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SUMMARY

A small scale model of an 1nlet designed for a Li1ft/Cruise - Fan
propulsion system was tested in the Boeing 9-by 9-ft Low Speed Wind Tunnel.
Inlet performance data were obtained at freestream velocities of 0 to 77
m/s {150 knots), angles of attack of 45° to 120°, and nlet airfiow rates
of 73 ka/sm2 (15 1b/sec ft2) to 210 kg/sm? (43 1b/sec ft2)  This test
provided data on 1nlet flow separation and performance characteristics and
defined an accurate airflow calibration for determining the flow rates n
the subsequent Jarge scale tests.

Static testing of the large scale nacelle was conducted at the Boeing
engine test site near Tulalip, Washington. During the test all systems
required for the wind tunnel test were operated and checked out. Static
performance of the fan/engine system, with the LCF inlet and an extended
fan nozzle 1nstalled, was 1n agreement with static performance previously
obtained by Hamilton-Standard. A ground plane positioned as close as .9 m
(3 ft) from the core nozzle exit plane was used to simulate vertical take-
off and landing. No adverse effects on fan or engine performance were
observed with the ground plane.

Testing of the large scale nacelle 1n the NASA-ARC 40-by 80-ft Wind
Tunnel was only partially conpleted. The test was prematurely terminated
dua to a mechanical failure., Wind-on data were obtained at 21 m/s (40
knots) up to 909 angle of attack and at 39 m/s (75 knots) up to 6Q°
These data 1ndicate a significant improvement 1n separation free operating
range of the large scale 1nlet as compared to the small scale model.
Analys1s of the data 1ndicates that the improvement observed on the Targe
scale model can be accounted for by the favorable effect of the increased
Reynolds number.

INTRODUCTION

The development of V/STOL airplanes for both civilian and military
applications requires propulsion data 1n technoiogy areas where relatively
11ttle experimental work has been done to date An asymmetric 1nlet
design for a tilt-nacelle 11ft/cruise fan (LCF) propulsion system was
developed by The Boeing Company to be tested 1h an experimental program
funded by NASA-Ames Research Center under contract NAS2-9215. The objec~
tives of the program were to determine the range of nacelle ti11t angles,
freestream velocities, and engine airflow ranges for which a fixed 11p
intet can provide pressure recoveries and distortion levels that result in
acceptable engine core/fan operating characteristics {stall tolerance) and
fan btade stress levels.



A small scale (approximately 1/4 scale) inlet model was destgned based
on the results of internal research and development work conducted at
Boeing. As part of the present contract, this small scale model was
tested 1n the Boeing Company's 9- by 9-ft Low Speed Wind Tunnel The
results of the test were used to develop inlet flow rate calibrations, and
to establish 1nlet performance characteristics at flow rates above the
T1mts of the large scale installation described below

A large scale {(approximately 0.9 scale) model of the 1nlet for the
proposed NASA/Navy V/STOL research technology airplane was fabricated to
fit the existing Hamilton-Standard variable pitch Q-Fan, The fan has a 1.4
m {55 1n) tip diameter and 1s driven by a Lycoming T-55-11A turbo-shaft
engine  Appropriate cowlings, fairings, etc were designed and fabricated
to develop a nacelle suitable for wind tunnel testing. The complete nacelle
was tested statically at the Boeing engine test site located near Tulalip,
Washington. During the static test ali systems and instrumentation required
for wind tunnel testing were operated and checked out.

Following the static test the nacelle, the external fuel and o1l
systems, the model data system, and the computer used for data reduction
were shipped to NASA Ames Research Center. Testing was conducted 1n the
40- by 80-ft Wind Tunnel  The planned test program was not completed due
to a mechanical failure which resulted 1n partial destruction of the T-5b5
core engine and the Q-Fan gearbox. This 1ncident 1s discussed 1n reference
1 The present report deals with the aerodynamic performance of the
inlet/fan/engine 1nstallation based on the small scale results and the
Timted amount of datz obtained in the large scale wind tunnel test.

SYMBOLS AND ABBREVIATIONS

A Flow area

Acan Fan face area = 1 206 m> (12.98 ftZ)

AR Flow area at fan nozzle rake = 1.064 i (11 45 ftz)

DH H111te diameter

DISC Max-min total pressure differential at compressor face divided
by average total pressure

DISF Md??man total pressure differential at fan face divided by
average total pressure

ET Engine torque

FR InTet ram drag



FX Force measured 1n tunnel streamwise direction

FY Nacelle 11Tt force measured 1n the tunnel horizontal plane
perpendicular to the streamwise direction

H Moment arm, MP/FR

H1 Boundary layer shape factor

KN2 Power turbine corrected speed (rpm)

LCF Lift/Cruise - Fan

MP Nacelle pitching moment referenced to i1ntersection of
engine centerline and hilite plane

MZ Nacelle pitching moment referenced to nacelle pivot point

N2 Power turbine speed (rpm)

PcsPg  # Static pressure

PT Total pressure

Pro Free stream total pressure

pcp Prandtl static pressure on fan face rake

PLA Power level angle

PM Prandtl static pressure on fan nozzle rake

PTF Total pressure on fan Tace rake

PTCA Area weighted average total pressure at compressor face
PTFA Area weighted average total pressure at fan face
PTM Total pressure on fan nozzle rake

QF2 Axisymmetric inlet model tested previousiy

R Radius

Re Radius of curvature

REAN Fan tip radius = 0 699 m {27.5 1n)



R Hil1te radius

H

RMIN Minimum distance from cow]l to engine centerline in a given
circumferential position

S Surface distance along cowl wall measured from hilite

T; Total temperature ]

TT™ Total temperature on fan nozzle rake

Vo Tunnel velocity

VO/VH Inlet velocity ratic based on hilite area

W1 Fan face airflow calculated from WKIA

W2 Fan face airflow calculated from fan face rake total and
static pressure measurements

W3 Sum of fan nozzle airflow calculated from fan nozzle rake
data and core engine airflow calculated from compressor
face rake data

WKTA Fan face corrected airflow divided by fan face area, based
on small scale model airfiow calibration curve

X Distance between core hozzle and ground plane

a Inlet angle of attack

8 Fan blade angle

] Circumferential position

) Empirical separation index

+AW Increasing 1nlet airflow

~AW Decreasing 1nlet airflow

PROGRAM SCOPE AND OBJECTIVES

On a ti1lting nacelle V/STOL airplane the inlet 1s exposed to much more
demanding operating conditions at low speeds than on a conventional subsonic
airplane. The combinations of freestream velocity and angle of attack are
particularly severe during the landing transient as illustrated in figure
1. The main function of the 1nlet 1s to supply flow with low total pressure



distortion and high recovery to the fan since nacelle drag 1s generally not
a major factor during these low speed maneuvers.

The primary source of distortion (localized total pressure 10ss) 1n a
subsonic 1nlet 1s flow separation. At high airflow rates (near choking
conditions) local pockets of supersonic flow tend to develop on the inlet
cowl. Total pressure 1s Tost when the flow, through shocks, decelerates to
subsonic speeds. More importantly, when the shock waves, or adverse
pressure gradients, become sufficiently strong {in the absence of boundary
layer control) the flow separates away from the cowl leading to increases
tn distortion and reductions in recovery. We shall refer to this flow
phenomenon as a "+al separation,”" since for a given freestream velocity and
angle of attack it occurs as the airflow increases beyond a Timiting
value. When the 1nlet is separated 1n the +AW mode the distortion increases
rapidly with 1ncreasing airfiow.

For the present program another type of separation, which we shall
call a "-aW separation" 1s more significant. At a given freestream velocity
and angle of attack the -AW separation occurs when the airflow 15 decreased
below a Timiting value. This seems to be contradictory to the fact that
the adverse pressure gradients 1n the inlet decrease with decreasing airflow.
However, the local boundary layer Reynolds number 1s also decreasing with
decreasing airflow making the boundary Tayer more sensitive to an adverse
pressure gradient. Apparently, the adverse change 1n Reynolds number can,
under certain free stream conditions, dominate the favorable change 1n
pressure gradient such that the inlet boundary layer eventually separates.
Th1s hypothesis has been supported by boundary layer analysis of experimental
surface pressure gradients for various 1niet airflows.

