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SUMMARY

Accurately predicting engine inlet steady-state distortion levels at conditions that produce
separated inlet flows (crosswinds and high angles-ot-attack) is a continuing problem asso-
ciated with the use of conventional small-scale inlet test techniques. Based on existing evi-
dence, part of the problem may be that small-scale test techniques generally do not simulate
the influence of the engine on the inlet flow field. It has long been recognized that an axial
flow compressor can attenuate artificially induced upstream flow distortion. But not
enough tundamental understanding of this interaction exists for the case of an inlet/engine
system where the source of the upstream distortion results from lack of inlet flow uniform-
ity which in turn reacts to the favorable influence of the engine. An investigation was con-
ducted to better understand the significance of engine/inlet interaction on inlet distortion
levels resulting from separated inlet flows. '

The results from a large-scale inlet test in the NASA-Ames 40- by 80-foot low-speed Wind
Tunne! are discussed. Inlet peiformance at angle-of-attack was measured with the inlet cou-
pled to the engine in the normal manner. as well as. in a remote-coupled configuration
which decoupled the influence of the engine on the inlet flow field. The latter contigura-
tion simulated current smalil-scale test techniques in which inlet airtlow is provided by a
vacuum system or remote-coupled engine. Measured data from both inlet configurations
provide comparisons of inlet boundary-layer profiles, fan-face total-pressure recovery maps,
inlet surface Mach number distributions, and inlet distortion levels. Test results indicated
that engine interaction allows the inlet to operate with lower distortion levels at and beyond
the separation angle-of-attack experienced without engine interaction.



INTRODUCTION

The use of viscous analytical codes to design subsonic engine inlets has gained reasonable
maturity and established itself as a valuable enzineering tool. However, verification of inlet
flow separation boundaries and accompanying pressure recovery and distortion levels still
must be obtained from experimental tests. Historically, the high cost of providing and oper-
- ating test facilities has forced the majority of experimeantal inlet tests to be conducted with
small-scale inlet models (1/6 scale or smaller) which provide no simulation of flow effects
caused by the presence of the engine in the actual full-scale inlet.

Experience with separated inlet flows has shown that small-scale inlets without engine simu-
lation have poorer performance than installed full-scale inlets. Factors thought to contri-
bute to improved installed inlet performance have been both a higher inlet Reynolds num-
ber and engine/inlet flow field interaction. But the relative contribution of each has re-
mained unclear.

Because the conservatism of smali-scale performance has been generally accepted, arguments
for improving small-scale prediction methods are much less persuasive than if the situation
were reversed and installed performance was below small-scale prediction. The potential fal-
lacy of remaining with the status quo is that the conservatism of current small-scale iniet
test techniques may be unnecessarily penalizing the inlet design in terms of weight and drag.

The resolution of this dilemma is linked to expanding the data base defailing engine/inlet

flow field interaction and Reynolds number effects. It was the intent of the present investi-
gation to develop a better understanding of engine/iniet flow field interaction.

PRECEDING PAGE ELANK NOT FILMED



APPROACH

It rnay be helpful in describing the approach developed for this investigation to review first
some background information relative to engine influence on the inlet flow field. Technical
reports dealing with the fundamentals of how an engine generates an influence on the inlet
flow field are somewhat deceptive in that they are invariably entitled and written to focus
‘on the response of an engine stage or stages to an inlet distortion. Although it is implied
that the distortion resulted from poor inlet performance, little if any discussion occurs as to
whether inlet performance would be different if the engine were not present and the inlet
flow instead was induced by a remote source (vacuum pump or remote-coupled engine).

Discussion of how an axial flow compressor stage alters an upstream non-uniform velocity
profile seems to have its beginnings in literature published in the late 1950’s (ref. i, 2) and
is often referred to as paralle! compressor theory. In these analyses, it was found that an
axial flow device will, in eftect, attentuate the incoming distortion by redistributing the in-
let flow. It is this redistribution of the inlet flow field ahead of the initial compressor stage
that is important to inlet performance.

It seems helpful to explain why the compressor rotor creates this redistribution of flow by
making an analogy with a rotor which coes no work (i.e., a windmill). Consider initially a
freely rotating rotor placed in a duct in which there is a uniform flow with velocity v A
‘(figure 1). Since the rotor can produce no net thrust or torque, the inlet velocity triangle
composed of the axial inflow velocity V  and the rotcr tangential velocity V, must com-
bine to create a blade angle-of-attack of zero lift. Now, suppose that a steady-state disturb-
ance is placed in the flow upstream of the rotor which creates a local total pressure deficit.
If we assume initially that the total pressure deficit is reflected in a reduced axial inflow
velocity V;\, the local rotor inlet velocity triangle will change (figure 1) and result in a local
blade angle-of-attack not equal to the blade angle-of-attack ot zero lift. Accordingly, a
thrust and torque will occur on the rotor locally in the region affected by the velocity defi-
cit. However, since the windmill can produce no net thrust or torque in a steady-state sense,
this response to the velocity deficit must be transitory and simply means that the rotor must
create a new operating condition. To accomplish this, the rotor causes the duct velocity vec-
tors to readjust in both magnitude and orientation around th: entire rotor disc (both inside
and outside the velocity deficit region) so that again no net thrust or torque on the rotor is
produced. In effect, the higher energy regions are forced to give up energy to the lower
energy regions. An example of such an interchange in terms of duct axial velocity is shown
in figure 2 taken from reference 2. Accompanying variations in duct static pressure also oc-
cur. By contrast, should the fan rotor not be present in the duct, the high and low total
pressure regions would pass down the duct unchanged with velocity proportional to the
total pressure distribution and uniform static pressure distribution.

The windmill is analogous to a thrust producing rotor in that both strive to maintain their
operating characteristics when confronted with a non-uniform inlet flow. The thrust pro-
ducing rotor causes a redistribution of the approaching flow to maintain a constant dis-
charge static pre: 2. The rotor can generate this flow redistribution as long as the flow
non-uniformity is:  severe enough to cause the rotor blade to stall.

FRECEDING PAGZ BLANK NOT FILMED



Analyses which predict the influence of the rotor on a nor-uniform upstream flow field can
also provide information for designing an inlet/engine combination which will allow exam-
ination of inlet performance with and without engine interaction. The resultant configura-
tions can be termed a close-coupled engine/inlet and a remote~oupled engine/inlet. The
close-coupled engine inlet is a conventional engine/inlet installation in which engine interac-
tion is present. In the remote-coupleq case. engine interaction with the inlet flow field is de-
coupled by connecting the inlet to the engine with a long intervening duct. The same engine
used in the close-coupled inlet now becomes, in the remote-coupled inlct, simply a means to
provide airflow through the inlet. Analysis in reference 3 indicated that rotor interaction
was negligible beyond three rotor tip radii upstream of the rotor thus this dimension pro-
vides the minimum length for a spacer duct between the engine and inlet in a remote-cou-
pled configuration.

