
engine.

After the highlight diameter D1 was specified according to the previous arguments,
the maximum lip-area contraction ratio A1 /AT was chosen so that the highest inlet
cowl-throat Mach number would be 0.75, as suggested in reference 4. This restriction
resulted in the cowl design with A1/AT = 1.35 (fig. 3). The other cowl contraction ratio
of 1.26 was chosen to be typical of current high-bypass-ratio engines (ref. 4). The lip
contours between the cowl highlight and throat were elliptical, with the major axis par-
allel to the cowl axis and twice the length of the minor axis (ref. 5).

Inlet diffusers were conservatively designed according to references 4 and 5, as
shown by the small values of diffuser effective cone angle given in figure 3. These
angles resulted from the restriction of the maximum cowl diffuser surface angle to 100,
as suggested by reference 6. Cowl surface contours from the cowl throat to the fan face
were third-order polynomials (cubic distribution of radius) with the coefficients deter -
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mined from the cowl surface radii and the zero slopes at the throat and fan face. The
two spinners (fig. 3) had NACA 1-Series contours (ref. 3) and projected to the throats of
each cowl. Thus, the minimum duct area was downstream of the cowl throats for three
of the cowl and spinner combinations noted in figure 3, as indicated by the ratios
Al/Amin and AI/AT'

For some tests of the model with no wind tunnel flow, a standard bellmouth inlet,
designed according to the specifications of reference 7, was used for the fan inlet. The
throat diameter of the bellmouth inlet was equal to the fan tip diameter, and the length of
the throat was extended about 38 centimeters (15 in.) to allow static pressure measure-~
ment without interference from the fan spinner. Four static pressure taps and four total
pressure tubes were installed in the cylindrical section of the bellmouth inlet.

Fan nozzles. - The two types of fan nozzles used in the experiment can be classified
according to the fan thrust direction during their application. Nozzles for forward-
thrust application are described in figure 4(a), and the nozuzles for reverse~thrust appli-
cation are described in figure 4(b). The word nozzle is used here only as a matter of
convention to describe the fan aft duct. As can be seen from the tabulation of the area
ratio Ae/A3 in figure 4(a), the forward-thrust nozzles were actually diffusers, with
varying amounts of area inerease between the fan exit and the duct exit. To meet both
low flight speed and cruise requirements, a low-pressure-ratio fan may require a
variable-area nozzle, but no attempt was made in the present experiment to simulate
this requirement. A gradual straight taper was used from near the stator exit to the
nozzle exit,

For reverse thrust or reverse fan pitch, the nozzle might better be described as an
inlet because of the change in flow direction. The bellmouth nozzle shown in figure 4(b)
was used to obtain reverse~thrust data with small inlet losses. The flared nozzle also
shown in figure 4(b) was designed to simulate a variable-area conventional nozzle which
would open as indicated to reduce lip losses for reverse flow.

Instrumentation

A schematic diagram of the model showing research instrumentation locations and a
tabulation of this instrumentation is given in figure 5. A more detailed description of
the instrumentation will be given using the zones indicated in figure 5 as a reference.
The pitot tubes in all zones were not useful for the reverse-thrust tests because they
were directed in the conventional upsiream direction.

Zone 1. - Instrumentation of the inlet from the leading edge to the fan face consisted
entirely of static pressure taps on the cowl surfaces. The total number of taps for each
cowl is given in figure 5. These were distributed in axial rows at various circumferen-
tial locations, both on the inside and outside of the cowls. The density of the pressure



taps was highest near the inlet leading edge, or highlight, where the highest pressure
gradients were expected. Data to be reported herein are from the windward side of the
inside cowl surface.

Zone 2. - At the fan face, instrumentation was installed on a ring which fit between
the inlet cowl and the fan casing. Twelve rakes, evenly spaced, were mounted on the
ring. Six of these rakes, referred to as flow rakes in figure 5, extended across the fan
duct, with each rake having six pitot tubes placed at the centroids of equal areas. The
other six rakes, referred to as boundary layer rakes in figure 5, were spaced between
the flow rakes. These rakes also each had six pitot tubes which were spaced from 0.076
to 2.82 centimeters (0.030 to 1.11 in.) from the cowl surface. Between the 12 rakes,
12 static pressure taps were evenly spaced around the ring. The axial position of the
static pressure taps was the upstream end of the rake pitot tubes. A single total pres-
sure probe containing a fast-response transducer to measure time-dependent pressure
fluctuations was mounted 1. 27 centimeters (0.50 in.) from the cowl surface, 7. 52 from
the windward side of the cowl.

Zone 3. -~ Four pitot tubes were installed in the leading edge of each of four stator
blades near the fan hub. Also, a single total pressure probe with a fast-response trans-
ducer was installed in the leading edge of each of four other stator blades near the fan
hub. Twelve static-pressure taps, evenly divided between the inside and outside of the
fan duct annulus, were installed at the same axial position as the upstream ends of the
pitot tubes.

Zone 4. ~ At the fan stage exit, six rakes similar to the flow rakes of zone 2 were
installied. The evenly spaced rakes each consisted of six pitot tubes located at the cen~
troids of equal areas and a single total temperature (thermocouple) probe at the centroid
of the fan duct annular area. Twelve static pressure taps, evenly divided between the
inside and outside of the fan duct annulus, were located between the rake positions. The
axial position of the static pressure taps and pitot tubes was 1.78 centimeters (0.70 in.)
downstream of the stator trailing edge. To avoid direct impingement of stator wakes,
the static pressure taps and rakes were located between circumierential positions of the
stator blades.

Zone 5. - Instrumentation in the fan nozzle was located in two axial positions. One
location was three stator chord lengths behind the stator trailing edge. At this location,
the pitot tube instrumentation was the same as in zone 3. Seven static pressure taps
were located around the inside of the fan duct annulus, and three fast-response trans-
ducers were installed in total pressure probes near the inside of the annulus. The sec~-
ond axial location was 2.54 centimeters (1 in.) upstream from the exit plane of the
forward-thrust nozzles. Six static pressure taps were distributed around the inner wall
of the fan duct annulus and a like number around the outer wall. The reverse-thrust
nozzles had no instrumentation on the outer wall of the fan duct annulus.

