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Abstract

Aerodynamic and acoustic measurements at a
typical STOL aircraft takeoff and landing velocity
demonstrated that a 1.35 inlet lip area contraction
ratio was superior to a 1.26 ratio at high nacelle
incidence angles. Reverse thrust, obtained with a .
variable pitch rotor, was lower at the landing ve-
locity, and the noise level higher, than at the
static"condition. High speed tests showed that,
for the design cruise Mach number of 0.75, internal
losses and external drag were 27 percent of the
ideal fan net thrust, and propulsive efficiency was1

estimated to be 59 percent for an 85 percent effi-
cient fan stage. For comparison, a similar 1.55
pressure ratio fan system would have a propulsive
efficiency of 62 percent.

Introduction

Interest in the application of very high by-
pass ratio engines for STOL aircraft has led the
NASA Lewis Research Center to investigate some pos-
sible problems of nacelle design and performance
related to such engines. At cruise speed, a low
pressure ratio fan has a potentially high propul-
sive efficiency, but, for a given thrust level, the
nacelle for such a fan is large, and, thus, high
drag forces can be expected. Thus a compact na-
celle seems desirable. Also, because the velocity
difference between the free stream and the fan dis-
charge is small at cruise, fan duct losses have a
significant effect on the net thrust. Therefore,
it is important to establish the net propulsive
force available from a low pressure ratio fan with
a compact nacelle at cruise Mach numbers.

At takeoff and landing conditions, important
areas for experimental research are the inlet per-
formance and the interaction between the fan and
nacelle at STOL aircraft speeds and high incidence
angles caused by wing induced circulation. For low
pressure ratio fans, there is a need to establish
the levels of reverse thrust achievable with a var-
iable pitch rotor. The variation of acoustic per-
formance with flight speed and incidence angle
should be investigated for both forward and reverse
thrust. •

As part of a continuing test program to study
fan engines with pressure ratios from 1.15 to 1.35,
engine models with 20 inch diameter 1.15 pressure
ratio fans having variable pitch rotors were tested
at subsonic cruise speeds in the Lewis Research
Center 8- by 6-Foot Supersonic Wind Tunnel and at
low speeds in the 9- by 15-Foot V/STOL Wind Tunnel.
The models were tested as isolated nacelles at
cruise Mach numbers from 0.60 to 0.85, and at take-
off and landing speeds from 0 to 143 feet per sec-
ond. Low speed incidence angles varied from 0 to

50 degrees. Two inlet cowls having the same exter-
nal contours with lip area contraction ratios of
1.26 and 1.35 were tested in both wind tunnels with
two spinners. Two nozzles were tested at cruise
conditions; one to obtain design point cruise per-
•formance; and the other to extend the range of in-
let weight flow. For the low speed test, a fan
nozzle exit area variation of 14 percent was ob-
tained with three nozzles.

Static tests of reverse thrust performance
were conducted to determine the effect of rotor
•blade angle. The effect of forward speed on re-
verse thrust performance was investigated in low
speed wind tunnel tests. Reverberant noise levels
.were measured in the low speed tests for both the
•forward and reverse thrust cases.

Data to be presented here include system per-
formance characteristics with variation of model
incidence angle at a STOL aircraft takeoff and
landing velocity. Low speed inlet performance will
be discussed for a.wide range of weight flow condi-
tions, and the effects of rotor blade angle and
forward speed on reverse thrust performance will
also be indicated.

Cruise test data are presented at zero angle
of attack for unit Reynold's numbers from 3-74xK)6
to 4.35x10̂  per foot. Overall force characteris-
tics, component drags, and propulsive efficiency
are presented.

Research Model and Test Facilities

A more detailed explanation of the apparatus
and test procedures that can be provided here is
given in reference 1 for the low speed tests and in
reference 2 for the cruise tests. Some pertinent
details of the apparatus and procedures will be de-
scribed. Symbols are defined at the end of the
paper or on the figure in question.

Fan Engine Model

A schematic drawing of the model, indicating
some significant dimensions of the cruise configu-
ration, is shown in Figure 1. The model consisted
of a fan stage and nacelle, drive turbine and noz-
zle, and mounting pylon. The fan was driven by a
4-1/2-stage 5.9 inch "diameter turbine(3) which used
air as the driving fluid. Design weight flow for
the turbine was 12 pounds per second for inlet con-
ditions of 350 psia and 660° R.

Fan stage. - The 20 inch tip diameter fan
stage consisted of 12 rotor blades and 32 stator
blades . Hub and tip diameters were constant from
rotor inlet to stator exit, and had a ratio of 0.4.
The fan was designed for a 800 feet per second
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(9160 rpm) tip speed, 1.15 total pressure ratio. !
and 66 pound per second weight flow at takeoff.(4,5)
A manual adjustable pitch mechanism allowed setting
of the rotor to any desired angle for forward or
reverse thrust. Two rotors were built as shown in '•
Figure 2, with the primary difference being the tip.
solidity. Both rotors A and B were used in the low
speed wind tunnel tests. Only rotor A was used in
the cruise tests. For the low speed forward thrust
tests, rotor A test data will be reported for the
design blade setting angle (Fig. 2); and, for the
cruise tests, data will be reported for a blade an-i
gle 3 degrees higher than the design value. Rotor
B test data will be reported only for a blade angle •.
3 degrees higher than the design value. •

Inlets. - Axisymmetric fan inlets, shown in
Figure 3* were designed using design procedures
suggested by references 6 through 9• The external ;
forebodies were designed for a drag divergence Mach
number of 0.80 with an equivalent fan weight flow .
of 75.9 pounds per second at the cruise Mach number-
of 0.75. A single NACA 1-Series external contour(6)
was used for both cowls. The proportions of the
forebodies were chosen from design data given in i
reference 7. The lip contours between the cowl
highlight and throat were elliptical, with the ma-
jor axis parallel to the cowl axis and twice the
length of the minor axis.(7)

The maximum cowl-to-fan diameter ratio, I&AX/
DFT, °f 1.075 was selected to keep the nacelle pro-
jected and surface areas low. Having specified the
cowl highlight diameter according to the previous
arguments, the maximum lip area contraction ratio,
AI/AT, was chosen so that the inlet throat Mach
number would be 0.75 at the cruise design weight
flow. (8) This constraint resulted in the cowl de-
sign with the 1.35 value of AI/AT (Fig. 3). An-
other cowl lip contraction ratio, 1.26, was chosen
as typical of current design practice.(8)

The maximum cowl diffuser surface angle (̂  in
Fig. 3) w&s set at 10 degrees as suggested by ref-
erence 9. This resulted in the values of diffuser
effective cone angle given in Figure 3 which are
considered conservative.(7,8) Cowl surface con-
tours from the cowl throat to the fan face were
third order polynomials with the coefficients de-
termined from the values of the cowl radii and
slopes at the throat and fan face. The two spin-
ners had NACA 1-Series contours(6), and projected
to the throats of each cowl, resulting in the mini-
mum duct area, AMIN, being slightly downstream of
the cowl throats for three of the combinations of
cowls and spinners, as indicated by comparison of
AI/AT and AI/AMIN in Figure 3. This resulted in
a higher average inlet throat Mach number (throat
area is AMIU) than was previously discussed as ap-
propriate for the inlet with Â /Â  of 1.35 and
the long spinner.

