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VSTOL TILT NACELLE AERODYNAMICS AND ITS RELATION TO FAN BLADE STRESSES

Robert J. Shaw and Robert C. Williams
National Aeronautics and Space Administration
Lewis Research Center

Cleveland, Ohio

44135

and Joseph L. Koncsek ¢
Boeing Military Airplane Development
Seattle, Washington 98124

Abstract

A scale model of a VSTOL tilt nacelle with a
0.508 m single stage fan was tested in the NASA
Lewis 9x15 Low Speed Wind Tunnel to ascertain inlet
aerodynamic and fan seromechanical performance over
the low speed flight envelope. Fan blade stress
maxima occurred at discrete rotational speeds cor-
responding to integral englione order vibrations of
tue first flatwise bending mode. Increased fan
blade stress levels coincided with ianternal bound-
ary laver separation occurring but became severe
only when the separation location had progressed to
the entry 1lip 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.

Symbols

Aff fan face annulus area, 0.160 wl
(1.72 fe?)

Anl inlet hilite area, 0.177 w?
(1.90 fe2)

Ath inlet throat area, 0.171 n?
(1.84 ftd)

CR inlet area contraction ratio
d distance normal to local inlet
surface

Hbl boundary iayer rake height,
0.191 m (0.0626 ft)

L inlet axial length, 0.416 m
(1.36 ft)

] fan rotational speed

P /P, local total pressure recovery

?tzll’; fan face area weighted total

pressure recovery

fan face area weighted total
preasure distortion

pIPc_ local surface static pressure
ratio
Mt local hilite radius
fan face hud radius, 0.118 =
b (0.384 ft) )
':u oat local th.oat radius
l“ fan face tip radius, 0.254 m
P (0.833 fe)
s inlet surface coordinate
1/ frae stream velocity

STAR Category D2
ALAA No, 78

%@—— fan face specific corrected airflow
At
x inlet axial coordinate
angle-of-attack
<} fan blade vibratory stress
g maximum allowahle fan blade vibratory stress
max 2 2 4 2
-4r107 N/m” p-p (3.5-10° 1b/in.” p-p)
$ angular ccordinate (counterclockwise looking
downstreanm)
Introduction

A number of potential configurations have been
advanced as candidates for the Navy Type A VSTOL
aircraft. One such design is the tilt nacelle con-
cept shown in figure 1.

I1a the vertical ascent or descent mode, the
engine nacelles are rotated to approximately 90°
with respect to tne aircraft axis as shown in Fig.
1(a). The thrust from the two tilt nacelles provide
two support posts Sor the aircraft while the third
is provided by the nose fan which is driven by the
tilt nacelle powerplants.

In the cruise mode the nacelles are rotated so
as to roughly align with the aircraft axis as shown
in Fig. 1(b). The nose fan is not employed in tke
cruise mode,

The inlets for the tilt nacelles will experi-
ence uigh angles-of-attack at the low forward veloc-
ities characteristic of the take off and landing
maneuvers. Representative operating conditions as
datermined by aission studies for such inlets are
shown in Fig. 2. It can be seen that tilt nacelle
inlets can experiance angles-of-attack as high as
120° at a flight velocity of 21 m/sec (40 knots).
Such severs opsrating conditions can result in
boundary~layer saparation within the inlet resulting
in increases in total pressure distortion presented
to the powerplaant. A major concern is that the
internal flow separation can result in intolerable
levels of fan blade vibratory stress which could in
turn result in fan blade failure.

A nuwber of experimental programs have been con-
ducted in the past which were concerned with the
serodynamic characteristics of § inlets vhen in-
ternal flow separation occurred.’"® Since an inlet
for s VSTOL application would in general have in-
craased angle-of-aitack requirements, the effects of -
internal flow separation would be expected to be
more severe both on inlet performsnce and resultant
fan blade stress levels.

In order to svaluate the asrodynamic-
asromechanical interrelationships and thus to help
evaluate the viability of the tilt nacelle comcept,
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a jcint test program was initiated between NASA
Lewis Researcl. 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 re-
sults of the test program are discussed in Ref. 7.
This paper will concentrate on one of the five de-
sign goal points (V_, = 54 m/sec (105 knots),

a® 75°) and discuss the salient inlet aerodynamic
features and .he resultant fan blade vibratory
stress signature. Finally the blade stress induced
limits on the safe naceile operating envelope will
be discussed.

