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Design and Experimental Studies
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Design and experimental studies have been conducted to evolve a high performance, high incidence capability
inlet for subsonic V/STOL applications. Design criteria, including effects of the flight control system on the
inlet requirements, were selected to satisfy both low and high speeds. Based on these studies, several inlets were
designed, fabricated and tested in the Grumman Low Speed Tunnel. Inlet performance and separation bounds
were determined. The baseline inlets with a long centerbody met their respective design goals, and exceeded the
performance and incidence capability of inlets of equal area contraction ratio. At the design power/nacelle tilt
requirements, matched pressure recovery is better than 0.995 with less than 4% distortion.

Nomenclature

A =area

al/g = acceleration ratio

CR = contraction ratio, (D, /D) ?

D =diameter

L =length

L, =lip thickness ratio, XY’ ;/R%

M = Mach number

p = static pressure

Py =total pressure

q = dynamic pressure

R =radius

Ry = Reynolds number

T =total thrust coefficient, (thrust at « = 0deg)/qA,

TR =fraction of gross thrust

V =velocity

W, =airflow at diffuser exit corrected to standard
conditions

X =longitudinal dimension from inlet leading edge

Y =vertical dimension from highlight radius to cowl
wall

167 =angle of attack, deg

0y =nacelle deflection, deg

¥ =yaw angle, deg

Subscripts

DD =drag divergence

DES =design

F =fan

H =highlight

INL =inlet

max =maximum

min =minimum

NAC =nacelle

0O, 00 = freestream
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OoP =operating

S =surface

SEP =separation

T =throat

X =at station

1,2 =inlet designation

2 = fan face or diffuser exit

=used with Y, to denote total lip thickness at the
throat station

Introduction

The flow environment at the inlet of a V/STOL aircraft can
be very severe due to heavy crosswind at very low forward
speeds, large upwash from the forebody/wing flowfield
during aircraft high-lift operation and, for some aircraft
configurations, tilting the engine nacelles for lift-assist during
takeoff and landing. These flow conditions, and the inlet
elements affected, are depicted in Fig. 1.

To provide efficient, steady airflow to the engine during
these conditions, the inlet and its components must be tailored
to avoid flow separation, which, in addition to performance
losses, may cause fan and compressor stall, increased blade
stresses and increased noise levels. The various kinds of in-
ternal separation that may develop are shown in Fig. 2.
Similarly, flow separation can occur externally with attendant
drag losses in cruise. Therefore, understanding the
mechanisms producing flow separation, and knowledge of the
effects that various geometric/operational parameters of an
inlet system have on flow separation, both internally and
externally, are key elements to a successful inlet design which
will meet both low and high speed requirements. Con-
sequently, the inlet design cycle begins with a parametric
evaluation of the geometric and operational factors vis-a-vis
the design requirements. In the specific case of tilt nacelle
configurations, the emphasis is aimed at the selection of
design factors resulting in separation-free operation at the
most critical flight condition, namely transition landing.
These selected factors, together with parameters significant to
external flow are cross-evaluated to assess impact on cruise,
loiter and engine-out climb drag.

This paper presents Grumman’s application of this design
philosophy in selecting, testing and properly blending ex-
perimentally proven inlet parameters and features to evolve a
separation-free, high angle-of-attack capability inlet system
for Design 698 V/STOL aircraft.

Inlet Design Requirements

Grumman’s conceptual approach to the U. S. Navy Type A
V/STOL aircraft, shown in Fig. 3, has twin tilting nacelles,
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Fig. 3 Conceptual subsonic V/STOL.

which incorporate the powerplant and control vanes in the fan
stream to provide all VTOL functions—propulsive thrust,
thrust modulation and control about all three axes,
(schematically shown in Fig. 4). As a result, the inlet flow
environment is quite severe during take-off and landing
transition. Yet the inlet must provide stable and efficient flow
to the engine.

The severity of the flow environment is strongly influenced
by the aircraft configuration and its selected control system.
The issue of tilt nacelles versus vectored nozzle configurations
with their peculiar problem areas, and how these could affect
the inlet flow conditions, is adequately debated in the
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V/STOL literature. What is known, however, is that angle-of-
attack capability requirements for twin tilting nacelles with
vane control, as incorporated in Grumman’s Design 698 A
V/STOL aircraft, are substantially lower than the
requirements for tilting nacelles without vane control as
shown in Fig. 5. Consequently, our inlet problem, though by
no means small, is amenable to reasonable design solution.