The effects of the two types of separation on 1nlet performance are
shown schematically in figure 2. One measure often used as an indicator of
the severity of separation is distortion. It 1s most simply defined as
the difference between the maximum and minimum total pressures at the fan
face divided by the average total pressure at the same station. When
separated flow 1s present at the fan face, the minimum total pressure 1s
approximately equal to the Tocal static pressure. Low airflow rates wmply
a small difference between the total and static pressures. Thus for a -al
separation the distortion tends to be relatively low. It follows that 1f
the separation can be restricted to very Tow airflow rates, the fan per-
formance may not be significantly degraded and the blade stresses may be
acceptable while operating with separated fiow 1n the 1nlet since the
distortion wi1ll be low.

As stated in the Introduction, the objectives of the program were to
determine the 1imits of operating conditions where a fixed 1ip 1nlet can
provide recoveries and distortion levels that are compatible with fan and
core engine operating characteristics. Specific goals for the present
program were established from analysis of estimated mission requirements
for the multipurpose NASA/Navy V/STOL airplane. The design goals were
formulated as a set of operating conditions where the objectives of high
recovery and low distortion were to be met. These design conditions are
11sted 1n table 1. .



INLET DESIGN

Prior to the present NASA-sponsored test program, an analytical/experi-
mental design effort was undertaken by The Boeing Company to define a
fixed-geometry 1nlet for the 1041-133 multi-purpose V/STOL airplane. Several
axisymmetric inlet models were designed and tested to determine the inlet
geometry required for good performance at the severe angle-of-attack condi-
tions expected to be encountered during approach and fanding. The results
of these tests i1ndicated that very high contraction ratios {(hil1te area/
throat area) are needed to provide attached 1nlet flow throughout the
operating envelope of the V/STOL airplane. High contraction ratio inlets
tend to have a Tow critical Mach number (early drag rise) and thus limt
the airplane cruise speed. In selecting the optimum inlet geometry the
proper trade must be made between low speed angle-of-attack capability and
crulse speed.

From the ax1symmetric model tests and preliminary cruise drag analyses
1t became evident that completely separation-free operation throughout the
low speed/high angle-~of-attack design envelope could not be obtained with
an 1nlet that had a drag rise Mach number above .75, as mn1tially desired.
One of the models tested, called QF2, appeared to provide a reasonable
compromise between the conflicting design requirements, as described below

(1) The analytically predicted drag rise point occurs between Mach .65
and 70 for the axisymmetric QF2 1nlet. By designing the inlet
with a reduced 11p thickness on the upper part of the 1niet, 1.e.,
an asymmetric 1ip, 1t should be possible to significantly increase
the drag ri1se Mach number. (The drag ri1se condition was said to
occur when the drag produced by the external normal shock wave 1s
equal to approximately 10% of the total fan cowl drag; which
includes external skin friction, pressure drag, and wave drag )

(2} The wind tunnel test results indicated that flow separation was
present 1n the inlet only at conditions simulating low power
settings (when the airplane is not thrust critical). Because of
the Tow airflow the distortion was relatively low and was not
considered to be a problem for fan operation. Another considera-
tion was that separation would be delayed on a full scale inlet
as compared to the 1/4 scale model due to the higher Reynolds
number. Thus the full scale 1nlet was expected to have a larger
range of operation with attached flow.

The design work for the present contract therefore consisted of
developing an asymmetric inlet that would maintain the excellent low
speed/h1gh angle-of-attack capabilities of the QF2 inlet but would increase
the potential cruise flight Mach number by reducing the overall inlet con-
traction ratio. This study resulted 1n a rather unique inlet desian as
described 1n the following paragraphs.



The LCF 1nlet model 15 shown schemagtically in figure 3. The Tower
cowl Tip 1s rather thick as compared to the upper 1ip. The fundamental
effect of increasing the angle-of-attack {or increasing the freestream
velocity at angle-of-attack) on the inlet 1s to 1ncrease the pressure
gradients along the windward (Tower) cowl surface. In contrast the Teeward
(upper) cowl pressure gradients at angle-of-attack are less severe than
during static operation due to the concentration of the captured flow near
the windward 11p. Since boundary Tayer separation is induced by adverse
pressure gradients, the Tow speed design point for the leeward cowl 1s
static operation at maximum airflow (1 e., maximum adverse gradients). The
static performance of various existing inlets were reviewed to determine
the geometry requirements for the upper cowl. The 11p2des1gn developed
from this study has a lecal contraction ratio (RH/RTH) of 1.3.

At a given operating condition the cowl pressure gradients are basically
determined by the wall curvature. A thick cowl 15 necessary on the wind-
ward s1de to minimize the pressure gradients by minimizing the local flow
turning. The curvature distribution of the windward cowl 1s plotted against
surface distance in figure 4. This distribution was developed for the 1/4
scale QF2 model and 1s the result of several 1terations of the contour.

The goal of the design was to keep the radius of curvature as high as
possible at the hilite and avoid sudden changes in curvature along the
surface.

The LCF 1nlet 1s based on the QF2 model and incorporates the following
design features

Throat area. - The need for a large contraction ratio required that
the throat area be minimized. The throat was si1zed for a one-
dimensional Mach number of .7 at maximum ai1rflow. This value was
derived trom analysis of performance data from existing inlets,

InTet length. - Computer simulations of high airflow cases with head-
wind were made for several axisymmetric diffuser contours. 1In the
analysis the goal was to keep the boundary layer shape factor Tow,

thus allowing for profile deterioration anticipated at angle-of-
attack. The final inlet design has a Tength to diameter ratio (L/DFAN)
of .82,

Nacelle fineness ratio. - Computer analyses of cruise cases were made
using axisymmetric models to determine the maximum fineness ratio
(D,/D X) compatible with the airplane requirements. The calculations
1nd1cHeAd that Dy/Dyax should be kept below .85. This was used as the
Timting value for the axisymmetric inlet. The asymmetric LCF design
has a fineness ratio of .83,

The asymmetric LCF 1niet was developed by blending a QF2 type lower
cowl 1nto a more conventional upper cowi. In order to facilitate fabri-
cation and to keep close control on the contours, the cowl was designed
with circular cross sections (normal to the fan centeriine) at all stations.



This Tofting procedure also ensures smooth wall curvature distributions
1 all directions along the cowl surface. The resulting 11p thickness .
distribution 1s shown 1n figure 5. Note that at 180° the LCF cowl 1s
sli1ghtly thicker than the QF2 cowl. The 1increased thickness was considered
necessary to compensate for the asymmetry, since the goal was to at Teast
equal the QFZ Tow speed performance.

Some additional features of the design are as follows. As the Tip
becomes thinner (going from the lower, 180°, contour to the upper, 00,
contour) the minimum cowl radius moves forward as indicated in figure 3.
The result 1s that the diffuser wall becomes less steep along the same
path. Also as the 11p becomes thinner, the design of the external cowl can
be developed more easily with smooth wall curvature distribution.

TEST APPARATUS

Small Scale Model

Model Description and Instrumentation.—The model is a .273 scale
geometrically accurate representation of the large scale LCF inlet.
Instrumentation for the wind tunnel test consisted of cowl surface static
pressure taps, fan face total and static pressure rakes, and the 1nlet flow
metering venturi assembly.

The 1/4 scale model fan face rake instrumentation 1s 11Tustrated 1n
figure 6. The rake has four arms; each arm contains 20 total pressure
probes and one Prandtl static probe. At each test point data were recorded
with the rake positioned as shown 1n figure 6, as well as with the rake
rotated 45° from the position shown. Thus the fan face total pressure
array was defined by 160 measured values.

The surface static pressure instrumentation for the small scale model
1s simlar to the large scale inlet nstrumentation and 1s therefore presented
1n connection with the description of the large scale model.