Zone 6. - Four rakes were located 1. 27 centimeters (0.5 in.) downstream of the



turbine exit guide vanes, evenly spaced between vanes. Two rakes had two pitot tubes
and a single total temperature probe, and the other two rakes had two total temperature
probes and a single pitot tube. The pitot tubes and temperature probes were located at
the centroids of appropriate areas. Four static pressure taps were located around the
outer wall of the turbine flow passage at the same axial location as the rake instruments,
and two static pressure taps were located on the inner wall of the flow passage. Six
static pressure taps were located on the turbine nozzle boattail, evenly divided between
two axial rows near the nozzle exit plane. Instrumentation in this zone was used to
measure both the thrust from the turbine nozzle jet and the turbine power output.

Test Facility

The test program was conducted in the NASA Lewis Research Center 9~ by 15-Foot
V/STOL Wind Tunnel, which is described in reference 8. The model installed in the
test section is shown in figure 6. No corrections were made to the force data reported
herein to compensate for wind-tunnel-wall interference effects or model blockage.

Model installation. -~ A schematic drawing of the model installation in the wind
tunnel is shown in figure 7. As indicated in both figures 6 and 7, the pylon of the engine
model was oriented in a horizontal plane and the model was rotated in this plane. This
orientation simulated the pitching motion of an aircraft installation. The pylon was con-
nected to a vertical pipe which supported the model in the wind tunnel and through which
drive air was supplied to the turbine. This pipe was attached to the force balance below
the tunnel floor, and the force balance was mounted on a motor -driven turntable which
provided angular movement for the model. Below the turntable, the air supply flowed
through a flexible hose which terminated at a pipe swivel. The flexible hose effectively
eliminated transfer of unwanted forces to the balance system through the air-supply
piping.

In the wind tunnel test section, an aerodynamic fairing was installed around the
vertical air-supply pipe to eliminate aerodynamic forces on that part of the model sup-
port. The fairing was mounted on the floor of the test section and did not contact the
model or its support. The axisymmetric object, shown in figure 6, at the top of the
fairing, served as a transition between the engine pylon and the vertical pipe and was,
therefore, connected fo the force balance. Instrumentation tubes and wires were led out
of the simulator through the pylon and, from the pylon, were attached to the outside of
the air -supply pipe.

Force balance. - Forces on the model were measured with an external three-~
component (axial and normal forces and pitching moment) balance. Two of the three ele-
ments of the balance were strain-gage linkages, and the third element was a calibrated
load cell. A static calibration of the balance, including application of combined forces




along two axes and pressurization of the air-supply piping, indicated a measurement
accuracy of about 3 percent over its full range. The balance rotated with the model, and
the axial or thrust force measurement was alined with the fan axis of rotation.

Noise measurements. ~ Acoustic data were measured with four microphones located
in the wind tunnel settling chamber, about 24 meters (80 ft) upstream of the model
(fig. 7). Sound pressure levels from the microphones were selectively averaged to min-
imize any irregularities in the measurement. The hard walls of the wind tunnel approx-

imated a reverberant chamber, eliminating the measurement of directional noise varia-
tion. Because of frequency selective attenuation in the reverberant situation, the spec=-
tra measured do not correspond to those that would be obtained by far-field measure-
ment. However, the relative changes in level at a given frequency are properly associ-
ated with changes in model configuration or test condition.

Data Recording and Analysis Systems

Model research instrumentation data and force balance data were recorded by the
Lewis Research Center's Central Automatic Digital Data Encoder and simultaneously
recorded and analyzed by a time~sharing digital computer system. The large amount of
pressure data was recorded by the digital data encoder using nine automatic scanning
valves, each having 48 ports. A computer plotting program was used to prepare the fan
face total pressure contours described in the section FORWARD-THRUST RESULTS, and
microfilm plots prepared by the computer were used to analyze other results of the ex~
periment. Microphone data were recorded on magnetic tape, and the microphone data
reported herein were processed with a 1/3-octave band spectrum analyzer.

PROCEDURE

In this section of the report, the procedure for conducting the test program, the test
parameters, and the model configurations are explained. Some results, directly per-
taining to these subjects, are discussed here. The general results of the test program
are discussed in the sections FORWARD-~-THRUST RESULTS and REVERSE-THRUST
RESULTS. Unless otherwise stated, all test parameters are given at equivalent stand-
ard sea-level pressure and temperature conditions.

Forward-Thrust Tests

Tunnel velocity. -~ All nacelie configurations were tested at three tunnel velocity




levels and also with no wind tunnel flow. The equivalent velocities V /5/55 were 24,
32, and 43 m/sec (80, 105, and 140 ft/sec). The highest velocity approximates the
takeoff and landing speed of a STOL transport designed for a 610-meter (2000-ft) field
length, and the next highest approximates STOL takeoff and landing speeds for a 460~
meter (1500~ft) field length.

Absolutely static conditions could not be obtained with the wind tunnel drive off be
cause the engine model induced a significant flow in the wind tunnel. Depending on the
operating condition, tunnel velocities as high as 13 m/sec (41 ft/sec) were measured.
Therefore, the force balance measurements at the nominal static conditions to be dis-
cussed include drag forces and inlet momentum forces caused by this induced velocity.
The small variation from an actual static condition does not affect the general objectives
of the experiment. Tests with the wind tunnel drive system not operating are referred
to as ""wind tunnel off'' tests.

Fan speed. - Data were measured at 70, 90, 100, 110, and 120 percent of the fan
equivalent design speed of rotation, which was 9160 rpm. Some data were omitted at the
design speed because of a vibration problem in the model encountered only at this speed.
Overspeed runs were made because the fan weight flow and total pressure ratio were be~
low the design values at design speed. The fan overspeed achieved the required inlet
weight flows corresponding to the design value.

Model incidence angle. - The model incidence angle, which is defined as the angle
between the model axis and the tunnel axis (fig. 3), was varied from 0° to 50°. The
upper limit was chosen because it has been shown that the effective angle of nacelles
mounted on current jet transports can be greater than 40°, and it is expected that the
closely coupled wing and engines of an externally blown flap STOL aircraft could cause
similar or even higher induced incidence angles (ref. 9).

Fan rotor blade angle. -~ A test of the fan in a compressor test facility (ref. 1) re-
vealed that design weight flow and pressure ratio could not be attained at design rota-~
tional speed for the design rotor blade angle. Tests at both higher and lower blade
angles did not reveal any significant improvement in the overall fan performance.
Therefore, for other than reverse-thrust tests and a single forward-thrust test at a
blade angle 50 lower than the design value, the data reported herein were obtained with
the rotor set at the design angle which was discussed in the section Fan stage.