The preferred test program would have used a fullscale configuration so that the signifi-
cance of engine influence on inlet performance could be isolated (i.e., no simultaneous inlet
or rotor Reynolds number effects mixed into the results). In pursuit of a test engine and
test facility to conduct the test, difficulties were encountered in locating an adequate test
facility to test full-scale turbofan engines of the JTOD, CF6, and RB-211 class. A compro-
mise position was determined which utilized a test engine approximately one-half scale reia-
tive to JT9D, CF6, RB211 engines but of similar aerodynamic design. The appropriate test
facility was the NASA-Ames 40 ft x 80 ft low-speed Wind Tunnel. It was assumed that a one-
haif scale inlet test represented a sutficient scaling step from conventional small-scale models
to allow measured engine interaction effects to be interpreted as representative of fullscale
results.



a or alpha
CKN2

Ccp
FNPR
IDCHUB

IDCTIP

IDCj

IDRTIP

lDRj

K1

K2

PSBL

PSBL/PTREF

PTBL
PTBL/PTREF
PTR

PTREF

SYMBOLS

Inlet angle-of-attack referenced to the inlet axis, deg.

rev
Corrected fan rotor speed, —
min

Static pressure coefficient

Fan nozzle total pressure ratio

Hub circumferential distortion index;
IDCHUB = Max. of (IDC{ +IDC5)/2

or (IDC2 + lDC3)/2

Tip circumferential distortion index:
IDCTIP = Max. of (IDC3 + 1DCy)/2

or (IDC4 +IDCg)/2
{
Ki [("TRAVG)j ‘(PTRMIN)J'] | CTRAVG)gacE

Tip radial distortion index:
IDRTIP = IDR; + K2 IDRy

{

™ !
| CTRAVG ™ (”TR,\\'G);] [ PTRAVG)pce

Weighting coefficient - function of the size of the annular region
which is below the ring average and the number of low pressure
regions per rifg
Weighting coetficient - function of the radial extent of the low
pressure regicn

i ib ., ﬂ)
Boundary-layer static pressure at wall, —5 (l\g/cm-

in~

Boundary-layer wall static to freestream total-pressure ratio

b
Boundary-layer total pressure, —% (Kg/cm:)

in-
Boundary-layer total pressure ratio

b /. I
Recovery rake total pressure, ——% (l\g/cm-)
m-

b 2)
Freestream total pressure, ""‘,nv (Kg/cm~
in2



(SYMBOLS (CONTINUED)
. 1b 5
PTTRAV Traversing wedge probe total pressure, — Z(Kg/ cm?)
in _
R Radius, in (cm)
8 or theta Inlet circumferential position Z.g
‘ Ib (K
WKI Cerrected inlet airflow, __(___g_)
sec \sec
WKIA Corrected inlet airflow divided by the fan annulus area at the fan
1b K,
rotor blade leading edge plane ( £ ,’)
sec»ft2 sec-m~“
X Axial distance, in (cm)
Y Vertical distance, kin c¢m)
v Velocity, knots (h—m
SUBSCRIPTS
AVG Average
EXT External
FACE Fan face;includes 2l 7 rings
i Inlet
INT Internal
j Index for each of § equal arca annular rings located in the plane of
the total pressure recovery rake measurements
SEP Separation
T Wind Tunnel
t Tangential




MODEL AND APPARATUS

A government-supplied General Electric WTF-34-F5 turbofan engine was used as the test
engine for this investigation. The TF-34 incorporates a single-stage fan with a design pres-
sure ratio or 1.5:1 and a bypass ratio of 6.23. The fan diameter is 44 inches (1.118 m). The
engine was cperated with the manufacturer’s reference calibration nozzles on both the fan
and primary exhausts.

The inlet design is typical of designs used in current subsonic commercial transports. The
inlet had an L/D of .57 and an asymmetric lip section with a contraction ratio of 1.24 on
the crown (8 = 0°) varying to 1.28 on the keel (§ = 180°). The inlet centerline was canted
5° down (droop) relative to the engine centerline. The scale of the inlet, determined by the
engire attach-flange diameter, was .47 relative to a full-scale inlet of a JTOD, CF6 or RB211
class engine. A table of coordinates for the inlet is presented in figure 3.

Construction of the iniet provided for integral mounting of a fan-face total pressure recov-
ery rake to the inlet outer wall. The opposite end of each rake arm was joined by a com-
mon structural ring which supported a dummy non-rotating engine spinner built to the same
lines as the actual engine spinner. In the close-coupled inlet configuration (figure 4), the
actual engine spinner was removed and the non-rotating spinner, attached to the fan-face
total pressure recovery rake, was substituted.

Final design of the remote-coupled inlet configuration used an engine/inlet spacer duct 4.8
rotor tip radii long to assure that the inlet flow field was sufficiently decoupled from engine
influence (figure 5). The spacer duct had a constunt internai diameter of 44 inches (1.118
m) which matched the internal diamcter of the tan case at the engine/inlet attach flange. In
the remote-coupled configuration, the normal engine spinner was reinstalled on the engine
and a 3:1 elliptical fairing (figure 6) was added to the aft end of the spinner/fan face total
pressure recovery rake assembly to fair out the body. The upstream end of the 3:1 elliptical
fairing also contained a short section whose contour was designed as a transition section to
turn the local flow from the spinner contour to the elliptical afterbody contour without ex-
cessive peak mach numbers.

The inlet configuration forward of the engine/inlet attach flange remained identical irregard-
less of which inlet configuration (close-coupled or remote-coupled) was installed, i.e., same
instrumentation, fan tface total pressure recovery rake, and engine spinner.

Both inlet models were supported from overhead and siung between the wind tunnel main
support struts on a cross beam assembly (figures 7, 8). Variation of inlet angle-of-attack was
accomplished by extending or retracting the wind tunnel tail strut which was linked to the
model cross beam assembly. Mechanical limits of the wind tunnel pitch system allowed a
maximum inlet angle-of-attack of +35°.
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INSTRUMENTATION AND TEST PROCEDURES

The test instrumentation consisted of 242 steady-state measurements, comprised of 208
pressures, 34 total temperatures, and wind tunnel and engine operating parameters. Thirteen
dynamic pressures were also measured. Instrumentation for each measurement task is des-
cribed in the following paragraphs.

The inlet contained an eight-arm total pressure recovery rake (figure 9) with each rake arm
containing ten equal area-weighted elements and an associated spinner and cowl wall static
pressure. As discussed in the Model and Apparatus section, the recovery rake assembly re-
mained in the same position relative to the inlet in both the close-coupled and remote-cou-
pled configurations. The actual total pressure measurement plane of the recovery rake as-
sembly was approximately 6 in. (15.24 cm) forward of the fan rotor to allow for the struc-
tural components of the rake. While this measurement distance is quite representative of en-
gine/pressure rake installations it caused some concern in relation to the objectives of this
investigation in that separated flows with engine interaction might reattach aft of the recov-
ery rake. This would cause the rake measurement t be unrepresentative of the flow pre-
sented to the fan. Also, this more forward position might eliminate the ability to detect in-
let diffuser boundary layer separation which tends to start near the fan face and progress
forward. To help compensate for these potential measureruent problems, two total pressure
boundary layer rakes were added, both of which are shown schematically in figure 9. At

0 = 175°%,a 3 in. (7.62 ¢cm) boundary layer rake (see figure 10) was mounted with the mea-
surement plane approximatelv 2 in. (5.08 cm) forward of tie rotor plane. Measurements
with this rake would help identify boundary layer separation much closer to the fan rotor
plane and were monitored with on-line data plotting. To provide boundary layer informa-
tion for the more extreme case where engine interaction might cause separated tlow reat-
tachment very close to the fan roior, a 3/16-inch diameter wedge probe was installed at

8 = 180° and could be traversed radially .5 in. (1.27 cm) in front of the rotor plane. The
wedge probe provided measurement of to-al pressure and flow yaw angle. The eight-arm
total-pressure recovery rake was also equipped with three radially distributed dynamic total
pressure probes at both 8 = 185° and 135°. The dynamic total pressure measurements near
the outer duct wall were purposely positioned to be outside the boundary layer of attached
inlet flows determinad from analysis. Finally. three radially distributed total temperature
probes were also mounted on the recovery rake at § = 5° and 8 = 225°.

Inlet steady-state surface static pressure measurements were made at various circumferential
and axial positions in the inlet as detailed in figure 11. Dynamic surface static pressure mea-
surements were also made along the inlet keel (8 = 180°) from just forward of the inlet
throat to near the engine attach flange.

Inlet total airflow was measured using a <alibrated inlet technique developed in reference 4.
The technique relies or the prior calibration of a smaller but geometrically similar inlet
model in a wind tunnel where inlet airflow can be accurately rneasured with a venturi. Mea-
sured airflow is converted to an airflow coefficient and plotted versus a corresponding aver-
age inlet static pressure ratio measured near the inlet throat. This airtlow calibration can be
used to determine airflow in other geometrically similar inlets of different scale provided the
appropriate static pressure ratio is measured in the inlet.in question. In the present test,



four static pressures at inlet station X; = 6.10in (15.49 cm) and 6 = 0°, 90°, 180° and 270°

were used to form the above static pressure ratio and values were computed on-line and dis-

played to allow the engine operator to maintain the desired engine corrected airflow. Possi-

bie corrections to the small-scale (1/6 scale) inlet calibration for use with the .47 scale test
inlet were examined analytically and found to be negligible.