The specified Design 698 inlet requirements are in sum-
mary:

1) High speed-—the inlet shall have low drag at cruise Mach
of 0.75. This implies a drag divergence Mach number, M, =
0.75.

2) Low speed—the inlet shall operate separation-free, with
high total pressure recovery and low distortion at the most
critical landing transition of the aircraft.

From the inlet design standpoint, the critical operation
condition, at any given speed, would be minimum thrust re-
quirement at maximum nacelle deflection. As indicated, in
Fig. 6, by the landing transition characteristics of an aircraft
not employing flaps, this critical operating requirement oc-
curs in a glide with a negative flight path acceleration. It must
be emphasized that the severity of this critical landing transi-
tion is not only influenced by the selected control system,
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shown earlier in Fig. 5, but also by the aircraft flight config-
uration, as shown by the comparison, on Fig. 7, between an
aircraft landing with and without the use of flaps.

Inlet Design Parameter Selection

Grumman has correlated pertinent NASA and industry
data showing the interrelationships of the various geometric
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Fig. 8 Selection of low-speed parameters.

and flow parameters as they affect angle-of-attack capability
at low speed and drag at cruise. Typical summaries of these
correlations are presented below, to highlight some ob-
servations and to indicate the compromises the inlet designer
must make to satisfy both low and high speed requirements.

Low Speed
Figure 8 indicates that the angle-of-attack capability of an
inlet system improves with

1) An increase in the area contraction ratio, A, /A . Large
local wall diffusion angles can, however, limit this trend, as
indicated by the data of Ref. 1.

2) An increase in the lip thickness parameter, L,, which
defines, essentially, the roundness of the external profile
around the inlet highlight.

3) A more gradual diffuser area distribution between the
inlet throat and diffuser exit.

4) An increase in average throat Mach number to about 0.6
for low contraction ratio inlets and 0.7 for high contraction
ratio inlets; however, further increase in throat Mach number
reduces the incidence capability.

5) An increase in Reynolds number, as indicated by Fig. 9.
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Fig. 11 Drag divergence Mach number suppression.

The inlet must incorporate geometric features consistent
with these observations in order to achieve the desired angle-
of-attack capability during the critical landing transition.

High Speed

Figure 10 indicates that the drag divergence Mach number
of an inlet improves with:

1) Anincrease in fineness ratio X,,/D,,

2) An increase in diameter ratio, D,/D,,, provided the
operating massflow is equal to, or greater than, the design
massflow ratio; otherwise the drag divergence Mach number
is suppressed as shown in Fig. 11.

Examination of these low-speed and high-speed
correlations indicates that those geometric and flow features
which are beneficial to low speed tend to increase drag at
cruise. Internally, for example, the selection of a high area
contraction ratio for slow-speed considerations reduces the
operating massflow ratio of the inlet at cruise, which may give
rise to spillage drag; also, the relatively high throat Mach
number required at low speed necessitates high diffusion wall
angles for a reasonable inlet length. This fact, coupled with
high duct velocities, results in total pressure recovery losses
and increased distortion. Externally, on the other hand, the
generous lip contours required for low speed increase the
maximum diameter which affects the geometric cowl
parameters, namely the fineness ratio and the diameter ratio,
tending to reduce the drag divergence Mach numbers.
Consequently, the selection of inlet parameters involves the
evaluation of a number of other parameters, such as the effect
of design throat Mach number and contraction ratio on
maximum diameter and the effect of maximum diameter and
operating massflow on external surface Mach number. The
proper balance among these parameters is required in order to
achieve high total pressure recovery and low distortion, in-
ternally, and low drag at cruise.

Inlet Design

The mission requirements of Design 698 were reviewed in
conjunction with the above-mentioned correlated data, and
two baseline inlets, plus variations, were designed for each of
the critical landing configurations shown earlier on Fig. 7.
Pertinent inlet parameters are shown in Table 1.

Inlet I,, the baseline for the critical landing transition with
flaps down, was derived from the Ref. 1 inlet of CR of 1.46.
Previous analysis, contained in Ref. 2, had indicated that the
Ref. 1 inlet of CR=1.56 had adequate incidence capability to
meet this transition requirement. Inlet I? was designed to meet
the more severe critical landing transition shown in Fig. 7.
The highlight areas of both baseline inlets were circular and
parallel to the throat, but displaced downward to result in a
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Table1 Test configurations

Area CR Bottom Lip
Designation Ayl/Ar (Ry/Rp) 2 Centerbody?

