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A scale model of a V/STOL tilt nacelle with a 0.508 m single-stage fan was tested in the NASA Lewis 9 X 15
Low Speed Wind Tunnel to ascertain inlet aerodynamic and fan aeromechanical performance over the low-speed
flight envelope. Fan blade stress maxima occurred at discrete rotational speeds corresponding to integral engine
order vibrations of the first flatwise bending mode. Increased fan blade stress levels coincided with the oc-
currence of internal boundary-layer separation, but became severe only when the separation location had
progressed to the entry lip region of the inlet. The inlet/fan system could operate within the low-speed flight
envelope without incurring fan blade stress limits, although boundary-layer separation did occur for certain
operating conditions.
Nomenclature O max. = maximum allowable fan blade
Ay = fan face annulus area, 0.160 m? vibratory stress 2.4x10° N/m?
(1.72 ft2) peak-to-peak (3.5x10* Ib/in.2
Ay = inlet hilite area, 0.177 m2 (1.90 ft2) peak-to-peak)
A, = inlet throat area, 0.171 m?2 (1.84 ft2) ¢ = angular coordinate (counterclock-
CR = inlet area contraction ratio wise looking downstream)
d = distance normal to local inlet .
surface Introduction
H, = boundary layer rake height, 0.191 m NUMBER of potential configurations have been ad-
(0.0626 ft) vanced as candidates for the Navy Type A V/STOL
L = inlet axial length, 0.146 m (1.36 ft) aircraft. One such design is the tilt nacelle concept shown in
N = fan rotational speed Fig. 1.
P/P, = local total pressure recovery In the vertical ascent or descent mode, the engine nacelles
P, N2 = fan face area weighted total pressure are rotated to approximately 90 deg with respect to the air-
recovery craft axis, as shown in Fig. la. The thrust from the two tilt
(P ~Pro /P,), = fan face area weighted total pressure nacelles provide two support posts for the aircraft, while the
' ’ distortion third is provided by the nose fan which is driven by the tilt
p/P, = local surface static pressure ratio nacelle powerplants.
a = local hilite radius In the cruise mode, the nacelles are rotated so as to roughly
hub = fan face hub radius, 0.118 m (0.384 align with the aircraft axis, as shown in Fig. 1b. The nose fan
ft) is not employed in the cruise mode.
R om = local throat radius The inlets for the tilt nacelles will experience high angles of
R, = fan face tip radius, 0.254 m (0.833 attack at the low forward velocities characteristic of the
ft) takeoff and landing maneuvers. Representative operating
S = inlet surface coordinate conditions, as determined by mission studies for such inlets,
Ve = freestream velocity are shown in Fig. 2. It can be seen that tilt nacelle inlets can
W\/?/BA,, = fan face specific corrected airflow experience angles of attack as high as 120 deg at a flight
X = inlet axial coordinate velocity of 21 m/s (40 knots). Such severe operating con-
o = angle of attack ditions can result in boundary-layer separation within the
g = fan blade vibratory stress inlet, resulting in increases in total pressure distortion
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presented to the powerplant. A major concern is that the
internal flow separation can result in intolerable levels of fan
blade vibratory stress which could, in turn, resuit in fan blade
failure.

A number of experimental programs have been conducted
in the past which were concerned with the aerodynamic
characteristics of STOL inlets when internal flow separation
occurred. % Since an inlet for a V/STOL application would,
in general, have increased angle-of-attack requirements, the
effects of internal flow separation would be expected to be
more severe both on inlet performance and resultant fan blade
stress levels.

In order to evaluate the aerodynamic-aeromechanical
interrelationships and, thus, to help evaluate the viability of
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Fig. 1 Tilt nacelle V/STOL aireraft. a) Landing/takeoff con-
figuration; b) cruise configuration.

the tilt nacelle concept, a joint test program was initiated
between NASA Lewis Research Center and Boeing Military
Airplane Development to test a scale model of a candidate tilt
nacelle design with a single-stage fan. The intent was to
document the inlet aerodynamic and fan aeromechanical
performance over the low-speed operational envelope of Fig.
2. The overall results of the test program are discussed in Ref.
7. This paper will concentrate on one of the five design goal
points (V, =54 m/s (105 knots), « =75) deg and discuss the
salient inlet aerodynamic features and the resultant fan blade
vibratory stress signature. Finally, the blade stress-induced
limits on the safe nacelle operating evelope will be discussed.