Although not shown, cylindrical spacer rings,
1.4 inches wide, were inserted into the inner and
outer walls of the inlet duct between the end of
the diffuser (Fig. 3) and the fan face for all for-
ward thrust tests in both wind tunnels. The pur-
pose of the cowl ring was to support rake instru-
mentation at the fan face.

For some tests of the model with no wind tun-
nel flow, a standard bellmouth, with a throat diam-
eter equal to the fan tip diameter, was used for
:the fan inlet.(10)

Hozzles. - Different nozzles were used for the
low speed and cruise wind tunnel tests. These will
be described with the appropriate discussion of re-
,suits.

' Instrumentation. - Fan model instrumentation
pertinent to the low speed wind tunnel test data
were located in the fan inlet, at the fan face, and
.at the fan stage exit. The inlet cowl instrumenta-
tion used here consisted of 11 static pressure taps
between the cowl highlight and the fan face on the
windward side of the inlet duct, with the density of
pressure taps highest near the highlight. At the
fan face, 6 flow rakes, each having 6 pitot tubes
•at centroids of equal areas, were evenly spaced
iaround the circumference. Six other rakes, refer-
red to as boundary layer rakes, were evenly spaced
between the flow rakes on the tip side of the fan
'duct. Each of these rakes also had 6 pitot tubes
at a distance of 0.03 to 1.11 inch from the surface.
Twelve static taps were evenly spaced between the
i12 rakes on the tip side of the duct at the fan
face. The total pressure measurements were area
averaged for evaluation of average fan inlet pres-
'sure recovery.

At the fan stage exit, six rakes similar to
the flow rakes at the fan face were used. These
evenly spaced rakes each consisted of 6 pitot tubes
at centroids of equal areas, and a single thermo-
couple probe at the centroid of the annular area.
Twelve static pressure taps, evenly divided between
the hub and tip side of the fan duct, were located
between the rake positions. Axial position of the
•pressure taps and pitot tubes was 0.70 inch down-
stream of the stator trailing edge. To avoid direct
impingement of stator wakes, the static taps and
rakes were located between circumferential positions
of the stator blades. Rake measurements were mass
averaged for evaluation of stage total pressure
ratio. Pitot tubes, at both the fan face and stage
exit, were not useful for the reverse thrust tests
because they were directed in the conventional up-
stream direction.

In the cruise tests, the fan inlet total pres-
sure was obtained from an area weighted average of
total pressures measured with three six element
outer wall boundary layer rakes, and wind tunnel
free stream total pressure which was assumed to ex-
ist over the rest of the annulus. Fan outlet pres-
sure was obtained from a mass weighted average of
the pressures measured with three six element total
pressure rakes. The fan inlet cowl suction force
was obtained from a projected area weighted average
of pressures measured with taps in nine element rows
on the bottom, side, and top of the inlet. Pressure
drag forces for other components were obtained from
area weighted averages of surface static pressures
obtained from rows of six taps on the bottom, side,
and top of the fan and core turbine boattails; one
row of sixteen taps on the external pylon; and one
row of nine taps on the scrubbed (internal) pylon.
The methods and equations used to obtain cruise fan
weight flow, inlet pressure drag, friction drag,
net propulsive force, and propulsive efficiency are
contained in reference 2.

Turbine inlet pressure, and temperature were
obtained from an arithmetic average of two measured
pressures and temperatures. Turbine outlet pres-
sure and temperature were obtained from area weight-
ed averages of six pressures and temperatures in
the duct. Turbine weight flow was measured with a



standard sharp edged orifice.(10' These data were •
used to calculate turbine power and thrust. ;

'Test Facilities :

The low speed test program was conducted in
the NASA. Lewis Research Center 9- by 15-Foot V/STOL,
•Wind Tunnel. (H) A photograph of the model in- !
stalled in this wind tunnel is shown in Figure 4.
The engine pylon was oriented in a horizontal plane
and pitch motion of an aircraft installation was
simulated, by rotation in this plane. An axisymmet-
ric transition piece (Fig. 4) connected the pylon
to a vertical pipe through which drive air was sup-
plied to the turbine and also supported the model.
A non-metrical aerodynamic fairing, connected only •
to the tunnel floor, was installed around the air
supply pipe to effectively eliminate aerodynamic
forces on that part of the model support. The pipe
was attached to an external three component force
balance below the tunnel floor. Static calibration
of the balance indicated a measurement accuracy of
about three percent.

Acoustic data were measured with four micro-
phones located in the wind tunnel settling chamber,,
about 80 feet upstream of the model. Sound pres-
sure levels from the four microphones were selec-
tively averaged to minimize any irregularities in
the measurement. The hard walls of the wind tunnel
approximated a reverberant chamber, eliminating the
measurements of directional noise variation. Be-
cause of frequency selective attenuation in the re-
verberant situation, the spectra measured do not
correspond to those that would be obtained by far-
field measurement. However, the relative changes
in level of forward radiated noise at a given fre-
quency are properly associated with changes in mod-
el configuration or test condition.

The cruise tests were conducted in the Lewis
Research Center 8- by 6-Foot Supersonic Wind Tun-
nel. For these tests, the tunnel was run over a
range of Mach numbers from 0.60 through 0.85 and
unit Reynolds number from 3.74x10° to 4.35xlo6 per
foot. Figure 5 is a photograph of the nacelle in-
stalled in this wind tunnel. The nacelle, dorsal,
and pylon were supported from flexure plates within
a windshield. A load cell within the windshield
was used to measure the thrust-minus-drag forces on
the nacelle, dorsal, and pylon. The model present-
ed a tunnel blockage of about three percent, which
is considered to be acceptable for the Mach number
range tested.

Low Speed Wind Tunnel Test Results

Fan Stage Performance

Fan stage performance data with the wind tun-
nel off were determined for several nozzle exit
areas for rotors A and B with the bellmouth inlet.
The word nozzle, as used here, refers to the fan aft
duct of the forward thrust configuration. To ob-
tain the desired range of operation, the fan per-
formance required this duct to be a diffuser for
the forward thrust case. Data are reported here
for three such nozzles having ratios of exit area,
Ag, to fan stage exit area, Aj, of 1.03, 1.11, and
1.17. Gradual straight tapered surfaces were used
for the tip side of the annular ducts between the
stator exit and the nozzle exit, with the largest
effective cone angle being 7 degrees.(1)

' With the wind tunnel drive motors off, the en-
, gine model induced tunnel velocities as high as 41
I feet per second, but the effects of this on the
; stage performance were small. Therefore, the re-
jsuits with the wind tunnel off are considered rep-
j resentative of static conditions.

