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AERONAUTICS

AN EXPERIMENTAL STUDY OF FIVE ANNULAR AIR

INLET CONFIGURATIONS AT SUESONIC

AND TRANSONIC SPEEDS

By Robert E. Pendley, Joseph R. MiliUo,
Ihm.k F. Fleming, and Carroll R. Bryan

STJMMARY

An investigation of an NACA 1-W-1OO nose inlet fitted alternately
with an elliptical, a parabolic, a no-conical, and a 220-conical cen-
tral body was conducted at subsonic and transonic speeds in the Langley
8-foot transonic tunnel. ~ag, surface-pressure, and pressure-recovery
measurements were obtained at an angle of attack of O0 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 l-&)-~ nose inlet fitted with
the elliptical central body at an S,ngleof attack of 0° for a Mach number

.* of 1.1.

Test results indicated that, although there was very little effect
of central-body profile on the external &rag 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 stresm-tube area to the body frontal
srea, the minimum external drag of the NACA l-&l-D nose-inlet-central-
body conibinationwas as low as the minimum drag measured to date for an
NACA l-series open-nose inlet. There was considerable effect of central-
body profile on the pressure recovery of the inlet, with the conical-
central-body configurations having decidedly better pressure-recovery
characteristics. The pressure recovery of these configurations was also
relatively insensitive to chsnges 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-ratio range of practical interest.
Changes in angle of attack generally caused only small changes in the

. maximum mass-flow ratio. Reductions in external drag, obtained by uti-
lizing the configurations with lower prefimres Over We central-body

.
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surface, were accompsmied by resultant losses in pres&re recovery. The
sensitivity of the propulsive thrust to changes in central-body shape

m

was therefore reduced.

INTRODUCTION

Transonic air-inlet research progrsms

.

.
have so fer been largely

directed toward the investigation of the effects of those design param-
eters adjudged to be of primary importance. The effects of large changes
in the lip proportions of nose inlets utilizing the NAC!Al-series profile
(ref. 1) sre indicated by an aggregation of several papers (refs. 2 to 8)
which describe investigations at subsonic and transonic 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 aircraft.

An air-inlet research progrsm utilizing 8-inch-diameter models at
subsonic and transonic speeds is underway in the Langley 8-foot transonic
tunnel. This program includes a fsnily of NACA l-serie~ 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
progrem is reported.in reference.6.. Included in this progrsm 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 distributions, and pressure-recovery .-

characteristlcs of four of these anrkd.ar-inletconfigurations have been
“investigated at subsonic and .trqsonic,sp-eeds,and the drag of a fifth
annular :inlethas “beenmeasured at a Mach number of 1.1.

F–
The purpose of

‘ this paper is to..presentan analysis of the results obtained in this inves-
tigatioriWd to comp’srethe “quWr-ig3et. clyaracteristicswith those
observed for the no”#einlets previously studied.,.

The configurations inyestigqted”inayba qf interest in those designs
where the installation of ec&iprnen$ahead of the inlet ducting is desired
and, although the.cefitrhlbodies were relatively large, “inthe-design of
propeller spinners. The r=esultswill.be,of interest also to the designer
of fuselage-side air’inlets, since the flq.over the central bodies tends
to simulate the flow over the”fise”lage‘%se. “,

——
.—

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

+-.:...+-4

.
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The rate of the diffuser-area growth was vsriable and increased with
distance in the flow direction. The over-alJ_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 sngle of attack of 0°, snd surface-pressure and pressure-
recovery measurements were made at the additional angles of attack of 4°,
7°, and 10°. The test Mach number range extended from approximate~ ().6
to 1.1, whereas the te t Reynolds number range, based on msximum dismeter,

textended from 2.3 x 10 to 2.7 x 106.