Apparatus and Procedure
Test Model

A schematic of the inlet-fan combination is shown in Fig. 3.

The inlet was designed by Boeing Military Airplane
Development to be a candidate design for a tilt nacelle sub-
sonic V/STOL aircraft. The inlet is an asymmetric design with
a local contraction ratio ((Ry;/R ) %) varying from 1.76 in
the windward plane to 1.30 in the leeward plane. The overall
inlet contraction ratio (4,,/A4 y;ea) is 1.50.

The intent of the design is twofold: 1) to provide a high
enough contraction ratio in the windward region to minimize
the static pressure gradients imposed on the internal boundary
layer and, hopefully, inhibit boundary-layer separation; and
2) to keep the overall inlet contraction ratio low enough to
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Fig.3 Inlet/fan assembly.

delay the drag rise Mach number to a sufficiently high value.
A further discussion of the inlet design philosophy is given in
Ref. 8.

The fan is a single-stage 0.508 m diam design which has a
pressure ratio and tip speed representative of the type A
V/STOL aircraft application. At the nominal design speed of
8020 rpm, the fan pressure ratio is approximately 1.17 and the
tip speed is 213.5 m/s. At the maximum fan speed of 120% of
the design value, the fan pressure ratio is 1.25 and the tip
speed is 256 m/s.

The fan has 15 rotor blades and 25 stator blades with a
rotor-stator spacing of approximately one rotor tip chord
length. The rotor blades were fabricated from a titanium alloy
and have circular arc airfoil sections.

The fan has provisions for adjusting the blade pitch and
hence has no midspan dampers. All test runs were conducted
with the blades set at the design angle.

The fan is driven by a four-stage turbine powered by high-
pressure, heated air delivered to the turbine through flow
passages in the model support strut.

The fan nozzle exit area was sized to duplicate as closely as
possible the operating line used in a previous full-scale inlet-
engine test in the NASA Ames full-scale wind tunnel.®

A more complete discussion of the aerodynamic charac-
teristics of the fan can be found in Ref. 9.

Instrumentation

The model instrumentation is shown in Fig. 4.

The inlet had axial rows of static pressures located at three
circumferential angles. For this discussion, only the windward
plane distributions will be presented.

Two removable six tube boundary-layer total pressure rakes
were located about midway in the diffuser of the inlet
(X/L=0.63) to determine the quality of the diffuser flow.
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Fig.4 Instrumentation locations.

One of the rakes was located 5 deg from the windward plane,
while the second was located 50 deg from the windward plane.

The quality of the flow entering the fan was determined
through the use of six equally spaced total pressure rakes each
containing 19 total pressure probes. (One rake was located in
the windward plane.) Six of the probes on each rake were
positioned to provide an equal area weighted measurement of
the fan face flow, while the remaining tubes were positioned
so as to provide a more detailed measurement of the outer
surface boundary layer and midchannel flow. The closest
total pressure probe to the outer wall was located 0.6% of the
duct height away from the wall.

Six outer surface static pressure taps were located in the fan
face plane and midway between the fan face rakes.

To detect the onset of internal flow separation within the
inlet, a miniature dynamic high-response total pressure
transducer was mounted in the fan face rake plane 2.79 cm
from the outer surface and displaced 7.5 deg from the wind-
ward plane. The rms output of the transducer was displayed
on line during the test.

The fan blade vibratory stresses were measured using three
strain gages located at the root of the suction side of the
chosen blades at approximately the midchord position. This
position was responsive to all blade vibrational modes and
each strain gage was calibrated in terms of the maximum
stress for each mode. All three gages were monitored during
the test and indicated essentially identical readings. Thus, for
purposes of this discussion only, one of the three strain gage
signals were analyzed.

