i B3P 18

NACA Rb

INFORMATION

194
Copy

RM L53F18a

WN ‘g4V) AHVHEIT HO3L

gLERPTD m“mm

|

RESEARCH MEMORANDUM ]

1YyL

AN EXPERIMENTAL STUDY OF FIVE ANNULAR AIR
INLET CONFIGURATIONS AT SUBSONIC

AND TRANSONIC SPEEDS

By Robert E. Pendley, Joseph R. Milillo,
Frank F. Fleming, and Carroll R. Bryan

Langley Aeronautical Laboratory
Langley Field, Va.

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS
WASHINGTON S\m.\p‘ TURE

August 19, 1953 "}EGE %QIIIRTB




1M

A

TECH LIBRARY KAFB, NM

R -—— AN

NATIONAIL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

AN EXPERIMENTAL STUDY OF FIVE ANNULAR AIR
INLET CONFIGURATIONS AT SUBSONIC
AND TRANSONIC SPEEDS
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SUMMARY

An investigation of an NACA 1-80-100 nose inlet fitted alternately
with en elliptical, a parabolic, a 14%-conical, and a 22°-conical cen-
tral body was conducted at subsonic and transonic speeds in the Langley
8-foot transonic tunnel. Drag, surface-pressure, and pressure~-recovery
measurements were obtained at an angle of attack of O° through a Mach
number range of 0.6 to 1.1. Surface-pressure and pressure-recovery
measurements were made at angles of attack of 4°, 7°, and 10°. The
pressure-recovery measurements were made after the entering flow had
passed through a short, rapidly diverging diffuser. Additional measure-
ments were made of the drag of an NACA 1-80-300 nose inlet fitted with
the elliptical central body at an angle of attack of O° for & Mach number
of 1.1.

Test results indlcated that, although there was very little effect
of central-body profile on the external drag at subsonic Mach numbers,
prominent effects were observed above a Mach number of 1.0. At the higher
values of the ratio of the entering stream~tube area to the body frontal
area, the minimum external drag of the NACA 1-80-300 nose~inlet-central-
body combination was as low a8 the minimum drag measured to date for an
NACA l-series open-nose inliet. There was considerable effect of central-
body profile on the pressure recovery of the iniet, with the conical-
central-body configurations having decldedly better pressure-recovery
characteristics. The pressure recovery of these configurations was also
relatively insensitive to changes In angle of attack, whereas the curved-
central-body configurations showed significant losses in pressure recovery
due to angle of attack in the mass-flow-ratioc range of practical interest.
Changes in angle of attack generally caused only smell changes in the
maximum mass-flow ratio. Reductions in external drag, obtained by uti-
lizing the configurations with lower pressures over the central-body
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surface, were accompanied by resultant losses in presSﬁre recovery. The
sensitivity of the propulsive thrust to changes in central-body shape
was therefore reduced.

INTRODUCTION

Transonic air-inlet research programs have so far been largely
directed toward the investigatlon of the effects of those design param-~
eters adjudged to be of primary lmportance.  The effects of large changes
in the lip proportions of nose inlets utilizing the NACA l~series profile
(ref. 1) are indicated by an aggregation of several papers (refs. 2 to 8)
which describe investigations at subsonic and transoni¢ Mach numbers.

Two papers have been published which treat briefly of the effects of inlet
profile on subsonic and transonic nose-inlet performance (refs. 9 and 10).
The investigations reported in references 1 to 10 show that both inlet
proportions and inlet profile are important factors to be considered in
the design of transonic airecraft.

An air-inlet research program utilizing 8-inch-diameter models at
subsonic and transonic speeds is underway in the Langley 8-foot transonic
tunnel. This program includes a family of NACA l-series nose inlets of
proportions which extend beyond the range of those which have been pre-
viously investigated. The study of the first three nose inlets of the
program is reported in reference 6. Included in this program are several

. annular<inlet configurations comprised of central bodies installed in

NACA l-series nose inlets of relatively large inlet diameter. Drag, loads
data in the form of surface-pressure dlstributions, and pressure-recovery
characteristics of four of thesé annular-inlet configurations have been
"investigated at subsonic and transonic speeds, and the drag of a fifth
annular inlet has been measured at a Mach number of 1.1. The purpose of
this paper is to.present an analysis of the results obtained in this inves-
tigation and to compare the annular-inlet characteristics with those

" observed for the noge inléts previduély studied.

. The configurations investigated may ba of interest in those designe
where the installation of equipment shead af tﬁe inlet ducting is desired
end, although the central bodies were relatively large, in the design of
propeller spinners. The results- will be of interest also to the designer
of fuselage-side air inlets, since. the flow over the central bodies tends
to simulate the flow over the fuselage nose. -,

The four configurations for which pressure-recovery data were obtained
consisted of four different central-body shapes fitted alternately to a
common ducted body. The entering flow passed through a short, rapidly
diverging diffuser such as might be considered in cases where it is desir-
eble to minimize the longitudinel dimensions of the engine ducting.

&w,ﬁwﬁ
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The rate of the diffuser-area growth was variasble and increased with

digstance in the flow direction. The over-all equivalent conical angle
of the diffuser was 22.5°, a value which would lead one to expect sep-
aration at some point in the diffuser throughout the useful mass-flow

range .