Instrumentation interference. - To evaluate instrumentation interference, measure-
ments were made with the rakes in zones 2 and 4 (fig. 5) removed from the model and
also with just the zone 2 rakes removed. The tests were conducted with the bellmouth
inlet and with the wind tunnel off. Effects of this instrumentation on fan total pressure
ratio, fan weight flow, and model thrust were negligible. All data with tunnel flow were
therefore measured with fan inlet and exit rakes installed.

Test sequence. - The normal test variable sequence used in obtaining data with a
given configuration was to set the tunnel velocity with the fan windmilling and the model

9



at zero incidence angle, then to increase the fan rotational speed to the desired level,
and, finally, to measure data at successively increasing values of incidence angle. A
series of tests to determine the effects of varying this sequencé were conducted with a
single nacelle configuration: inlet cowl A1/AT = 1.35, spinner L, and nozzle

A, /A3 =1.11.

A test to determine repeatability of data using the normal sequence of test variables
resulted in no significant variation of pressure and temperature data measured at differ-
ent times. Force balance data repeatability was within the 3 percent accuracy band de-
fined by the calibration test. Repeatability data were obtained at a tunnel velocity of
44 m/sec (143 ft/sec), fan rotational speeds of 90 and 110 percent of design speed, and
model incidence angles from 0° to 50°. A hysteresis test was conducted at the same
conditions, but with data measured at decreasing values of incidence angle. No hyster-
esis effect was discerned.

Two other variations in test sequence were considered. First, the tunnel velocity
was held constant at 44 m/sec (143 ft/sec), the model incidence angle was fixed at
angles between 0° and 500, and the fan speed was varied between 90 and 110 percent of
the design value. Data obtained at a succession of steady-state conditions indicated no
effect of this variation in test sequence.

Next, the model incidence angle was set at 500, the fan speed was set at 100 per-
cent, and the tunnel velocity was increased from the wind-tunnel-off condition to
44 m/sec (143 ft/sec) and then reduced to the wind-tunnel-off condition. An effect of
this variation in test sequence was obtained and is discussed in the section Performance
Sensitivity to Test Sequence. Although the difference in results caused by the variation
of test variable sequence is of concern, we believe that the normal sequence most
closely approximated steady flight conditions, and, therefore, all other data reported
herein were obtained with it.

Reverse~Thrust Tests

Fan rotor blade angle. - A series of tests with the wind tunnel off and with various
rotor blade angles were conducted to determine the effect of rotor angle on the fan
reverse-thrust force. Two methods of achieving reverse thrust were considered.
First, the rotor blades were rotated through the feathered angle (clockwise direction in
fig. 2) and data were obtained at 75°, 80°, 85°, 90°, 95°, and 100° (+A%) from the de-
sign condition shown in figure 2. The other type of reverse flow test was obtained by
rotating the blade through the flat angle (counterclockwise direction). Data were ob-
tained at 85° and 95° (-Av) from the design condition for this case. Blade rotation
through the feathered angle results in the conventional blade trailing edge becoming the
blade leading edge in reverse pitch, but the correct blade camber is maintained. The
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opposite effects are true for blade rotation through the flat angle.

Tunnel velocity and model incidence angle. - Reverse-thrust data were obtained at
tunnel velocities ranging from the tunnel-off condition to 43 m/sec (140 ft/sec). Data at
model incidence angles other than zero are not presented because of a vibration problem
which caused erratic force balance measurements and unsafe operating conditions. The

cause of this vibration seemed to be the interaction of the tunnel flow and the reversed
fan jet.

Fan speed. - The same values of fan equivalent speed as in the forward-~thrust tests
were used in the reverse-thrust tests with the wind tunnel off to determine the effect of
rotor blade angle on reverse thrust. Only data measured at fan speeds equivalent to 90
and 110 percent of design are reported. During the test with tunnel flow, no data were
obtained at the design speed because of unsafe vibration of the model, a condition which
was unique to the model.

Data Reduction and Presentation

Explanations of some data reduction procedures are given in the following sections.
The discussion relates only to the forward-thrust tests, except for the section on thrust
measurements, which relates to both forward- and reverse~thrust tests.

Inlet pressure recovery. - Area-averaged values of inlet pressure recovery (i.e.,
the ratio of average fan face total pressure to wind tunnel total pressure) were calculated
by using data from all the pitot tubes at the fan face location (zone 2, fig. 5). Total
pressures at the circumferential locations of the flow rakes and the radial positions of
the boundary layer rakes were determined by linear interpolation. Areas were associ-
ated with these interpolated values of total pressure and with the data from the boundary
layer rakes by equally dividing the radial and circumferential distances between adjacent
tubes or points where interpolations were made.

Inlet flow distortion. - Two inlet flow distortion parameters are presented. The
first distortion parameter is defined as the difference between the maximum and mini-
mum values of total pressure at the fan face divided by the area-averaged value of total
pressure.

P -
DI _ _t2, max

max P

PtZ, min (1)

t2,av

The area-averaged total pressure was determined by using data from all pitot tubes of
the flow rakes and boundary layer rakes. In determination of the maximum and minimum
values of total pressure, only those pitot tubes which were not inside the boundary layer
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at 0° model incidence angle were used. On the hub side of the fan duct, the closest pitot
tube to a surface which was used in defining maximum and minimum total pressures was
separated from the surface by 8 percent of the duct cross-sectional area. On the tip
side of the fan duct, the closest pitot tube used was separated from the surface by 8 per=-
cent of the duct cross-sectional area for the short cowl (inlet cowl Ay /AT =1.26,

fig. 3) and by 15 percent of the duct cross-sectional area for the long cowl (inlet cowl
A]./AT = 1.35, fig. 3).

"~ The second distortion parameter is defined as the difference between the area-
averaged fan face total pressure and the minimum value of total pressure averaged over
any 60° sector of the fan face divided by the area-averaged fan face total pressure.

P - P . ’
DI - t2, av t2, min60 (2)

60
Pia av

All pitot tubes in both flow and boundary layer rakes were used to define the required
average pressures. This parameter is particularly useful as a measure of circumferen=~
tial distortion.