Test Facility —Testing of the 1/4 scale model was conducted 1n the
Boeing 9- by 9-ft B Low Speed Wind Tunnel. The tunnel test section has the
dimensions of 2.74 m by 2.74 m (9 ft. by 9 ft.), and a nomnal speed range
of 0 to 90 m/s (0 to 175 knots) the wind tunnel airflow is driven by a
turbo-prop engine located downstream of the test section. Ambient air
enters the tunnel through a belimouth and 1s exhausted downstream of the
turbo-prop. A turbo-jet engine 1s located outside the wind tunnel and 1s
connected to the inlet model by a duct passing through the test section
floor. The model airflow 1s varied by varying the turbo-jet power setting.
The airflow rate 1s measured by a calibrated venturi meter installed 1n the
duct between the model and the engine.




Model angle-of-attack variation is achieved by interchanging wedge
shaped duct segments which carry the inlet flow and also act as support for
the model. A typical installation 1s shown in figure 7 The model support
systam contains a remotely controlled mechanism for rotating the fan face
rake assembly.

Large Scale Model

Model Description.—The nacelie contains the asymmetric 1nlet, a
variable pitch fan, and a turboshaft core engine as shown schematically 1n
figure 8. Appropriate cowlings and fairings were desighed and fabricated
to assemble the hardware into a wind tunnel test article. Photographs of
the complete nacelle are shown in figure 9.

The major dimensions of the LCF inlet are as follows

hi1l1te diameter, DH 1.469 m (57.826 1in)
throat diameter, D; 1.200 m (47.236 1n)
fan face diameter, HFF = 1.397 m (55 1in)
inlet length, L =1.143 m (45.011 1n)

nn

The 1nlet contour coordinates are listed i1n figure 10. Note, that the
1nlet designed for the Q-Fan tnstallation 1s slightly smaller than the
proposed NAVY V/STOL Demonstrator iniet which has a fan tip diameter of
1.575 m {62 1n.).

The Hamilton-Standard Q-Fan demonstrator 1s a 1.397 m {55 1n), 13
bladed, variable pitch fan which utilizes a Lycoming T55-L-11A, 2800 kW
{3750 hp) gas turbine as the core engine. The fan has a 17 1 bypass ratio
and 1s driven through a 4.75 1 gear reduction to a maximum speed of 3365
rpm. Reference 2 contains further details of the Q-fan/T-55 propulsion
unit.

The primary supporting structure for the nacelle 1s contained 1n the
fan duct cowling. This supporting ring houses the fan exit guide vanes.
The vanes 1n turn support the fan/engine mounting structure. The fan duct
support ring also provides the structural interface for attachment of the
inlet and the fan exi1t nozzle, gnd for mounting the nacelle on the wind
tunnel pylon. A detailed description of the test article 15 given 1n
reference 1.

Instrumentation.—The instrumentation 1s divided into two groups based
on its primary function, namely. (1) Model performance and (2) Fan/
engine operation and health, The model performance data includes all
parameters that are to be recorded and processed off-1ine.




InTet Instrumentaticn, - The iniet cowl 1s provided with 18 surface
static pressure taps at the top (0°), 18 taps at the bottom (180°) and one
tap at each side (90° and 270°)  Seven additional surface taps are distri-
buted circumferentially at the fan face rake station. Model coordinates for
these 45 surface static taps are listed 1n figure 11. The locations of the
static taps on the small scale model are also shown in this figure.

The fan face rake has 7 arms spaced 5] 43° apart starting at 180° Each
rake arm 1s provided with 10 steady state total pressure probes. A Prandt]
static probe 1s located midway between the two innermost pressure probes on
each rake arm The probe radi1 (referenced to the fan centerline) are
Tisted 1n figure 12. The rake arm at 180° also contains 3 close coupled
dynamic pressure transducers  These are mounted side by side with three of
the steady state probes. The outermost dynamic probe was used to detect
flow separation 1n the inlet, while the inner probes were used to momitor
the turbulence level in and near the flow entering the core engine

Fan Duct Instrumentation, - The fan duct contains two instrumentation
rakes on diametrically opposite sides near the exit plane of the nozzle
Each rake contains 10 total pressure probes, 3 total temperature sensors,
and 2 static pressure probes. The fan duct rakes are defined 1n figure 13

Engine Instrumentation, - The core engine contains performance 1nstrumen-
tation just upstream of the compressor and 1n the diffusing exhaust nozzle.

The compressor face i1nstrumentation censists of eight total pressure
rakes., Each rake contains s1x total pressure probes and one static pressure
tap. The third probe (from the outer end) on three of the rakes 1s a high
response (Kulite) total pressure sensor. The compressor face rake 1s shown
in figure 14 A temperature probe 1s located at 180° near the cowl at the
same station,

The engine nozzle contains a five probe total pressure rake and a five
probe total temperature rake as shown 1n figure 15. Four surface static
pressure taps are located on the nozzle cowl.

Fan/Engine Operation and Health, - Both the fan and core engine are
instrumented with various operational and health monitoring systems In
most cases, critical parameters have redundant and/or extra sensors. Con-
tinuous automatic monitoring, with preset over/under 1imit switches, of the
critical parameters 1s provided to either shut the system down or give an
audtble or visual warning when any of these present 1i1mts are violated.

Parameters recorded on the data system to define the basic system
condition are fan blade angle (8), power lever angle, N1, N2, TT7, torque
and fan pressure ratio. Monitored instrumentation for the engine consists
of fuel pressure, o1l pressure, temperature, contamination, and Tevel, EGT,
RPM's, and RPM overspeed protection The fan system also contains meters
for Tube 011 pressure, flow and temperature, fan speed and several “chip
detectors" for monitoring metallic particles in the gear box/drive system.
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Fire and Safety, - In addition to the above instrumentation, the fan/
engine system contains sensors to monitor temperatures and vibration levels.
The temperatures are mainly to detect fire or Tocal over-temperature opera-
ting conditions and the vibration meters to monitor structural integrity,
and operation of the rotating machinery. Figure 16 shows the general
locations of the various sensors. The temperature sensors were monitored on
API meters (6) and the accelerometers (8) on vibration/displacement meters
Fach meter 1s equipped with a preset upper (maximum) 1imt trip which will
trigger an alarm system when exceeded. The extra and/or redundant tem-

peratures were monitored on a direct reading Doric meter. To assune operation
of the fan system within the structural design envelope, three of the thirteen

blades have been strain gaged. The output of these gages was monitored and
recorded continuously during testing. Three Kulite transducers at the

engine compressor face were also continuously monitored to detect any higher-

than-normal pressure fluctuations entering the core engine at certain test
points.

Test Facilities—Static testing of the nacelle was conducted at the
Boeing Company's engine test site located near Tulalip, Washington  Wind
tunnel testing was conducted 1n the NASA-ARC 40-by 80~ft Wind Tunnel at
Moffett Freld, California.

The purpose of the static test was to provide an operational checkout
of all nacelle systems and instrumentation required during the wind tunnel
test, and to evaluate ground effects on the propuision system performance.
Frgure 17 shows the nacelle mounted on the static test rig. A schematic of
the instailation, including the ground plane simulation 1s shown 1n figure
18.

Figure 19 shows the model installed in the 40- by 80-ft wind tunnel.
The nacelle was mounted on a single, hollow column strut approximately 3 8
m (150 1n) from the wind tunnel floor. The strut in turn was attached to
the NASA floor mounted semispan model turntable. The turntable 15 located
on the wind tunnel vertical centerline. The semispan turntable, strut and
nacelle were "on balance" for measuring model forces. A large fairing or
"wind shield," off balance, protected the turntable and strut surfaces from
the wind tunnel aerodynamic forces.

The nacelle was yawed 1n the horizontal plane by means of the tunnel
turntable to simulate operaticn at the various inlet angles of attack, The
1nlet top/ bottom (0°/1800) plane was located on a wind tunnel horizontal
plane, see figure 20.
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DATA REDUCTION

Small Scale Model.—The data acquisition and reduction system used for
the small scale model 1n the Boeing 9- by 9-ft tunnel has been developed
through numerous tast programs. On-1ine data is available from several
X~Y plotters and digital volt meters located near the test operator's desk.
For this test a close-coupled high response transducer mounted on the fan
face rake was displayed on a X-Y plotter against tunnel speed to accurately
define the point of inlet separation.