Apparatus and Procedure

Test Model

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

The inlet was designed by Boeing Military Air-
plane Developmen: to be a candidate design for a
tilt nacelle subsonic VSTOL aircraft. The inlet is
an asymmetric design with a local contraction ratio
((Rhl/Rthroat)z) varying from 1.76 in the windward
plane to 1.30 in the leeward plane. The overall
inlet contraction ratio (Ahl’Athraat) is 1.50,

The intent of the design is twofold: (1) to
provide a high enough contraction ratio in the wind-
ward region to minimize the static pressure gradi-
ents imposed on the internal boundary layer and,
hopefully, inhibit boundary layer separation and
(2) to keep the overall inle. contraction ratio low
enough to delav the drag rise Mach number to a suf-
ficiently high value. A further discussion ci the
inlet design philosophy is given in Ref. 8.

The fan is a single stage 0.50 8 m diameter
design which has a pressure ratio and tip speed
representative of the Type A V/STOL aircraft appli-
cation. At the nominal design speed of 8020 rpm,
the fan pressure ratio is approximately 1,17 and
the tip speed is 213.5 m/sec. At the maximum fan
speed of 120 percent of the design value, the fan
pressure ratio is 1.25 and the tip speed is 256 m/
sec.

The fan has 15 rotor blades and 25 stator
blades with a yotor-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 adjusti.g the blade
pitch and hance has no midspan dampers. All test
runs were conducted with the blades set at the de-
sign angle.

The fan is driven by a four-stage turbine
povered by high pressure, heated asir delivered to
the turbine through flow passages in the model sup-
port strut.

The fan noszle exit area was sized to dupli~
cate as closely as possible the operating line used
in a previous full scale 1n1¢t-tn!£n¢ teut in the
NASA Ames full scale wind tunnel,

A more complete discussion of the sercdynamic
characteristics 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
locat.:d at three circumferential angles. For this
discussion, only the windward plane distributions
will be presented.

Two removable six tube boundary layer total
pressure rakes w:re located about midway in the dif-
fuser of the inlet (X/L = 0.63) to determine the
quality of the diffuser flow. One of the rakes was
located 5° from the windward plane while the second
was located 50° 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 pres-
sure probes. (One rake was located in the windward
plane.) Six of the probes on each rake were posi-
tioned 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 measure-
ment of the outer surface boundary layer and mid-
channel flow. The clusest total pressure probe to
the outer wall was located 0.6 percent of the duct
height away from the wall.

Six outer surface static pressure taps were lc-
cated in the fan face plane and located midway be-
tween 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
fuce rake plane 2.79 cm from the outer surface and
displaced 7.5° from the windward plane. The rms out-
put 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 wid chord 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 curing
the test and indicated essentially identical read-
ings. Thus for purposes of this discussion only one
of the three strain gage signals was analyzed.

Test Facility

The test discussed herein was conducted in the
NASA Lewis 9x15 Low Speed Wind Tunnel which is an
atmospherjc total pressure facility with a free
stream velocity range of 0 to 75 m/sec.

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

Test Procedure

A major concern during the test 'as the safety
of the fan since it was anticipated that at the ex-
trems operating conditions, fan blade stresses in
axcess of limit values could be encountered. Such a
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concern dictated that the following test procedure
be employed.

Initially a low free stream velocity and angle-

cof-attack were established with the fan operating

at a low speed (~1000 rpm) which usually corre-
sponded to separated inlet flow. The fan zjeed was
thus increased while the stress levels were contin-
ually monitored until a speed of about 8000 rpm was
reached. If at any time the fan blade stresses
reached a4 limit value, the test sequence was imme-
dlatelv discontinued and the fan speed reduced to a
sate condltion. Such a sweep in fan speed wnas
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 {n-
dicative of boundary layer separation. A number of
steady state data points were then taken to deter-
mine the actual onset of separation through the in-
spection ot the windward plane fan face total pres-
sure 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 free siream velocity the angle-of-
attack was increased in increments of 15° beginning
with a = 0° and the above described process re-
peated until limiting values of stress or the de-
sired angle-of-attack was reached. This process
was then repeated for increased free stream veloci-
ties.