Drag, surface-pressure, and pressure-recovery measurements were
made at an angle of attack of 0°, and surface-pressure and pressure-
recovery measurements were made at the additional angles of attack of L°,
TO, and 10°. The test Mach number range extended from approximately 0.6
to 1.1, whereas the tegt Reynolds number range, based on maximum diameter,

extended from 2.3 x 10~ to 2.7 x 10°.
SYMROLS
A duct or stream-tube cross-gectlonal area
B base area, sting fairing
c mass-flow coefficient, BS%ZF
Cp drag coefficient, based on area F
CDa additive drag coefficient
CDf skin-friction drag coefficient
C total drag coefficient &% .o B
Dy ) F BF
CDe external drag coefficient, CDt + CFn
CDP pressure drag coefficient
CFn net-thrust coefficient (internal drag coefficient when negative),
1
—HV_, -V jm + - A
da diameter

D maximum body diameter (8.000 inches)
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F maximum body cross-sectional ares

Gy axial force indicated by strain gage i

H total pressure -

" average total pressure, ares m-reighted, f H %

m internal mass~flow rate -

m/mo mass-flow ratio, p'—ov-:A—l = i\-.;-

m/m relative mass-flow ratio, - - %o %sonte

PsonicVsonichl #1 Ao

M Mach number -

P static pressure

P static-pressure coefficient, %EQ )

q dynemic pressure, pVo/2

r radius =

R body maximum raedius, ]§)

v velocity

X axial distance, positive downstream

e angle of attack -

] engular position measured from top of “annulus , positive counter-
clockwise looking downstream.

P air density

Subscripts: -

o] free-stream station

1 minimum-area station just inside inlet 1ip

2 pressure-recovery measuring S‘b&tiO{l

duct-exit station ST 5-;{;
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K stagnation point at inlet 1lip

B sting-fairing base

c central body

a downstream of shock

u uvpstream of shock

1 inner lip surface between stagnation point on inlet lip and mini-
mum area station

£ external surface of entering stream tube and external model sur-
face between inlet-1ip stagnation point and maximum-diameter
station

s external model surface between inlet-lip stegnation point and

maximum-diameter station

sonic condition corresponding to local Mach number of 1 for isentropic
flow

APPARATUS AND TESTS

Tunnel.- The investlgation was conducted in the Langley 8-foot trans-
onic tTummel utilizing =a l/9-open slotted test section. The geometry
and serodynamic properties of this test section are described in refer-
ences 11 and 12. Figure 1 1s & drawing of the model support system used
in th%s investigation and in the prior investigation reported in refer-
ence

Models .- A drawing of the five annular-inlet configurations studied
is presented in figure 2. A photograph of some of the components of these
configurations is given as figure 3. The two 8-inch-diameter nose inlets
used in this investigation were the NACA 1-80-100, which was fitted alter-
nately with four interchangesble k4.7-inch-diameter central bodies (an
elliptical, a parabolic, a 14°-conical, and a 22°-conical) and the NACA -
1-80-300, which was fitted with the elliptical central body.

In the design of the conical central bodles, the curved region of
transltion between the conical surface and the surface of zero slope was
fixed inside the inlet 1lip so that the pressure on this portion of the
central body would tend to be fixed by the mass-flow ratioc. The presence
of such a region of curvature ghead of the inlet was avolded because of
the possibility of the detrimental effect of a pressure peak. The
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varlation of the duct cross-sectional area between the inlet and the
pressure-recovery survey station is presented in figure L4, which includes
for comparison the area variastion of a 22.5° cone.

Nondimensional coordinates for the outer profile of the inlets appear
in reference 1. The design of the internal lip shapes is specified as
a function of the inlet proportions by an arbitrary equation stated in
reference 6. Coordinetes of the inner 1ip fairing and the elliptical
and parsbolic central bodies are presented in tebles I and II, respec-
tively. The surface contours of the conical central bodies are completely
defined by figure 2. Ordinates for the afterbody are given in refer-
ence 13. The nose inlets (that is, the cowlings forward of the maximum-
diameter station) were of spun-aluminum construction and were designed
to be easily interchangeable on a common afterbody similarly constructed.

Instrumentation.- Each nose inlet was provided with a row of surface-
pressure orifices which extended the entire length of the 1lnlet along the
center line of the upper surface. Orifices were also located on both the
upper and the lower inner lips of the inlets; on the upper and the lower

surfaces of the central bodies, and along the upper surface of the afterbody.

The afterbody assembly, which was used in the investigations of ref-
erences 6 and 13, was attached to the sting through a flexure-type three-
component strain-gage balance. The pressure recovery of the internal
flow was surveyed by six rakes of total- and static-pressure tubes located
near the meximum-dismeter station. The internal flow was also surveyed
at the exit annulus by a sting-supported cruciform reke. The entire
instrumentation system is more completely described in reference 6.

Tests.- Drag data for the 1-80-100 configurations were obtained at
Zero angle of attack through a Mach number range extending from about O. 6
to 1.1. Drag measurements were not made at angles of attack other than
zero because of erratic interference between the pressure leads and the
sting. Pressure-recovery measurements overe made for the same Mach number
range at angles of attack of 0°, 4°, 7°, and 10°. The only data obtained
with the 1-80-300 configuration were external drag deta at a Mach number
of 1.1. The procedure during tests consisted of holding the angle of
attack and stream Mach number constant and recording data at various ma.ss-
flow ratios.

At angle of attack of 0°, drag data from the strain gage were manu-
ally recorded and all pressure readings were Té&corded simultaneously on_

film from a multitube manometer board. The angle of attack of the model
was set and checked during runs by means of a cathetometer.

The Reynolds number of the tests ranged Trom approximately 2.3 X lO6

to 2.7 X 106 based on the meximum diameter.