0ff-1ine data 1s processed on a PDP8-E computer located 1n the tunnel
control room. Off-1ine data 31s thus available within minutes of a test
run. The basic computer program, which calculates the standard inlet
parameters, was mod1fied to provide special calculations for this program.
These ncluded various calculations of the throat static pressures to help
define a suitable airflow calibration parameter as well as the special
1nlet recovery PTFA described below.

The small and Targe scale models used different fan face 1nstrumen-
tation (see figures 6 and 12). On the small scale model the fan face total
pressure array was defined by 160 measured values compared to 70 on the
large scale 1nlet. To provide a better base for direct comparison of the
two 1nlets a special inlet recovery calculation was made for the small
scale 1nlet, This caiculation, which was used for the test results presented
in this report, 1s based on 80 measurements using probes located close to
the radial locations of the large scale probes. It should be noted that
the difference in recovery between the "all-probes" calculation and the
"selected-probes” calculation 1n most cases 1s less than 0.001 PTO

Large Scale Model.—The data acquisition and reduction system used 1n
the 40- by 80-ft wind tunnel 1s diagrammed 1n figure 21. With the exception
of 1tems relating to the wind tunnel, the 1dentical system was used 1n the
static test at Tulaiip.

On-Tine data, - Certain parameters were displayed on-1ine to monitor
nacelie performance and engine "health." Some of these are described
below.

Three X-Y plotters were used to detect flow separation 1n the 1nlet.
One plotter had the average of 4 static pressures near the 1nlet throat
(PAV) as the abscissa and the root mean square (RMS) average of the outermost
fan face dynamic pressure (PDF1) as the ordinate. The 1nlet corrected
airflow rate had been calibrated against PAY 1n the small scale test, and
the Tocation of PDF1 had been selected to provide a positive indication of
flow separation mn the inlet. This plotter could be used to make an accurate
determination of the airflow rate where separation occurred for a given
angle of attack and freestream velocity.
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Another plotter had the same RMS as the ordinate and the model angle
of attack as the abscissa. This was to be used for defining the separation
angle-of-attack at constant freestream velocity and inlet airflow. A third
plotter was connected to a special scanni-valve which could be stepped from
the control console to construct a total pressure profile of the windward
(180°) fan face rake.

The 1nstantaneous pressures from all six dynamic pressure transducers
(1nctuding PDF1) were displayed on individual cathode ray tubes. These
signals were also processed on-1ine by RMS meters. .

Vartous fan and engine parameters were recorded on tape. These 1ncluded
fan blade stress levels, fan blade angle, engine torque, and power turbine
speed (N2), see reference 1.

0ff-11ne Data, - The engine operating parameters and data from the
1nstrumentation shown 1n figures 11 through 15 were recorded on punched
paper tape by the Boeing Standard Digital Data System (SDDS), see figure
21. .The wind tunnel parameters and force balance readings were also recorded
on paper tape by the Wind Tunnel Data Systems. All data stored on paper
tape were processed with an on-site PDP8 computer assighed to the present
test. Thus turn-around time was Tess than one hour for off-l1ine tabulated
data and for selected machine plots of the data.

When testing a complete nacelle 1t 1s difficult to measure the tnlet
airflow accurately. To obtain a reliable reading, the airflow was calcu-
Tated by three independent methods The first of these was based on calibra-
tion of the small scale model. This is considered to be the most accurate
method of measuring the airflow. However, 1t 15 not valid when Targe
separations are present 1n the 1nlet. For the second method of calculation
the fan face 15 divided into 70 area increments, each centered on one of
the fan face rake total pressure probes. The Tocal static pressure was
1nterpolated for each total probe (extrapolated for the innermost probe on
each rake) from the nearest cowl static and Prandtl static pressure values.
Using these values and the tunnel total temperature the airflow was calcu-
lated for each area increment. Summation of the flow 1ncrements provided
the second inlet airflow calculation. The fan duct exit and compressor
inlet airflows were calculated similariy from the respective rake instrumen-
tation readings. When added together these provided a third independently
calculated ai1rflow measurement.

The calculation procedure for additional parameters discussed under
"Test Results" are described below.

Fan face recovery (PTFA) area weighted average total pressure at the
fan face divided by the tunnel total pressure. Recovery values were similarly
calculated for the compressor face rakes (PTCA) and the fan duct exit rakes
(PTMA).
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Fan face distortion {DISF) the difference between the maximum and
minimum of all total pressure readings at the fan face divided by the area
weighted average total pressure Distortion was similarily calculated for
the compressor face rakes (DISC)

TEST RESULTS

Small Scale Inlet Model

The smali scale 1nlet model was tested i1n the Boe1ng 9- by 9-foot wind
tunnel at angles of attack ranging from 450 to 120° and tunnel velocities
from 0 to 77 m/s (150 knots). The test conditions and corresponding run
numbers are identified 1n figure 22.

The primary objective of the scale model test was to validate the
asymmetric inlet design, 1.e., demonstrate that the flow separation boun-
daries for the asymmetric inlet are similar to those obtained previously on
a high-contraction-ratio axisymmetric inlet model designated QF2 (see
"Inlet Design"). Figure 23 shows that this objective was met. The "-aAW"
separation boundaries for the asymmetric LCF 1niet are neariy identical to
the QF2 1inlet boundaries indicating that the i1nlet angle-of-attack capa-
b111ty has not been degraded by reducing the overall contraction ratio
(h111te area divided by throat area) from 1.73 to 1.50. (Note 1n figure 23
that 1ncreasing the 1nlet airflow 1ncreases the separation-free operating
range. In other words, when operating at a given freestream condition, the
inlet w1}] be separated below a certain airflow and attached above that
airflow,

Another objective of the small scale test was to develop 1niet mass-
flow calibration curves as a function of 1nlet angle of attack and tunneil
velocity 1n preparation for the full scale test. For this purpose the
model was provided with static pressure taps at the minimum cowl radit at
00, 90°, and 1800, A mass flow coefficient, CpT, was defined as the ratio
of the flow passing through the minimum area of the 1nlet to the 1deal
maximum flow through the same area at freestream total pressure and tempera-
ture. The actual flow was measured downstream of the inlet with a cali-
brated venturi flow meter. MWhen plotted against an average of the static
pressures the massflow coefficient was found to be 1ndependent of inlet
angle of attack or freestream velocity when the inlet airflow was attached.
The resulting calibration curve 1s shown in figure 24, This curve was
later used for determining the inlet flow during the large scale test.

Note that when the small scale 1nlet was operated with Targe regions of
separated flow the data shifted away from this curve as a function of angle
of attack and freestream velocity. Thus, the calibration curve 1n figure
24 1s vaiid only when the 1nlet flow 1s fully attached or when a small
separation 1s present downstream of the throat but becomes invalid when the
point of separation moves upstream of the i1nlet throat.
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Part of the airflow data from the small scale 1nlet test were lost due
to a malfunction in the venturi pressure measurements. These airflows were
recalculated using the calibration curve in figure 24.

A third objective of the small scale test program was to obtain pre-
Timinary performance data for the design goal operating conditions defined
in table 1. These conditions were developed from a preliminary analysis of
the NAVY V/STOL mission requirements. The results are presented 1n figure
25 - 30.

The fan face recovery and distortion versus inlet airflow are shown n
figures 25 and 26, respectively, for the various design conditions tested,
As described 1n the "Inlet Design” section, the most severe condition for
the thin (Teeward) side of the cowl 1s ground static operation at maximum
airflow. 2The maximum fan face corrected airflow for the V/STOL 1nlet 1s
204 kg/sm” (41.7 1b/sec ft2) At this airflow the inlet recovery is 0.998
and the distortion less than 0.01 thus validating the thin T1p design.

During the design angle-of-attack operating conditions boundary Tayer
separation 1s present at the lTower airflows. At o = 600, V, = 64 m/s (125
knots) and at o = 759, Vo = 54 m/s (105 knots) the 1nlet 1s separated
through most of the design airflow range. For these cases a significant
improvement can be achieved by a slight reduction in the design freestream
velocity as 1ndicated on figure 25. It 1s interesting to note that the
recovery loss associated with the inlet separation 1s a function of the
a1rflow at which separation takes place and that the recovery 1s nearly
constant 1n the separated airflow range.