Although this airflow calibration method tends to correlate data obtained at different angles
of attack on a single curve, there is some influence of angle-of-attack remaining. To improve
the calibratior accuracy, two calibration curves were used; one curve for angles-of-attack
tess than +20° and a second curve for angles-of-attack equal to or greater than +20°. Air-
flow measurement accuracy was estimated to be +2%.

The compressor inlet. figure 12, contained three total temperature rakes and three total
pressure rakes. Each total temperature rake contained two equal area-weighted thermocou-
ples and each total pressure rake contained four equal area-weighted total pressure probes
with a Prandtl-type static probe on the innermost radius. There were also three wall statics
on the duct outer wall near each total pressure rake.

The fan nozzle exijt was instrumented with four total pressure and four total temperature
rakes (figure 13). Each rzke had five equal area-weighted elements. Each total pressure rake
also had an associated inner and outer wall static pressure orifice.

Three engine parameters, the fan (N2) and compressor (N 1), rotational speed, and turbine
total temperature (TT5). were recorded on the data system. To protect the engine from ex-
cessive stress levels that might be encountered during inlet flow separation, stress levels were
monitored {in the fan outlet guide vane assembly) at twelve different locations recommend-
ed by the engine manufacturer.

All instrumentation sensors cssociated with engine performance were mounted on the test
model. Measured data were recordad, calibrated and calculated by a Hewlitt-Packard 3052/
9825 data system with output available on a line printer. Dynamic data were FM-tape re-
corded with a frequency response of 1.5Hz to SKHz.

The engine operating points for this investigation were somewhat below the maximum ob-
tainable due to the higher than anticipated wind tunnel freestream temperatures and the
“engine-on condition™ time limits specified by the engine manufacturer. Wind tunnel free-
stream temperatures are somewhat difficult to maintain at desirable levels because the 40
by 80-foot Wind Tunnel is a closed circuit design which causes engine hot exhaust gases to
be recirculated. The “on condition’ time limits for the engine at some of the higher opera-
ting points, were too short compared to the time required to pitch the model through a
meaningful angle-of-attack range. It was tinally determined that WKIA = 36 (175.5) was the
highest inlet airflow/unit area that could be run and be compatible with the previous limita-
tions. For comparison, the engine design point corresponds to WKIA =40.2 (196).-

A calibration of the test engine was made prior to the actual wind tunnel test to retrim the

engine which had been inactive for some time. This calibration was made with the manufac-
turer’s recommended inlet bellmouth and reference nozzle hardware. The Ames test engine
operating line performance, in terms of iniet airflow versus fan speed, compared to that of a
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standard TF-34, figure 14, showed good agreement.

Disagreements on the order of 2% in measured inlet airflow for a given fan speed were for:nd
between the manufacturers’ method and the method used in this report. The error was
within the error band indicated for each method and is not uncommon when different tech-
niques involving different inlets are involved. Inlet airflow measured by the method of this
report is plotted versus measured fan nozzle total pressure in figure 15 for reference.



RESULTS AND DISCUSSION

. OVERVIEW

Based on the principles of paraliel compressor theory one would anticipate the major influ-
ence of the engine to occur just prior to or during flow separation. Angle-of-attack polars
with inlet airflow and airspeed held constant were run to induce inlet boundary-layer sepa-
ration for both inlet configurations. The method of determining inlet boundary-layer sepa-
ration was based on measurements from the 3 in. (7.62 cm) boundary-layer rake and appli-
cation of criteria for classical two-dimensional boundary-layer separation. Separation was
assumed to have occurred if the boundary-layer total-pressure profile approached the duct
wall with essentially zero slope and the total pressure in this region was near or below the
neighboring wall static pressure: thus indicating very little local flow velocity or reverse
flow respectively. '

Test program results are discussed in the following sequence. First, the characteristics of
inlet boundary-layer separation with and without engine interaction are reviewed in detail
for some representative test conditions and then compared in geneial. Next, the impact taat
the respective separation characteristics have on the fan-face total-pressure recovery map
and inlet distortion indices are reviewed. Finally, some conclusions are .eached regarding
the influence of engine interaction on inlet performance.

INLET SEPARATION CHARACTERISTICS WITHOUT ENGINE INTERACTION

Measured results can be presented more clearly by beginning the discussion with a review of
the data obtained without engine interaction. Figure 16 presents a representative progres-
sion of inlet boundary-layer total-pressure profiles measured during an angle-of-attack polar.
As angle-of-attack was increased the boundary-layer thickness increased and the profile in-
curred an inflexion point characteristic of instability in the boundary layer. Abruptly, at

a = 28° the total pressure profile shows a drastic change and one which satisfies the criteria
for boundary-iayer separation. At o = 28° the total boundary-layer thickness exceeds the
height of the boundary rake and the higiier total-pressure recoveries near the edge of the
boundary layer are not measurable with boundary-layer rake as will be shown in later fig-
ures.

The axial location of inlet flow separation was interpreted from plots of cowl surface Mach
number versus inlet cowl station. Cowl surface Mach number was computed from cowl sur-
face static pressures measured on the inlet keel (windward side). Figure 17 presents Mach
number distributions from the same « polar that the boundary-layer data of figure 16 was
obtained. A corresyonding loss in inlet diffuser static pressure recovery (no decrease in dif-
fuser Mach number) is seen to occur at the same angle-of-attack that boundary-layer separa-
tion was indicated. The axial location ot boundary-layer separation is interpreted to be
where the loss in diffuser recovery first appeared, or in this example, at about the 127 cowl
station.

Based on the approximate location of inlet boundary-layer separation from figure 17, the
total-pressure recovery rake is well downstream (at about the 767 cowl station) of the sepa-

13
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ration point and should see approximately the same total-pressure recovery as the boundary-
layer rake over the same radial distance. Total-pressure measurements from both the bound-
ary-layer rake and the recovery rake, figure 18, show this to be true. Further, the recovery
rake measurement confirms that inlet total pressure did recover to the freestream level at a
radial position exceeding the height of the boundary-layer rake.

An additional correlation is made in figure 19 between the steady-state boundary-layer pro-
files of figure 16 and the corresponding rms dynamic total-pressure levels measured on
recovery rake at 8 = 185°. Naotice, that when boundary-layer prefile indicated flow separa- .
tion, there was a large corresponding increase in the rms level of dynamic total pressure. Al-
though this correlation is not unexpected, it will be useful to remember when reviewing

results with engine interaction.

In figure 20 through 23, a similar series of plots, like those just discussed, are presented for a
lower inlet airflow and airspeed. The results are similar; only the angle-of-attack and loca-
tion of boundary-layer separation have changed as a result of the change in operating condi-
tions.

In general. boundary-layer separation characteristics measured for all the test conditions run
without engine interaction are well represented by the examples shown in the previous fig-
ures. Boundary-layer separation tended to be abrupt and occurred well forward in the inlet
at positions between the 187 cowl station and the hilite for all conditions discussed in this
report. A forewarning of this rather extensive separation was not detected in the form of a
prior inlet diffuser separation. The only warning that separation was imminent occurred at
an inlet airflow/unit area of WKIA = 36 (175.5) where large intermittent changes in dynam-
ic pressure amplitude preceded lip separation by about .5°. Because analytical calculations
for this inlet repeatedly predicted an initial diffuser separation at the test conditions investi-
gated, it is surmised that diffuser separation probably does occur but more as a time-depen-
dent condition rather than a steady-state one preceding lip separation. Either that, or the
separated region in the diffuser is confined to such a small region near the duct wall and a
small angle-of-attack increment prior to lip separation that it could not be measured with
the instrumentation and test procedures used here.