SYM1301S

A

B

c

cD

cDa

%f

cDt

CDe

CD
P

CFn

duct or stresm-lxibecross-sectional area

base sxea, sting fairing

mass-flow coefficient, *

drag coefficient, based on area F

additive drag

skin-friction

coefficient

drag coefficient

total drag coefficient, ‘aPp g
~F ‘F

external drag coefficient, cDt + cFn

pressure drag coefficient

net-thrust coefficient (internal drag coefficient when negative),
— —

&&- ‘Jm+b-‘J5J
diameter

msximum body dismeter (8.OOO inches)
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F

Ga

H

F

m

m/m.

m/m~

M

P

P

q

r

R

v

x

a

e

P

maximum body cross-sectional area

axial force indicated by strain gage

total pressure

average total pressure, area weighted,
f

=1#

internal mass-flow’rate

mmass-flow ratio, -
pov&l

—

Ao=—
Al

m
relative mass-flow ratio,

PsonicVsonicAl

Mach number

static pressure

static-pressure coefficient, p - ‘Q
%

dynsmic pressure, p#/2

radius

body maximum radius, ~

velocity

axial distance, positive downstream

angle of attack

NACARM L53F18a

.

.—.. —-

..

+3 ‘sonic=——
Al ~

—

-.

——.—.

—.

.-
angular position measured from top of%xmlus, positive counter-
clockwise looking downstream.

air density

Subscripts:

o free-stream station

1 minimum-area station just inside inlet lip

2 pressure-recovery measuring station

L &

,..

3 duct-exit station ““=-~-~~-~-~~

&

-.

.

.



NACA RM L53F18a 5

K.

B

c

d

u

1

f

s

sonic

stagnation point at inlet lip

sting-fairing base

central body

downstream of shock

upstresm of shock

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

external surface of entering stream ttie and external model sur-
face between inlet-lip stagnation point snd maximum-diameter
station

external model surface between tnlet-lip stagnation point and
maximum-dismeter station

condition corresponding to local Mach number of 1 for isentropic
flow

APPARATUS AND TESTS

Tunnel.- The investigation was conducted in the Langley 8-foot trans-.
onic tm.nnelutilizing a l/9-open slotted test section. The geometry
and aerodynamic properties of this test section sre described in refer-

. ences 11 smd 12. Figure 1 is a drawing of the model support system used
in this investigation and in the prior investigation reported in refer-
ence 6.

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-dismeter nose inlets
used in this investigation were the NACA l-&3-100, which was fitted alter-
nately with four interchangeable 4.7-inch-dismeter central bodies (an
elliptical, a parabolic, a 14°-conical.,and a 220-conical) and the NACA -
l-&~O, which was fitted with the elliptical central body.

In the design of the conical central bodies, the curved region of
transition between the conical surface and the surface of zero slope was
fixed inside the inlet lip so that the pressure on this pmtion of the
central body would tend to be fixed by the mass-flow ratio. The presence

. of such a region of curvature ~ead of the inlet was avoided because of
the possibility of the detrimental effect of a pressure peak. The
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variation of the duct cross-sectional area between the inlet and the
pressure-recovery survey station is presented in figure 4, which includes

--

for comparison the area variation 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. Coordinates of the inner lip fairing and the elliptical.
and parabolic central bodies are presented in tables I and II, respec-
tively. The surface contours of the conical central bodies me complete~

—..

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-
dimeter station) were of spun-almdnum construction and were designed
to be easily interchangeable on a common afkerbody Sti-llarlyconstructed.

Instrumentalion.- Each nose inlet was provided with a row of surface-
pressure orifices which extended the entire length of the inlet along the
center line of the upper surface. Orifices were @so located on both the
upper and the lower inner lips of the itietsj on the upper and the lower
surfaces of the central bodies, and along the upper smface of the afterbody.

The afterbody assembly, which was used in the investigations of ref-
erences 6 and 13, was attached to the stingthrough a flexure-type three-
component strain-gage balance. The pressure recovery of the internal
flow was surveyed by six rakes of total-

—
and-static-pr~ssure tubes located

near the maximum-diameter station. The Internal flow was also surveyed
at the exit annulus by a sting-supported cruciform rake. The entire
instrumentation system is more completely described in reference 6. .