Test Facility

The test discussed herein was conducted in the NASA Lewis
9% 15 Low Speed Wind Tunnel which is an atmospheric total
pressure facility with a freestream velocity range of 0-75 m/s.

A photograph of the model installed in the test section is
shown in Fig. 5. The model rotates in a horizontal plane about
a vertical support post which also provides a passage for the
high-pressure turbine drive air. A portion of the adjacent
wind tunnel vertical wall was removed to allow the fan and
turbine exhaust fans to pass through the wind tunnel during
the high angles of attack.

Test Procedure

A major concern during the test was the safety of the fan,
since it was anticipated that at the extreme operating con-
ditions fan blade stresses in excess of limit values could be
encountered. Such a concern dictated that the following test
procedure be employed.

Initially, a low freestream velocity and angle of attack were
established with the fan operating at a low speed (~ 1000
rpm), which usually corresponded to separated inlet flow. The
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Fig. 5 Tilt nacelle inlet/fan installed in NASA Lewis 9 x 15 ft low-
speed wind tunnel.

fan speed was thus increased, while the stress levels were
continually monitored until a speed of about 8000 rpm was
reached. If at any time the fan blade stresses reached a limit
value, the test sequence was immediately discontinued and the
fan speed reduced to a safe condition. Such a sweep in fan
speed was termed a safety sweep.

Once the safety sweep had established that fan blade
stresses were not excessive, the fan speed was slowly decreased
until the dynamic pressure transducer showed increased
activity which was indicative of boundary-layer separation. A
number of steady-state data points were then taken to
determine the actual onset of separation through the in-
spection of the windward plane fan face total pressure rake
profiles. Additional data points were also taken to document
inlet/fan performance with increasingly severe degrees of
separation, as well as with an attached boundary-layer flow.

At each freestream velocity, the angle of attack was in-
creased in increments of 15 deg beginning with o =0 deg, and
the previously described process repeated until limiting values
of stress or the ‘desired angle of attack was reached. This
process was then repeated for increased freestream velocities.

In this manner, the envelope of safe operating conditions
was investigated (Fig. 2).

Results and Disussion

As already indicated, one of the five low-speed design goal
operating points was chosen for analysis and presentation.
The results to be shown were typical of the overall test results.

Figure 6 presents the fan blade vibratory stress signature
measured for V=54 m/s (105 knots), «=75 deg. Also
shown for comparison is the stress signature for V=54 m/s
(105 knots), a =0 deg.

The first flatwise bending mode stress signature is shown as
a percentage of the maximum allowable stress as a function of
both inlet specific corrected airflow (W\/g/éAﬂ) and fan
rotational speed (N). The test results indicated the only
significant mode of vibration present was the first flatwise
bending mode. The maximum allowable vibratory stress, as
determined by a combined analytical/experimental
procedure, was 2.4x10% N/m? peak-to-peak (3.5x10*
Ib/in.? peak-to-peak).

The stress signature can be characterized as having two
components: a broadband level on which are superimposed a
series of discrete narrow-speed band peaks. These discrete
narrow peaks correspond to integral numbers of blade
vibration cycles per rotational cycle and, hence, are
designated as the integral engine order vibrations (EOs). That
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Fig. 6 Fan blade vibratory stress characteristics (first flatwise
bending mode) for V', =54 m/s (105 knots).

is, the engine order three (EO3) vibration corresponds to three
cycles of vibration per rotational cycle.

The integral engine order vibrations always occur at the
same rotational speeds, but the corresponding inlet airflow
will vary with freestream velocity.

The stress signature corresponding to a=75 deg indicates
that EO3 through EO6 were present with the EOS5 vibration
reaching approximately 80% of the limit value.

The fan blade stress levels which occur at the EOs are a
function of both the inlet flow quality (fan face distortion)
and operation at a fan speed where the first flatwise bending
mode frequency is in resonance with an integer of the fan
speed. That is, the fan would be expected to be most
responsive in terms of blade stress at the speed corresponding
to the EOs.