INLET SEPARATION CHARACTERISTICS WITH ENGINE INTERACTION

The measurement of inlet separation characteristics with engine interaction was attempted
with the same approach used without engine interaction. However, inlet boundary-layer
separation with engine interaction added another dimension to the measurement task caused
by an intermittent or non-stationary characteristic. The likelihood of encountering a non-
stationary flow separation was not unexpected ; such behavior is often found in inlet tests
without engine interaction but usually occurs briefly, and a stationary separation can be
attained by increasing angle-of-attack about a .5° to 1°. In the present investigation, what
was unexpected was the large angle-of-attack range over which non-stationarity persisted
and the inability to pass through this region in numerous test runs before reaching mechan-
ical stress limits in the fan outlet guide vane. Unfortunately, the test engine contained a hol-
Jow prototype fan outlet guide vane v.ith lower stress limits than the production version
which uses a solid vane design. The majority of the steady-state pressure measuring instru-
mentation provided for the test was not adequate to effectively measure some of the flow
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conditions encountered. Accordingly, not every inlet separation condition can be properly
presented. However, a number of test conditions can be reasonably analyzed using both the
steady-state and dynamic measurements provided.

Figure 24 presents the progression of inlet boundary-layer total-pressure profiles measured
during an angle-of-attack polar with engine interaction. The test conditiorn, in terms of-mnlet
airflow and airspeed, is comparable to that of figure 16 without engine interaction. The
boundary-layer profiles for both inlet configurations are quite similar at « = 0°and a = 25°
with the exception of slightly lower total pressure recovery near the duct wall with engine -
interaction. Beginning at a = 30°, figure 24, the total pressure levels near the inlet wall are
below the level of the neighboring wall surface static pressure. Combining this fact with the
shape of the total pressure profile near the wall implies that boundary-layer separation has
occurred. This region near the inlet wall persists as angle-of-attack increases but, in addi-
tion, the profile as a whole acquires larger and larger irregularities. The source of these irreg-
ularities was traced to the existence of a non-stationary flow condition being sampled by a
measurement system requiring stationary conditions. Evidence supporting this conclusion is
presented in figures 25 and 26. ‘The rms amplitude of dynamic total pressures measured on
the 8 = 185° arm of the recovery rake is plotted versus angle-of-attack in figure 25. As
shown previously, without engine interaction, a significant increase in rms dynamic pressure
amplitude can be correlated with inlet boundary-layer separation. In figure 25, an abrupt
increase in rms pressure level occurs at the same angle-of-attack that irregularities in the
boundary-layer profiles become most pronounced. Further. a comparison of peak to peak
dynamic total pressure amplitude time histories, figure 26, provides the final proof. With-
out engine interaction, time histories with the inlet flow separated, o= 28°, show an ampli-
tude characteristic reasonably consistent with time. In contrast, the corresponding time
history with engine interaction at a = 32° shows intermittent periods of large pressure am-
plitude changes indicative of a nonstationary flow. The periods of increased pressure am-
plitude are basically indicators of accompanying flow conditions which apparently caused
stress limits to be reached in the fan outlet guide vane. Upon reaching these stress limits,
the angle-of-attack polar was terminated which eliminated the opportunity to possibly reach
a stationary separated flow condition at higher angles-of-attack. Having established the
cause for a somewhat transient behavior in a portion of the steady-state boundary-layer
total-pressure profiles, it is useful to return to this data (figure 24) and examine more close-
ly what appears to be happening. Boundary-layer separation was first indicated at a = 30°.
Additional evidence that separation had occurred, as well as an indication of the axial loca-
tion of separation can be interpreted from the corresponding surface Mach number distribu-
tion, figure 27. Inlet diffuser pressure recovery is also reduced starting at « = 30°. A repeat
run, figure 28, shows this trend even more clearly due to measurements at smaller angle-of-
attack increments prior to a = 30°. Also from these figures, the axial location of boundary-
layer separation is indicated to be in the diffuser at about the 455 cowl station. No change
in this location is seen as angle-of-attack is increased to a = 31°.

The steady-state data at o = 32° shows irregularities caused by the non-stationary flow and
is not useful for accurately determining the axial location of flow separation. However, the
dynamic surface static pressure measurements made in this same region can provide insight
as to the flow separation process. Figure 29 compares the time histories from all the keel
(8 = 180°) dynamic surface static pressures and a corresponding time history from one of
the dynamic total-pressure probes on the recovery rake at § = 185°. Note that the ampli-
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tude behavior with time correlates for all measurements and indicates that flow separation
during the larger amplitude periods cccurs on the inlet lip at least as far forward as the for-
wardmost dynamic transducer location. If the point of flow separation had remained at
approximately the 457 cowl station, as was the case at a = 30° and 31°, the amplitude ver-
sus time characteristic of the dynamic measurements made forward of that point (i.e., cowl
stations 40.15%, 31.737% and 23.33%) should be different from those measurements aft of
45% cowl station.

Considering the information obtained from both the steady-stite and dynamic measure-
ments, it seems possible to conclude the following. Inlet separation for this test condition is
characterized initially by a quasi-steady state diffuser separation and as angle-of-attack is in-
creased, diffuser separation develops into a non-stationary separation intermittently moving
from diffuser to lip and back again.

Finally, knowing that the axial location of diffuser separation at a = 30° and 31° was for-
ward of the recovery rake, a comparison of the total pressure recovery measured by the
boundary-layer rake and the recovery rake is of interest. The data, figure 30, are in reason-
able agreement.

A similur sequence of data plots for another airspeed but the same inlet airflow is presented
starting with figure 31. At a = 35° the slope of the boundary-layer total-pressure profile
near the wall and the relative level of local total and wall static pressure indicate boundary-
layer separation. The overall boundary-layer profile at a = 35° has some smail irregularities,
but the corresponding dynamic pressure time historics (figure 32) show no large time-depen-
dent pressure amplitude variations. These small irregularities and similar ones in figure 24,
a = 30°, may be the result of unsteady three-dimensional flow effects in the separated re-
gion or small amounts ot movement in the point of separation.

Cowl Mach number distributions, figure 33, also indicate separation at a = 35° and the axial
location of separation to be at about the 4577 cowl station. Iavestigation of inlet separation
characternistics beyond a = 35° was impossible as o = 35° was the mechanical limit of the
wind tunnel/model installation.

Somewhat similar results were found at lower inlet airtlows over the same airspe2d range.
An abbreviated series of boundary layer, cowl Mach number and dynamic time history plots
are presented in figures 34 to 45 for review of the main characteristics of interest.

At inlet airflows corresponding to WKIA = 32 (156), a quasi-steady-state boundary-layer
separation was identified prior to the onset of intermittent separation as shown in figure 34
for o = 30° and in figure 36 for a = 26.5°. However, the corresponding cowl Mach number
distributions, figures 35 and 37 did not indicate separation. Because data repeatibility in
general was very good, it is thought that this result is valid. What it may indicate, is that the
axial location of diffuser separation moved very close to the end of the inlet. This would
make any identification of the separated region impossible given the distribution of the cowl
wall static pressure orifices. But since the boundary-layer rake is located at the end of the
inlet it can measure such an occurrence. A separation of this type would not be identifiable
with the recovery rake, but it is of little consequence relative to inlet distortion because of
the very small radial and circumferential regior: involved. More importantly, some test



conditions at WKIA = 32 (156) provided the first opportunity to pitch the inlet through the
intermittent separation region without exceeding fan outlet guide vane stress limits and mea-
sure a more developed quasi-stationary boundary-layer separation. The repeat run of test
conditions presented in figure 37 provided just enough additional stationarity at a = 27.5°,
based on the dynamic pressure time history traces of figure 38, to allow a reasonable mea-
surement. The corresponding cowl Mach number ¢istribution, figure 39, indicated flow sep-
aration occurred at about the 24 cowl station, well forward of the recovery rake. The
total-prossure recovery measured by-the recovery rake (6 = 185°) and the boundary-layer
rake are compared in figure 40.