Figure 6 presents fan stage performance as
measured in the wind tunnel, and as measured in a
compressor test facility.(4,5) Total pressure ra-
tio variation with weight flow was measured at 70,
90, 100, 110, and 120 percent of the fan design ro-
tational speed. Test parameters are given here,

i unless otherwise stated, at equivalent standard sea
level pressure and temperature conditions. Rotor
B, with the higher tip solidity, performed closer
to the design requirements than rotor A. Rotor A
required a speed higher than 110 percent of the de-
sign value to attain the design pressure ratio.
Fan stall lines were established in the compressor
test facility. As shown in the figure, the stall
margins with all three nozzles of the nacelle model
were considered adequate.

Figure 7 shows the effects of rotational speed
and nozzle area variation on fan gross thrust for
rotors A and B. This thrust force was calculated
using the bellmouth weight flow measurement, the
average fan stage exit total temperature and pres-
sure, and the wind tunnel static pressure. No cor-
rections were made for duct losses downstream of
the stage exit instrumentation which were believed
to be small. The fan with rotor B produced thrust
forces about 15 to 20 percent higher than those
produced by rotor A because of its higher weight
flow and pressure ratio at a specified rotational
speed, as shown in Figure 6. The nozzle variation
resulted in thrust variations of 10 percent or less
at all fan speeds, with the strongest effect being
at 120 percent speed. At this speed, the nozzle
with the smallest exit area produced the highest
thrust for both rotors.

System Performance Characteristics at Design Rota-
tional Speed

All of the data reported here were obtained
with a test variable sequence where tunnel velocity
was first set with the model fan windmilllng and
the model at zero incidence angle. Then the fan
rotational speed was increased to the desired level,
and, finally, data were obtained at successively
increasing model incidence angles. It is believed
that this sequence best approximated flight condi-
tions .

Thrust performance. - Overall model engine
performance is presented from data obtained with
rotor B at design rotational speed and a 143 feet
per second tunnel velocity. This velocity closely
corresponds to the takeoff and landing velocity
proposed for commercial STOL aircraft which would
use 2000 foot runways. Model incidence angle (Fig.
3), defined as the angle between the model axis and
the tunnel axis, was varied from 0 to 50 degrees .
The upper value was chosen because it has been
shown that the effective incidence angle of na-
celles mounted on current jet transport aircraft
can be as much as 40 degrees, and it is expected
that the closely coupled wing and engines of an ex-
ternally blovn flap STOL aircraft with high wing
induced circulation could cause similar or even
higher flow incidence angles.(12)



Because the most significant variations in '
performance occurred with variation of cowl lip !

contraction ratio, Ai/Arp, data are presented for
the two cowls having contraction ratios of 1.26 and
1.35, both combined with the long spinner (Fig. 3)
and the nozzle having the area ratio, Ag/Aj, of :
1.17. At the fan design speed, these two configu- '.
rations had about the same average inlet throat
Mach numbers; 0.76 for the high contraction ratio
inlet, and 0.77 for the low contraction ratio. At
this high level of inlet throat Mach number, some
noise suppression can be achieved by the approxima-
tion of choked flow as demonstrated in references
13 and 14. Significant amounts of noise suppres-
sion without large total pressure losses may be es- .
sential for the application of low pressure ratio
fan engines in commercial aircraft.

Figure 8 presents the variation with model in-
cidence angle, a, of fan gross thrust and net thrust
measured along the model axis. The gross thrust,
determined from rake measurements, decreased at in-
cidence angles greater than 35 degrees for the low
contraction ratio inlet, while no effect of in-
creasing angle was noted for the high contraction
ratio case. At an angle of 50 degrees, the gross
thrust was 20 percent lower than at 35 degrees for
the low contraction ratio inlet.

Net thrust was measured directly by the force
.balance which was aligned with the model axis. The
small amount of thrust produced by the turbine was
calculated from the appropriate data and subtracted
from the force balance measurement. The general
increase in net thrust with increasing angle was
caused by the inlet momentum or ram drag component
along the model axis which decreased as the angle
increased. Figure 8 shows that, like the gross
thrust, the net thrust decreased at angles greater
than 35 degrees for the low contraction ratio inlet,
while no effect of increasing angle was noted for
the high contraction ratio case. At 50 degrees,
the difference in net thrust between the two con-
figurations was about 25 percent.

The effects of increasing incidence angle, a,
on the fan stage total pressure ratio and weight
flow are shown in Figure 9. Weight flow with the
flight type inlets (Fig. 3) was determined from
calibration of measured static-to-total pressure
ratio at the fan face with a theoretical potential
flow.(l>15) Both pressure ratio and weight flow
were nearly constant at low angles for the low con-
traction ratio case, and at all angles for the high
contraction ratio case. Reductions in both pres-
sure ratio and equivalent weight flow occurred at
high angles for the low contraction ratio inlet,
which resulted in the reductions in thrust noted in
Figure 8. The decrease in fan weight flow and
pressure ratio noted for the low contraction ratio
case suggests a condition of inlet flow distortion
and cowl lip boundary layer separation.

Inlet performance. - This section presents- in-
let performance data for the two inlet configura-
tions measured at the fan design speed. Figure 10
shows total pressure contours measured at the fan
face for the low contraction ratio configuration at
30 degrees and 50 degrees incidence angles. Also
noted on the figure are values of area averaged in-
let total pressure recovery, and values of two dis-
tortion parameters. The first distortion parameter
is defined as the difference between the maximum
and minimum values of total pressure at the fan

face divided by the area averaged total pressure.
The second distortion parameter is defined as the
difference between the area averaged fan face total
.pressure and the minimum average total pressure for
any 60 degree sector of the fan face divided by the
area averaged total pressure for the fan face.

As can be seen from the contour maps and the
values of recovery and distortion, a large region
'of pressure distortion existed on the windward side
of the inlet (bottom of the figure) at an incidence
angle of 50 degrees (Fig. 10(b)) which was not
present at 30 degrees (Fig. 10(a)), suggesting flow
separation.

The axial static pressure distributions meas-
ured along the windward side of the inlet cowls,
shown in Figure 11, tend to verify the boundary
layer flow separation. As seen in Figure ll(a) for
the low contraction ratio inlet, the minimum static
pressure on the cowl surface decreased between 0
and 30 degreees incidence angle, but at 50 degrees
the minimum pressure was high relative to that at
30 degrees, and a region of nearly constant static
pressure existed over a long length of cowl surface.
This constant static pressure is indicative of flow
separation. Also at 50 degrees, the static pres-
sure did not recover to the same level near the fan
face as at 0 and 30 degrees. At zero degrees inci-
dence angle, the minimum static pressure occurred

• close to the cowl throat, which is near X/X̂ AX °^
0.2 for both inlets. The minimum pressure at thirty
degrees incidence angle occurred near the highlight
or cowl leading edge. This minimum pressure was
followed by a rapid compression and a small expan-
sion which may have been caused by a small region
of separation followed by reattachment of the bound-
ary layer, i.e., a separation bubble, or a shock
and boundary layer interaction. The separation bub-
ble is considered a possibility because of the small
region of nearly constant static pressure over a
short length of surface between the highlight and
cowl throat.