The distortion values presented in figure 26 are calculated using the
customary procedure of 1gnoring pressures that are Tocated less than 2.5 cm
(1 1nch) full scale from the cowi wall. During angle-of-attack operation
the distortion exhibits an 1interesting trend. As the inlet airflow 1s
reduced towards the point of separation the distortion 1ncreases siightly
1ndicating a thickening of the cowl boundary layer prior to the iniet
separation. This observation agrees with analytical predictions of the
cowl boundary layer development. In the separated airflow range the distor-
tion 15 highest near the point of separation and decreases as the airflow
1s further reduced.

Fan face total pressure maps for o = 450, 600, and 75° are shown 1n
figures 27-29 for conditions within or near the design airflow ranges. Maps
are included only for conditions where the inlet flow 15 ei1ther separated
or close to the point of separation since for attached points all of the
probes read 100% recovery except those immersed 1n the cowl boundary layer.
The extent of the separated region grows rapidly when the airflow 15 reduced
below the 1nttial separation value. The flow pattern also appears more
distorted 1f the separation takes place at a relatively high 1niet airflow
as may be seen by comparing map no. 4 1n figure 28 with map no. 2 in figure
27. The two maps were recorded at approximately the same inTet airflows
but at significantly different freestream conditions. The a = 60°, V = 64
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m/s {125 knots) 1n figure 28 is the more severe condition of the two and
therefore causes separation at a higher 1nlet airflow. The result 1s a
more severe distortion pattern and Tower recovery throughout the separated
airflow range compared with the less severe freestream condition 1n figure
27.

The inlet recovery and distortion plots 1n figures 26 and 26 indicate

that there 1s no apparent separation w1th1n the des1gn airflow ranges at o
= 90°, Vo = 39 m/s (75 knots) and « = 120°, = 21 m/s (40 knots) However,

the fan face maps for the o = 120° cond1t10n f1gure 30, show that a small
total pressure loss occurs near the sides of the inlet, i.e., at the 900
and 2700 circumferential positions. This type of flow pattern was also
present under similar freestream conditions on the axisymmetric QFZ2 inlet
and 1s thus not associated with the asymmetric contours of the LCF inlet.
The flow phenomenon causing this total pressure loss 1s not understood at
the present but the effect 1t has on the overall inlet recovery and distor-
tion appears to be negligible It should be noted that during the small
scale testing no attempt was made to simulate the effect of fan suction on
the inlet flow field. Thus the above fan face maps are not necessarily
representative of the distortion patterns that the fan will see, but merely
provide a preltminary indication of the type of flow that can be expected
n the 1nlet

Static Test, Large Scale Model

Following the Targe scale design/fabrication phase of the program the
engine/ nacelle unit with associated control and data systems was set up,
checked out, and tested statically at the Boeing engine test site, Tulalip,
Washington. The primary purpose of the static test was to checkout and
operate all systems and nstrumentation prior to entry 1n the NASA Ames 40-
by 80-ft wind tunnel.

During the static test the engine was operated through i1ts entire
range of power at various fan blade angles to provide a complete map of the
fan operating characteristics and to establish a baseline performance for
comparison with the subsequent wind tunnel test results. The effect of a
ground plane on the fan/engine operation and performance during simulated
vertical takeoff and landing was also evaluated during the testing at
Tulalip. A summary of the test points obtained 1n the static test 1is
presented 1n figure 31.

The corrected 1nlet airflow, WKIA, 15 shown 1n figure 32 versus corrected
power-turbine speed, KNZ2, at var1ogs fan blade an§1es. The maximum inlet
airflow 1s approximately 170 kg/sm* (35 1b/sec ft*) This result agrees
with previous test resuits from the Q-fan/engine assembiy. The results
also show that 1t 15 necessary to vary bothzs and KN2 to cover the desired
1nlet airflow range of about 75 - 170 kg/sm™ (15-35 1b/sec ft2) in the wind
tunnel test.
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The nlet airfiow, WKIA, plotted in figure 32 1s based on the airflow
calibration curve, figure 24, established during the small scale test. As
described 1n the "Data Reduction" section two additional methods are available
for calculating the inlet airflow, namely W2 (based on fan face rakes) and
W3 (based on fan nozzle rakes plus core engine compressor face rakes). A
comparison of the three methods 1s presented 1n figure 33. Above 90 kg/s
(about 200 1b/sec), W3 1s approximately 3% higher than W1 while W2 1s about
4% lower than W1. Below 90 kg/s, both W2 and W3 are siightly higher than
W1 possibly because W1 1s less accurate at the very low airflows, see
figure 24, Bezsed on the results shown in figure 33 1t 1s concluded that
all three methods provide a reasonably accurate measurement of the inlet
airflow (within + 4%). The most accurate airflow 1s considered to be W1,
and thus WKIA, since 1t 1s based on a direct calibration of a geometrically
similar model. This airflow will therefore be used 1n the analysis of the
large scale 1nlet data.

For the proposed NAVY V/STOL aircraft the variable pitch fan feature
1s used as the primary means for controlling and adjusting the thrust (and
thus the 1nlet atrflow) while the fan rpm 1s constant. With the present
test set-up 1t 1s more convenient to change fan rpm (through a power lever
angle change) while maintaining a fixed biade angle It was therefore of
interest to determine 1T the 1nlet flow field 1s sensitive to the method
with which the airflow 1s controlled. The 09 and 180° cowl static pressure
distributions are shown n figure 34 for two data points recorded at the
same 1nlet airflow but at different combinations of g and KN2. These
pressure distributions as well as the fan face average static pressures
{see table 1n figure 34}indicate that the nlet flow field 1s 1ndependent
of the B/KNZ2 settings as long as the corrected 1nlet airflow 1s unchanged.
Th1s means that a variation 1n Inlet ai1rflow by means of varying the fan
blade angle at constant KN2 can be accurately simulated by changing KN2 at
constant blade angle This 1nformation was used to establish an efficient
wind tunnel test plan.

During the initial phase of vertical takeoff and final phase of vertical
landing the engine core nozzle comes 1n close proximity to the ground,
which could create some operational problems due to back pressure and
distortion 1n the diffusing core nozzie. This effect was evaluated during
the static test as 11lustrated in figure 31. The engine was operated from
ground 1dle to maximum power with the ground plane positioned at 2.13 m (7
ft.), 1.52 m (5 ft.), and 0.91 m (3 ft.) from the core exit plane. These
distances correspond to 3.75, 2.68, and 1.60 core extt diameters. The main
conclusion from these tests 1s that the ground effect 1s negligible. Only
small 1ncreases 1n turbine interstage temperature, TT7, were observed as
the ground plane was moved closer and closer to the core exi1t. Figure 35
shows the calculated fan thrust versus corrected engine power with and
without ground plane. There 15 no evidence of any significant effect from
the ground plane.
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Wind Tunnel Test, Large Scale Model

As described 1n reference 1, mechanical faiiures 1n the T55/Q-fan
propulsion unit twice interrupted the 40 x 80 foot wind tunnel test program
The first farlure occurred before any angle-of-attack data had been obtained.
On the second wind tunnel entry a Timited amount of data had been obtained
at angle-of-attack conditions when the unit failed. These results are
presented 1n the following sections.

Inlet Performance and Separation Boundaries.—The test conditions that
were completed prior to the failure as well as the design conditions are
shown 1n figure 36. The failure occurred only one run away from the first
des1ign condition to be tested.

Fan face recovery and distortion data for the wind-on test conditions
are presented in figures 37 and 38. The inlet recovery 1s nearly insen-
s1tive to angle-of-attack (above 0.997 at all conditions tested). The
distortion increases with angle-of-attack as a result of a thickening
boundary layer on the windward cowl. If the outer 2.5 cm {(one 1nch) of the
boundary layer 1s 1gnored, as 1s typical for_certification distortion, the
max1mum d1stort1on measured, 0.075 at o = 600 Vo = 39 m/s (75 knots), WKIA

= 167 kg/snt(34.2 1b/sec. ftz) drops to only 0.016.