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

Results and Discussion

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/sec
(105 knots), a = 75°. Also shown for comparison is
the strecs signature for V= 54 m/sec (105 knots),
a = 0°

1ne first, flatwise bending mode stress signa-
ture is shown a3 a percentage of the maximum allow-
able stress as a function of both inlet specific
corrected airflow (Wr8/6Ag¢) and fan rotational
speerd (N). The test results indicated the only
significant mode of vibration present was the first
flatwise bending mode. The maximum allowable vi-
bratory stress as determined by a combined
nnnlytlcnl/cxperllcnial procedure was 2.4x108 N/m?
peak-to-pesk (3.5x10% 1b/in.< p-p).

The stryss signature can be characterized as
having two components: & broadband level superim-
posed on which are a series of discrete narrow
speed band peaks. These discrete narrow peaks cor-
respond to integral numbers of blade vibration
cycles per rotational cycle and hence are desig-
nated as the tntegral engine order vibrations
(EO's). That is the engine order three (E03) vi-
bration corresponds to three cycles of vibration
per rotational cycle.

The integral engine order vitracions always
occur at the same rotatiunal speeds, but the corre-
sponding inlet airflow will vary with free stream
velocity.

The stress signature corresponding to o = 75°
indicates tnat engine order three through six vibra-
tions (EO3 through E06) were present with the engine
order five vibration (E05) reaching approximately
B0 percent of the limit value.

A comparison of the two stress signatures shewn
indicates the significant effect the inlet aerody-
namics have on the resulting vibratory blade stress
levels. The signature corresponding to a = 0°
inlet/fan operation can be characterized as a flat
broadband profile with small {ncreases in stress
level corresponding to the E03, EO4, and EO5 vibra-
tion peaks. Tne raximum stress level corresponds to
the EO} vibration peak and is less than 10 percent
of the maximum allowable stress level. Increasing

the angle-of-attack to 75° and repeating the sequence

results in a significantly different stress signa-
ture. 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°
levels, In addition the relative levels ot the
engine order peaks are changed from the a = 0° sig-
nature,

In order to understand the cause/effect rela-

tionship between the inlet aerodynamics and the blade

stress signature already shown, the appropriate in-
let 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 totai pressure
distortion to the stress signature for a = 75° al-
ready shown. The recovery levels were calculated
from the fan face rake measurements by taking all 19
probes into consideration. Twor distortion calcula-
tions are shown - one corresponding to deleting the
outer nine percent of the fan face annulus area and
the other corresponding to deleting the outer 26,6
percent 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 pres-
sure recovery levels are high regardless of the
level of fan blade stress level encountered. The
recovery is in excess of 99 percent when the bound-
ary layer is attached and drops to only 97 percent
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 airflov level are decreased from higher to
lowor levels (that is, proceeding from right to left
on this and subsequent figures). As might be ex-
pected as the inlet airflow is reduced and separa-
tion is detected, both of the calculated distortion
parameters incrcase, reach a maximum value and then
decrease for further reductions in inlet airflow,
The maximum level of distortion can be seen to occur
at approximstely the same inlet airflow as does the
maximus blide stress level.

The 91 percent area distortion parameter has
much higher attached flow distortion levels than
does the 73.4 percent arvea parameter, This can de
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attributed to the fact that the 91 percent area
parameter uses total pressure measurements hich
are wvithin the attached boundary layer for t - dis-
tortion level calculation., The high levels c.
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 distor-
tion levels are relatively high for low stress -on-
ditions 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.

Such an occurrence prompted the introduction

of the 73,4 percent area distortion parameter which
vas defined to consider only those measured total
pressures which are outside the sttached flow bound-
“ary layer. As Fig. 7 indicates, the variation of
the 73.4 percent area distortion parameter does

tend to agree more with the blade stress signature
ir a qualitative fashion.

Pigure 7 also indicates that a significant re-
duction in inlet airflow could be effected once
separation is first observed prior to reaching the
maximue vibratory stress level. This rasult vas
also observed throughout the test program.

The combination of high total pressure recovery
and high distortion implies that that a small region
of locally low recovery exist at the fan face.