Fan weight flow measurement. - A common problem in wind tunnel tests of aircraft
engines or engine models is weight flow measurement. In the present experiment, a
theoretical potential flow calculation (ref. 10) was used. The measured ratio of static to
total pressure at the outer side of the annular duct at the fan face (zone 2, fig. 5) was
applied to a weight flow calibration predicted by theoretical potential flow. A single var-
iation of inlet static~ to total-pressure ratio with weight flow for the theoretical potential
flow was obtained for each cowl. This variation was taken to be the same for all model
incidence angles. The calibration was applied to the measured ratio of static to total
pressure on the outer surface in each of six sectors, evenly spaced around the duct cir-
cumference; and the total weight flow was obtained by a summation of weight flows from
each sector. Each sector had a flow rake at its center, and average values of the sector
total pressure and cowl surface static pressure were determined from the measurements
within the sector.

Comparison of the weight flow determined by this method with that determined di-
rectly with the bellmouth inlet indicated a difference of about 2 percent. An approximate
boundary layer calculation indicated that most of this difference could be attributed to
boundary layer growth at the fan inlet. No boundary layer corrections were made to the
data presented herein, and they are considered generally accurate to within 2 percent.

The weight flow measurement is considered to have been less accurate when the inlet
flow was highly distorted. For cases where the bellmouth inlet was used, the weight
flows determined with it are presented, and these are considered accurate to about

1 percent.
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Fan total pressure ratio. - For the purpose of calculating the fan stage total pres-
sure ratio, a mass-averaged value of the stage inlet total pressure was determined by
using average static pressures in each of the six sectors discussed in connection with
weight flow measurement. These were combined with the total pressures measured
with the flow rakes to determine the weight flows necessary for mass averaging.

The stage outlet total pressure was measured with the rakes at the fan stage exit
(zone 4, fig. 5). To account for the stator wakes, adjustments were made based on the
data obtained in the compressor test facility (ref. 1) with similar fixed rakes and with
traversing-type instrumentation which directly measured the effects of stator wakes. It
was determined that the difference in stage fotal pressure ratio measured with these two
techniques was generally less than 0.005. A correction factor based on a linear rela-
tion between the fixed rake and traversing probe data, and independent of fan speed, was
found adequate to correct the fixed-rake data determined with the engine model instru-~
mentation. The pressure ratio so corrected was a mass-averaged value obtained by as-
suming a linear variation in static pressure between the hub and tip values. Although the
fan stage total pressure ratio data reported herein were determined by mass averaging,
area-averaged values were also calculated. Significant differences between the two
methods of analysis occurred only when the inlet flow was highly distorted.

Fan thrust. - The thrust data reported herein were obtained from the force balance
measurement along the model axis with the drive turbine thrust subtracted. Drive tur-~
bine thrust was calculated from the measured turbine weight flows, and an ideal dis~
charge velocity based on turbine exit total pressure and temperature and the tunnel static
pressure.

FORWARD-THRUST RESULTS
Fan Stage Performance

Results of tests with the wind tunnel off and with the bellmouth inlet used to defer-
mine the effect of fan nozzle area on fan performance are presented in figure 8. These
results are shown with the fan map (total pressure ratio against weight flow) determined
in the compressor test facility (ref. 1). It was determined in the compressor facility
tests that the blade stresses were at a safe level when the fan was operated at weight
flows slightly lower than those corresponding to the stall line shown in figure 8. There-
fore, the stall margins with all three nozzles were considered adequate. The nozzle
with the area ratio A e/A3 of 1.11 was selected for most of the wind tunnel tests be-
cause it approximated the maximum efficiency points for the fan performance (ref. 1).
A single tunnel flow test was conducted with the nozzle having an area ratio A e /A3 of
1.03.
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Inlet Performance

The data presented in this section were measured at a tunnel velocity of about
44 m/sec (143 ft/sec) with a fan nozzle area ratio Ae/A3 of 1.11. Only fan speeds
equivalent to 90 and 120 percent of the design speed are discussed. The inlet design
variables considered are inlet cowl contraction ratio and spinner length.

Pressure recovery. - An effect of inlet cowl contraction ratio A1/AT on inlet
performance is shown in figure 9 where inlet total pressure recovery is presented as a
function of model incidence angle. The inlet configurations considered had contraction
ratios A1 /AT equal to 1.26 and 1. 35 and spinners which projected to the throat of each
cowl. Data for the low-contraction-ratio case shew that large reductions in pressure
recovery occurred at incidence angles greater than 30° for both fan speeds. Data for
the high-contraction-ratio case show that a similar large reduction in pressure recovery
occurred at 90 percent fan speed; but, at 120 percent speed, the pressure recovery re~
mained at a high level through the entire range of incidence angles. Other data will be
presented to indicate that the large, sudden reductions in pressure recovery were re-
lated to separation of the cowl internal flow.

Two other points concerned with the inlet performance should be noted. First, the
case where pressure recovery remained high over the entire range of angles had a
throat (minimum inlet duct cross-sectional area) Mach number of 0.73, which was the
highest value attained in this experiment. Finally, at low angles with attached flow, fig-
ure 9 shows that the inlet with the lower contraction ratio had slightly higher values of
pressure recovery. This inlet was shorter and had a lower throat Mach number than the
high=-contraction-ratio configuration, and, therefore, duct losses were smaller. As an
example, at 120 percent speed, where the throat Mach number for the high-contraction-
ratio inlet was 0.73, the comparable Mach number for the low-contraction-ratio inlet
was 0.66.

The effect of spinner length on inlet performance is indicated in figure 10. Average
inlet pressure recovery is shown as a function of incidence angle for the inlet cowl with
an A1 /AT of 1.35 and for two spinners described in figure 3, which vary in length. A
small advantage is shown for the long spinner, especially at 90 percent fan speed, where
the decrease in pressure recovery because of flow separation occurred at a higher inci-
dence angle than for the short spinner.

Total pressure contours. ~ A series of fan face total pressure contours progressing
to the highest measured distortion and lowest pressure recovery are shown in figure 11.
The case considered is the low~contraction-ratio configuration previously considered at
120 percent fan speed. Progression is from low to high incidence angle, and the average
pressure recovery is given with each contour. The outer line of the contour represents
the fan tip, and the inner line represents the fan hub. The bottom of each contour corre=-
sponds to the windward side or leading edge of the inlet as incidence angle increases.
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Boundary layer separation on the windward side is indicated between 30° and 40° by the
large increase in the area of low local total pressure recovery shown by comparing the
contours in figure 11(c) with those of figure 11(b).