As 1ndicated on figure 38, inlet separation was observed at o = 60°,

o = 39 m/s (75 knoté ) when the fan face corrected airflow was reduced
below abou% 69 kg/sm“ (14.0 1b/sec. tZ) One data point was recorded at
67.9 kg/sn® {13.9 1b/sec. ft2) and there was no indication of high fan
blade stress Teve1s or 1ncreased compressor face distortion. The steady
state fan face rake data was lost for this data point due to faulty scani-
valves but the on-11ne 180% fan face rake profile clearly indicated separa-
tion extending from the cowl to about midway between the cowl and the
spipner. In addition, the kulite probe located closest to the cowl on the
180° fan face rake shows a slight 1ncrease in turbulence Tlevel thus verifying
the on-Tine observation.

One of the test objectives was to establish the flow separation boundaries
for the large scale mnlet. Only one separation point was found during the
brief testing period. However, similar boundaries have already been estab-
T1shed on the smali scale model and 1t appears possibie to use this 1nforma-
tion to extrapoiate the Targe scale single-point data. Figure 39 shows the
separation boundaries for the small scale model and the single point for
the Targe scale inlet. Based on the small scale model results, an empirical
expression was derived which nearly collapses the separation boundaries
1nto a single value

tan ¢ = VO sin a
VTH + Vo cos o
where Vo = tunnel freestream velocity
Viy = inlet throat velocity (one-dimensional)
o = 1nlet angle of attack.
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The physical definition of ¢ 1s depicted 1n figure 40.

Figure 41 compares the exger1menta1 results with the empirical boundaries
obtained for a ¢-value of 18.2%. A remarkably good agreement }s evident at
fan face corrected airflow 1eve1s of 73, 98, 122 and 146 kg/sm® (15, 20, 25
and 30 1b/sec ft2), whereas the emp1r1ca1 prediction 1s optimistic at 171
kg/sm (35 i1b/sec fte }. Since the small scale separation boundaries thus
can be c185e1y s1mu1ated2by a single vajue of ¢, at least up to about
146 kg/sm® {30 1b/sec ft“), 1t 1s reasonable to derive the ¢-value for the
single separation point recorded in the Targe scale inlet test and cal-
culate the corresponding Targe scale separation boundaries The results
are shown 1n figure 42, The empirically predicted separation boundaries
for the large scale inlet are significantiy improved over those for the
small scale model.

The 1nlet design conditions and the corresponding fan face corrected
airflow ranges are shown 1n figure 43 with the predicted separation boundaries.
The worst case appears to be at o = 759, V, = 54 m/s (105 knots) Here the
design airflow varies from 103 to 176 kg/sm2 21 tg 36 1b/sec ft % while
the 1nlet 1s predicted to separate below 122 kg/sm (25 1b/sec ftz). Data
from the small scale inlet 1ndicates that when 1n1et separation takes place
at or below 122 kg/sm? (25 1b/ sec ft2), the associated fan face total
pressure distortion 1s 1ess than 10%.

The empirical correlation established from the small scale model test
results has been applied to the large scale 1nlet to predict the separation
boundaries using a single data point. It was assumed that the laws that
control separation in the small scale inlet also apply to the large scale
1nlet, i.e., that separation occurs as a resuit of boundary layer profile
deterioration 1n the adverse pressure gradients along the cowl Tip and
diffuser, and that the higher Reynolds number 1s the sole reason for the
1mproved separation boundaries for the large scale inlet. If the uniform
flow suction created by the fan at the diffuser exit plane significantly
changes the upstream flow field and thus the point of separation, the
assum8t10n of a constant ¢ value for the entire airflow range (70 - 150
kg/sm?) 1s probably not valid. However, the results of an analytical study
indicate that the effects of the higher Reyno1ds number are sufficient to
account for the improvement observed at o = 60°, Y, = 38.6 m/s (75 knots)

The study involved analysis of the experimentally determined cowl
static pressure distributions with a finite difference type, compressible
flow boundary layer computer program. The pressure distributions were
put as though the flowfield were axisymmetric, whereas the actual flow is
three dimensional. This procedure has been applied successfully in similar
studies previously. The analysis was conducted for a series of Targe scale
test points recorded at V, = 38.6 m/s (75 knots), o = 600 to determine the
effect of inlet ai1rflow rate on the boundary Tayer development. The com-
puter program was run at Reynolds numbers corresponding to full scale and
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0 273 scale model dimensions at each point. The program recognizes separa-
tion when the calculated local skin friction coefficient becomes zero The
separation points predicted 1n this manner are compared with the experi-
mental separation points 1n figure 44. The figure shows the maximum value
of the computed profiie shape factor, H,, as a function of fan face corrected
airflow As the airflow decreases the shape factor 1increases 1ndicating a
deteriorating boundary,layer profile. Separation 1s predicted at WKIA = 72
kg/sm? {14.9 1b/sec £t2) For the large scale inlet and 102 kg/smé {20 9
1b/sec ftZ) for the small scale inlet. These airflow levels are compared
with the airflow Tevels where the inlets were considered to be separated as
judged from on-T1ne indications in the wind tunnel, and review of off-line
data. The predicted points appear to be slightly conservative, Detailed
analysis of the small scale experimental data, prompted by the results of
the boundary layer computations, indicated that small pockets of separated
flow were 1n fact present at the conditions where separation was predicted
for the small scale inlet These separations, however, did not cause a
significant 1ncrease 1n distortion, thus revision of the previously developed
separattion boundaries 1s not considered necessary. The main conclusions
from this figure 1s that the boundary layer analysis provides a theoretical
explanation for the observed difference between small and Targe scale models.
It 1s further 1ndicated that 1f the static pressure profile along the cowl
wall 1s known the analysis predicts the point of separation with reasonable
accuracy.

The objective of the above study was to evaluate the influence of model
scale on flow separation. The large scale experimental pressure distribu-
tions were used for analyzing both the large and small scale models 1n order
to 1solate the Reynoids number effect.

Experimental cowl pressure distributions obtained with the two models
at similar test conditions are plotted 1n the upper part of figure 45 As
expected, the two profiles are nearly 1dentical. However, the boundary
Tayer analysis predicts a Tower peak H1 value when using the small scale
data as shown 1n the lower part of figure 45. This effect 15 evidently due
to the minor difference 1n static pressure at station 1.48, rather than the
more noticeable di1fference near the hilite. In the previous analysis the
separation points would have been predicted at slightly lower airflows,
using the small scale data, but the basic difference (between small and
large scale) due to Reynolds number would have been cbtained as well.

Fan and Engine Operating Characteristics.—One of the test objectives
was to determine 1f the performance of the fan/ engine installation would be
significantly influenced by the severe angle-of-attack conditions required
for V/STOL aircraft operation. Possible adverse effects include increased
compressor face distortion due to 1nlet separation as well as fan and core
nozzle flow separations due to the strong crosswind at the exits. An analysis
of the test results with that objective 1n mind 1s presented 1n this section.

The compressor face total pressure recovery and distortion levels for
several freestream conditions are presented 1n figure 46. The results
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indicate a rather large scatter 1n recovery (+ 0.5%). However, the dis-
tortton 1s not affected by the angle-of-attack changes The small iniet
separation present at the low atrflow point at o = 60° (see "Inlet Per-
formance and Separation Boundaries") does not influence the compressor face
low.

The fan nozzle rake profiles for two different massfliow levels at a Tow
and a high angle of attack condition are shown 1n figure 47. The profiles
for the Teeward (0°) and windward (180°) sides are quite similar, especially
at the Tow ai1rflow cond1t1on, and there 1s no apparent difference 1n profile
shape between the 0® and 90° angle-of-attack conditions

Figure 48 shows the fan nozzle rake profiles for a series of 1nlet
airflows at Vg = 39 m/s (75 knots) and o = 60° Again there is no 1ndication
of crosswind-induced flow separation or profile distortion. The data point
shown with solid symbols was recorded with a boundary layer separation
present in the inlet. The peculiar profile shape near the fan cowl at 180°
1s probably a remnant of the total pressure profile upstream of the fan.