This will be illustrated in the following figure.

Figure 8 relates the inlet aerodynsmic charac-
teristics to the fan blade vibratory stress charac-
teristics for a series of inlet airflows. For each
airflow, the figure shows the stress signature al-
ready discussed, the fan face total pressure con-
tour map, the appropriate individual fan face rake
profiles, and the two mid-diffuser boundary layer
rake profiles. Figure 9 presents the windward sur-
face static pressure distributions for the same
airflovs.

Yor the high inlet airflow (168 kg/sec-m?,
34 lbm/sec-ft2) shown in Fig. 8(a), the stress
level is lov (-5 percent) and the contour map indi-
cates an asymmetric boundary layer thickness dis-
tribution, & fact substantiated by the windward and
lesvsrd fan face rake profiles shown which both
show attached flow profiles. Likewise the two mid-
diffuser profiles indicate an sttached boundary
layer flowv although some profile distortion is
noted for the ¢ = 5° rake. It should be noted
that the radial position scsles for the boundary
layer and fan face rake profiles are the sams which
allov a direct comparison of the profiles to be
wnede,

It is interesting to note that while the
stress level corresponding tg an inlet airflow of
168 k;lnoc-l? (34 1da/sec~ft*) is low, an increase
in inlet airflow to that corrusponding to the en-
gine order three (EO)) vibration resuits in a sis-
_ able stress level (-0 percent). The KO} vibration
"pesk is significant even though the inlet boundary
layer flow is definitely attached. It is hypothe-
sised that an attached asymmstric boundsry layer
thickness distribution st the fan face like that
shown 1o Fig, 8(a) ie responsidble for the incressed
stress level.

Ae the inlet airflow is reduced to 147 kg/
sec-u2 (30 lbm/sec-ft2) as shown in Fig. 8(b), the

contour map shows little apparent variation from
that of the higher airflow alrcady shown, However,
the windward plane (¢ = 0®) fan face rake profile
indicates separated flow exists at the tan face.
The fully developed profile corresponding to the

$ = 60° rake indicates the separation {s a local-
ized phenomenon which exists over only a small sec-

tor of the fan face plane. The ¢ = 5° mid-diffuser

boundary layer rake shows a distorted although still
attached protile indicating the separation location

is downztrecam of the mcasurement plane. The ¢ = 50°
rake still indicates 3 well developed boundary layer

profile.

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

If the windward surface static pressure dfstri-
butions cor.esponding to the two conditions already
discussed are examined (Fig. 9), little {{ any indi-
cation of the occurrence of boundary laver separa-
tion can be detected as the profiles are qualita~
tively very similar {n nature.

A slight reduction {n inlet airflow to that
level corresponding to the engine order four vibre-
tion results in & significant increase in stress
level (-35 percent). Apparently the rather small
zone of separasted tlow present is sufficient to in-
duce an increased vibration amplitude. This is
especially noticeable when the EO4 vibration level
(-35 percent) is compared to the EO4 level corre-
sponding to o = 0° operation (-5 percent).

It is important to note that the location of
the inftial point of boundary layer sepa: ':ion is
stable, That is as long as the inlet airi! w ia
kept constant the separation does not ;ropog te tor-
ward to the entry lip region of the iniet.

Figure egc) corresponds to the inlet &irilow
(119 kg/sec-m?, 24 1bm/sec-ft2) for wh.ch the fan
face distortion level was the highest tegaswred to
the free s-ream conditions (V,, a) bein), d..cussed,
The broadband stress level increased sign:i:icantly
over that fcr the two hour airflows already dis-
cussed. The ‘“atour map shows & relatively exten-
sive spoile. wector which extends over about s

90 degree circumferential extent.

The ' ndward plane fan face rake profile shows
a large s« ..ated zone extending over about 30 per-
cent of the duct height. The total pressure levels
near the outer (tip) surface are leas than the local
outer surface static pressure, This could be indic-
ative of a region of reversed flow existing with the
total pressure probes essentially reading & vase
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° still shows
an attached profile which indicates the circumferen-
ud.uunt of the separated zone is less than 120°
(260°).