Some of the measured data at WKIA =22 (107.3) did not allow clear identification of dif-
fuser separation from the boundary-layer rake because of an almost simultaneous onset of
intermittent separation which distorted the boundary-layer profiie. But, it was again possi-
ble at WKIA = 22 (107.3) to reach a quasi-stationary inlet separaticn beyond the intermit-
tent region at several airspeeds. Representative data at V=172 (3 18.5)and a= 27 1s
shown in figures 41 through 43. The time history of dynamic pressure measurements is
shown in figure 41. The comresponding cowl Mach number distribution, figure 42, indicated
the axial location of boundary-layer separation to be at about the 247 cowl station:again
well forward of the recovery rake. Total-pressure recovery measured by the recovery rake
(8 = 185°) and the boundary-layer rake are presented in figure 43.

Some additional comments may be useful for interpreting the comparispn of total-pressure
recovery profiles measured by the boundary-layer rake and the recovery rake presented in
figures 40 and 43. It seems probably that the more irregular profile measured by the bound-
ary-layer rake reflects the longer scan time, about six times that of the recovery rake, to
acquire data over the same radial depth of 3 in. (7.62 ¢m). Both measurements start at the
same time and sequence at the same rate but while the boundary-layer rake has cighteen
measurements to acquire. the recovery rake needs only three to tour measurements to cover
the same radial depth. Admittedly the resolution of the recovery rake is poorer. but when
the flow condition is only quasi-stationary, the shorter scan time provides a more instantan-
eous picture and probably a smoother profile.

In general, boundary-layer separation characteristics with engine interaction can be des-
cribed as beginning with a measurable quasi-steady-state inlet diffuser separation. Diffuser
separation then developed into an intermittent or non-stationary diffuser/lip separation
which persisted for several degrees of angle-of-attack. No flow reattachment close to the fan
rotor was indicated from measurements with the traversing boundary-layer probe. As pre-
viously discussed. many but not all & polars had to be terminated before reaching a station-
ary separation condition because of reaching engine mechanical stress limits. In those cases
where the inlet angle-of-attack could be increased until a quasi-stationary separation oc-
curred, the axial location of boundary-layer separation remained att of the comparable loca-
tion without engine interaction by as much as 6% of inlet length at the same or higher
angles-of-attack. Some representative comparisons are shown in figures 44 and 45.

For a broader view of the inlet separation characteristics, inlet separation boundaries (that
angle-of-attack at which boundary-layer separation was first detected) for bothinlet config-
urations are compared in tigure 46 over a range of inlet airflows and airspeeds. Data with
and without engine interaction are compared by plotting separation angle-of-attack versus
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inlet airflow for a constant airspeed. In viewing the comparisons, it is important to remem-
ber the difference in the extent of flow separation associated with these boundaries. With-
out engine interaction, the separation boundary equates to an extensive stationary separa-
tion occurring far forward in the inlet. The corresponding beundary with engine interaction
implies a rathei small diffuser separation. Accordingly, the separated flow condition with-
out engine interaction creates a larger loss in inlet airflow after separation occurs. This dif-
ference in resultant inlet airflow can cause a misleading bias in the comparison. In actuality,
the separation boundary for both inlet configurations was approached with essentially the
same inlet airflow. Therefore, in figure 46, separation angle-of-attack is plotted versus the
inlet airflow measured just prior to flow separation rather than the resultant airflow after
separation occurred. '

In general, the data show the differences in separation boundaries to be relatively small; in
the neighborhood of 2° or less but with some exceptions. Neither inlet configuration con-
sistently maintained a higher separation angle-of-attack than the other over the range of test
conditions investigated. It seems appropriate tc view this isolated comparison with less em-
phasis than one would a comparison of separation boundaries for two similar inlets (both
either remote-coupled or close-coupled) and unconsciously equate separation boundaries
with similar flow separation characteristics. The separation boundaries with engine inter-
action merely denot= the onset of a comvplex process of separated flow development which,
from a performance point of view, is more effectively evaluated by tracking comparative
inlet distortion and total pressure recovery levels. These separation boundaries can, how-
ever, be quite useful for comparisons with analytical predictions which break down quite
early in the development of flow separation.

Evidence that the vaniation in inlet separation boundaries was not contributed to by errors
in mechanical angle-of-attack between the two inlet configurations can be found by compar-
ing inlet surface static pressure distributions for equivalent test conditions. A representative
comparison, figure 47, shows very little difference in inlet pressure coefficient at an angle-
of-attack below separation.

FAN FACE TOTAL PRESSURE RECOVERY

Given the separation characteristics of both inlet configurations, the impact of the separated
region on inlet total pressure recovery is compared with and without engine interaction in
figures 48 to 53. In each comparison presented. the recovery data without engine interac-
tion was measured at the angle-of-attack at which a stationary tlow separation was first en-
countered, i.e., corresponds to the separation boundaries of figure 46. Total pressure recov-
ery data with engine interaction for comparison is included at the same or higher angles-of-
attack as long as the flow separation remained quasi-stationary. A discussion of each figure
will better explain the comparisons shown.

At WKIA = 36(175.5) and Vp= 172 (318.5), one would expect the total pressure recovery
maps with and without engine interaction to be quite different when compared at the same
angle-of-attack because of the increase in the separation angle-of-attack caused apparently
by engine interaction. The recovery maps in figures 48 and 49 confirm this prediction.
While the low total pressure recovery region without engine interaction (a = 28°) was quite
large, the comparable region with engine interaction (a = 28°) is much smaller. Of course
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this is due in a large part to the fact that the boundary layer has not yet separated at a =
28° with engine interaction. Additional recovery data with engine interaction where dif-
fuser separation was detected {a = 30°) is also shown in figure 48. Little change in pressuie
recovery is visible. Figure 49 continues this comparison with data from a repeat run with
engine interaction which repeated the o = 30° candition and extended the angle-of-attack
range to a = 31°. The repeat data at a = 30° agree with the data of figure 48 and the pres-
sure recovery at a = 31° begins to show some growth in the size of the low recovery region.
But again this region at a = 31° is much smaller by comparison to that measured without
engine interaction at & = 28°.

For the same inlet airflow, total-pressure recovery maps with and without engine interaction
show similar results at V= 147 (272.2), figure 50 and V1 = 186 (344.5), figure 51. At Vp
= 147 (272.2), recovery with engine interaction was not measured at the separation angle-
of-attack. However, the comparison would have been as previously shown because inlet sep-
aration (in the diffuser) was not detected with engine interaction until a = 35°. The recov-
ery at o = 35° is used for comparison. Both inlet configurations had the same separation
boundary angle-of-attack at V = 186 (344.5), but the smaller size of the low total pressure
recovery region with engine interaction reflects the less developed flow separation.

A representative comparison of total-pressure recovery maps at lower inlet airflows is pre-
sented in figures 52 and $3. At these inlet airflows some success was achieved in passing
through the non-stationary separation region far enough to achieve a quasi-stationary separa-
tion. The importance of this data is that total-pressure recovery maps with engine interac-
tion in which inlet boundary-layer separation has developed beyond diffuser separation can
now be compared to similar data without engine interaction. In both figures 52 and 53, the
size of the low total-pressure recovery region is smaller with engine interaction.

Several recovery map comparisons with and without engine interaction that could have
cleared up some uncertainties in the data were not obtained because of pressure sampling
limitations or engine stress limits. A particular case in point is tne data at Vp = 147 (272.2
and WKIA = 32 (156) in which the separation boundary without engine interaction was
slightly higher than with engine interaction as shown previously in figure 46. However, en-
gine stress levels caused termination of the « polar one degree below where inlet separation
occurred without engine interaction. Even though the measured data with engine interac-
tion appeared to restrict the radial and circumferential growth of the low total-pressure re-
covery region (given the limitation of the instrumentation), a true comparison can only be
made at the same angle-of-attack and with pressure sampling methods consistent with the
separation characteristic encountered.

INLET DISTORTION

Any rigorous comparison for fan-face total-pressure distortion levels must again reflect op-
erating conditions consistent with pressure measurement methods used in this investigation.
Accordingly, comparisons of the effect of engine interaction have been limited to the same
range of operating conditions reviewed in the previous sections on fan-face total-pressure
recovery maps.