2
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METHODS

External drag coefficient.- The external drag is defined in this
paper, as in reference 6, as the total drag (strain-gage reading corrected
for the sting-fairing force) minus the internal drag:

G
=2 ,p . Bic
CDe qOF B F Fn

The physical meaning of this definition of external drag for open-nose
inlets was shown in reference 6 to be equal to the friction drag and the
gage-pressure force acting on the external surface of the entering stream
tube (the additive drag) and on the external body surface. It can be
similarly shown that the external drasg defined as above becomes in the
case of the annular inlet the friction force and the gage-pressure force
acting on the external surface of the entering stream tube and on the
external surface between the stagnation point at the inlet lip and the
exit. Thus,

e =.fx3 ’ d<§>2 ’ CDfK-B " P

The friction force on the external surface of the entering stream tube
is negligible. '

Additive drag.- A triel calculation showed that the flow at the inlet
station of the annular inlets. precluded the assumption of one-dimensional
isentropic flow between the free stream and station 1 in the calculation
" of the sdditive drag. - The additive drag was therefore estimated from the
measured static pressure on the inner and outer duct surfaces at station 1,
from graphical integration of the pressure distributions on the central
body end the inner lip surfape'betWeen the stagnation point and station 1,
and with an assumed total-pressure distribution at the inlet. The maxi-
mum ordinate of the assumed total-pressure profiles was fixed equal to
free-stream total pressure, and the construction of the shape of the pro-
file was guided by reference to the shape of the one-seventh-power veloc-
ity distribution. The resulting profiles appeared to be reasonable ones
since the mass-flow ratios calculated from these profiles agreed well with
those calculated from the exit~-rake data. This method of estimating the
additive drag is expected to be less useful for conditions of asymmetric
or separated flow at the inlet.
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By writing the momentum equation between the free-stream and inlet
stations, the additive drag coefficient was calculated as

PV, [V r.\2 r.\2
Da Annulus Po¥o VO R, Annulus R,

X 5 )
487 ™
1 R Central body R

In calculating the force on the centrasl body and inner 1lip, friction
forces were neglected.

Other veriables.- The pressure drag coefficlent of any specified
body was obtained by graphically integraiing the measured pressure
distributions:

r2
o4

The pressure recovery was calculated by numericelly integrating the
pressure-recovery-rake data:

The mass-flow ratio was obtained from numerical integration of the
exlit rake dsata.

PRECISION

With the exceptilon of the method of caleulating the additive drag
coefficient, the measurements and calculations of the present investiga-
tions were subJect to the same type of errors which were present in ref-
erence 6. The maeximum probable errors in the measurements and calcula-
tions are estimated as follows: )
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Free-stream Mach number . . . . . & ¢« ¢ ¢+ « « ¢« v ¢« « + « « « . *0.003
Mass-flow ratio:

Low mass-flow ratio ~ lowMach number . . . . . . . . . . . . *0.06
High mass-Tlowratio . . . . « « ¢ ¢« ¢ ¢ ¢« v ¢ &« o« « o« « « » 0.03
Pressure-drag coefficient . . . . . ¢« . ¢ ¢+ ¢ . .+ . . . . F0.015
External drag coefficient . . . « .« « ¢« ¢« ¢ v &+ v ¢ . .« .. T0.01
Integrated pressure-recovery ratio . . . . . . . . . . . . . . 10.01

Because of the shorter length of the NACA 1-80-100 annular-inlet
configurations, these inlets occupied a region in the test section which
had smaller variations in the tunnel-empty Mach number distribution.

The maximum variation in this distribution in the test-section region
occupied by these inlets is 0.009.

RESULTS AND DISCUSSION

Tunnel Boundery Interference

Tests reported in reference 13 showed that, in the Langley 8-foot
transonic tunnel, there was no important tunnel-boundary interference
at subsonic Mach numbers on a 66-~inch-long body of revolution of maximum
diameter equal to that of the inlets of the present investigetion. A
qualitative indication of the magnitude of the differences in the subsonic
tunnel interference acting on the inlets tested and on the solid body of
reference 13 was established by a study of tunnel-wall Mach number dis-
tributions.

A comparison of the distributions obtained during the present tests
with those of reference 13 showed that the magnitude of model-induced
disturbances at the wall were, for the inlet configurastions, equal to or
less than those of the solid body at Mach numbers of about 0.95 and below.
At a Mach number of about 1.0, the irregularities in the tunnel-wall Mach
number distribution caused by the inlet configurations were only slightly
greater than those caused by the solid body. It therefore seems reason-
able to assume, as was assumed in the case of the nose inlets of reference 6
that there was no large subsonic tunnel-boundary interference acting on
the inlets.

It is believed that there was no importaﬂt effect of boundary inter-
ference on pressure recovery throughout the Mach number range, since, at
most supersonic Mach numbers, the reflected bow shock struck the model
downstream of the inlet plane, and at lower speeds the shock Is bellewved:
{0 have been so weak as to cause negllgible interference on the central--
body flow. X Lo . - o oo

r - B
' “
. Lo . e
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As discussed in reference 13 and as shown by the surface-pressure
distributions of figures 5 to 12, reflected compression and expansion
waves were expected to have introduced eppreciable interference in the
drag measurements at supersonlc speeds. Where this interference may have
been present, the drag curves were faired with dashed lines. The presenta-
tion of interference-subject drag data in the figures is considered desir-
able, since the interference is not expected to have affected to an impor-
tant degree the variation of drag coefficient with mass-flow ratio;
furthermore, the interference is not expected to have precluded an indica-
tion of the effects of inlet configuration on the external drag.