The comparable static pressure distributions
shown in Figure ll(b) for the high contraction ra-
tio case indicated no complete flow separation at
any incidence angle. Again, as for the previous
case, the minimum surface pressure decreased between
0 and 30 degrees, but continued to decrease beyond
30 degrees to the very low value shown for 50 de-
grees which corresponds to a peak Mach number of
about 2.1. At 0 degrees, the minimum pressure oc-
curred near the cowl throat, and, at 30 and 50 de-
grees, the minimum pressure occurred near the high-
light. Near the highlight, at 0 and 30 degrees,
the pressure distributions for the high contraction
ratio cowl indicate regions of compression followed
by expansion. A possible cause for this pressure
distribution could be the geometry of the cowl
leading edge where a sudden change in surface cur-
vature occurred at the intersection of the external
forebody (with a small radius of curvature) and the
lip (with a relatively large radius of curvature).
This effect of curvature has been theoretically
demonstrated in reference 16.

Acoustic performance. - The effects of inlet
geometry and incidence angle variation on the sys-
tem noise level as measured in the upstream chamber
of the tunnel are indicated in Figure 12. Sound
pressure level spectra resulting from one-third oc-
tave band analysis are shown for the two inlet con-
figurations and test parameters previously consid-



ered. The blade passing frequency (BFF) and a mul-'
tiple (2 BEF).are noted on the figure. Also shown
is the background noise spectrum which resulted .
from the wind tunnel-operation alone. As indicated
in Figure 12(a)',> the; background noise was from 3 to
30 decibels below the spectra obtained with model .
operation, except at frequencies below about 400
hertz where the noise levels were about equal. ,

Noise data for the high contraction ratio in-
let case indicated relatively small increases in
noise level across the entire frequency range be-
tween 0 and 50 degrees incidence angle. At the
blade passing frequency, which was dominant, the
increase was about 4 decibels. The spectra for the
three angles shown were similar in shape with sharp •
peaks near the blade passing frequency and at two
times this frequency. The observed increases in
upstream radiated noise level with increasing inci-
dence angle correlated with small increases in in-
let flow distortion.

Noise data for the low contraction ratio inlet
case (Fig. 12(b)) also indicated modest increases
between 0 and 30 degrees, with about a 2 decibel
increase at the blade passing frequency. However,
between 30 and 50 degrees, a large increase in noise
level occurred over a broad frequency range. At
the blade passing frequency, the increase was about
8 decibels, and over a significant range of lower
frequencies the increase was about 15 decibels.
The broadband nature of the noise increase nearly
eliminated the peaks at the blade passing frequency
and its multiple. The result correlates with the
inlet flow separation and large flow distortion
demonstrated previously for the low contraction in-
let configuration. For 50 degrees incidence angle,
the low contraction ratio configuration had a noise
level about 5 decibels higher than the high con-
traction ratio case at the blade passing frequency.

The increases of upstream measured reverberant
noise levels demonstrated in this experiment for
increasing model incidence angle agree with those
demonstrated in reference 14 for an unchoked inlet.
Increases in noise level that occurred without
large flow distortion, as for the high contraction
ratio inlet (Fig. 12(a)), could be important for a
commercial 3TOL aircraft which will be required to
operate under stringent noise regulations.

Variation of Inlet Performance with Weight Flow

The previous discussion dealt with a single
fan operating condition and clearly defined the im-
portance of inlet design on system performance. In
this section, inlet performance data are presented
as a function of weight flow at a tunnel velocity
of 143 feet per second to demonstrate performance
over a wider range of operating conditions, and to
examine the effects of fan rotor and nozzle varia-
tion on the performance.

High contraction inlet with long spinner. -
Figure 13(a) shows the variation of inlet total
pressure recovery with fan equivalent weight flow
for the configuration with cowl contraction ratio,
A1/AT> of T--35 anci the long spinner. Data were ob-
tained with both fan rotors over a wide range of
weight flow and model incidence angle. Noted with
the data are the corresponding fan rotational
speeds for each case, and the inlet average throat
Mach number at zero incidence angle for a few cases.

Figure 13(b) shows the variation of a circum-
ferential flow distortion parameter previously de-
fined with weight flow for the same case as Figure
13(a). No effect of the variation of fan rotor de-
sign can be discerned from either figure. At zero
incidence angle, a general reduction in pressure
recovery (Fig. 13(a)) resulted from increasing
weight flow. This reduction was associated with
increased viscous losses and boundary layer thick-
ness which occurred uniformly around the fan cir-
cumference causing a radial flow distortion, but no
significant circumferential distortion as can be
seen in Figure 13(b) . The increased boundary layer
thickness for the higher weight flows resulted from
an increased adverse pressure gradient between the
cowl lip and the fan face, and the increase of the
Mach number level in the inlet duct.

At 30 degrees incidence angle, a significant
increase in circumferential flow distortion occurred
for weight flows greater than 40 lb/sec-ft2, where
noise suppression due to high throat Mach number
can occur. The pressure recovery values were some-
what lower than at zero incidence angle.

For 0 and 30 degrees, the inlet performance
decreased in a continuous manner with increasing
weight flow. At 40 and 50 degrees incidence angles,
narrow ranges of weight flow existed where inlet
performance was good, but on either side of these
ranges, high distortion and low recovery occurred.
The range of weight flow for which good performance
occurred was wider at 40 degrees than at 50 degrees.
The primary region of flow distortion in all cases
was on the windward side of the inlet.

The relatively good performance demonstrated
by the inlet over a narrow range of weight flow at
the highest incidence angles is significant. At
low weight flow, poor performance was obviously
caused by separation of flow from the cowl lip.
This may be important for low engine throttle set-
ting operation, which is considered during an air-
craft landing maneuver. At higher weight flows,
where the performance improved, the character of
the boundary layer must have changed to allow the
flow to traverse the adverse pressure gradient with-
out separating. At even higher weight flows, where
the performance decreased again, a possible cause
could have been strong shock and boundary layer in-
teraction. Further tests should be conducted to
understand the flow structure which occurred, and
to determine the effect of model size on the inlet
performance.

For the 36 lb/sec-ft2 design weight flow of
the 1.15 pressure ratio fan, the inlet of Figure 13
produced small total pressure losses and low distor-
tion for model incidence angles between 0 and 40
degrees. At 50 degrees the performance was unde-
fined, but, at 37 lb/sec-ft2 (slightly higher than
the design value), the performance was satisfactory.
At both higher and lower weight flows, the perform-
ance at 50 degrees decreased.

High contraction inlet with short spinner. -
Figure 14 shows the same parameters for the same
cowl and fan rotor configurations as Figure 13, but
with the short spinner. The same general observa-
tions made for the previous inlet configuration can
also be made for this case. A possible effect of
rotor variation did occur at 50 degrees incidence
angle between 40 and. 41 Ib/sec ft2 weight flow.