Three different inlet distortion indices are compared with and without engine interaction on
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figures 54 to 58. Each inlet distortion index is plotted versus inlet angle-of-attack for essen-
tially constant inlet airflow and airspeed. In the initial plot of each operating condition
series, the specific inlet airflow/unit area of each plotted point above « = 20° is identified
and is similarly valid for the following plots of IDCTIP and IDCHUB in a given plot series.
Presentation of the data in this way was thought to give a better picture of the effects of en-
gine interaction as opposed tc plotting distortion indices versus engine airflow/unit area.
The reasoning behind this approach is based on two observations. First, inlet performance
obtained with engine interaction cannot be properly reviewed at a single angle-of-attack.
Secondly, it is important to show that the condition at which some form of inlet flow sep-
aration was detected, was approached essentially with the same inlet airflow for both inlet
configurations, although the resultant flow separation characteristics were quite different.
Further, because the initial measurable separation characteristics were different, the resul-
tant inlet airflows were also different (i.e., greater decreases in inlet airflow without engine
interaction caused in part by the more forward location of flow separation).

The inlet distortion indices used in the figures, IDRTIP, IDCTIP and IDCHUB, represent a
computational procedure developed by the General Electric Company and are used here by
permission from that organization. The distortion descriptor elements of this computation-
al procedure comply with SAE aerospace recommended practice 1420. The importance of
using these types of distortion indices is that they are weighted to depend not only on the
magnitude of the total-pressure deficit, but alsoc on the radial and circumferential size of the
low total-pressure region. It has been shown in reference 5 that the size of the low total-
pressure recovery region, and in particular the circumferential extent, can be directly related
to rotor blade loading and compressor stability margin. Reduction in the circumferential
extent of the low total-pressure recovery region tends to reduce rotor blade loading excuz-
sions by raising the blade reduced frequency which lowers the blade unsteady lift response.

Recall from figures that the one dominant effect of engine interaction was to reduce the size
(both radially and circumferentially) of the low total-pressure recovery region which should
be substantiated by the comparison of distortion levels. A review ot the data shows this to
be the case. At an inlet airflow/unit arca of WKIA = 36 (175.5), tigures 54 to 56, engine in-
teraction allows the inlet to be operated beyond the angle-of-attack of separation experi-
enced without engine interaction and at lower distortion levels. The lower distortion levels
being caused, in a large part, by the reduced size of the low total-pressure recovery region.

Additional data for lower inlet airflows is shown in figures 57 and 58 and reflects operating
the inlet, with engine interaction, slightly beyond the non-stationary separation angle-of-
attack region. Here again, engine interaction allows the inlet to be operated at or beyond
the angle-of-attack of separation experienced without engine interaction with lower distor-
tion levels.

The manner in which this improvement occurs seems to involve initially a delay in the rate
at which the inlet boundary-layer separation process develops with increasing angle-of-

attack. It is further suggested that engine interaction is involved at some yet undetermined
angle-of-attack interval just before the inlet boundary layer separates. During this interval,
the cause for any redistribution of the flow by the rotor is due to the total-pressure deficit
of a thickened but unseparated boundary layer. When the rotor responds to the total-pres-
sure deficit and accelerates the flow in that region, there is a corresponding reduction in



local static pressure. The reduced static pressure helps relieve a portion of the inlet diffuser
pressure gradient which in turn delays the onset of boundary-layer separation.

As inlet boundary-layer separation occurs and develops, the influence of the fan rotor con-
tinues. In the process of accelerating the flow in the low total-pressure recovery region,
there will be a three-dimensional bending of the flow streamlines ahead of the fan rotor
both toward the duct wall and toward the center of the low total-pressure region. Thus, re-
ducing the radial and circumferential size of the low total-pressure recovery region as shown
by the data presented.

From the parailel compressor analyses and experimental work in ref. 3 and 6, it has been
shown that the amount of attenuation of axial velocity distortion is a function of the slope
of the constant speed lines on the compressor map expressed as static pressure rise versus

axial velocity AP 1 reference 3, the more negative the slope, the greater the attenu-

ation of the upstream velocity distortion. In general, the compressor map for a single-stage
fan will contain a more negative-slope constant speed line nearer the design point of the
compressor or in effect at operating points farther up the operating line (increasing airflow).
Possibly, this dependence on the slope of the compressor characteristic may offer some ex-
planation for the variation in separation boundaries and the different rates of inlet distor-
tion increase with increasing angle of attack measured for different inlet airflows, i.e.,
different engine operating points in this investigation.

21
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CONCLUSIONS

Based on the data presented, it seems reasonable to conclude that engine interaction allows
an inlet to be operated with lower distortion levels at and beyond the separation angle-of-
attack experienced without engine interaction. Admittedly, this periormance advantage
could not be confirmed for all test conditions due to mechanical stress limits in the test en-

gine.

It is further suggested that, initially, this reduction in inlet distortion level is the result of
engine interaction delaying the onset of inlet boundary-layer separation. Variations in inlet
separation boundaries and distortion trends with engine ¢pera‘ing point were also thought
to show some relationship to predictions from parallel compressor theory and experiment.
Theory indicates the amount of distortion attentuation obtained to be dependent on the
slope of the constant speed line on the compressor map.
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Figure 1.—Definition of Inlet/Engine Flow Field Interaction (Using Windmill Analogy)
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XMRean | Yext/Rean | XRean | YinT/Rran
00000 1.00438 00000 1.00498
01127 1.03863 00504 97297
03736 1.06199 01324 96096
06937 107579 02677 94615
10411 108433 05644 92620
13862 1.08963 08927 91296
17332 1.09331 12371 .90439
20907 1.09642 16899 89925
24477 1.00982 19478 89659
28030 1.10475 23065 89563
31580 1.10995 26621 89550
35137 111471 20029 89852
38699 1.11905 33439 89651
42089 112281 37019 89894
45483 1.12622 40588 80258
48880 112931 43971 90695
52280 1.13210 47345 91202
55682 1.13460 50770 9177
59036 1.13684 54303 92401
€492 1.13883 57829 93063
.65899 1.14058 .61352 93747
69307 1.14213 64698 94408
72892 1.14355 88116 95084
76479 114478 71635 95781
80065 1.14585 74982 96440
83521 1.14670 76331 97088
87109 114738 81858 97748
90697 1.14786 85390 98378
94108 1.14813 88931 98957
97519 1.14822 92486 99447
1.00930 1.14814 96048 99875
1.04340 1.14789 99584 1.00251
107751 1.14749 103128 1.00446
111162 1.14692 106712 1.00274
1.14572 1.14621 1.10287 99961
1.17982 1.14535 1.13861 99648
121392 114435 117436 99335
1.24801 1.14321 1.22818 98865




LT

9 =90° 0 = 180°
X/ReAN Yexi/RraN X/ReAN YINT/REAN X/RE AN Yext/Rean X/Rean YiNT/REAN
00000 1.00203 00000 100203 00000 1.01343 00000 101343
00408 102305 01593 97798 01245 104082 00979 98304
02603 1.04888 03867 95163 03992 106842 02095 96953
05586 106381 06758 93282 06974 107009 04178 95270
08946 107345 09982 91919 10076 108082 07011 93683
12374 1.08024 .13351 90945 13219 1.09054 10021 92468
15833 1.08610 .16758 80286 16375 1.09929 13161 91510
19274 109282 20207 89863 19562 110712 16328 90784
2213 108073 23708 89636 22611 1.11378 19560 90228
26163 1.10811 27177 89556 25675 111978 22819 89348
20621 111199 30585 89551 28751 112510 26083 89610
32916 111713 33920 89634 31837 112989 29356 89538
36218 112187 37421 89858 34931 113418 22478 89609
.39524 1.12623 40913 90199 .38031 1.13804 35755 89792
42836 1.13024 44394 90637 41135 1.14154 .39025 90083
461561 1.13393 47693 91125 44243 1.14475 42285 90465
49469 1.13732 51165 91693 47353 1.14773 45375 80896
52791 1.14044 54509 92304 50622 1.15068 48612 91404
56114 1.14332 .58058 92947 53892 1.16352 51848 91956
59440 1.14598 61502 93613 57163 1.15634 .b5078 92641
.62939 1.14858 64774 94257 .60432 1.15920 58303 93151
.66439 1.15100 .68045 94905 .63675 1.16203 .6152% 93778
.69940 1.16327 .71486 95586 .66946 1.16474 .64586 94383
73126 1.16522 74758 962232 0219 1.16731 67799 95019
.76528 1.15720 78031 96870 73492 1.16977 21019 95656
80132 1.15900 81307 97492 .76604 1.17200 .74080 96260
83637 116063 84759 98120 29717 117414 77143 96857
86969 116204 88195 98709 82831 117619 80208 97440
.80302 1.16331 91532 99192 85945 1.17816 83437 98031
93535 1.16445 95109 98655 89059 1.18005 86670 98593
96969 1.16546 98612 99850 92174 1.18189 87973 98553
1.00303 1.16636 1.02121 99350 95289 1.18367 911086 98822
1.03637 116714 1.05629 99850 98405 1.18540 94375 09109
1.06972 116782 109138 99850 101521 1.18708 97645 99395
110307 1.16840 1.12646 99850 1.04798 1.18882 100915 99681
113642 1.16888 1.16007 99850 1.08076 119053 105430 100076
117150 1.16930