From figures 47 and 48 1t _1s concluded that the two high angle- of attack
conditions tested, o« = 90° at Vo = 21 m/s (40 knots) and a = 60° at Vo =

m/s (75 knots), did not s1gn1f1cant1y change the flow characteristics through
the fan nozzle.

The effect of the crosswind on the core exit noczzle 1s examined 1n
figure 49. Here the engine torque 1s plotted against power lever angle for
various forward speed and angle-of-attack conditions If the crosswind has
an adverse effect on the core nozzle flow the engine torque for a given
power lever angle should decrease. Since the data points fall on a single
curve 1t 15 concluded that the core nozzle performance is 1nsensitive to
crosswind within the range of conditions tested.

Nacelle Forces.—Nacelle forces and moments were measured with a six-
component balance system connected to the 40- by 80-foot wind tunnel semispan
turntable. The purpose of the force measurements was primarily to determine
the effects of 1nlet separation on fan thrust at various airflow levels.
Since separation was observed only at a very lTow power setting 1t 1s not
possible to make this evaluation.

For flight control purposes i1t 1s necessary to establish the various
forces and moments acting on the nacelle during jow speed maneuvering, To
atd tn this work, the measured forces in the streamwise and 117t directions
as well as the nacelle pitching moments are tabulated 1n table 2 for various
1nlet massflows and freestream conditions. The calculated 1nlet velocity
ratio (V /VH) and ram drag (F ) are 1ncluded in the table.

An analysis of the pitching moment data 1s presented in figure 50,
Stnce the fan nozzle total pressure profiles have been shown to be symmetrical
and tndependent of angle-of-attack (see previous section), 1t can be assumed
that the gross thrust does not contyibute to the pitching moment, 1.e., the
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thrust vector acts along the engine centerline. The effect of the external
flow on the moment can also be assumed to be negligible at these low forward
speeds. Thus, the pitching moment 1is simply a result of the offset, H, of
the captured streamtube from the pitching moment reference center, which 1in
this analysis has been transferred to the center of the hili1te-plane. The
figure shows that the centerline of the capture streamtube moves upwards
when (1) the inlet airflow 1s reduced (increasing V,/Vy), (2) the angle-of-
atgackd1s increased, and - to a smaller extent - (3 tHe forward speed 1s
reduced.

CONCLUDING REMARKS

An asymmetric inlet was designed to provide high performance during low
speed operation at high angles of attack. The design features a thick Tip
on the windward side and a relatively thin Tip on the leeward side of the
inlet. The overall contraction ratio, defined as the hilite area divided by
the minimum area, 15 1.50 for the asymmetric inlet 11p.

A small scale model of the 1nlet was tested with an open duct flow
suction system 1n a Tow speed wind tunnel. The test results validated the
asymmetric design concept and provided vaiuable data for the planning and
preparation of the subsequent large scale wind tunnel test.

The Targe scale inlet model was tested with a high bypass ratio turbofan
1n the NASA Ames Research Center 40- by 80-ft wind tunnel. ATthough the
test was cut short by a mechanical failure, 1t 1s concluded that the perfor-
mance of the large scale 1niet 15 si1gmificantiy improved over that of the
small scale model. To reach this conclusion an empirical correlation estab-
lished for the small scale inlet was applied to the limited test results for
the large scale 1nlet. With this method 1t 15 predicted that within the
design envelope boundary layer separations should occur only at low airflows
on the Targe scale inlet., Thus, the distortion and fan blade stress levels
associated with the separation should be relatively small.

Boundary layer analysis of the experimental surface static pressure
distributions indicates that the observed difference 1n aerodynamic perfor-
mance simply 1s a result of the difference 1n Reynolds number. Furthermore,
the good agreement between the anaiytical predictions and the experimental
results 1mplies that the inlet separation can be predicted 1f the static
pressure profiles along the cowl wall are known.
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TABLE T, - DESIGN CONDITIONS

Fo;ward Speed Angle of Attack Kirflow Range

o (m/s) o WKTA (kg/sm?)
72 45° 73 - 146
64 600 78 - 151
54 750 103 - 176
39 90° 127 - 205
21 120° 132 - 205




STREAMWISE LIFT PITCHING

WKIA, RAM DRAG FORCE FORCE MOMENT

V, (n/sY | (kg/sm")| V /v, [F, (NEWTON) | F,(NEWTON) | F, (NEWTON) M, (Nm)

o/ 'H TR X y i

166 .214 3944 -23766 13 -199

152 .235 3754 -19367 -142 -190

o| 136 .263 3256 -15372 -120 -107

0 117 305 2845 -10835 151 -151
93 386 2215 - 6405 151 -125

69 522 1630 - 3661 -142 - 54

203 | 181 .237 3578 -12103 17071 7567
45 117 307 2801 - 6187 10502 6091
69 .520 1677 - 1352 | 4791 4186

150 .238 3538 5369 23330 11190

90 | 109 .328 2611 4586 12374 8068
69 .524 1648 3679 5943 5435

164 419 7419 -19949 -325 -686

o | 146 473 6606 -14812 -396 -52]

0 133 .518 6170 -11732 -391 -506
111 622 5127 - 7157 -307 -384

77 896 3559 - 2696 -298 -300

58 1193 2674 - 1059 -316 -335

164 .420 7553 -17894 10907 7813

o 146 473 6743 -13219 8909 7284
20 131 .528 6013 - 9972 7495 6643
109 .636 4966 - 5720 5547 5728

38.9 76 .904 3465 - 1846 3639 4520
59 1 164 2686 - 529 2931 3980

45° 1 149 .465 6722 - 6579 18993 15031
1 .625 4987 -1 11809 11568

60 1.154 2639 2308 5987 7607

167 .406 7725 - 1926 27965 20271

151 .452 6976 - 249 23477 18333

o 137 .498 6261 1228 19776 16833
60 118 .576 5479 2829 15426 14606
102 .670 4627 3937 11738 12483

79 .860 3578 4595 8941 10570

68 1.011 3100 5017 7637 9633

Table 2. Force Data
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STEADY STATE TOTALS

RADIUS, R/RFAN (A/AFAN)HOO

*s 000000

PCP1
% ANNULUS AREA

.
PROBE_NUMBER Lé
COML 1.00 b
PT 20 1993 2.695
19 985 3.486
18 965 5.707
17 1939 5.276
16 921 4.366
15 1901 4.583
14 881 4.627
13 860 4.664
12 839 4.687
11 816 4.702
10 793 7.391
9 741 7.782
8 .72 4.611
7 691 4.310
6 663 4.825
5 633 4.927
3 601 3.989
3 568 4.904
2 533 4.953
1 495 6.515
SPINNER 462
PRANDTL STATICS
PCP 1-4 768

Figure 6. Small Scale Model Fan Face Rake
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Figure 7. Small Scale Inlet Model Installed in 8- by 9-ft Wind Tunnel
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Figure 8. Nacelle Schematic




Figure 9.

Nacelle Photograph
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hexT -

FAN G
PINT Reay = 6985 m, X =20at h1Ttte
EXTERNAL COWL INTERNAL COML

+':AN . " X/Re | REXT/Rean| Pexr/Rean | Rir/Rean | Minr/Rean
0 | 1.0514 |-.0759 | 10514 | -.0759
oozs | 10700 | - 0845 | 1.0316 | -.0752
0082 | 10848 |- 0883 | 10160 | -.0719
L0157 | 10971 |-0913 | 10023 | -.0687
0346 | 11172 | - 0951 9793 | -.0632
0535 | 11308 | - 0968 9622 | - 0585
HAMILTON STANDA®D 0817 | 1.1360 | - 0978 ;9425 | - 0528
SPINNER CONTOURS 1700 | 11576 | -.0078 (9260 | -.0876
1388 | 171672 | - 0973 0140 | -.0429
X/Rean | R/Rean 1667 | 11751 | - 0964 9032 | -.0384
2232 | 1.1882 | -.0943 8864 | - 0301
8863 0 2790 | 111977 | - 0925 8748 | - 0221
8877 | .0222 3364 | 12084 | - 0909 8671 -.0144
.8892 | .0306 3931 | 12165 | - 0896 8622 | - 0077
8921 0831 1897 | 12237 | - 0885 8595 | -.0019
8936 | .0479 5063 | 12300 | - 0875 8588 0031
9008 | 0680 5629 | 1.2357 | - 0867 8601 0073
9154 | 0992 6195 | 1 2406 | - 0860 18632 0106
9299 | .1247 6761 | 12449 | - 0855 8680 0131
9590 | .1668 7327 | 12487 | - 0849 8742 0148
9954 | 2092 7839 | 1.2519 |- .0845 8816 0158
1.0317 | 2434 8159 | 1.2545 | - 0842 8901 0162
171045 | .2997 o501 | 1.2585 | - 0837 19093 10155
11772 | 3452 1.0723 | 12605 | -.0834 2301 0132
1.2499 | .3819 1.1463 | 1.2609 | -.0833 9439 0112
V327 | 8115 1.1640 9471 0107
1.395¢ | 4339 1.273] 9659 0073
1.4681 | .449 1.3822 9819 0041
1.5008 | .4597 174913 9937 L0015
1.6136 | 4618 1 6004 .9996 -0001
16368 | 4618 1 6368 1.0000 -0000