Surface-Pressure Distribution

Mech number effects.- Surface-pressure distributions over the inlet
configurations at zero angle of attack are shown in figures 5 to 12.
These pressure distributions indicate the formation of a region of super- _ .
sonlc flow at low mass-flow ratios over a portion of the boliy for all test
speeds higher than a Mach number of 0.6. These regions of supersonic
flow, which originated at or immediately behind the inlet lip, became
more extensive with increasing stream Mach number and, at a Mach number
of 0.55, were terminated by a rapid compression to subsonic velocities
immediately behind the body maximum-diameter station (figs. 6, 8, 10,
and 12). It will be shown later that this Mach number_corresponds to
the inception of the drag rise of these inlets. At Mach numbers of
about 1.0 and 1.02, the compression to subsonic velocities tended to be
more gradual. — -

In the test Mach number range extending from about 0.90 to 1.05,
there were a number of instances where a reduction in mass-flow ratio
caused & pressure increase over a region of the external surface between
those regilons at the inlet 1ip and exit where the pressures were reduced
(see, for example, figs. 8(c), to 8(g)). In some of these instances
(for example, figs. 8(c) or 8(d)), the resultant crossovver of the curves
would be expected from the higher compression which would result from
the higher local supersonic velocitles generated at the inlet lip at low
mass-flow ratios. In other instances, however (for exemple, figs. 6(h)
or 8(f)), this explanation does not seem to apply, and the possibility
of tunnel boundary interference was considered. A study of the tunnel-
wall Mach number distributions, however, failed to provide an explanation
of this phenomenon. ) '

At a Mach number of 1.1, the flow over ﬁ@e eptire:%ody was super-
sonic downstream from the Iip stagnation region for all four configurations.

Attitude of flow at inlet lip.- A primary factor affecting the static-
pressure distributions on the external surface between the inlet 1lip and
the maximum-diameter station 1is the angle of the flow approaching the
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inlet 1ip. This angle is increased by reducing the mass-flow ratio or

by increasing the slope of the central-body surface in the reglon of the
inlet plane. Where this angle was low, for instance at high mass-flow
ratios with the. curved central bodies (figs. 5 and T), the pressure dis-
tribution was fairly uniform. As this angle was increased, low-pressure
peaks followed by rapid compressions appeared in the immediate region of
the inlet 1lip (figs. 5(a), 5(b), 7(a), and T(b)). These pesks became
more pronounced as the incidence angle was increased until, at very low
mass-flow ratios for the conical centrel bodies, the regions of low pres-
sure changed character and became more extensive (figs. 9 and 11) so that
the possibility of boundary-layer separaetion from the external surface

was indicated (ref. 5). This change in the shape of the pressure peak
did not occur at the two lowest test Mach numbers for the elliptical

and parabolic central bodies. It is suspected that the sharply localized
low-pressure regions having rounded peaks were due to a type of "bubble"
separation (figs. 9(a) and 9(b)). This type of separation is generally
followed by immediate reattachment (ref. 14). In the sbsence of external
flow separation, the effects of mass-flow ratio variation on the externdl-
surface pressure distribution forward of the maximm-diameter station were
limited to the region at or immediately behind the inlet 1lip (5 ~ 0).

The pressure distributlons of figures 5 to 12 show, in general, that
the difference in the shape of the elliptical and parsbolic central bodies
did not effect large changes in the external flow, but the much higher
slopes of the surfaces of the two conical central bodies induced consid-
ereble change. At the lower test Mach numbers (figs. 11(a) and 11i(b)),
the 220-conical central body induced & sharp pressure peak even at the
highest test mass-flow ratio.

Mass-flow-ratio effects on the pressures near the jet were presumebly
a result of variations in the jet-tube area that caused a variation in
the turning around the model trailing edge.

Central-body pressure distributions.- In general, the pressures
obtained on the cones forward of the inlet plane were much higher then
those obtained on the curved bodies. The lower pressures on the ellip-
tical and parabolic central bodies were a result of the curvature of
these bodies. As the mass-flow ratlo was reduced, the pressure rise
acting on the entering boundery leyer steepened and finally caused sep-
aration from the cental body surfece shead of the inlet. At the lowest
test mess-flow ratios, the presence of this separation is shown by the
prominent increase in the extent of the central body surface under appreci-
able influence of the mass-flow ratio, by the general increase of the
pressure level on the central body, and by the indication of little or
no pressure rise in the diffuser (for example, figs. 9(c) and 9(d)).

ERLETLIRWNITE I\
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Effects of angle of attack on pressure distribution.- Surface-
pressure distributions over the models forward of the body maximum dlam-
eter are presented for two angles of attack and for Mach numbers of 0.6
and 1.10 in figures 13 to 16. Because of the limited number of pressure
orifices on the models, only limited indications of the nature of the
flow gbout the inlets at angle of attack are avallable.

In general, the effect of angle of attack on the flow over the for-
ward portion of the central bodies was to lncrease the veloclties on the
upper surface and to reduce the velocitles on the lower surface. Neaxr
the inlet station, the converse was true and, at the higher mass-flow
ratios, the pressures on the top and bottom of the central bodies were
quite different, with more flow passing into the bottom of the inlet.

At angles of attack and at high mass-flow ratios, the internal flow
performance of an inlet is susceptible to losses originating at the inside
of the bottom lip. Among the four central bodles tested, the surface
slopes of the elliptical and parsbolic central bodies In the region of the
inlet were the least favorable in this respect. At the high mass-flow
ratios, Mg =~ 0.6, figures 13(b) and 14(b) show that sharp pressure peaks
were induced on the inner surface of the lower lip at an angle of attack
of 10°. At the maximum test Mach number (Mg =~ 1.1) (figs. 13(a)
and 14(a)), sonic velocity was exceeded by an apprecisble margin on this
surface et the high mass-flow-ratio angle-of-attack condition.