Flow distortion. - Figures 12 and 13 show how two inlet flow distortion parameters
vary with model incidence angle for the cases previously considered in figure 9. Large
increases in distortion occurred at incidence angles greater than 30° for the same cases
that exhibited low pressure recovery in figure 9. The high-contraction-ratio and high-
fan-~speed case again showed relatively good performance.

Static pressure distribution. - Distributions of the ratio of surface static pressure
to wind tunnel total pressure along the windward side of the inlet duct are shown in fig-
ure 14 for the cases considered in figures 9, 12, and 13. Data measured at 90 percent
fan speed are given in figure 14(a) at incidence angles prior to boundary layer separation
and following separation for the two inlets, with the separation cases so labeled. Inlet
lip separation occurred for both inlets at this fan speed, and this is made evident by the
relatively flat pressure distributions downstream of the point of separation, near the
leading edge or highlight. The throats of both inlet cowls are at about an X/Xmax of
0.2 (fig. 3). The observation that separation occurred for the high-contraction-ratio
inlet case at 50° (fig. 14(a)) is not as clear as for the low-contraction-ratio case, but a
comparison of the static pressures at 50° with those at 40° shows an increase on the in-
let lip (X /Xmax < 0. 2) with angle and a recovery to a lower value near the fan face.
These results and the reduced average total pressure recovery confirm that separation
occurred.

The data for 120 percent fan speed are shown in figure 14(b). Separation is again.
indicated for the low-coniraction-ratio inlet. However, as previously observed with the
total pressure recovery data, no separation is indicated by the static pressure distribu-
tion for the high-contraction-ratio inlet at 50° incidence angle. The data for 40° inci-
dence angle show a possible separation ''bubble'' near the highlight, but the good re-
covery indicates that reattachment of the boundary layer resulted. A separation bubble
is also indicated at 30° incidence angle for the low-contraction-ratio inlet in figure 14(b).
In all cases where separation (i.e., poor recovery) did not occur, high surface Mach
numbers were measured. The high-contraction-ratio inlet data of figure 14(b) indicate
that Mach numbers of about 2.1 were achieved near the highlight at 50° incidence angle.

Effect of Inlet Variation on Model Thrust Performance

Figure 15 compares the net axial thrust of the model for two inlet configurations
over a range of incidence angles. The nacelle configurations and fan speeds are the
same as those considered in figures 9 and 11 to 14. Thrust losses at incidence angles
greater than 30° occurred for all but the high-contraction-ratio (Al /AT = 1.35) case at
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120 percent fan speed. At 120 percent fan speed and 50° model incidence angle, the
low-contraction-ratio (A1 /AT = 1.26) configuration produced a thrust about 17 percent
lower than that of the high~contraction-ratio configuration. These results correlate
with the inlet performance previously discussed. The increase in thrust with increasing
angle shown in figure 15 prior to inlet separation occurs because of a decrease in inlet
momentum along the model axis, which is the measurement axis, At angles less than
300, the low=-contraction-ratio inlet configuration produced higher thrust than the high-
contraction-ratio inlet configuration, which also correlates with inlet performance.
The slightly higher total pressure recovery of the low~contraction-ratio inlet, at low
angles, and also its probable lower external drag because of its shorter length contrib-
ute to higher values of net thrust.

Fan performance data for the two inlet configurations are given in figures 16 and 17.
Figure 16 shows fan weight flow variation with incidence angle. Trends of the weight
flow data are consistent with the thrust measurements shown in figure 15. Only the
high-contraction-ratio configuration at 120 percent fan speed indicated no weight flow
reduction at high angles., The variation in fan stage total pressure ratio with incidence
angle is shown in figure 17 for 70, 90, 110, and 120 percent fan speeds. Only the 110~
and 120-percent-fan-speed data for the high-contraction-ratio inlet do not indicate re-
ductions in fan pressure ratio for incidence angles greater than 30°. The combination
of reduced inlet pressure recovery, reduced stage pressure ratio, and reduced weight
flow contributes to the large reductions in thrust at high incidence angles observed in
figure 15,

Effect of Nozzle Variation on Model Performance

Figures 18 and 19 show results of an 8 percent variation in fan nozzle exit area.
These data indicate that the model performed slightly better with the smaller nozzle at
high incidence angles for 120 percent fan speed. The coupled performance of the fan and
nacelle with the smaller nozzle allowed a few degrees higher incidence angle than with
the larger nozzle before inlet separation caused a reduction in inlet pressure recovery
(fig. 18) and net thrust (fig. 19). At low incidence angles, before separation occurred,
the nozzle variation had little effect on the net thrust or inlet pressure recovery at
either 90 or 120 percent fan speed.

Acoustic Performance

Reverberant sound pressure level spectra resulting from one-third octave frequency
band analysis are shown in figure 20 for the two inlet configurations previously dis-
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cussed at 120 percent fan speed and with the wind tunnel off. The blade passing fre-
quency (BPF) and a multiple (2 BPF) are noted on the figure. At these conditions, the
spectra for the two configurations were very similar, with differences of only about

1 decibel near the blade passing frequency, which was dominant.

Results of acoustic measurements at a tunnel velocity of 44 m/sec (143 ft/sec) are
given in figures 21 and 22 for the two inlet configurations. The peak noise levels near
the blade passing frequency for 0° incidence angle were 1 to 4 decibels lower than with-
out tunnel flow (fig. 20). This may be an indication of measurement accuracy or a noise
convection effect. A background noise spectrum (i.e., with the fan windmilling) is
shown in both figures. The background noise was substantially below the spectra ob-
tained with model operation, except at frequencies below about 300 hertz, where the
noise levels were about equal.

For the high-~contraction-ratio inlet configuration (fig. 21), the shape of the spec-
trum at 50° was similar to that at 00, with the biggest difference occurring at high fre-
quencies. At twice the blade passing frequency the sound pressure level increased
5 decibels between 0° and 500, and at 15 000 hertz the increase was about 9 decibels.
Only the increase at the harmonic of the blade passing frequency would be expected to
significantly affect the overall sound pressure level because of the sharp drop in level
with increasing frequency, assuming no attenuation at these frequencies due to the
wind tunnel environment. These increases in noise level, as well as the smaller in-
creases across a broad band of lower frequencies, were most probably caused by a
small increase in inlet flow distortion with increasing incidence angle (figs. 12 and 13).