A comparison of the two stress signatures shown indicates
the significant effect the inlet aerodynamics have on the
resulting vibratory blade stress levels. The signature
corresponding to o=0 deg inlet/fan operation can be
characterized as a flat broadband profile with small increases
in stress level corresponding to the EO3, EO4, and EOS5
vibration peaks. The maximum stress level corresponds to the
EO3 vibration peak and is less than 10% of the maximum
allowable stress level. Increasing the angle of attack to 75 deg
and repeating the sequence results in a significantly different
stress signature. The broadband stress level is no longer flat,
but shows a large increase in the neighborhood of 4000 rpm.
The engine order vibration peaks are also increased in level
over the corresponding a=0 deg levels. In addition, the
relative levels of the engine order peaks are changed from the
a =0 deg signature.

In order to understand the cause/effect relationship be-
tween the inlet aerodynamics and the blade stress signature
already shown, the appropriate inlet aerodynamic data will be
presented and discussed.

Figure 7 relates the overall inlet performance in terms of the
usual inlet parameters of area weighted total pressure
recovery and total pressure distortion to the stress signature
for =75 deg already shown. The recovery levels were
calculated from the fan face rake measurements by taking all
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19 probes into consideration. Two distortion calculations are
shown—one corresponding to deleting the outer 9% of the
fan face annulus area and the other corresponding to deleting
the outer 26.6% of the area. The filled symbols indicate that
separated flow was indicated by the windward plane fan face
rake profile. '

The figure indicates that the inlet total pressure recovery
levels are high regardless of the level of fan blade stress level
encountered. The recovery is in excess of 99% when the
boundary layer is attached and drops to only 97% for the
lowest inlet airflow for which data were recorded.

It should be pointed out that boundary-layer separation is
encountered as the fan speed and, hence, inlet airflow level
are decreased from higher to lower levels (that is, proceeding
from right to left on this and subsequent figures). As might be
expected as the inlet airflow is reduced and separation is
detected, both of the calculated distortion parameters in-
crease, reach a maximum value, and then decrease for further
reductions in inlet airflow. The maximum level of distortion
can be seen to occur at approximately the same inlet airflow as
the maximum blade stress level.

The 91% area distortion parameter has much higher at-
tached flow distortion levels than the 73.4% area parameter.
This can be attributed to the fact that the 91% area parameter
uses total pressure measurements that are within the attached
boundary layer for the distortion level calculation. The high
levels of attached flow distortion tend to mask the effect of
the total pressure distortion on the blade stress signature, as
shown in Fig. 7. That is, the distortion levels are relatively
high for low stress conditions and do not increase appreciably
for those conditions for which the blade stress does increase
significantly. This fact was noted for all the test data
analyzed.
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Fig. 8 Correlation of fan blade stress signature with inlet performance, V_, =54 m/s (105 knots), a =75 deg.

Such an occurrence prompted the introduction of the
73.4% area distortion parameter, which was defined to
consider only those measured total pressures that are outside
the attached flow boundary layer. As Fig. 7 indicates, the
variation of the 73.4% area distortion parameter does tend to
agree more with the blade stress signature in a qualitative
fashion.

Figure 7 also indicates that a significant reduction in inlet
airflow could be effected once separation is first observed
prior to reaching the maximum vibratory stress level. This
result was also observed throughout the test program.

The combination of high total pressure recovery and high
distortion implies that a small region of locally low recovery
exists at the fan face. This will be illustrated in Fig. 8.

Figure 8 relates the inlet aerodynamic characteristics to the
fan blade vibratory stress characteristics for a series of inlet
airflows. For each airflow, the figure shows the stress
signature already discussed, the fan face total pressure
contour map, the appropriate individual fan face rake
profiles, and the two mid-diffuser boundary-layer rake
profiles. Figure 9 presents the windward surface static
pressure distributions for the same airflows.

For the high inlet airflow (168 kg/s-m?2, 34 lbm/s-ft?)
shown in Fig. 8a, the stress level is low (~5%), and the
contour map indicates an asymmetric boundary-layer
thickness distribution, a fact substantiated by the windward
and leeward fan face rake profiles shown, which both show
attached flow profiles. Likewise, the two mid-diffuser profiles
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Ve =54m/s, a=75 deg.

indicate an attached boundary-layer flow, although some
profile distortion is noted for the ¢ =5 deg rake. It should be
noted that the radial position scales for the boundary-layer
and fan face rake profiles are the same, which allow a direct
comparison of the profiles to be made.