Increases in angle of attack caused the velocities over the external
surface of the upper inlet 1ip to be greater and increased the tendency
toward separation of the externsl flow at that point. :

External Drag

Effect of mass-flow ratio.- The drag data obtained for the NACA
1-80~100 nose-inlet central-body combinations are presented in figures 17
to 20. The minimum drag of any inlet at any particular Mech number occurred
at the maximum mass-flow ratio. Reference to the pressite distributions
(figs. 5, T, 9, and 11) indicates that the inlets were choked at the
meximum mass-flow ratios for Mach numbers above 0.8 for the elliptical
and parabolic central bodies, and above 0.9 for the two conical central
bodies. Although inlet choked data were not obtained at-these lower test
Mach numbers, it can be seen from the slope of the drag curves (figs. 17
to 20) that little change in drag would result upon extepnding the curves
to the cheoking values of mass-flow ratio. - N

As stated in the section entitled "Methods," the external drag is
the sum of the additive drag and the viscous and gage-pressure forces
acting on the external surface between the inlet l1lip and the Jet. Since
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the additive drag coefficient would be expected to increase rapidly with
reductions in mass-flow ratio from the choking value, the moderate slope
of the external-drag curve indicates that a large part of the compensating
effect of lowered pressures on the external lip surface was obtained.’

The pressure distributions of figures 5, 7, 9, and 11 show the successive
reductions in lip pressures which accompanied mass-flow decreases.

Effects of Mach number and central-body profile.- The effect of
increasing the Mach number from 0.6 to 1.1 was to increase the slope of
the curves of drag against m/mO and, at these Mach number limits, the
slopes were lowest for the inlet with the elliptical central body and
were consecutively higher for the parsbolic, 14©-conical, and 22C-conical
central bodies.

The Mach number effect on the external drag coefficients for the
four NACA 1-80-100 inlet configurations is presented in figure 21 for
the maximum mass-flow case. As previously stated, the meximum mass-flow
ratios corresponded to the choked case except at the lower Mach numbers,
but no appreciable change in the curves of figure 21 would be expected
upon increasing the mass-flow ratios for the unchoked cases to the choking
values. At subsonic Mach numbers, there were only small differences in
the externsl-drag coefficients of the inlet configurations. The subsonic
drag of the inlet with the 22C-conical central body was consistently higher
by & small amount than that of the other three inlets, but the subsonic-
drag rises were very similar for all four inlets. When comparison of
the inlet drags is made with the drag of the solid body of reference 13,
it appears that the lesser wetted area of the inlets resulted in a lesser
drag at Mach numbers below the drag rise. The drag rise of the inlets
vas larger, however. This result would be expected from an application
of the basic ides of the transonic drag-rise rule of reference 15. This
rule states that the transonic drag rise of a configuration is determined
principally by the shape of the longitudinal variation of the total cross-
sectional area. If, for the inlet bodies, the developments of the cross-
sectional areas of the entering stream-tube surfaces and the external
body surfaces (actual cross-sectional area less Ao) are reduced to equiv-
alent solid bodies, it will be seen that the fineness ratios of these
equivalent bodies are much lower than that of the solid body.

At the supersonic Mach numbers, epprecisble effects of central-body.
shape were observed. The drag of the solid body was lower than that of
the four inlets at the highest test Mach number, and the inlets with the
central bodies of curved profile had substantially less drag than those
with the conical profiles.

As previously explained, the external-drag data at the highest test
Mach number was subject to some tunnel boundary interference acting on
the afterbody. The belief that this interference should not invalidate
comparison of the external-drag data is substantiated by calculation for



R NACA RM L53F18a

the inlet-choked condition of the pressure drag on the external surface
of the entering stream tube (additive drag) and on the external surface
between the lip stagnation point and the maximum-diemeter station. This
drag, denoted ECDP in coefficient form, was free of interference at

? : _
My, &= 1.1, and is tabulated as follows:

Ty | %o | e | (), | (%),
Ellipse 1.108 0.0698 0.0236 0.0934
Parsbols 1.107 0860 .0%28 .1188
14° cone 1.104 1635 -.0192 J4h3
22° cone 1.105 .2199 -.0316 .1883

Although the pressure drag coefficients (CD ) were calculated with an
bP/r

assumed inlet total-pressure profile, these coefficients indicate approxi-
mately the same drag relationships for the four inlets as were indicated
by the force measurements.

Since the additive dreg is a part of the external drag

Cp. = Cp +f5Pa<1§)2+cD
e a Yk k-3

and since the force on the central-body affects the adéitive drag

<v A

= 1 1

=20 =-1)+pP, *+

‘p, v ) 17 * %, + O,

the externasl-drag differences for a gliven mass-flow ratio can be expected
to have originated in differences in the drag forces on the central bodies.
These drag differences were not entirely compenseted for at the higher
Mach numbers by changes in the drag force on the external inlet surface.
(For example, the figures in the table above show that'ahly 3T percent

of the additive-drag difference between the 22° conical and the elliptical
configuration was compensated for by the reduction in the pressure drag

on the external surface.) The pressure drag of the central bodies

LY
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is presented in figures 22 and 23, and the comparison at the maximum
mass-flow rates (fig. 23) accordingly shows a substantial range of central-
body drag force for the four central bodies st subsonic Mach numbers which
increased markedly at the highest Mach numbers.