Data for the low-contraction-ratio case (fig. 22) show small increases in noise level
over the entire spectrum between 0° and 30° incidence angle, with about a 2-decibel in~
crease at the blade passing frequency and its multiple. Between 30° and 400, a large
increase in noise level occurred over a broad band of frequencies. At the blade passing
frequency, the increase was about 5 decibels and was as high as 14 decibels over a
broad band below the blade passing frequency. This broad-band increase would affect
the overall sound pressure level because of its extent and its level being near the peak at
30°. The dramatic change in the noise spectra between 30° and 40° correlates with the
inlet flow separation previously discussed for this configuration. The changes in the
noise spectra between 40° and 50° were modest ahd associated with small increases in
inlet flow distortion. For 50°, the low-contraction-ratio case had a sound pressure
level about 9 decibels higher than that of the high~contraction-ratio case near the blade
passing frequency.

Performance Sensitivity to Test Sequence

As mentioned in the section Test sequence, a sensitivity of model performance to
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test variable sequence was observed. With the model angle fixed at 50° and the fan
speed at 100 percent, data were obtained at a succession of increasing and decreasing
tunnel velocities. Fan thrust data are shown in figure 23, and pressure recovery data
are shown in figure 24. These data are compared, in each figure, to data obtained with
the normal test sequence, where the model angle was increased from 0° to 50° in a step-
wise manner with the tunnel velocity and fan speed fixed. At the highest tunnel velocity,
about 44 m/sec (143 ft/sec), the performance obtained with the normal sequence was
significantly better than the performance obtained with the successive variation of tunnel
velocity. No significant effect of the direction of the tunnel velocity variation was dis-
cerned from the small amount of data obtained.

The pressure recovery data (fig. 24) suggest the differences in performance meas-
ured at a single operating condition were caused by the sensitivity of inlet boundary layer
flow separation to how the operating condition was approached. As stated previously, it
is believed that the normal test sequence most closely represented steady flight condi-
tions.

REVERSE-THRUST RESULTS
Effect of Rotor Blade Angle

Data showing thrust variation with rotor blade angle are given in figure 25 at 90 and
110 percent fan speeds. These data were obtained with the bellmouth nozzle (fig. 4(b))
and the wind tunnel off. Reverse-pitch data are compared with forward-thrust data
(i.e., fan with conventional pitch, at the design blade angle (0% and at an incidence angle
50 lower than the design angle. The reverse-thrust levels attained with blade rotation
through the feathered angle were about 1.8 times those with blade rotation through the
flat angle. No optimum rotor angle for reverse thrust could be determined with the
small range of angles examined. Because of the lack of actual static conditions, it is
difficult to compare the reverse~ and forward-thrust levels. Drag forces, including in-
let momentum, and incorrect fan backpressures caused by the induced tunnel flow might
result in thrust values somewhat different from what would have occurred for actual
static conditions. However, actual measures of these effects cannot be obtained from
the available data. A direct comparison of the largest measured values of reverse
thrust to the forward thrust at the design rotor angle shows that the greatest reverse
thrust attained (with rotation through feather) was equal to about 60 percent of the for-
ward thrust at each of the fan speeds.
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Effect of Tunnel Velocity

Reverse~thrust variation with tunnel velocity, for a blade angle 100° from the de-
sign setting obtained by rotation through the feathered angle is shown in figure 26 for
90 and 110 percent fan speeds. Comparable forward-thrust data are shown in the same
figure. Over the range of tunnel velocities considered, an increase in tunnel velocity
resulted in a reduction of reverse thrust. The reduction was about 30 percent at 90 per-
cent fan speed and 50 percent at 110 percent fan speed. Two possible reasons for the
reduction in reverse thrust with increasing tunnel velocity were a reduction in reverse
flow inlet pressure recovery and a reduction in fan weight flow caused by the interaction
of the tunnel flow and the reversed fan jet. Recall that the reverse-thrust inlet was the
fan aft duct for the forward-thrust case. At the lowest velocity indicated in figure 26,
where the wind tunnel was off and flow was induced by the model, the reverse thrust
forces were about the same as those previously indicated in figure 25. This indicates
that the flared nozzle, used with tunnel flow, performed similarly to the bellmouth noz-
zle (fig. 4(b)).

Comparison of forward- and reverse-thrust data in figure 26 shows that the thrust
lapse curves have similar slopes or gradients. At the highest tunnel velocity, which
approximated a typical STOL aircraft landing speed, the reverse~thrust force was about
40 percent of the forward-thrust force at 90 percent fan speed and about 35 percent of
the forward-thrust force at 110 percent fan speed.

Noise performance for reverse-thrust conditions is given in figure 27 for the same
rotor angle and fan speeds considered in the previous figure. An increase in noise level
over a broad band of frequencies occurred for both fan speeds between the near static
condition and the typical landing velocity. At 90 percent fan speed, the increase was
about 3 decibels at the blade passing frequency and somewhat greater at both higher and
lower frequencies. At 110 percent fan speed, the increase was about 7 decibels at the
blade passing frequency and, again, somewhat greater at other frequencies. The in-
crease in noise level over a broad band of frequencies was attributed to reverse flow in-
let performance and to interaction between the tunnel flow and the reverse fan jet. As-
suming no frequency selective attenuation, the broad-band increase in sound pressure
level could cause a significant increase in overall sound pressure level.

A comparison of the reverse-thrust noise data at 110 percent fan speed presented in
figure 27(b) with forward-thrust noise data given previously for 120 percent fan speed
(fig. 22) indicates that reverse~thrust noise levels may be higher because of high sound
pressure levels over a broad frequency range. At the typical STOL aircraft landing
velocity and 0° model incidence angle, noise levels at the blade passing frequencies were
approximately equal. But at both higher and lower frequencies, the spectrum for re-
verse thrust (fig. 27(b)) was as much as 10 decibels higher than that for forward thrust
(fig. 22). Poor flow through the fan stage blade rows would probably cause higher noise
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for a fan in reverse pitch than for the same fan, operating under comparable conditions,
in conventional pitch,