The EO3 vibration peak is significantly increased over the
a =0 deg level, even though the inlet boundary-layer flow is
definitely attached. It is hypothesized that an attached
asymmetric boundary-layer thickness distribution at the fan
face, like that shown in Fig. 8a, is responsible for the in-
creased stress level.

As the inlet airflow is reduced to 147 kg/s-m? (30 Ibm/s-
ft2), as shown in Fig. 8b, the contour map shows little ap-
parent variation from that of the higher airflow already
shown. However, the windward plane (¢ =0 deg) fan face
rake profile indicates separated flow exists at the fan face.
The fully developed profile corresponding to the ¢ =60 deg
rake indicates the separation is a localized phenomenon which
exists over only a small sector of the fan face plane. The ¢ =5
deg mid-diffuser boundary-layer rake shows a distorted,
although still attached, profile indicating that the separation
location is downstream of the measurement plane. The ¢ =50
deg rake still indicates a well-developed boundary-layer
profile.

For future reference, the condition shown in Fig. 8b will be
termed that condition corresponding to the onset of diffuser
separation and will be indicated as DS on future stress plots.

If the windward surface static pressure distributions
corresponding to the two conditions already discussed are
examined (Fig. 9), little, if any, indication of the occurrence
of boundary-layer separation can be detected as the profiles
are qualitatively very similar in nature.

Again, it is noticed that the EO4 vibration peak is
significantly increased over the corresponding level for a=0
deg operation. Apparently the rather small zone of separated
flow present is sufficient to induce an increased vibration
amplitude. This is especially noticeable when the EO4
vibration level (~35%) is compared to the EO4 level
corresponding to & =0 deg operation (~ 5%).

It is important to note that the location of the initial point
of boundary-layer separation is stable. That is, as long as the
inlet airflow is kept constant, the separation does not
propagate forward to the entry lip region of the inlet.

Figure 8c corresponds to the inlet airflow (119 kg/s-m?2, 24
lbm/s-ft?) for which the fan face distortion level was the
highest measured to the freestream conditions (V,, «) being
discussed. The broadband stress level increased significantly
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over that for the two higher airflows already discussed. The
contour map shows a relatively extensive spoiled sector which
extends over about a 90 deg circumferential extent.

The windward plane fan face rake profile shows a large
separated zone extending over about 30% of the duct height.
The total pressure levels near the outer (tip) surface are less
than the local outer surface static pressure. This could be
indicative of a region of reversed flow existing with the total
pressure probes essentially reading a base pressure level. The
occurrence of this supposed flow reversal appears to coincide
with the maximum stress levels encountered during the test
(for any given V,, a).

The fan face profile at ¢ =60 deg still shows an attached
profile which indicates the circumferential extent of the
separated zone is less than 120 deg (=60 deg).

The ¢=35 deg mid-diffuser boundary-layer rake profile
indicates the location of separation was well forward of this
station. The profile for ¢ =50 deg is attached, although
profile distortion is evident.

The corresponding windward surface static pressure
distribution (Fig. 9) shows a distinct pressure plateau in-
dicative of boundary-layer separation which starts at ap-
proximately the inlet throat station. The difference in
character between the pressure profile and the preceding ones
is evident.

A further reduction in inlet airflow to 88 kg/s-m? (18
lom/s-ft2), as shown in Fig. 8d, results in a significant change
in the character of the fan face total pressure contour map.
No longer is the contour map essentially symmetric about the
windward-leeward plane as it is for the previous conditions
presented. The fan face profiles indicate the flow is separated
over large portions of the fan face area. These two mid-
diffuser boundary-layer rake profiles show separated flow
also exists at that station.