Tests.- Drag data for the l-~-loo configurations were obtained at
zero angle of attack through a Mach nunber range extending from about 0.6 s
to 1.1. Drag measurements were not made at &gles of attack other than
zero because of erratic interference between the presstie leads and the
sting. Pressure-recovery measurements were made for the same Mach number
range at angles of attack of 0°, 4°~ 7°, and 10°. The only data obtained
with the l-&)-xO configuration were external drdg data 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 mass-

.—

flow ratios.

At angle of attack of 0°, drag data from the stra@ gage were manu-
ally recorded and all pressure readings werez%corded simultaneously on-
film from a multitube manometer bosrd. me &@e”of attack of the model
was set and checked during runs by means of a cathetometer.

The Reynolds number of the tests ranged from

to .2.7x 106, based on the maximum dismeter.

appro–ximately2.3”X 1G6 +...–

.
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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:

‘?De’G&+pB#+cFn

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 end 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
similsrly shown that the external drag defined as above becomes in the
case of the smnulsr inlet the friction force and the gage-pressure force
acting on the external surface of the entering stresm tube and on the
external surface between the stagnation point at the inlet lip and the
exit. Thus,

* The friction force
is negligible.

.

on the external surface of the entering stream tube

Additive dra&.- A trial calculation showed that the flow at the inlet
station of “thesrumlar inlets.precluded the assumption of one-dimensional
isentropic flow between the free stresm and station 1 in the calculation
of the additive &rsg. The dditive 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 and the inner lip surface between the stagnation point and station 1,
and with sm 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; snd 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

k or separated flow at the inlet.
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BY writing the momentum equation between the free-stream and inlet
stations, the &ditive drag co~fficient wae calculated as

+

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

Other variables.- The pressure drag coefficient of any specified
body was obtained by graphically integrating the measured pressure
distributions:

?oP= p ‘($2
The pressure recovery was calculated by numerically integrating the

pressure-recovery-rslcedata:
.

exit
The mass-flow ratio was obtained from numerical ifitegrationof the
rake data.

PRECISION

With the exception of the method of calculating 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 maximum probable errors in the measurements and calcula-”
tions are estimated as follows:

—.

A

—

.

.
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Free-stream Mach.
Mass-flow ratio:

number . . . . . . . . . . . . . . . . . . . . . *O .003

Low mass-flow ratio - low
. High mass-flow ratio . .

Pressure-drag coefficient .
External &rag coefficient .

Mach number. . . . . . . . . . . . *O .06
. . . . . . . . . . . . . . . . . . *O .03
. . . . . . . . . . . . . . . . . . +0 .015
. . . . . . . . . . . . . . . . . . +0 .o~

Integrated p~essure-recovery ratio . . . . . . . . . . . . . . +0.01

Because of the shorter length of the NACA l-&)-100 annular-inlet
configurations, these inlets occupied a region in the test section which
had smaller variations in the tunnel-empty Mach nuniberdistribution.
The maximum variation in this distribution in the test-section region
occupied by these inlets is 0.009.

RESULTS AND DISCUSSION

Tunnel Boundary 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 investigation. 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 estab~shed 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 configurations, 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 tiport~t 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 mdel .
downstream of the inlet
to’have been so weak as
hotlyflOW.

.

.

,.

..

plane, and.at lower
to cause ’negligib~e#.-
-i’ .. ..
,... ... . . .

-....; .
,..

.,: ‘imqmn.,. .- .. .;..,.,.”,..
~:’. .. .

.;-’”.”:’:,...~ ““
. .

. . ., .

speeds the shock is believed,:~~
interference on the cen%~al=~~..*,<:-., .-.... .

. .. ,.- --s‘:
“:~.”.-. ..*

-=-:.&.-’..--
...->..-.:+,.“.... ...