However, it is not certain what caused the lower |
pressure recovery and higher distortion for the
rotor A configuration, and it could be surmised
that experimental error or a boundary layer insta-
bility was the reason. Data for 0 and 30 degrees
incidence angles were very similar to those indi-
cated for the inlet with the long spinner. At 40
and 50 degrees incidence angle, however, good per- .
formance was obtained over a narrower range of
weight flow for the short spinner case than for the
long spinner case. At high angles, the long spin- :
ner may have provided some directivity to the flow
which helped to keep the cowl surface boundary lay-
er from separating at weight flows where separation
did occur with the short spinner.

It should be noted that, in the region of
weight flow required to obtain the high throat Mach
numbers' (greater than about 0.80) where large a-
mounts of noise suppression can occur(l3>14), the
performance of both inlet configurations was sensi-
tive to throat Mach number and incidence angle. As
previously shown in Figure 12 for design rotational
speed, even without complete flow separation, in-
creased noise levels resulted from the small flow
distortions associated with this operating condi-
tion at high incidence angles.

At the design weight flow of 36 Ib/sec ft2 for
the 1.15 pressure ratio fan, the inlet with the
short spinner clearly performed well at 0 and 30
degrees model incidence angles. Because of the gap
between data points near the design weight flow, it
is not clear that this inlet performed satisfacto-
rily at 40 degrees, but, because the low contrac-
tion ratio inlet (to be discussed next) did perform
well, it is believed proper to assume that the high
contraction ratio inlet produced similar perform-
ance. At 50 degrees, the performance was not de-
fined at the design weight flow, but, as for the
long spinner case, it is clear that, at weight flows
near the design value, flow separation would occur.

Lov contraction inlet. - Figure 15 gives the
performance characteristics of the 1.26 contraction
ratio inlet with the short spinner. Fan rotor A
was used with two nozzle area ratios, Ag/Ag, of
1.03 and 1.11. No effect of the nozzle area varia-
tion (fan operating point) on inlet performance was
discerned from these data. For incidence angles up
to 30 degrees, total pressure losses and flow dis-
tortion were small over the entire range of weight
flow. At 40 and 50 degrees, the data points were
connected according to the progression of fan speed
which occurred at zero incidence angle for the cor-
responding progression of weight flow. This ac-
counts for the somewhat erratic appearance of the
lines connecting data points for these angles where
the weight flow measurement was not as accurate as
at lower angles because of flow distortion. At 40
degrees incidence angle, a range of weight flow be-
tween 36 and 40 lb/sec-ft2 existed where the per-
formance remained satisfactory. However, for high-
er and lower weight flows, separation occurred, re-
sulting in large pressure loss and distortion. The
possible causes of this occurrence are the same as
those previously discussed for the other inlets.
At 50 degrees, the flow was completely separated
from the inlet lip over the entire range of weight
flow.

At the 36 lb/sec-ft2 design weight flow for
the 1.15 pressure ratio fan, the low contraction
ratio inlet had a slightly higher pressure recovery

than either of the high contraction ratio inlets at
incidence angles up to 30 degrees. At 30 degrees,
.the difference was about 0.001. This probably re-
sulted from the shorter duct length and lower throat
Mach number of the low contraction ratio inlet. At
40 degrees, the performance was satisfactory for
the design weight flow, but, at 50 degrees, as
,stated previously, the performance was poor at all
'weight flows.

To insure satisfactory performance over a wide
range of weight flow at high incidence angles, the
results of Figures 13, 14, and 15 indicate that a
lip contraction ratio, Aĵ /Aip, of 1.35 or greater
would be necessary on the windward side of the in-
let if all other geometric characteristics of the
inlet were similar to those used here. Increased
losses will occur with increasing throat Mach num-
ber, with increasing sensitivity to throat Mach
number as the choked flow condition is approached.

Reverse Thrust Performance

Reverse thrust data were obtained only with
fan rotor A. The first objective of this part of
the test program was to determine the rotor blade
angle which provided the best reverse thrust per-
formance . Relative to the forward thrust blade
setting angle, two types of blade angle change were
tested. The first type involved rotation of the
blades through the "stopped rotor feather" position
(Fig. 2). In this -approach, the normal trailing
edge of the blades became the leading edge for re-
verse thrust application and the blade camber was
proper. The second type required rotation through
the flat position of the blades. This resulted in
the normal leading edge as the leading edge for re-
verse thrust application, but with reverse camber.

Thrust data. - Figure 16 shows thrust data for
three blade angles with the wind tunnel off and a
bellmouth nozzle. The reverse thrust blade angles
presented provided the maximum reverse thrust at
high fan speed. More details of the effect of
blade setting angle on reverse thrust are given in
reference 1. For comparison, the variation in net
forward thrust produced by the fan at its design
rotor angle is also shown.

The reverse thrust forces obtained with blade
rotation through the feather position were greater
than those obtained by rotation through the flat
position, ranging from 1.5 times at 70 percent fan
speed to about 1.9 times at 120 percent fan speed.
These large differences in thrust levels between
the two types of reverse thrust blade angle set-
tings were observed for all blade angles tested.
It therefore appears that having the correct blade
camber for reverse thrust was more important than
having the correct blade leading edge.

A direct comparison of the absolute values of
measured reverse thrust to the forward thrust at
the design rotor angle shows that, for the case
where the blades were rotated through the feather
position, the reverse thrust was about 50 percent
of the forward thrust at 70 percent fan speed, and
60 percent of the forward thrust at 120 percent fan
speed. The values might be somewhat different for
the true static case because of the small effects
of induced tunnel flow on the data presented.

The effect of wind tunnel velocity on reverse
thrust performance (reverse through feather) at



110 percent fan speed is presented in Figure 1?
where the net thrust variation is shown for a range
of velocities from near static to a typical STOL
aircraft landing speed. The conical nozzle used to
obtain these data (Fig. 17) was considered appro-
priate for the reverse thrust case. Shown for com-
parison are forward thrust data for the same fan
speed. At the lowest velocity indicated in Figure
17, where the wind tunnel was off and flow was in-
duced by the model, the reverse thrust force was
about the same as that previously shown in Figure
16. This indicates that the conical nozzle, used
with tunnel flow, performed similarly to the bell-
mouth nozzle at near static conditions.

An increase in tunnel velocity caused a reduc- '
tion of reverse thrust. The rate of reduction in-
creased- significantly above 120 feet per second ve-
locity, resulting in the reverse thrust at 140 feet
per second being about 50 percent of that with the
wind tunnel off. Comparison with the forward
thrust data shows that the thrust lapse curves have
similar trends. At a tunnel velocity of 140 feet
per second, the reverse thrust was about 35 percent
of the comparable forward thrust. A possible rea-
son for the reverse thrust lapse with increasing
tunnel velocity was a reduction in reversed fan
weight flow caused by reduced pressure recovery in
the reverse thrust nozzle and the interaction of
the tunnel flow and reversed fan jet.