Comparison of annular and open-nose inlets.- The selection of an
air-inlet configuration often involves the fitting of a forebody shape
to an afterbody of predetermined profile. Since large changes in the
shape of the forebody can be expected to induce only minor changes in
the drag of afterbodies of low curvature (typical of the fuselage shapes
of high-speed aircraft), the evaluation of an inlet design from the drag
viewpoint can be made by a study of the drag (CDP> . As previously

£

explained, (CDP) is the additive drag plus the drag acting on the
£

external surface between the stagnation point at the inlet 1ip and the
maximum-ordinate station. If a given engine is considered and the maxi-
mum body dismeter is specified, the free-stream tube area required for
any particular flight condition can be calculated independently of the
inlet configuration, if the effect of the pressure recovery on the air
flow is neglected. The comparison of the drag of sn annular and an open-
nose~type inlet for a fixed m/mo near the choking value can therefore
be established essentially by reference to the force acting on stream-
line AKC for the annuler inlet, and on streamline AK'C for the open-nose
inlet (fig. 24). For the design conditions specified above, the choice
between the two types of inlet consists of accepting with the annular
inlet an increased stream-tube projected area in return for a reduction
in the projected area of the external surface.

The result of thils compromise is presented in figure 25 for the
highest test Mach number. Since the free-stream tube area A, 1s fixed

for a given fllght condition, the external drag curves are presented as

a function of the mass~flow coefficient ——%—F = AO/F. All the external-
Po'o

drag deta in figure 25(a) were obtained with some tunnel boundery inter-

ference present in the form of the reflection of the bow shock to the
afterbody surface (see figs. 6, 8, 10, and 12). The forebodies, however,
were entirely free of tunnel interference so that comparisons of the
curves in figure 25(a) can be invalidated only by differences in the
interference on the afterbody which are associated with changes in the
position and strength of the reflected bow shock. The pressure drag of
the afterbody is shown for all cases, except that of the NACA 1-80-300
with elliptical central body, in figure 25(b). Since this drag was always
small, and since mass-flow ratio and forebody-shape changes resulted in
only small changes in the afterbody pressure drag, the differences in
the external drag coefficients (fig. 25(a)) may be assumed to have

a
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originated almost entirely on the forebody. The maximum value of Ay/F
for each inlet corresponds to the choked condition.

The annular inlets tended toward larger drag increments with mass-
flow reductions. At the higher stream-tube-area ratios, it appears that
the drag of the annular Inlet can be competitive with that of the open-
nose inlet. In fact, the reduction of the curvature of the external
surface which was achieved by replacing the NACA 1-80-100 inlet by the -
NACA 1-80-300 yielded s minihum drag coefficient as low as the minimum
achieved by the open-nose inlets (the NACA 1-40-400). The minimum drag
coefficlent attained (approximately 0.18) may actually represent a value
near the minimum which can be attalned by the NACA l-series profile with
fineness ratios within the range of those involved here. This possibility
is indicated by the fact that the minimum drag-coefficient wvalue is equal
to the drag of the well-shaped solid body of reference 13, and also by
trends of the NACA l-series transonic nose-inlet data (fig. 26.) so far
availeble. In fig. 26(a) the transonic rise of the drag coefficient
(CDpj for five open-nose inlets as measured from the subsonie drag level
f
is presented. The data are obtained from several sources (refs. 3, b,
and 6) and in some cases involved extrapolation. Figure 26(b) was obtained
by plotting the drag-rise increments shown in figure 26(a) for a Mach
number of 1.1. Although the simple parameter X/Y may not necessarily
generalize inlet characteristics accuretely for extreme proportions, the
date so far obtained appear to establish a uniform trend. A large range
of drag rise is indicated for the range of proportions shown, and there
would appear to be little opportunity for improving the drag by increasing
the ratio X/Y beyond that of the NACA 1-40-LOO nose inlet. The indica-
tion of diminishing returns with increases of X/Y sabove 8 is in agree-
ment with the two points plotted on figure 26(b) for the NACA 1-80-100
and 1-80-300 annular inlets fitted with the elliptical central body.

These two points were obtained from the force measurements and, therefore,
include the afterbody drag rise. '

Pressure Recovery
Zero-angle-of-attack condition.- The pressure—recévery character-

istics of the four NACA 1-80-100 inlet configurations at an angle of
attack of 0OC are presented in figure 27 as a function of the relative

mass-flow ratio for four Mach numbers. The pressure-recovery datae presented

in this paper were obtained with a diffuser of such a rapid area growth
that flow separation was probebly always present. Such diffusers are
sometimes required in practical ducting systems, and, although the present
data are not directly applicable to other diffusers, these date should .
indicate the relative order of merit of the four central-body shapes. for
the case of a diffuser of e more faworable expansion rate.

.
e
EK
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At the maximum values of relative mass-flow ratio, the configura-
tions experienced the pressure-recovery losses characteristically asso-
ciated with the inlet-choked condition. As the relative mass-flow rsatios
were reduced from the values for pesk total-pressure ratios, the pres-
sure recovery of the curved bodles at the subsonic Mach numbers weas
decreased because of boundaery-layer separation ahead of the inlet. The
conical-central-body configurations showed less tendency towards poor
pressure recovery at the lower relative mass-flow ratios than did the
parsbolic- end elliptical-central-body configuretions. Because of the
higher pressures acting on the cones (figs. 5, T, 9, and 11), the bound-
ary leyer on these bodies moved against & less adverse pressure gradient
and therefore 4id not separate as readily.