,
,. “-;
, ....%.,1,;.

-X:;.:.”
.. ..L. ?.’;’.,,.-j-’:--.,,. ..- ~?;.;-.~,.:-*..-.. ““v,-+.-. ,-.
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As discussed in reference 13 and as shown by the mrface-pressure
distributions of figures 7 to 12, reflected=compression”and expansion A

waves were expected to have introduced appreciable interference in the
dxsg measurements at supersonic speeds. Where this interference may have
been present, the bag curves were faired with dashed lines. The presents- .“ .=.
tion of interference-subject drag data in the figures 3.sconsidered desfr-
able, since the interference is not expected to have slfected to an impor-
tant degree the vsmiation of tisg coefficient with mas8-flow ratio;
furthermore, the interference is not expected to have precluded an indica-
tion of the effects of inlet configuration on the external &rag.

Surface-Pressure Distribution
--

—
Mach 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- ‘-
sonic flow at low mass-flow ratios over a portion of the boiy 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, becsme
more extensive with increasing stream Mach .qumberagdl-at a Mach number
of 0.95, were terminated by a rapid compression to subsonic velocities
immediately behind the body maxtium-diameter.station (figs. 6, 8, 10,
and 12). It will be shown later that this M&ch number corresponds to
the inception of the drag rise of these inlets. At Maqh numbers of
about 1.0 and 1.02, the compression to subsonic velocities tended to be “-
more gradual.

—
—

In the test Mach number range extendi~ from abou~~O.90 to 1.05, - s

there were a number of instances where a reduction in mass-flow ratio .

caused a pressure increase over a region of the external surface between
those regions at the inlet lip and exit wher~ the pressures were reduced

a

(see, for example, figs. 8(c), to 8(g)). h some of thkse instances
(for example, figs. 8(c) or 8(d)), the resultant crossuver of the curves

—

would be expected from the higher compression which would result from
the higher local supersonic velocities generated at the”inlet lip at low

—

mass-flow ratios. In other instances, however (for exsmple, 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 prov-idean explanation
of this phenomenon.

At a Mach number of 1.1, the flow over =e egttiefibodywas super-
—

sonic downstream from”the lip stagnation”region for all four configurations.

Attitude of flow at inlet lip.- A primary factor affecting the static- A
pressure distributions on the external surface between the inlet lip and
the msxhxn-diameter station is the angle of the flow approaching the

“
.-

.
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inlet lip. This angle is increased by reducing the mass-flow ratio or
by increasing the slope of the central-body surface in the region of the
inlet plane. Where this angle was low, for instance at high mass-flow
ratios with the.curved central bodies (figs. 5 and 7), the pressuke 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 lip (figs. 5(a), 5(b), 7(a), and 7(b)). These peaks became
more pronounced as the incidence angle was increased until, at very low
mass-flow ratios for the conical central bodies, the regions of low pres-
sure changed character and becsme more extensive (figs. 9 and 11) so that
the possibility of boundary-layer separation 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 shsrply 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
followedby immediate reattachment (ref. 14). In the absence of external
flow separation, the effects of mass-flow ratio vsriation on the external-
surface pressure distribution forward of the maximum-diameter s ation were

ilimitedto the region at or immediately behind the inlet lip (E%O).

The pressure distributions of figures 5 to 12 show, in general, that
the difference in the shape of the elliptical and psrabolic 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-
erable change. At the lower test Mach numbers (figs. n(a) ad n(b)),
the 220-conical central body induced a sharp pressure peak even at the

~ highest test mass-flow ratio.

Mass-flow-ratio effects on the pressures nesr the jet were presumably
. a result of variations in the jet-tube area that caused a vsriation in

the turning sround the model trailing edge.