The ¢ = 5° mtid-diffuser boundary layer rake
profile indicates the location of separation was
well forward of this station. The profile for
¢ = S0° s attached although profile distortion
is evident.
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‘throat station.

The corresponding windward surface static pres-
sure distribution (Fig. 9) shows a distinct pres-
sure plateau indicative of boundary layer separa-
tion which starts at approximately the inlet
The difference in character be-
tween the pressure profile and the preceding ones
is evident.

1t can be hypothesized that the level of fan
blade utress is mainly a function of the distortion
level (an i{ntensity) 4s well as the distortion pat-
tern (an extent). The significant increase in the
EO5 stress level seems to agree with this hypothe-
sis as both the distortion inten;ity and extent in-
creased when compared to the data shown for the
previous inlet airflows.

A further reduction in inlet airflow to 88 kg/
sec-m? (18 lbm/sec-ft2) as shown in Fig. 8(d) re-
sults in a significant change in the character of
the tan tace total pressure contour map. No longer
is the contour map essentially svmmetric about the
windward-leeward plane as it is for tiie previous
conditions presented. The fan face profiles indi-
cate the flow is separated over large portions of
the fan face area. These two mid-diffuser boundary
laver rake profiles show separated tlow also exists
at that station.

The stress level for this inlet afrflow s
relat{vely low. Even though the extent of the fan
face distortion i{s large, the intensity has de-
creased. This appears to agree with the hypothesis
already advanced about blade stress being a func-
tion of both the distortion level (intensity) and
pattern (extent).

The windward surface static pressure distribu-
tion (Fig. 9) corresponding to this low airflow
condition shows that the separation location is
approximately at the hilite of the inlet, Although
nut shown here, the static pressure distributions
corresponding to ¢ = 45° and 180° also indicate
separated flow existed from the vicinity of the
hilite - at those two circumferential positions,

The vibratory stress plot shown in Fig. 8(d)
shows an inlet airflow corresponding to separation
reaching the vicinity of the inlet entry lip region
and designated as LS, This occurrence was deter-
mined by monitoring s wvindward plane surface static
pressure located approximatcly halfwsy betveen the
inlet hilite and throst locations.

The fan blade vibratory stress level reaches a
maximume in broadband level vhen the separation lo-
cation reaches the vicinity of the inlet 1ip. This
correlation between broadband stress maxima and
separation location held throughout the test matrix
investigated. 1t should be noted that vhile the
broadband stress maxima occur when the separation
location reaches the vicinity of the f{nlet lip, the
absolute maxima in stress occur at the fan speeds
corresponding to the integral engine order vibra-
tions,

The fact that ths separation location is
stable in that its location can he controlled by
the smount of inlet airflow demanded by the fan sug-
gests that two separation boundaries for the inlet
are important. These two boundaries are showm in
Fig. 10 ss the boundary which describes the initis-
tion of separation withian the diffuser and s second
boundary vhich indicates vhen the separation
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It should
be noted that the two boundaries shown in Fig. 10
hold only for a free stream velocity of 54 m/sec

reaches the vicinity of the inlet 1lip.

(105 knots). Different absolute boundaries would
exist for each free stream velocity.

The figure indicates that a cignificant reduc-
tion in inlet afrflow can be tolerated once dif-
fuser separation occurs prior to the separation lo-
cation 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 would be operated indefinitely in
the shaded region without any uncontrolled movement
of the separation location occurring.

It indeed for an actual flight application, the
separation location was agailn stable, the opera-
tional envelope of the inlet .ould be significantly
increased by allowing the inlet boundary 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 determina-
tion of the inlet fan operational envelope can only
be made when the levels of fan blade vibratorv
stress encountered are known.

The fan blade vibratory stress signature dis-
cussed was generated by reducing the fan speed for
a given model angle-of-att: ~. Such a procedure
allowed the determination of the stress levels cor-
responding to the various integral engine order vi-
brations as well as any other broadband stress max-
ima.

It would be instructive to examine how the
stress levels corresponding to the integral engine
order vibrations vary with {ncreased 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 versus angle-of-attack were
prepared using the more easily obtainable stress
signatures already discussed.