Baseline inlet

1, 1.46 1.56 Short

1} 1.46 1.56 Long

13 1.50 1.69 Short

13! 1.50 1.69 Long
Scarfed inlet

1, 1.362 1.502 Short

1 1.482 1.672 Long

2nlet 1, Values are effective. b Centerbody Contour: short: 1.6/1 ellipse,
long: 3.25/1 ellipse.

conventional upper lip contraction ratio and a windward
bottom lip with the required contraction ratio, namely, 1.56
for inlet I, and 1.69 for inlet [7. The scarfed inlet in-
corporated the bottom lip internal contour of inlet I, and was
faired externally to the external contours of inlet I3.

All inlets were tested per Ref. 3 at the most critical
speed/nacelle angle conditions, but the one most thoroughly
investigated was intet I3?', which exhibited the best per-
formance and highest angle-of-attack capability.

A complete description of inlet 1§, hereafter called Design
698 Inlet, is presented in Ref. 4.

Inlet Tests
Model Installation

Each inlet was fitted to a 5.5 in.- (13.97 cm) diam fan and
tested in the Grumman 7 X 10-ft (2.13 m by 3.05 m) low
speed Wind Tunnel. The tunnel is open-circuit, open-return,
continuous-flow with a range of freestream velocities of 0 to
115 knots (0 to 59.3 m/s).

Figure 12 is a photograph of the model installed in the
tunnel. Both the isolated nacelle and the reflection plane
installations are shown. The model was rotated in the
horizontal plane from 0 to 90 deg angle of attack.

Inlet Instrumentation

The main inlet instrumentation was at the fan face and
consisted of

1) Eight equally spaced spokes of six total, and one static,
pressure probes.This instrumentation was area-weighted to
provide fan flow.

2) Two dynamic total pressure transducers located S deg on
either side of the bottom centerline and at the same radial
distance as the total pressure probes near the wall. These
transducers were used to determine flow separation and/or
flow reattachment.
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Inlet duct instrumentation consisted of seven static pressure
taps along the centerline of the bottom wall. Protruding
instrumentation was not used anywhere in the duct, to avoid
extraneous wakes affecting the fan instrumentation
measurements.

The outputs from the fan face instrumentation were
displayed in the control room for monitoring the test and
determining flow separation, in addition to being recorded
along with all other measurements for the usual data
reduction process. )

Test Procedures

Definitions of the inlet performance characteristics and of
the flow separation bounds were obtained at constant tunnel
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ANGLE OF ATTACK CAPABILITY lapyac!

speed and nacelle inclination by reducing fan speed to the
point of incipient separation, inducing separation by further
fan speed reduction and then increasing fan speed to reattach
the flow. Incipient separation or attachment was approached
with very small intervals of fan speed change in order to
minimize subjective judgement errors. In the case of reat-
tachment, test experience indicated that sufficient time be
allowed for stabilization before recording the data. The fan
face total pressure profiles and the dynamic probe traces were
continuously monitored.

The observed data were subsequently analyzed in con-
junction with plots of the pressure recovery, the maximum
distortion and the lower lip static pressure distributions. It
will be shown later, in the discussion of the test results, that
the observed phenomena of separation and attachment were
in excellent agreement with definite concurring changes in the
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total pressure recovery, the maximum distortion parameter
and the lower lip static pressure distribution.

Having determined the envelopes of incipient separation
(minimum stable operating point approached from stable
conditions) and of attachment (minimum stable operating
point approached from unstable conditions), they were
verified by a second test method: holding tunnel and fan
speeds constant and increasing nacelle inclination to induce
separation, and then decreasing nacelle inclination to reat-
tach. The same stabilization and recording procedure was
used in approaching these phenomena as was used for the
previous method.

Test Results
Comparative Inlet Performance

The isolated inlet performance of the various test inlets is
compared in Figs. 13 and 14 at conditions of high forward
speed/nacelle angle combinations. As expected, Design 698
inlet has substantially more stability margin and ‘lower
distortion levels than the other inlets, since it was designed to
meet the more severe, no-flaps, critical landing transition.
The other two inlets, 1} and 1}, also performed as expected,
considering that they were intended to meet the less critical
landing transition of an aircraft configuration employing
flaps. In fact, inlet I}, derived from the Ref. .l inlet of
CR=1.46, performed as well as the CR 1.56 inlet, thus
corroborating the analytical results of Ref. 2. The comparison
between Inlet I} and the Ref. 1 inlets is shown in Fig. 15.