The effect of Mach mumber on pressure recovery was larger for the
central bodies with curved proflle than for the conical central bodies.
At the Mach numbers of 1.00 and 1.10, the curvature of the elliptical
and paraebolic central bodies was shown by the pressure distributions
(figs. 5 and 7) to result at high mass-flow ratios in a region of local
supersonic velocities terminated shead of the inlet lip by a strong pres-
sure rise presumably assoclated with a shock. The presence of this shock
adversely affected the entering boundary layer and thus reduced the peak
values of pressure recovery. As is shown by figure 28, the shock-
separation criterion of reference 16 for turbulent boundary layers indi-~
cates that the shock may have separated the entering flow. The minimum
pressure rise required to separate the boundsry layer of the two curved-
profile central bodies at various points along thelr surfaces was cel-
culated by the methods of reference 16 and is plotted in figure 28. At
various points along the surface of these two central bodies, the local
velocity was calculated from the observed pressure distribution and the
pressure rise which would result from a normal shock at this velocity was
then calculated and plotted in figure 28. The shocks actually occurred
on the elliptical and parsbolic central bodies at an X/D of about ~0.2
(see figs. 5(3) and 7(i)), where, according to the criterion of refer-
ence 16, the resultant pressure rise was more than sufficient to separate
the boundary layer.

In order to indicate the magnitude of the loss in internal-flow )
performance caused by the rapid expansion rate of the diffuser, the dashed
curve in figure 27 was plotted with the 22C-cone curves from data for a 6°
annular diffuser of an area expansion ratio of 1.75 (ref. 17). The curve
is plotted for a range of relative mass-flow ratio for which the entering
boundary layer of the 22°-conical configurastion should be thin. Although
the initial boundary layers and the area retios were different for the
diffuser of reference 17 and the diffuser of this investigation, most of
the difference between the curves for the two diffusers is considered to
be the effect of the rspid expansion of the diffuser of the NACA 1-80-100
configuration. The total-pressure recovery of this diffuser was about
2.5 percent less than that of the 6° diffuser at m/m0 = 0.56, and the
decrement increased graduallﬂ}as the mass-flow ratio was increased.

-
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In figures 29 to 31 are presented radial distributions of total-
pressure ratio after diffusion at Mgy~ 1.10 and a = 0°. In =all cases,
flow separation from the duct inner surface was indlcated to have occurred
at some point upstream from the pressury-recovery-measurement station.

At low mass flows, separation occurred ahead of the inlet because of the
unfavoreble pressure gradient there. (See, for example, fig. 9(a),
m/mO 0.12.) At mass-flow ratios sufficiently high to avoid separation
ehead of the inlet, separatlon was present in the diffuser because of
the rapid area expansion.

At all Mach numbers, the total pressures tended to be fairly umiform
around the annulus, the conical-central-body configurations tending toward
higher over-all levels of total pressure.

Effects of angle of attack on pressure recovery.- In figure 32 is
presented s comparison of the pressure-recovery characteristics at angles
of attack of 0°, 4°, 7°, and 10°. The inlets with the conical central
bodies were less sensitive to angle of attack than were those with the
curved central bodies. In fact, the inlet with the 22°-conical central -
body was affected almost negligibly by angle of attack over the mass-
flow range of practical interest.

The angle-of-attack effects were accentuated by increases in Mach
number. At relative mass-flow ratios greater than about O. 6, angle of
attack did not affect the pressure recovery by a great amount at M, = O. 6
but, at My ~ 1.0 and 1.1, the pressure recovery in this range of mass-
flow ratio was reduced substentiaslly at an angle of attack of 10° for
the elliptical and parsbolic central bodies. With the possible exception
of the elliptical central body at Mg = 1.1, a = 10° (fig. 32(c)), angle
of attack caused only small changes in the maximum mass-flow ratio. The
increased pressure recovery at the minimum mass-flow rates which resulted
from inclining the inlets at angles of attack of 7° or 10° can perhaps
be explained by the fact that the annular inlets at angle of attack of 0°
were eilther partially or completely engulfed by the central-body boundery
layer, and inclining the inlet permitted much of the boundary layer to
pass over the top of the inlet and resulted in a thinner boundary layer
on the lower surface. The data obtained in the tests are not sufficlently
complete to explain the cause of the locps between the curves for angles
of attack of 7° and 10° at relative mass-flow ratios below about 0.6.

All aspects of the internal-flow performnnce which can be establlished
by reference to the data presented indicate that the inlet with the
220_conical central body was decidedly the best of the configurations
studied.

Total-pressure-ratio profiles for an angle of attack of 10° are

presented in figures 33 to 35 for the maximum mass-flow low Mach number
case and for high and low mass-flow cases at the maximum test Mach number.
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At the higher mass-flow rates, the attitude of the entering flow was
conducive to separation from the lower region of the imner 1ip surface.
Separation of this type was never observed with the two conical central
bodies, and in those instences in which it occurred for the elliptical

and parabolic centrel bodies, it occurred only at neer-maximum mass-flow
ratios. The presence of such separation resulted in large peripheral
total-pressure gradients and is indicated in figures 33(b), 35(a), and 35(b)
by the low total pressures measured at the outboard portions of the rakes
near the bottom of the duct. As is indicated by figures 33(a) and 33(b),
the inlet with the elliptical central body was free of lower lip separation
at low Mach numbers, but such was not the case with the parsbolic central
body. As the Mach number was increased, there appeared to be a greater
tendency toward lower lip separation.