Figure 10 LCF Inlet Cow! Contours
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9¢

LEEWARD (0P} COMWL WINDWARD (180°) COML
STATIC PRESSURES STATIC PRESSURES
Pe Pe
NO | M Rean [RU/Rean | S/Remn NG | REan |RU/Rean | S/Rean
11 .1242 | 1.0650 | - 1628 *[19 ] .1242 | 1 2602 | - 1932
2| o466 | 10300 | - 0775 *long| o466 | 1 2227 | ~.1067
30 .0137 | 1.0036 | -.0352 *1211 0137 | 11849 | - 0563
4 | .0021 .9844 | -.0127 * 22| 0021 { 11527 | - 0220
5 0 .9719 0 * | 23 0 1 1308 0
6 | 0007 9640 0079 241 .0007 | 11183 | .0125
7| .0042 L9519 | .0205 * 2651 0042 | 1.0999 ,0313
8| .0109 .9399 0343 *1261 0109 | 1.0811 .0513
9| 0209 .9280 | .0499 * 127 0209 | 1 0619 0729
10| .0500 .9057 | .0865 *| 28| 0500 | 1.0244 1204
11| .1048 .8810 1468 * | 29| 1048 9781 .1923
12 1817 .8620 ., 2261 *130]| .1817 9342 2809
13| .2987 ,8524 3436 * 1 37| 2936 .8927 4003
14 | .4445 8573 4895 *| 321 4445 8619 5545
15 | 5954 8709 6410 *133| 5954 8524 7058
16 | 8136 9011 8613 *13a| 8136 .8691 9248
17 |1.0317 9368 | 1.0824 *| 35|71 0317 9084 | 1 1465
18 | 1.3590 .9836 | 1.4130 * 1361 3590 9741 | 1 4803 [
———FAN ¢
+5
Ry
X
tt;:s
X

Figure 11

*
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SIDE COWL STATIC PRESSURES

Pe

NG | ¥ Rean | RL/Rean | ©
37 | 4982 8588 90°
38| 4982 8588 | 2700

Small scale model pressures
** @ 1800 on small scale model

¥R Ry = 10
FAN FACE COMWL STATIC PRESSURES
Pc
NG | % Rean [ RU/Rpan| ©
39 | 1 5931 i 15 7°
40 67 1
47 118 6
we| 49 170 0
43 221 4
a4 272 9
45 324.3
FAN FACE
" Rpan = 6985 m

Cowd Static Pressure Instrumentation
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FAN FACE RAKE PROBE COORDINATES
AND NUMBERING

RAKE RAKE RAKE RAKE RAKE RAKE RAKE RING % AREA
o1 2 3 4 5 6 7 RADIUS FOR
. R/Rpay RING
RING 1 PTF 1 PTF 11 PTF 21 PTF 31 PTF 41 PTF 51 PTF 61 9901 5%
RING 2 2 12 22 32 42 52 62 .9700 5%
RING 3 3 13 23 33 43 53 63 .9286 15%
RING 4 4 14 24 34 1 44 54 64 8627 15%
RING 5 5 15 25 35 45 55 65 7914 15%
RING 6 6 16 26 36 46 56 66 7129 15%
RING 7 7 17 27 37 47 57 67 .6247 159
RING 8 8 18 78 38 48 58 68 5582 59
RING 9 9 19 29 39 2 49 59 69 5218 59
PP1 PP2 PF3 PP4 PP5 PPG PP7 .5017 -
RING 10 10 20 30 40 3 50 60 70 4813 5%
RAKE
ANGLE 25.7 77.1 128.6 180.0 213.4 282.3 334 3
(deg)

1 PDF 1
2 PDF 2 ] Dynamic total pressure probe mounted side by side with steadv state probe
3 PDF 3 TOP 90°

RAKE 2

PC 40 / 10° TYPICAL

VIEW LOOKING AFT

o Al
RAKE 1 5143° TYPIC

PC 39

180° WINDWARD

LEEWARD 0°—

RAKE 4

Figure 12 Fan Face Instrumentation
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0o 180 RADIUS AR/AR

PROBES PROBES R/R EpN

NOZZLE WALL NOZZLE WALL 1.0676
P ] PM3 1.0640
PTM1 PTMI1 1.0447 142
PTM? PTM1 2 .9964 134
TTH] TTMA .9738
PTM3 PTMI3 9513 121
PTMA PTNI4 .9084 110
PTM5 PTMI5 .8676 .100
PTHG PTM16 8287 .091
TTH2 TTM5 8102
PTH7 PTH17 7916 .083
PTH8 PTM18 7556 077
PTMY PTMI19 7211 071
TTH3 TTMG 7044
PTMI0 PTM20 6876 .073
PM2 PM4 6767

CORE CASE CORE CASE 6676

AA. Area assigned to total pressure probe
AR- Flow area at rake face = 1 064 m?

“ FAN DUCT RAKES, 0° & 180°

% 0466 m TO NOZZLE EXIT PLANE =

Figure 13.  Fan Duct Instrumentation




CROWN SIDE
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Figure 15  Primary Nozzle Instrumentation
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Figure 16. Temperature and Vibration Monitoring Locations
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Figure 17. Static Test Installation
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Figure 18. Static Test Installation Schematic
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Figure 19. Nacelle Installed in 40- by 80-ft Wind Tunnel
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Figure 20 Wind Tunnel Installation Schematic
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Figure 23  Separation Boundaries for the % Scale L.CF and QF2 Inlets
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Figure 26. 1/4 Scale LCF Infet Distortion
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Figure 27 % Scale Inlet Fan Face Total Pressure Maps, «=45°, V=72 m/s
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Figure 29. % Scale Inlet Fan Face Total Pressure Maps, @ =759, V = 54 m/s
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Figure 30. % Scale Inlet Fan Face Total Pressure Maps, a=120°, V=21 m/fs
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N2 39% | 43° | 47/° | 51.8° | 56°
8,000 b a a b a
106,000 a a a a Y
12,000 b a a b a
14,000 a a a a a
15,000 b a a b b
16,000
(MAX.) b a a b
a: Test points without ground plane.RUNS 2-7
b: Test points with and without ground plane. RUNS g-20
X RUNS
oo 2-7
213m 811
1.52m 12-1§
091 m 17-20
/-GROUHDFMSI?NLATIW
/—-\\
\‘— .
FUSELAGE
. /smumm
[ y L .
Figure 31.  Test Matrix for Static Testing
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FAN FACE CORRECTED FLOW, WKIA (kg/smz)
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Figure 32 Infet Arrflow vs. Turbine Speed and Fan Blade Angle
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FAN FACE FLOW, W2 AND W3 {kg/<}
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Figure 33 Comparison of Inlet Airflow Measurement Methods
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COWL STATIC PRESSURE, Pn/P1q
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Figure 34 Comparison of Cowl Static Pressure Distributions
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Figure 35  Fan Thrust Vs. Power, 3= 51.8° Static Test
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Figure 36  Design and Test Conditions
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Figure 47  Fan Nozzle Total Pressure Profiles, V,, = 21 m/s, o= 0° and 90°
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