SUMMARY OF RESULTS

A fan engine model with a 50.8-centimeter (20-in.) diameter, 1.15-pressure-ratio
fan with a variable-pitch rotor was tested in an isolated nacelle configuration at wind
tunnel velocities from 0 to 44 m/sec (143 ft/sec) and at model incidence angles from 0°
to 50°. Two inlet cowls having lip-area contraction ratios of 1.26 and 1. 35 were tested
with two spinners, and two fan nozzles with an 8 percent exit-area difference were also
examined in the wind tunnel tests. Tests of reverse~thrust performance with no wind
tunnel flow were conducted to determine the effect of rotor blade pitch angle, and a wind
tunnel test investigated the effect of forward speed on reverse thrust. Upstream rever-
berant noise levels were measured for both the forward- and reverse-thrust cases. The
following major results were indicated:

1. Higher pressure recovery was measured with an inlet having a lip-area contrac=-
tion ratio of 1. 26 than with an inlet having a coniraction ratio of 1. 35 at incidence angles
below 300, but above 30° the high-contraction-ratio inlet performed better. For the
1.26~-contraction-ratio inlet, internal flow separation on the cowl lip occurred for inci-
dence angles greater than 30° at both 90 and 120 percent fan speeds. For the 1.35-
contraction~ratio inlet, separation occurred at 90 percent fan speed but not at 120 per=~
cent speed. '

2. Inlet flow separation caused decreases in both fan weight flow and stage pressure
ratio. It also resulted in thrust for a 1.26-contraction-ratio inlet that was 17 percent
lower than that for a 1.35-contraction-ratio inlet, for 120 percent fan speed and 50°
model incidence angle.

3. At 50° incidence angle, inlet flow separation also caused the 1.26-contraction~
ratio configuration to have a sound pressure level that was 9 decibels higher than that of
the 1.35-contraction-ratio configuration near the blade passing frequency. Increased
noise level also occurred over a broad band of frequencies below the blade passing fre=
quency.

4, A smalil advantage in inlet performance was measured at high model incidence
angles for an inlet with a spinner that projected to the cowl throat when compared with an
inlet having the same cowl but a shorter spinner.

5. A comparison of model performance between two nozzles having an 8 percent
exit-area difference showed that the model gave slightly better inlet recovery and thrust
performance with the smaller nozzle at high model incidence angles and high fan speed.

6. Model performance was affected by the sequence of test variables. Thrust and
inlet pressure recovery were higher when tunnel velocity was set at 44 m/sec
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(143 ft/sec), fan speed was set at its design value, and the model angle was increased
in a stepwise manner to 500, than when the fan speed and model angle were set at these
values and the tunnel velocity was increased in a stepwise manner to about 44 m/sec
(143 ft/sec).

7. Reverse=thrust forces obtained with blade rotation through the feathered blade
angle were about 1.8 times larger than with blade rotation through the flat angle.

8. Reverse thrust was reduced from 30 to 50 percent between the wind-tunnel -off
condition and a typical STOL aircraft landing velocity.

9. Noise levels associated with reverse thrust at 0° incidence angle increased be-
tween 3 and 7 decibels near the blade passing frequency between the wind-tunnel-off con-
dition and a typical STOL aircraft landing velocity. Increased sound pressure level oc-
curred over a broad band of frequencies. Reverse-~thrust noise levels may be greater
than forward-thrust values at the same fan speed.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, February 26, 1974,
501-24.
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Figure 2. - Fan geometry at design condition.
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Figure 3. - Fan inlet geometry and dimensions. Fan tip diameter, D, 50.8 cm (20 in.); ratio of fan hub
diameter to fan tip diameter, thIDﬁ, 0.4; ratio of maximum diameter to fan tip diameter, Dmax/D ,
1.075. External forebody contour: NACA 1-Series; ratio of cowl highlight diameter to maximum diam-
eter, Dy/Dp,q, 0.935; ratio of cowl external forebody axial length to maximum diameter, XdD o,
0.175. ]Lip contour: 2:1 ellipse {long axis parallel to cowl axis). Spinner contour; NACA {-Senes.
Diffuser maximum surface angle, @, 10°,
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3pata from these instruments are not given in this report.

Figure 5. - Model research instrumentation.
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Rotation

Figure 7. - Mode! installation in 9- by 15-Foot VISTOL Wind Tunnel,




{99514 T}

295/ pp ‘AND0JBA JauuN) JudjRAINDS 1T °T ‘€y/% ‘ease snjnuue 19Np uej 0} ease
snjnuue Jixa 8|Zzou uey jo ojjet ¢ Jauulds puege T = r:? g Jauulds pue 9z 1
“ly Ty ‘onjes uOKHDRJIUOD (MO 181U “SIBIUI OM} 40§ AIaA0DaL 2anssald [B10) - ‘b A4nbld

Bbap ‘v ‘ajbue sauspiou}

05 Oy 0¢ 0¢ 0T 0. ..
[ _ [ _ _ 0%
(A} 9% 1
G9%"
06 %21 06"
06 a1 gle’
086"
G86°
02t 6T 066"
ubysap
10 ueosad Ly Ty
‘paads Jua]  ‘o)jeJ uoloed)y D
-eAINba UR{  -U0D |MOD JBIU| 666~
0
D
I
—000°T

.

044/"8 21y “K1ancoas aunssard jojul

18Uy UInowj|eq 440 luun}puim fwdi g9te ‘paads ubis
-8P JudjeAInba Ue4 °S8jZZOU SNOLiBA UIm souewopad ued - g aunfbi4

2409840 .N<No\NIm\;> ‘eate un Jad moj) 1BIam JualeAInb3
47 oy ag 0¢ 14 ac
_ _ 1 _ ] _
211-085 /6% .N<No\wlm\;> ‘gase yun sad moyy Jublam Jusjeanbl
02z 002 081 091 0pt 0e1 09N R
01
_ _ [ _ ] I
Aujioe) 405S84dW0) — o —
\ jauuny puIm —Ivo1
LN
J 901
— 801
— 011
—21°1
— Wt
—9'1
, by Py ubisap
BaJe SN|NU 15 1yya0)0d a1
~UB NP ingads jus)
UBJ 01BRJE  pynhy uey
11Xa 8zz0U :
uey Jo o13ey