Figure 11 shows the variation of the engine
order five (EO5) stress level with angle-of-attack
for a free atream velocity of 54 m/sec (105 knets).
Also shown are the sppropriate fan face total pres-
sure contours. It has already been shown that this
stress peak was the maximum for this free stream
velocity. Other test data showed that for & ma-
jority of test conditions, this stress peak was the
maximum encountered.

The figure indicates that the stress level is
initially low (~2-5 percemt) but only increases
slightly (-10 percent) when diffuser separation ini-
tially occurs (a » 60°), Further increases in
wodel angle-of-attack result in a continucusly ia-
creasing stress with a level of about 80 percent
being reached at 75 degrees, The increasing vibra-
tory stress levels correspond to the separation
Jocation moving forward in the inlet toward the
entry lip region, This figure also points out the
additional inlet angle-of-attack capability avail-
able if the boundary layer is allnwed to separate
tut the separation location is kept downstream of
the vicinity of the inlet lip.

As already indicated the avallable inlet opera-
tional envelope can only be determined once the fan
blade vibratory stress characteristics are known,
As noted for a majority of test conditions, the
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engine order five (EO5) stress peak was the maximum
stress level encountered tor given operating condi-
tions (V,, a).

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

The comparison indicates that the inlet/fan
systenm teated could operate at the design goal
points without incurring limiting values of EOS
stress. However, the stress levels encountered were
as high as about 80 percent of the limit value. The
figure indicates that the EOS stress level was the
highest for the operating point (V_ = 54 m/sec,

a = 75°) discussed herein.

Alsu shown on the figure are the two appro-
priste aervdynamic separation boundaries which have
already been discussed. It can be seen that the
onset of diffuser separation would result tn EOS
stress levels of 40 percent or less. This indicates
that for all free stream velocities the initial dif-
fuser 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 EO5 stress contour
(0/0gay ™ 100 percent) if one were estimated from
the contours which are shown, This indicates that
regardless of free strecam velocity, the distortion
(i.e., intensity and extent) associated with the
forvard 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 fig-
ure is examined. The serodynamic-aeroclastic cor-
relation holds only for the fan/inlet combination
tested, Other fan designs with different aerody-
namic properties, or which have blades fibricated
from other materials (e.g., composites) would be ex-
pected to have significartly different vibratory
stress tolerance characteristics. Also the problems
of inlet aserodynamic and fan aeromechanical scaling
to expected full scale performance are currently not
well understood.

However the results shown herein indicate the
compatibility between the inlet aerodynamic and far
blade vibratory stress characteristics will be of
key concemn in the design of a viable tilt nacelle
VSTOL aircraft. It can also be hypothesized that
other VSTOL aircraft designs (e¢.g., configurations
emplo/ing thrust deflecting nozzles) may also exper-
lance significant vibratory stress levels,

Clearly mvch additional vork is required to
identify the p1 per serodynamic descriptive param-
eters in order to quantify the fan blade vibratory
streas compatibility problem,

Susmary of Results

A scale aode) of a tilt nacelle inlet designed
for the proposed Navy Typa A VSTOL aircraft was
tested in the NASA Lewis 9213 Low Speed Wind Tunnel.
The tnlet was coupled to a 0.508 m diameter single
stage fan and tested over the expected low speed
flight envelope. The major results can be suma-

marized as follows:

1. Significant fan blade vibratory stress
levels were encountered which corresponded to in-
tegral engine order vibrations. These narrow fan
speed band peaks corresponded to the first flatwise
bending mode.

Z. The highest levels of fan blade stress coin-
cided with internal boundary layer separation occur-
ring about the windward plane of the inlet,

). Stress maxima appeared to coincide with the
boundary layer separation location reaching the vi-
cintty of the entry lip region ot the inlet,

4. The internal boundary laver separation ini-
tially occurred well downstream in the dfffuser and
the separation iocation was stable, that {s the
separation location moved forward only as the inlet
airflow demanded by >~ fan was decreased, A sig-
aificant decrease in inlet airtlow was necessdary be-
tween the {nitial occurrence of separatfon in the
diffuser and the separation location progressing to
the entry lip region of the inlet,

5. Even though inlet separatior did occur at
various operating condttions within the low speed
tlight envelope, the inlet/fan system tested could
operate over the envelope without ircurring fan
blade vibratory stress levels in excess of the limit
value.
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