Figure 3.—(Concluded)
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Figure 5.—Conceptual Inlet System With and Without Inlet/Engine Interaction

L—TAIL STRUT

__CLOSE-COUPLED INLET
(ENGINE INTERACTION)

29



TV PP "
poed
-

TOTAL PRzatust
RECOVERY RAKE

ASSENBLY
e .

30

i
I
§
{
)

ﬁ" J..A

¢

SPINNER AFT1ER300Y
FAIRING

TP R -

Figure 6.—Aft View of Inlet Configuration For the Remote-Coupled Inlet
Installation Showing the Spinner Afterbody Fairing

U» rv._"' A;u P:\&JE IS
OF BPOOR QUALITY




I T T N

I T R e e

R U RETRN—N—_——————

1 e o Pw

S a =
T e e = S e
ISRl T ondliadie e S
Sl
.‘«,-w‘.
. e > o .

(a) % FRONT VIEW

Figure 7.—Close-Coupled Engine/Inlet Installation Mounted in the NASA-Ames
40 by-80-Foot Wind Tunnel

31



ey e S - A AR R TR

32

Figure 7.—(Concluded)




AR A e

At gl -ftww e (SRS - T

<, . sl PO E — q“
i s I~

(8% {a) X FRONT VIEW
Of;;""' RER Figure 8 —Remote-Coupled Engine/Inlet installation Mounted in the NASA-Ames
S s 40 by-80-Footr Wind Tunnel
. R
-y ',~;\ \.:})

33



gl

34

it

TP Y NP

2 et _ ~
g A n } -
e e T AT —

{b) % REAR VIEW

Figure 8.—(Concluded)




292.5°(PC7)

270°

247 5°(PC6)

— SURFACE STATIC

PRESSURE

® TOTAL PRESSURE
O DYNAMIC PRESSURE

337.5°(PC8)

205°(PCS)

VIEW LOOKING DOWNSTREAM
]

PTRA10

5

o Xe ..n...

3

25°(PC1)

67.5°(PC2)

1125°(PC3)

x TOTAL TEMPERATURE 180° -

PROBE ANGULAR LOCATION

R.ADlUS o o 2 =] o © (] e]
in. {cm) 5 45 90 135 185 225 270 315
21.49(54.58) | PTRA1 PTRB1 PTRC1 PTRD1 PTRE1 PTRF1 PTRG1 PTRH1
20.43(51.89) | PTRA2 | PTRB2 PTRC2 PTRD2 | PTRE2 PTRF2 PTRG2 | PTRH2
19.32(49.07) | PTRA3 | PTRB3 PTRC3 PTRD3 | PTRE3 PTRF3 PTRG3 | PTRH3
19.16(48.67) | TTR1 PD1 PD4 TTR4

18.13(46.05) | PTRA4 | PTRB4 PTRC4 PTRD4 | PTHRE4 PTRF4 PTRG4 | PTRH4
16.86(42.08) | PTRAS | PTRBS PTRCS PTRDS | PTRES PTRF5 PTRG5 | PTRHS5
15.49(29.34) | PTRA6 | PTRB6 PTRCE PTRD6 | PTRE® PTRF6 PTRG6 | PTRH6
15.33(38.94) | TTR2 PD2 PD5 TTRS

13.99(35.53) | PTRA? | PTRB7 PTRC7? PTRD7 PTRE? PTRF7 PTRG7 | PTRH7
12.30(31.24) | PTRA8 | PTRBS8 PTRC8 PTRD8 | PTRES PTRF8 PTRG8 | PTRHSB
10.34(26.26) | PTRA9 | PTRB9 PTRCYO PTRD9 | PTRES PTRF9 PTRGY | PTRHY
9.28(23.57) | TTR3 PD3 PDB TTR6

791(2009) | PTRA10| PTRB10} PTRCIO PTRD10| PTRE10| PTRF10{ PTRG10| PTRHIO

Figure 9.—Fan Face Instrumentation

35



PTBLIBe=f

PTBL17 e

PTBL16%
PTBUSj
PTBL14

PTBL13c==

PTBL12=

PTBLY 1=

PTBLIN—

PTBLS ==

PTBLE ==

PTBL7 ==

PTBLE ==

PTBLS ==
[——|]

PTBLY =R

PROBE G DIST

PROBE TO SURFACE IN. (CM)
PTBL1 0.013(0.033)
PTBL2 0.062(0.157)
PTBL3 0.095(0.241)
PTBLA 0.146(0.371)
PTBLS 0.223(0.566)
PTBL6 0.334(0.848)
PTBL? 0.491(1.247)
PTBLS 0.711(1.806)
PTBLY 0.851(2.162)
PTBL1O 0.945(2.400)
PTBL1I 1.013(2573)
PTBL12 1.410(3.581)
PTBL13 1.688(4.287)
PTBL14 1.877(4.768)
PTBL15 2013(5.113)
PTBL16 2.526(6.416)
PTBLY7 2809(7.135)
PTBLIS 3.013(7.653)

Figure 10.~Fan Cow! Boundary Layer Rake



VIEW LOOKING DOWNSTREAM

PCA
c°

315°
PCH

45°
pPca

80°
PCC
e— . xis)
] red along iniet 2
Xi (me::l; 0 at HILITE
180°
PCE

STATION ANGULAR LOCATION

Xi, in. {cm) 0° a5° 90° 135° 180° 225° 270° 315°

469( 1.191) | PCA1 PCE1

108 ( 269 ) | PCA2 PCE2

188 (478 ) | PCA3 PCE3

305 (775 ) | PCA4 PCE4

445 (1130 ) | PCAS PCES

586 (14.88 ) PD7

6.10 (1549 ) | PCA6 PCB6 PCCB PCD6 PCE6 PCF6 PCGE PCH6
703 (1786 ) | PCA7 PCE7

7.97 (20.24 ) PDS

891 (2263 ) | PCAS PCES
10.08 (25.60 ) PDY
11.25 (2858 ) | PCA9 PCEQ
12.66 (32.16 ) PD10
1407 (35.74 ) | PCA10 PCE10
1500 (38.10 } | PcAt1 | PCB1i PCC11 PCO11 | PCE11 PCFM PCG11 | PCHI1t
1547 (39.29 ) PD11
16.88 (4288 ) PD12 -
18.76 (4765 ) | PCA12 | PcB12 | PCCi2 | PCD12 | PCE12 | PCFi12 | PCG12 | PCH12
2063 (5240 ) | PCA13 PCE13
2204 (55.98 ) PDI3
2251 (57.18 ) | PCA14 PCE14