Acoustic data. - Upstream measured reverberant
noise performance for a typical reverse thrust con-
dition is shown in Figure 18 for 110 percent fan
speed and two tunnel velocities. An increase in
noise level across the entire frequency range oc-
curred between the lower velocity, which was ob-
tained with the wind tunnel off, and the typical
2TOL aircraft landing velocity. At the blade pass-
ing frequency, the increase was about 7 decibels,
with somewhat larger increases occurring at other
frequencies. The increase in noise level over a
broad band of frequencies was attributed to reverse
flow inlet performance, and interaction between the
tunnel flow and reverse fan jet.. A significant in-
crease in overall sound pressure level could result
from this broad band change in noise spectra, as-
suming no frequency selective attenuation. It is
believed that none of the noise increase was associ-
ated with the wind tunnel operation. Forward thrust
noise data, measured under similar conditions, in-
dicate that the noise of the wind tunnel had no ef-
fect on the results indicated here.C1)

A comparison of the reverse thrust noise data
presented here with forward thrust noise data given
in reference 1 for 120 percent fan speed indicates
that forward radiated reverse thrust noise levels
may be higher because of high sound pressure levels
over a broad frequency range. At the typical 3TOL
aircraft landing velocity noted previously, noise
levels at the blade passing frequencies were approx-
imately equal, but at both higher and lower fre-
quencies, the broadband spectrum for reverse thrust
was as much as 10 decibels higher than that for
forward thrust.

High Speed Wind Tunnel Test Results

Three of the inlets tested at low speed were
also tested at high speed, or cruise, conditions.
They were the 1.26 contraction ratio cowl with the
short spinner, and the 1.35 contraction ratio cowl
with both the long and short spinners.

Nozzles used in the cruise investigation, and
their pertinent geometric parameters, are shown in
Figure 19. The exit areas listed in the figure are
the annular exit flow areas. Fan nozzle 1 was the
cruise nozzle and was sized to give an inlet mass
flow ratio, AQ/AMAX, of approximately 0.65 at a
free stream Mach number of 0.75 with a fan pressure
ratio of 1.15. At design cruise conditions (0.75
Mach number and 1.15 fan pressure ratio)f the noz-
zle pressure ratio was 1.66. Fan nozzle 2 had a
larger annular flow exit area than nozzle 1, and
was used only to extend the range of inlet mass
flow ratio over which inlet pressure drag data were
obtained. The core turbine nozzle (also used in
the low speed wind tunnel tests) had a constant
area duct. The turbine nozzle boattail was con-
toured essentially the same as the fan nozzle boat-
tail. The turbine nozzle boattail was scrubbed by
the fan jet which had a flow Mach number of about
0.9 at the design cruise condition.

The cruise tests were made over a range of
Mach numbers from 0.60 to 0.85 at zero incidence
angle. Overall thrust and drag forces, component
pressure drag forces, and the propulsive efficiency
of the fan-nacelle system will be discussed in the
following sections.

Overall Forces

A comparison of the total propulsive force co-
efficients of the nacelle, including the core tur-
bine thrust, obtained with the three inlets, is
shown in Figure 20. These inlets differed primari-
ly in internal contours (Fig. 3) an^ were not ex-
pected to give large differences in cruise perform-
ance. At a fan pressure ratio of approximately
1.1, where the fan flow rates were low, no differ-
ences in propulsive force were noted across the
Mach number range. However, at a fan pressure ra-
tio of approximately 1.15, where the fan flow rates
were high, the inlet with the 1.35 contraction cowl
and the long spinner gave somewhat lower perform-
ance over the Mach number range. The performance
loss probably was caused by the inlet losses asso-
ciated with high internal inlet velocities. At
Mach 0.75 and above, the flow in the inlet actually
choked. Thus, the inlet with the 1.35 contraction
ratio cowl and the long spinner would not be ac-
ceptable for cruising flight. Use of the short
spinner with the 1.35 contraction cowl alleviated
choking and resulted in an acceptable inlet. Thus,
the inlet composed of the 1.35 contraction ratio
cowl and the short spinner was found to meet both
the high and low speed requirements.

The pressure gradients near the highlight of
the 1.35 contraction ratio cowl were of such a na-
ture that an accurate- calculation of the cowl suc-
tion force using the available instrumentation was
impossible. Conversely, the gradients on the 1.26
contraction ratio cowl were well defined by the in-
strumentation and it was possible to calculate cowl
suction force and inlet pressure drag. Since the
1.35 contraction ratio cowl with the short spinner
and the 1.26 contraction ratio cowl with the short
spinner had the same performance characteristics,
as indicated in -Figure 20, data taken with the lat-
ter inlet are considered to be representative of
either inlet and are used in all the remaining fig-
ures .

The overall measured performance of the fan/
nacelle over the Mach number range is shown by the



lowermost curve in Figure 21. These data are for a!
constant fan pressure ratio of 1.15. Mass flow ra-j
tio varied from 0.700 at Mach 0.60 to 0.645 at Mach
0.85. This curve gives the fan/nacelle net propul-1

sive force (load cell force less the calculated i
core turbine thrust) ratioed to the ideal fan net j
thrust. The ideal fan net thrust is the net thrust
calculated from the fan stage total pressure ratio |
and weight flow with no internal losses. A break- :
down of the loss in net thrust from the ideal value
is also presented in Figure 21. The external pres-
sure drag, determined from an integration of meas-
ured surface static pressures, and the calculated
flat plate friction drag were added to the lower-
most curve to obtain the two intermediate curves.
The uppermost curve was obtained by calculating a
net thrust based on the measured fan outlet total
pressure. For a particular fan pressure ratio,
this value reflected the inlet loss. The differ-
ence between the two upper curves was considered to
be the fan nozzle internal loss.

At Mach 0.75, only 73 percent of the ideal fan
net thrust was available for propulsion. The inlet
internal loss accounted for about 2 percent of the
ideal fan net thrust and the nozzle internal loss
an additional 5 percent, resulting in a total inter-
nal loss of 7 percent. The calculated flat plate
friction drag(2) and the measured pressure drag
each accounted for 10 percent of the ideal fan net
thrust for a total drag force equal to 20 percent
of the ideal fan net thrust. The rapid decrease in
fan/nacelle net propulsive force ratio above Mach
0.8 was due to divergence of the inlet pressure
drag.

Calculated overall drag coefficients for the
nacelle, dorsal, and pylon are shown over the test
Mach number range in Figure 22. The fan stage to-
tal pressure ratio was held constant at 1.15 and
the mass flow ratio varied from 0.700 at Mach 0.60
to 0.645 at Mach 0.85. A drag coefficient line
equivalent to 25 percent of the ideal fan net thrust
is shown for reference. At Mach 0.75, the drag co-
efficient for the combined nacelle, dorsal, and
pylon was approximately 0.052. Flat plate friction
drag was about half of the total drag, or in other
words, friction drag and pressure drag were about
equal for this nacelle, dorsal, and pylon. Above
Mach 0.75, the pressure drag increased rapidly due
to divergence of the inlet pressure drag.

At Mach 0.75, a calculation of friction drag
was made using the velocities determined from pres-
sure measurements on the fan cowl. These veloci-
ties slightly increased the friction drag above
flat plate values but should have little effect on
the total drag values presented.