ARty /elg) ‘oner asnssesd [eyo) beys

29



30

fnlet pressure recovery, Pio /Py
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Figure 10. - Effect of spinner length on inlet pressure recovery. Inlet cowl contraction
ratio, Ayl A, L 35; ratio of fan nozzle exit annulus area to fan duct annulus area,
AglAs, 1.11; equivalent tunnel velocity, 44 m/sec (143 ft/sec).
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Figure 11. - Fan-face tota! pressure contours. Inlet cowl contraction ratio, AIIAT, 1.26; spinner S; ratio of fan nozzle exit annulus area to fan duct
annulus area, AglAs, 1.11; equivalent tunnel velocity, 44 misec (143 ftisec); fan equivalent speed, 120 percent of design.
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Figure 12, - Total pressure distortion for two inlets. Inlet cowl contraction ratio, Ayl Ag,
L. 26 and spinner S; Ay/Ar = 1.35and spinner L; ratio of fan nozzle exit annulus
area to fan duct annulus area, Ag/As, 1.11; equivalent tunnel velocity, 44 m/sec
(143 ft/sec).
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Figure 13. - Circumferential total pressure distortion for two inlets. inlet cow! contraction
ratio, Ay/Ay, 1 26 and spinner S; A/Ap =L 35 and spinner L; ratio of fan nozzle exit
annulus area to fan duct annulus area, A,/As, 1.1L; equivalent tunnel velocity,

44 m/sec (143 ft/sec).

33



[ Incidence
angle,
a,
-8 deg \ .
Y - Separation
\ . case
7 -Separation
’ case
.6
(
.5
.4§ —
i1
3 L
21— -
1 | | | I | 1| [ N
{a~1) Inlet cow] contraction ratio, AllAT, (a-2) AllAT = 1,35 spinner L.

1. 26; spinner S.

(a) Fan equivalent speed, 90 percent of design.

Ratio of surface static pressure to wind tunnel total pressure, P/Py

B
T -
6 e Separation
i case
.5Ij
4
3
q
L2 -
1 | I I | | J
0 .2 4 .6 .8 10 0O .2 4 .6 .8 1.0
Distance from highlight, X/Xqpay
{b-1) Ay/A7 = 1. 26; spinner S. (b-2) A¢/Ay = 1.35; spinner L.

{b) Fan equivalent speed, 120 percent of design.

Figure 14. - Inlet duct windward side static pressure for two inlets. Inlet cowl contraction
ratio, Aj/Ar, 1.26 and spinner S; AylAy = 1.35 and spinner L; ratio of fan nozzle exit an-
nulus area to fan duct annulus area, Aj/A3, 1.11; equivalent tunnel velocity, 44 m/sec
(143 fi/sec).
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Figure 15. - Mode! axial thrust for two inlets. inlet cowl contraction ratio,
Ay/Ap, 1.26 and spinner S; Aj/Ap =1 35 and spinner L; ratio of fan
nozzle exit annulus area to fan duct annulus area, Ag/A5, 1.13; equiv-
alent tunnel velocity, 44 m/sec (143 ft/sec).
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Figure 16. - Fan weight flow for two inlets. Inlet cowl contraction ratio, A;/Ay, 1.26
and spinner S;! Aj/Ay = 1.35 and spinner L; ratio of fan nozzle exit annulus area
to fan duct annulus area, Ae/A3, 1.11; equivalent tunnel velocity, 44 m/sec
(143 ft/sec).
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Figure 17. - Fan stage total pressure ratio for two infets. Inlet cowl contraction ratio,
Ay/Ag, 1.26 and spinner S; Ay/Ay = 1.35and spinner L; ratio of fan nozzle exit
annulus area to fan duct annulus area, Ae/A3, 1. 11; equivalent tunnel velocity,
44 m/sec (143 ft/sec).



Inlet pressure recovery, Pys 4,/Pyg

1. 000—
===
B
.99 Ratio of fan nozzle
exit annulus area
to fan duct an-
nulus area,
.990}— AelA3
103
//
11—
. 985
. 980—
L9715— % i
Fan equiva-
\ lent speed,
\\ percent of
\ design
o0 b
90
.
965 —
} .
L]
. 960 ’ l I l I
0 10 20 30 40 50

Incidence angle, a, deg

Figure 18, - Inlet total pressure recovery for two nozzies. inlet cowl contraction
ratio, AI/AT, 1. 26; spinner S; equivalent tunnel velocity, 44 m/sec
(143 ft/sec).
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Figure 19. - Model axial thrust for two nozzies. 1Inlet cowl contraction ratio,
AllAT, 1. 26; spinner S; equivalent tunnel velocity, 44 m/sec (143 ft/sec).
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Figure 20. - Noise spectra for two inlets with wind tunnel off. Inlet cow!
contraction ratio, Ay/Ay, 1.26 and spinner S; Aj/A¢ = 1.35 and spin-
ner L; ratio of fan nozzle exit annulus area to fan duct annulus area,
AglAz, 1.11; fan equivalent speed, 120 percent of design.
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Figure 21. - Noise spectra with inlet cowl contraction ratio Aj/Ap of 1.35
and spinner L. Ratio of fan nozzle exit annulus area to fan duct annu-
lus area, Ag/A3, 1 11; equivalent tunnel velocity, 44 m/sec (143 ft/seck;
fan equivalent speed, 120 percent of design.
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Figure 22. - Noise spectra with inlet cowl contraction ratic Ay/Ay of 1.2
and spinner S. Ratio of fan nozzle exit annulus area to fan duct annu-
lus area, Aj/A3, 1.11; equivalent tunnel velocity, 44 m/sec (143 ft/sec);
fan equivalent speed, 120 percent of design.
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Figure 23. - Effect of variation of test sequence on fan thrust. incidence angle, a,
50°; fan equivalent speed, 100 percent of design; inlet cow! contraction ratio,
AllAT, 1.35; spinner L; ratio of fan nozzle exit annulus area to fan duct annulus
area, Ae/A3, L1L
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Figure 24. - Effect of variation of test sequence on inlet pressure re-
covery. Incidence angle, q, 50, fan equivalent speed, 100 percent
of design; inlet cowl contraction ratio, A;/Ay, 1.35; spinner L;
ratio of fan nozzle exit annulus area to fan duct annulus area,
AglAq, L 1L
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{a) Fan equivalent speed, 90 percent of design.
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(b} Fan equivalent speed, 110 percent of design.

Figure 26. - Effect of tunnel velocity on model thrust. Inlet cow! contraction ratio, AllAT, 1. 26; spinner S; inci-
dence angle, @, 10°.
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Figure 27. - Noise spectra for reverse thrust. Flare nozzle; inlet cowl con-
traction ratio, Ay/Ar, 1 26; spinner S; rotor angle, Ay, 1009 incidence
angle, a, 0°.
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