PC - COWL INTERNAL SURFACE STATIC PRESSURE
PD - COWL NTERNAL SURFACE DYNAMIC PRESSURE

Figure 11.—Inlet Internal Surface !nstrumentation



38

VIEW LOOKING UPSTREAM

PROBE ANGULAR LOCATIONS

RADIUS

in. {cm) 27° 53° 113° 129° 207° 233°
8.68(22.05) PTC1 PTCS PTCY
8.33(21.10) TTC TTC3 TTCS
7.99(21.16) PTC2 PTC6 PTC10
7.23(20.29) PTC3 PTC? PTC11
6.81(17.30) TTC2 TTC4 TTC6
6.38(16.21) PTC4 PTC8 PTC12
6.25(15.88) psc2 | PSC3 PSC6

PTC - COMPRESSOR INLET TOTAL PRESSURE

TTC - COMPRESSOR INLET TOTAL TEMPERATURE

PSC - COMPRESSOR INLET STATIC PRTSSURE

* WALL STATICS, PSC1, PSC4,PSC5 AT R =9.0in. (22.86 cm)

Figure 12.—Con~oressor Inlet Instrumentation




VIEW LOOKING UPSTREAM

28° (PF1)

208° (PF8)

: 208° (PF5) 158°(PF4)

PROBE ANGULAR LOCATIONS

RADIUS

in. {em) 37° 53° 127° 143° 217° 233° 307° 323°
20.87(53.01) PTF1 TTF1 TTF6 PTF6 PTF11 TTF11 | PTF16 | TTF16
19.48(49.48) PTF2 TTF2 TTF7 PTF7 PTF12 | TTF12 | PTF17 | TTF1?
17.98(45.67) PTF3 TTF3 TTF8 PTF8 PTF13 | TTF13 | PTF18 | TTF18
16.35(41.53) PTF4 TTF4 TTF9 PTF9 PTF14 | TTF14 | PTF19 | TTF19

. 14.53(36.91) PTF5 TTFS TTFi0 | PTF10 | PTF15 | TTF18 | PTF20 | TTF20

13.88(35.26) PF2 PF3 PF6 PF7

PTF - FAN NOZZLE EXIT TOTAL PRESSURE
TTF - FAN NOZZLE EXIT TOTAL TEMPERATURE
PF - FAN MOZZLE EXIT STATIC PRESSURE

Figure 13.—Fan Nozzle Exit Instrumentation
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Figure 14.—TF-34 Operating Line Characteristics

-

(113) | L i i }

1.20 1.26 1.30 1.35 1.40 1.45
FNPR

Figure 15.—Inlet Airflow Versus Fan Nozzle Pressure Ratio, Ames TF-34



PTBL/PTREF

COWL MACH NO.

1.0

1.00

% .
Y

|7
9 /e/

85
80 SOLID SYMBOLS INDICATE PSBL/PTREF ALHA o
0. o
1%‘ 25 w-N
M*“G_ = T -@.\?54 5. &
752 ———a ' P 8. O®
00 10(254) 2.0(5.08) 30(7.62)

Figure 16.—Variation of Inlet Boundary Layer Total Pressure Profile With Inlet

PROBE CENTERLINE DISTANCE TO SURFACE - IN. (CM)

Angle-of-Attack: Without Engine Interaction Vg =17 1.7(318.0),
9 =175°, WKIA = 36.10(176.23)
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Figure 17.—Variation of Inlet Internal Mach Number Dist:ipution With Infet

Angle-of-Attack,; Without Enging Interaction, V= 171.7(318.0/,

6 =180°, WKIA =36.10(176.22,
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Figure 18.—Comparison of Inlet Total Pressuré Profiles Measured by the Boundary Layer
Rake and the Recovery Rake With the Inlet Separated, Without Engine
Interaction, Vr = 171.7(318.0), WKIA = 36.10(176.23), « = 28°

42



O A 4 6
< ..
EcRER
q
T YT T - D
] ﬂw
©
] B i
,L

2.01(5.08)

3 o AW

434id/61d

5

.70

.65

3.0(7.62)

1.0(2.54)

0.0

PROBE CENTERLINE DISTANCE TO SURFACE - IN. (CM)

= 185°

DISTANCE TO SURFACE
0

PROBE CENTER LINE

o 284IN(7.21CM)

IN——

6.67 IN (16.95 CM)

- i s S s e S
— o e —d JUNRPY GENURPIp S —— T
Wf i ; : ! ! ﬁ,uAv N LY
[N GNSUY SR SR S S S e dg
T | | i
—— —_ ,‘ é!“_zl'\fll ”o SR e L (»O:A:q? 4
, ; v w ! !
T { S S _
w i w | :
- Il!*lt! T dea ' — H 4(!4‘ - e - x.ﬂ !}.JYA ;,
— -,,_rr i -lullk_lq | U SRD AN S SU S 4“
H y ; 1
U »I‘v_-.",ﬁ]) S W S ] llu*l'bﬁ.,. W
, m ! | ! -
wlnll o} ‘\;IT[.L.B NP, »iAmvl — 4 |.|Lﬁ‘l.! wir-lT +-
| S
SRS U lT!fl AT.\.l_f e S e B |
W,,i!,t:F.:lri.f:.if,. 1o i
i } |
F\iii — sl(llllil.ml‘l M‘o e [ WS -4
i |
bt foed
_ |
ey e b :w‘..
f ; ]
g — — — — — pa
~ 3P o R gy @9 < & Ne o

_NS_U\OV: ISd - 3HNSS3Ud TVLOL JINVNAQ SWH

30

20

10

0

- (DEG.)

ANGLE OF ATTACK

Figure 19.—Variation of Steady-State Inlet Boundary Total Pressure Profiles and RMS

43

36.10(176.23)

Total Pressure Levels With Angle-of-A ttack Without Engine Interaction,

Vr= 171.7(318.0), WKIA



1.02

/ ﬁ ?’ - aun s g & H—
98 /@/
(
94
U
w
e
& 90
-
[« ]
[
(-9
86
ALPHA
SOLID SYMBOLS INDICATE PSBL/PTREF g- g
82 A ‘
& 5 | 20.
v o P m o
3. A
78 poies
00 1.0(254) 2.0(5.08) 3917.62)

PROBE CENTERLINE DISTANCE TO SURFACE - IN. (CM)
F/gure 20.—Variation of Inlet Boundary Layer Total Pressure Profile W:th Inlet
Ang/e-of -Attack, Without Engine Interaction, V= 147.7(273.5),
=175°, WKIA = 32.06(156.5)

1.2
10
. 8 . {&K
g %\
x ‘G\&
< 6
3 t = ALPHA
c 4 w— 0. O
5. O
20 &
2 0. O
3N &
2 O
0.0 , ,
-20 0 20 40 60 ) 100

COWL STATION DISTANCE FROM HIGHLITE - %

Figure 21.—Variation of Inle: Internal Mach Number Distribution With Inlet Angle-of-Attack,
Without Engine Interaction, V= 147.7(273.5), 0 = 180°, WKIA = 32.06(156.50)
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Figure 22.—Comparison of Inlet Total Pressure Profiles Measured by the Boundary Layer
Rake and the Recovery Rake With the Infet Separated, Without Engine
Interaction, V= 147.7(273.5), WKIA = 32.06(156.50), « = 32°
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Figure 23.— Variation of Steady-State Inlet Boundary Layer Total Pressure Profiles and RMS
Tctal Pressure Levels With Angle-of-Attack,; Without Engine Interaction,
Vy=147.7(273.5), WKIA = 32.06(156.50)
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Recovery Rake With and Without Engine Interaction, 0 = 185°,
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Figure 27.—Variation of Inlet Internal Mach Number Distribution With Inlet Angle-of-Attack,
With Engine Interaction, Vg = 171.4{317.4), 0 = 180°, WKIA = 36.05(175.98)
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Figure 28.—Variation of Inlet Internal Mach Number Distribution With Inlet Angle-of-Attack,
With Engine Interaction, Vg = 171.7(317.4), 8 = 180°, WKIA = 36.05(175.98)
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Figure 57.—(Concluded)
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Figure 58.—Variation of Inlet Distortion \Vith Inlet Angle-of-Attack; With and Without
Engine Interaction, Vy = 171.5(317.6), WKIA = 22.25(108.59)