The windward surface static pressure distribution (Fig. 9)
corresponding to this low airflow condition shows that the
separation location is approximately at the hilite of the inlet.
Although not shown here, the static pressure distributions
corresponding to ¢ =45 deg and 180 deg also indicate
separated flow existed from the vicinity of the hilite—at those
two circumferential positions.

The vibratory stress pilot shown in Fig. 8d shows an inlet
airflow corresponding to separation reaching the vicinity of
the inlet entry lip region and designed as LS. This occurrence
was determined by monitoring a windward plane surface
static pressure located approximately halfway between the
inlet hilite and throat locations.

The fan blade vibratory stress level reaches a maximum in
broadband level when the separation location reaches the
vicinity of the inlet lip. This correlation between broadband
stress maxima and separation location held throughout the
test matrix investigated. It should be noted that while the
broadband stress maxima occur when the separation location
reaches the vicinity of the inlet lip, the absolute maxima in
stress occur at the fan speeds corresponding to the integral
engine order vibrations.

The fact that the separation location is stable in that its
location can be controlled by the amount of inlet airflow
demanded by the fan suggests that two separation boundaries
for the inlet are important. These two boundaries are shown
in Fig. 10 as the boundary which describes the initiation of
separation within the diffuser and a second boundary which
indicates when the separation reaches the vicinity of the inlet
lip. It should be noted that the two boundaries shown in Fig.
10 hold only for a freestream velocity of 54 m/s (105 knots).
Different absolute boundaries would exist for each freestream
velocity.

The figure indicates that a significant reduction in inlet
airflow can be tolerated once diffuser separation occurs prior
to the separation location reaching the vicinity of the inlet lip.
It is important to restate that for the test conducted, the
separation location was stable and the inlet/fan combination
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Fig. 11 Variation of EOS stress level with angle of attack V, =54
m/s (105 knots).

could be operated indefinitely in the shaded region without
the occurrence of any uncontrolled movement of the
separation location.

If indeed for an actual flight application the separation
location was again stable, the operational envelope of the inlet
could be significantly increased by allowing the inlet boun-
dary layer to separate, but keeping the separation location
from reaching the vicinity of the inlet lip. However, it must be
borne in mind that the final determination of the inlet fan
operational envelope can only be made when the levels of fan
blade vibratory stress encountered are known.

The fan blade vibratory stress signature discussed was
generated by reducing the fan speed for a given model angle
of attack. Such a procedure allowed the determination of the
stress levels corresponding to the various integral engine order
vibrations as well as any other broadband stress maxima.

It would be instructive to examine how the stress levels
corresponding to the integral engine order vibrations vary
with increased angle of attack. However, the extremely
narrow widths of the integral engine order vibration peaks
made such a determination difficult. For this reason, cross
plots of stress level vs angle of attack were prepared using the
more easily obtainable stress signatures already discussed.

Figure 11 shows the variation of the EOS stress level with
angle of attack for- a freestream velocity of 54 m/s (105
knots). Also shown are the appropriate fan face total pressure
contours. It has already been shown that this stress peak was
the maximum for this freestream velocity. Other test data
showed that for a majority of test conditions, this stress peak
was the maximum encountered.

The figure indicates that the stress level is initially low (~2-
5%), but only increases slightly (~10%) when diffuser

TILT NACELLE AERODYNAMICS 597

,~DESIRED OPERATING GOALS
120 — Py ,~ESTIMATED LIP SEPA-
A /" RATION (LS} BOUNDARY

,~DIFFUSER SEPA-
RATION (DS)

.~ STRESS/
MAX STRESS
=80%

INLET ANGLE OF ATTACK, a

l I I i
0 2 i) 60 80
‘ FREE STREAM VELOCITY, misec
I I | |
0 50 100 150
FREE STREAM VELOCITY, knots

Fig. 12 Comparison of tilt nacelle inlet low-speed design goals with
expected engine order five (EO5) stress levels.

separation initially occurs (¢ =60 deg). Further increases in
model angle of attack result in a continuously increasing stress
with a level of about 80% being reached at 75 deg. The in-
creasing vibratory stress levels correspond to the separation
location moving forward in the inlet toward the entry lip
region. This figure also points out the additional inlet angle-
of-attack capability available if the boundary layer is allowed
to separate but the separation location is kept downsteam of
the vicinity of the inlet lip.