Pressure Drag Components

Pressure drag coefficients are shown in Figure
23. As in the previous figure, these coefficients .
are based on free stream dynamic pressure and na-
celle maximum cross-sectional area. The data is
presented for a constant fan pressure ratio of 1.15.
A drag coefficient line equivalent to 5 percent of
ideal fan net thrust is included for reference.

Inlet pressure drag is defined as the differ-
ence between additive drag and cowl suction force.
The inlet pressure drag coefficient, Figure 23(a),
was slightly negative from Mach 0.6 through 0.75.
Results obtained from potential flow equations,

•such as described in reference 17, have indicated
j that inlet pressure drag can be reduced by the
iclose coupling of a boattail. The low pressure on
j the boattail can reduce the pressure on the fan
jcowl and increase the cowl suction force. Drag
rise occurred at approximately the design drag di-
'vergence Mach number of 0.8.

The boattail drag coefficients are shown in
Figure 23(b). The fan boattail pressure drag was
the largest component of pressure drag at Mach 0.75o
Its value at Mach 0.75 was somewhat higher than
that reported for boattails preceded by long cylin-
drical sections such as in reference 18. Above
Mach 0.75, the boattail pressure drag coefficient
;decreased slightly as the inlet pressure drag coef-
ficient increased rapidly. These results for the
.boattail again imply a possible interaction between
'the fan inlet and nozzle boattail flow fields. At
Mach 0.75, the drag coefficient for the core tur-
bine nozzle boattail, which was preceded by a long
cylindrical section, did agree well with the values
in reference 18.

i Both the scrubbed and external pylon pressure
drag were considerably higher than typical airfoil
pressure drag (which would have been essentially
zero). Together, they accounted for a drag force
equal to about 5 percent of the fan net thrust.
Some of'the pylon drag resulted from failure of the
flow to fully recompress on the rather abrupt clo-
sure of the pylon afterbody. Hopefully, much of
this drag could be eliminated in a redesigned pylon.

Inlet pressure drag. - The variation of inlet
pressure drag coefficient with mass flow ratio is
shown in Figure 24 for Mach 0.75 and 0.85. To ex-
tend the range of mass flow ratio, data obtained
with both nozzles 1 and 2 are shown. This change
in nozzle geometry appears to have had a negligible
effect on the inlet drag as evidenced by a small
change in the drag coefficient level when the two
sets of data overlap. At Mach 0.75., the drag coef-
ficient approached a minimum value of less than
zero as the mass flow ratio was increased. At Mach
0.85, the inlet choked before a minimum value was
reached.

The additive drag and cowl suction force coef-
ficients (which are algebraically summed to obtain
the inlet pressure drag coefficient) are shown in
Figure 25 as a function of mass flow ratio. Data
for Mach 0.75 and 0.85 are presented in parts (a)
and (b), respectively. At all mass flow ratios
shown, the additive drag coefficient was signifi-
cantly higher at Mach 0.85 than at Mach 0.75, and
the cowl suction coefficient was considerably less
at Mach 0.85 than at Mach 0.75. At Mach 0.75, the
cowl suction coefficient exceeded the additive drag
coefficient at mass flow ratios greater than 0.64,
while at Mach 0.85, the cowl suction coefficient
was considerably below the additive drag coefficient
at any of the mass flow ratios shown.

A further explanation of these data variations
is obtained by examination of the cowl pressure
distributions. The cowl pressure coefficient dis-
tributions at Mach 0.75 and 0.85, both at a mass
flow ratio of 0.658, are presented in Figure 26.
The cowl suction coefficient at a particular Mach
number is the difference between the area above the
curve, labeled thrust, and the area below the curve,
labeled drag. The stagnation and highlight pres-
sure coefficients are less at Mach 0.75 than at



Mach 0.85 and thus the area under the curve is less^
at Mach 0.75 than at Mach 0.85. Also, the minimum .
pressure coefficients are lower at Mach 0.75 than at
;Mach 0.85, and thus the area above the curve was
slightly greater at Mach 0.75 than at Mach 0.85.
This was true even though the pressure coefficients-
at Mach 0.85 remained nearly constant at the maxi-
mum negative value, indicating a possible separa-
tion of the flow from the cowl. These distributions
were typical for the entire range of mass flow ra-
tios tested at Mach 0.75 and 0.85.

Fan nozzle boattail pressure drag. - Fan noz-
zle no. 1 boattail pressure drag coefficients are
shown in Figure 27 as a function of nozzle pressure
ratio for all inlet configurations. At all free
stream Mach numbers, the drag coefficient decreased
slightly with increasing nozzle pressure ratio, al-
though the range of nozzle pressure ratios at each
Mach number was quite limited. The drag coefficient
also decreased with increasing Mach number. These
results do not agree with the results shown in ref-
erence 18 when an increase in boattail drag was
noted when the nozzle pressure ratio was increased
from 1.5 to 2.0 at a constant Mach number of 0.85.
The disagreement may result from the differences in
forebody geometry as mentioned previously.

The fan nozzle boattail pressure distribution
obtained at a free stream Mach number of 0.75 and
the nozzle pressure ratio (1.67) resulting from a
fan pressure ratio of 1.15 is presented in Figure
28. The first pressure coefficient on the fan
boattail agreed well with the last pressure coeffi-
cient on the fan cowl which was located 1.01 maxi-
mum nacelle diameters upstream. The boattail pres-
sure coefficient then increased continuously from
the pressure tap nearest the maximum nacelle diam-
eter to the tap nearest the fan nozzle exit plane.
Unlike the pressure distributions often seen on
boattails preceded by long cylindrical forebodies,
the pressure distribution did not indicate a sharp
flow overexpansion associated with the boattail
Juncture. These results, together with the inlet
drag levels, point up the importance of testing en-
gine/nacelle models rather than separate components.

Propulsive Efficiency

In Figure 29, the propulsive efficiency of the
nacelle at a constant fan pressure ratio of 1.15 is
shown as a function of free stream Mach number.
The propulsive efficiency was defined as the exper-
imental fan net thrust minus the nacelle and pylon
drag times the free stream velocity divided by the
power input to the fan. The experimental fan net
thrust minus the nacelle and pylon drag was obtain-
ed by subtracting the core thrust from the load
cell force. The power to the fan stage was obtain-
by dividing the stream power of the fan by several
assumed values of fan stage efficiency. Assumed
values were used because the measured efficiency of
the experimental fan stage was not typical of the
efficiency of a highly developed fan. At Mach 0.75,
the propulsive efficiency with a 100 percent effi- •
cient fan was 70 percent and with a more realistic
value for fan efficiency of 85 percent, the propul-
sive efficiency dropped to 59 percent. For compar-
ison, the propulsive efficiency of a 1.55 pressure
ratio fan without duct losses (e.g., without noise
suppression splitters) would be about 62 percent
using the same flight conditions and nominal values
of drag coefficient and specific weight flow. Thus,
on the basis of propulsive efficiency, the 1.15

1 pressure ratio system is only a few percentage
points below present day systems. Reduction of
ipylon drag would reduce this difference to an even
smaller value.