At an angle of attack of T°, no lip separation was observed at any
Mach number for the inlet with the parsbolic central body, and only at
the highest test Mach number was any lip separation indicated for the
elliptical-central-body configuration. In the &bsence of lip separation,
the flow was fairly uniform around the annulus at the pressure-recovery-
measurement station.

Propulsive Thrust Comparison

Method of calculation.- A calculation of the thrust-minus-drag per-
formance was made for the NACA 1-80-100 inlet with the four different
central bodies. The calculations were made for a specific axisl-flow
turbojet engine of 8100-pound ststic thrust rating operating at M, = 1.1,
55,000 feet altitude, with afterburner at military power. At each value
of mass-flow ratio, the measured pressure recovery (fig. 27) was used to
calculate the engine thrust and alr flow. The inlet aresa was thereby
specified so that the scale of the configuration varied with the mass-
flow ratio. (The term A;/F was held constant.) The percent thrust
loss per percent pressure-recovery loss was assumed as 1.25, and the
external drag coefficients were read from figures 17 to 20. The fore-
going method of analysis results in no significance in the absolute values
of CFn - CDe, but a comparison of the peak values is useful.

Results.- The peak values and the mass-flow ratios at which they
ocecurred are as follows:
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Central body (CFn - CDe)max m/mo
Ellipse 1.022 | o.87
Parabola 1.08: - .90
14O Cone 1.098 . 95
22° Cone 1.093 .96

Although the inlets with the curved central_bodies had the better drag
characteristics, the poorer pressure recovery of these inlets precluded
the realization of greater propulsive thrusts. The peak values of
propulsive-thrust coefficient were about the same for the inlets with
the pargbolic and the two conical central bodies, but the lesser drag .
of the elliptical-central-body configuration was more than offset by
pressure-recovery losses. Although the curvature of the elliptical-
central-body surface resulted in lower presstures (and hence, lower drag)
on the central bedy, the formation of these -low pressures was simuliane-
ously responsible for a reduced pressure recovery through the action of
the shock on the entering boundary layer.

The reduction of the external drag by reducing the central-body drag
load 1s thus generally incompatible with the maintenance of good internal-
flow performance; the resultant increase in the velocities over the central
body inevitably acts to the detriment of the entering boundary layer
through increasing the magnitude of the unfavorsble pressure gradient or,
at transonic speeds, through the possibility of shock separation for curved
centrel bodles. The effect of the compensation between the drag and pres-
sure recovery is to reduce the sensitivity of the propulsive thrust to
changes in the central-body shape.

CONCLUSIONS

A study of the drag of five annular air-inlet configurations and the
internal flow performence of four of these configurstions with a rapidly
expanding diffuser for a Mach number renge extending from sbout 0.6 to 1.10
led to the following conclusions:

1. There was very little effect of central~body profile on the exter-
nal drag at subsonic Mach numbers but, gbove a Mach number of 1.0, a
prominent effect of changes in central-body profile was observed with the
lower external dregs measured for the inlets with the curved central
bodies.
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2. At the higher values of the ratio of the entering stream-tube
ares to the body frontal area, the minimum external drag (corresponding
to inlet choked) of the NACA 1-80-300 nose-inlet-central-body combination
was as low as the minimum drag measured to date for an NACA l-series open-
nose inlet.

3. There was considersble effect of central-body profile on the
pressure recovery of the inlets, with the conical (and in particular
the 220 conical-central-body configuration) having decidedly the better
pressure-recovery characteristics. The lower pressure recovery of the
curved-central-body configurations at the higher Mach numbers was asso-
ciated with the action of a shock on the entering boundary layer.

4. The pressure-recovery characteristics of the conical-central-
body configurations were less sensitive to changes in angle of attack
than were those of the two inlets with curved central bodies; the inlet
fitted with the 220 cone was almost negligibly affected in the mass-~
flow range of practical interest. Increases in angle of attack for the
curved-central-body configurations at useful mass-flow ratios produced
significant losses in pressure recovery at the higher Mach numbers.

5. Increases in angle of attack generally caused only small changes
in the maximum mass-flow ratio.

6. Reductions in external drag obtained by utilizing the configura-
tion with lower pressures over the central-body surface were accompanied
by resultant reductions in pressure recovery. The sensitivity of the
propulsive thrust to changes in central-body shape was therefore reduced.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., June 8, 1953,
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TABLE I

DESIGN COORDINATES OF INLET LIP

{E;l coordinates are in ipche%:]

NACA l-series profile

NACA 1-80-100
annular inlet

X ¥
0.000 0.000
.10 .071
020 .091
‘30 '@9
1.131 099

NACA RM I53F18a

Inlet minimum area, 13.0L sq in. (measured)
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B e = =3
SEEENINT YN

TARLE IT
CENTRAL-BODY DESIGN COORDINATES
Ellipse Parabola

Station x, Radius r, Station x, Radius r¢
o} o} 0 0

125 S77 125 <061

.250 .532 250 .120

.500 <Th7 .500 .238

.750 .909 .750 .352
1.000 1.042 1.000 L2
2.000 1.434 2.000 87
3.000 1.704 3.000 1.235
4.000 1.906 }4.000 1.546
5.000 2.060 5.000 1.806
6.000 2.176 6.000 2.015
7.000 2,260 7.000 2.174
8.000 2.316 8.000 2.282
9.000 2.345 9.000 2.339
9.6L45 2.350 9.645 2.350
9.895 2.350 9.895 2.350
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Figure 1.- Model support system in 8-foot transonic tumnel test section.
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Photograph of components of inlet configurations.
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