As already indicated, the available inlet operational en-
velope can only be determined once the fan blade vibratory
stress characteristics are known. As noted for a majority of
test conditions, the EOS stress peak was the maximum stress
level encountered for given operating conditions (V,, o).

With these thoughts in mind, the measured EO5 stress
levels were compared to the desired inlet low-speed design
goal points and the results are shown in Fig. 12. (It should be
recalied that the EOS stress occurs at a fixed fan speed which
corresponds to an inlet airflow which varies with freestream
velocity.)

The comparison indicates that the inlet/fan system tested
could operate at the design goal points without incurring
limiting values of EOS5 stress. However, the stress levels
encountered were as high as about 80% of the limit value. The
figure indicates that the EOS5 stress level was the highest for
the operating point (V, =54 m/s, a=75 deg) discussed
herein.

Also shown on the figure are the two appropriate
aerodynamic separation boundaries which have already been
discussed. It can be seen that the onset of diffuser separation
would result in EQS5 stress levels of 40% or less. This indicates
that for all freestream velocities, the initial diffuser separation
would be localized and thus would not excite the EOS
vibration to intolerable levels.

The lip separation boundary can be seen to roughly agree
with a limit EOS5 stress contour (¢/0,,,, =100%) if one were
estimated from the contours which are shown. This indicates
that regardless of freestream velocity, the distortion
associated with the forward movement of the separation
location to the vicinity of the entry lip region excites the EOS
vibration to near-limit levels.

Several points should be raised when this figure is
examined. The aerodynamic-aeroelastic correlation holds
only for the inlet/fan combination tested. Other fan designs
with different aerodynamic properties, or which have blades
fabricated from other materials (e.g., composites) would be
expected to have significantly different vibratory stress
tolerance characteristics. Also, the problems of inlet
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aerodynamic and fan aeromechanical scaling to expected full-
scale performance are currently not well understood.

However, the results shown herein indicate the com-
patibility between the inlet aerodynamic and fan blade
vibratory stress characteristics will be of key concern in the
design of a viable tilt nacelle V/STOL aircraft. It can also be
hypothesized that other V/STOL aircraft designs (e.g.,
configurations employing thrust deflecting nozzles) may also
experience significant vibratory stress levels.

Clearly, much additional work is required to identify the
proper aerodynamic descriptive parameters in order to
quantify the fan blade vibratory stress compatibility problem.

Summary of Results

A scale model of a tilt nacelle inlet designed for the
proposed Navy Type A V/STOL aircraft was tested in the
NASA Lewis 9 X 15 low Speed Wind Tunnel. The inlet was
coupled to a 0.508 m diam single-stage fan and tested over the
expected low-speed flight envelope. The major results can be
summarized as follows:- )

1) Fan blade vibratory stress levels were significantly in-
creased when the inlet/fan system was operated at angle of
attack relative to the corresponding 0 deg angle-of-attack
levels. The highest levels of stress encountered corresponded
to the integral engine order vibrations. Only the first flatwise
bending mode of vibration was found to be present.

2) The increased vibration levels were attributed to
asymmetric boundary-layer characteristics at the fan face.
The largest increases in integral engine order vibration
coincided with internal boundary-layer separation occurring
about the windward plane of the inlet.

3) Local stress maxima appeared to coincide with the
boundary-layer separation location reaching the vicinity of
the entry lip region of the inlet.

4) The internal boundary-layer separation initially occurred
well downstream in the diffuser and the separation location
was stable. That is, the separation location moved forward

J. AIRCRAFT

only as the inlet airflow demanded by the fan was decreased.
A significant decrease in inlet airflow was necessary between
the initial occurrence of separation in the diffuser and the
separation Jocation progressing to the entry lip region of the
inlet.

5) Even though inlet separation did occur at various
operating conditions within the low-speed flight envelope, the
inlet/fan system tested could operate over the envelope
without incurring fan blade vibratory stress levels in excess of
the limit value.
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