Design 698 Inlet

The isolated inlet performance characteristics for forward
speeds up to 110 KT (Mach 0.17), and at various nacelle
deflections, §;, have been presented and discussed in Ref. 4.
In summary, stable inlet/engine matching at very high
pressure recoveries and low levels of distortion are obtainable
for low speed flight modes. During takeoff at a nacelle
deflection, §;, of 50 deg, total pressure recoveries better than
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0.996 and distortions less than 4.0% were obtained to the
highest forward speed of 110 KT (Mach 0.17).

80 The matched inlet performance during the critical landing
transition is shown in Fig. 16. Even in this severe en-
vironment, the inlet operates at total pressure recoveries
better than 0.996 and distortions less than 4.0% throughout

hé transition. Additionally, the inlet has substantial stable range
s oo to operate efficiently at even more severe inflow environments
than required by the most critical landing transition

requirement of Design 698, especially when the full-scale

capability of the inlet (shown dashed on specific airflow plot)
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Fig. 18 Flow separation bounds.

for the aircraft angles of attack and canard positions shown,
the forebody flow effects on inlet perfomance are almost
negligible.
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Flow Separation Bounds

Figure 18 summarizes the incipient separation (open
symbols) and reattachment bounds (flagged symbols) at the
test freestream velocities of 55 KT (28.4 m/s), 80 KT (41.2
m/s) and 110 KT (56.7 m/s). Included are all data, whether
obtained by varying fan speed at constant freestream velocity
and angle of attack or by varying angle of attack at constant
freestream velocity and fan speed. The trends indicate close
agreement between the two methods of defining the inlet
separation and attachment bounds. In general, the hysterisis
effect (difference in angle between separation and reat-
tachment) increases with fan speed at a given freestream
velocity and with freestream velocity at a given fan speed.

It must be emphasized here that, as defined in this paper,
the incipient separation and reattachment points represent
stable inlet airflow condtions with no degradation in the inlet
performance parameters as proven by the typical transducer
traces and static pressure distributions shown in Fig. 19. The
transducer shows increased activity and the pressure
distribution indicates a definite change, only when the inlet is
forced well into the separated regime; at incipient separation
and reattachment, the transducer traces and the static
pressure distributions are identical to those of the steady case.

The flow separation bounds of the Design 698 inlet are
compared with available NASA and industry data in Fig. 20.
The Design 698 inlet achieves higher angles of attack than all
these high contraction ratio inlet types even though tested at a
smaller Reynolds number than the others. This performance
is attributerd to the unique features incorporated by judicious
selection of the low-speed parameters that maximize angle-of-
attack capability.

J. AIRCRAFT

Planned Development

The high contraction ratio and generous external contours
required for high angle-of-attack capability at low speed tend
to make the nacelle bulky, heavy and draggy. It would be
desirable, therefore, to try to meet the low-speed requirements
with shorter and more slender nacelles by either trading off
excess stability margin or investigating alternative means of
forestalling flow separation in the inlet. To explore these
possibilities a cooperative effort between Grumman and
NASA/LeRC has been initiated, and tests are now in progress
at NASA/Lewis to investigate offshoots of the Grumman
designs with both passive and active flow attaching devices,
such as leading edge slats, vortex generators, blowing slots
and suction, in order to optimize an inlet system between low-
speed and cruise requirements at minimum inlet length,
weight and complexity.
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RADIATION ENERGY CONVERSION IN SPACE—v. 61

Edited by Kenneth W. Billiman, NASA Ames Research Center, Moffett Field, California

The principal theme of this volume is the analysis of potential methods for the effective utilization of solar energy for the
generation and transmission of large amounts of power from satellite power stations down to Earth for terrestrial purposes.
During the past decade, NASA has been sponsoring a wide variety of studies aimed at this goal, some directed at the physics
of solar energy conversion, some directed at the engineering problems involved, and some directed at the economic values
and side effects relative to other possible solutions to the much-discussed problems of energy supply on Earth. This volume
constitutes a progress report on these and other studies of SPS (space power satellite systems), but more than that the volume
contains a number of important papers that go beyond the concept of using the obvious stream of visible solar energy avail-
able in space. There are other radiations, particle streams, for example, whose energies can be trapped and converted by spe-
cial laser systems. The book contains scientific analyses of the feasibility of using such energy sources for useful power gen-
eration. In addition, there are papers addressed to the problems of developing smaller amounts of power from such radia-
tion sources, by novel means, for usé on spacecraft themselves.

Physici§ts iriterested in the basic processes of the interaction of space radiations and matter in various forms, engineers
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of careful study.
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