For high propulsive efficiency, the nacelle
should have a low drag coefficient and the nacelle/
fan system should handle as large an equivalent
weight flow per unit nacelle area as possible. The
relationship of these quantities is shown in Figure
30 for a 1.15 pressure ratio fan/nacelle system op-
erating at a Mach number of 0.75 at 25,000 feet. A
fan stage efficiency of 0.85 was assumed. The
curves were obtained by plotting the equation for
analytical propulsive efficiency which is

/PA =
(Net Thrust-Drag)VQ

Power t o F a n *

(1)

A point based on the experimental drag coeffi-
cient (0.052) and the experimental specific equiva-
lent flow rate (30.1 lbs/sec-ft2) is shown. The
experimental value with fan duct losses is also
shown. As seen in Figure 30 and equation (1), pro-
pulsive efficiency at a given cruise condition and
fan stage pressure ratio can be improved by reduc-
ing the overall drag coefficient and increasing the
value of weight flow per unit of frontal area. The
specific equivalent weight flov can be further ex-
panded as follows;

w y§; MI; 1 -
(2)

The term V ~i92/& 2
A2 is a function of fan design

and should be maximized. The term Df'HA'FT is a^-~
so a function of fan design and should be minimized.
The experimental value of W^ejj/^gAg vas 41.4
Ib/sec-ft2 (fan face Mach number of 0.6) and the
experimental value of DFH/EFT v^s 0.4. The term
DMAX/DpT is a function of nacelle design and to-
gether with Op should be minimized. For the ex-
perimental nacelle, the value of Î IAX/DFT was

only 1.075. Any method of reducing Cp which
would also increase UlAX/̂ FT should be carefully
examined to determine the net effect on propulsive
efficiency.

SujnTnary of Results

Tests of a 20 inch diameter 1.15 pressure ra-
tio fan engine model with a variable pitch rotor
conducted at representative 3TOL aircraft takeoff
and landing velocities with an isolated nacelle



configuration in a low speed wind tunnel produced
the following major results:

1. At design rotational speed and below a
model incidence angle of about 36 degrees, the
aerodynamic and acoustic performance of two config-
urations having inlet lip area contraction ratios
of 1.26 and 1.35 were similar. At higher incidence
angles, performance of the low contraction ratio
configuration decreased. At 50 degrees, its net
thrust was about 25 percent lower and its forward
radiated reverberant noise level was about 5 deci-
bels higher at the blade passing frequency than the
high contraction ratio inlet case. Reduced per-
formance was caused by boundary layer flow separa-
tion from the inlet lip.

2. Each of the inlet configurations had a
narrow range of weight flow where, at high inci-
dence angles (40 to 50 degrees), the inlet perform-
ance was satisfactory, but, at both higher and low-
er weight flows, cowl surface boundary layer sepa-
ration caused a reduction in performance.

3. High inlet throat Mach numbers, as might
be required for noise suppression by approximation
of choked flow, resulted in a reduction of inlet
performance at all incidence angles, including the
low angles (0 to 30 degrees) where the performance
was satisfactory for lower throat Mach numbers.

4. Variation of fan rotor design or nozzle
exit area did not significantly affect inlet per-
formance .

5. Reverse thrust forces obtained with fan
rotor rotation through the feather blade angle were
1.9 times larger than with blade rotation through
the flat blade angle at the highest fan speed and
near static wind tunnel conditions. At a typical
landing velocity, reverse thrust force was 50 per-
cent lower, and forward radiated reverberant noise
level was 7 decibels higher at the blade passing
frequency than at a near static condition.

Tests of the engine model at typical cruise
conditions in a high speed wind tunnel produced the
following principal results:

1. At Mach 0.75, the net propulsive force of
the nacelle (excluding turbine thrust) was 73 per-
cent of the ideal fan net thrust. Internal losses
amounted to 7 percent, and drag amounted to 20 per-
cent of the ideal fan net thrust. The drag coeffi-
cient (based on wind tunnel dynamic pressure and
maximum nacelle cross sectional area) for the na-
celle, dorsal and pylon was about 0.052. Drag di-
vergence occurred at the inlet design value'of 0.80.

2. Acceptable cruise performance was obtained
with the inlet having a cowl lip area contraction
ratio of 1.26 and a spinner which projected to the
cowl throat. Performance of the inlet with a 1.35
contraction ratio cowl and a spinner projecting to
its throat was unsatisfactory because of losses
associated with choked inlet duct flow at the
cruise condition of Mach 0.75. Acceptable perform-
ance was obtained with the 1.35 contraction ratio
inlet cowl when a shorter spinner, which did not
cause choked flow, was used. The two cowls had the
same external contours.

3. Inlet pressure drag was negative at cruise
conditions. Also, the fan boattail pressure drag

was higher than estimated from isolated boattail
drag data, and decreased slightly as the inlet drag
diverged. These results, together with available
potential flow analyses, suggested an interaction
of the inlet and boattail flow fields and pointed
up the need for complete nacelle testing.

4. At Mach 0.?5, the propulsive efficiency of
the fan/nacelle system, assuming an 85 percent ef-
ficient fan stage, was 59 percent. It was shown
that both a low drag coefficient and a high ratio
of equivalent flow rate-to-maximum nacelle frontal
area were necessary to achieve high propulsive ef-
ficiency.

StThe experimental 1.15 pressure ratio fan na-
celle system achieved a high specific equivalent
flow rate by using a thin walled nacelle, a low hub-
to-tip ratio fan and a high fan face Mach number.
The propulsive efficiency of this system was about
3 percentage points less than the corresponding ef-
ficiency calculated for a similar 1.55 pressure ra-
tio system operating at the same flight conditions.

Area

Maximum nacelle cross section area

Blade passing frequency

Drag coefficient, Drag/qo Aĵ x̂

Pressure coefficient

Specific heat

Diameter

Model net thrust (force measured by
balance minus core turbine thrust)

Calculated thrust of core turbine

Ideal net thrust of fan stream with no
inlet or outlet duct losses

Gravitational constant

Mach number

Total pressure

Static pressure

Dynamic pressure

Radius

Total temperature

Velocity

Fan weight flow

Model axial length

Model incidence angle

Fan rotor blade setting angle

Ratio of. total pressure to standard sea
level pressure

BPF

CD

Cp

cp

D

F

FCORE

FID

g

M

P

p

q

R

T

V

W

X
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i^p Fan stage adiabatic efficiency

•fl p Measured propulsive efficiency

<fl pA Analytical propulsive efficiency

6 Ratio of total temperature to standard
sea level temperature

Subscripts

AV Average

e Fan nozzle exit annulus

FH

FT

MAX

MIN

MIN60

PROJ

T

0

1

2

3

Fan

Fan hub

Fan tip

Maximum

Minimum

Minimum over any 60 degree interval

Projected annular area between local
pressure tap and

Cowl throat

Wind tunnel free stream

Cowl highlight

Fan face

Fan stage exit
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