Central-body pressure distributions.- In general, the pressures
obtained on the cones forward of the inlet plane were much higher than
those obtained on the curved bodies. The lower pressures on the ellip-
tical and psrabolic central bodies were a result of the curvature of
these bodies. As the mass-flow ratio was reduced, the pressure rise
acting on the entering boundary layer steepened and finally caused sep-
aration from the cental body surface ahead of the inlet. At the lowest
test mass-flow ratios, the presence of this sepsxation 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) ad 9(d)).
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Effects of angle of attack on pressure distribution.- Surface-
pressure distributions over the models forward of the Pody maximum dism-
eter are presented for two angles of attack.and for Mch 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 about the inlets at angle of attack are available.

h general, the effect of ~le of attack on the~low OVer the for-
ward portion of the central bodies was to increase the velocities on the
upper surface and to reduce the velocities on the lower surface. Near

the inlet station, the converse was true and, at the higher mass-flow
ratios, the pressures on the top and bottom of the cenfial 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 origi~ating at the inside
of the bottom lip. Among the four central bodies tested, the surface
slopes of the elliptical and parabolic central bodies in the region of the
inlet were the least favorable in this respect. At the high mass-flow
~atios, M. s o-6, fi~es 13(b) ~d 14(b) show that sharp pressure peaks
were induced on the inner surface of the lower lip t &n singleof attack
of 100. At the maxinmm test Mach number (% J=1.1 (figs. 13(a)
and lb(a)), sonic velocity was exceeded by an appreciable margin on this
surface at the high mass-flaw-ratio angle-of-attack condition.

Increases in angle of attack caused the velocities over the external
surface of the upper inlet lip to be greater--andincreased the tendency
toward separation of the external flow at that point.

—
--

—

—

External Drag
.— &!

Effect of mass-flow ratio.- The drag data obtained ”forthe NACA
l-&)-100 nose-inlet central-body combinations are presegted in figures 17
to 20. The minimum drag of any inlet at any particular Mach number occurred
at the maximum mass-flow ratio. Reference to the press~e distributions
(figs. 5, 7, 9, and 11) indicates that the inlets were choked at the
ms.ximummass-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 extending the curves.... _- ..
to the choking values of mass-flow ratio. -.

As stated in the section entitled “Methods,” the external.dr~ is
the sum of the additive drag and the viscous ~d gs.ge-pr.essureforces
acting on the external surface between the inlet lip and-the jet.

H
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 figwes 5, 7, 9) ad 11 show the successive
reductions in lip pressures which accompanied mass-flow decreases.

Effects of Mach nuniberand 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/~ snd, at these Mach number limits, the
slopes were lowest for the inlet with the elliptical central body and
were consecutively higher for the parabolic} 14°-conical~ ~d 220-conical
central bodies.

The Mach number effect on the external &ag coefficients for the
four NACA l-&l-100 inlet configurations is presented in figure 21 for
the maximum mass-flow case. As previously stated, the maximum mass-flow
ratios corresponded to the choked case except at the lower Mach numbers,
but no appreciable chsnge 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 ~re only sm~l differences in
the external-&ag coefficients of the inlet configurations. The subsonic
drag of the inlet with the 220-conical central body was consistently higher
by a 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
was larger, however. This result would be expected from an application
of the basic idea 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 sreas of the entering stresm-tube surfaces and the external
body surfaces (actual cross-sectional area less ~) 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, appreciable 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 e~lained, %he external-drag data at the highest test
Mach number was subject to some tunnel boundsry interference acting on.
the afterbody. The belief that this interference should not invalidate
comparison of the external-drag data is substantiated by calculation for
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the inlet-choked condition of the pressure drag on the external surface
of the enterhg stream tube (additive drag) and on the external surface
between the li stagnation point and the maximum-diameter station. This

[)
drag, denoted ~ in coefficient form, was free of-interference at

Pf —

M. m 1.1, and is tabulated as follows:
—

Type of
central body % ~a

(%P)S (%p)f -

EIJipse 1.108 0.0698 0.0236 0.0934

Parabola 1.107 .0860 .0328 .1188

14° cone 1.104 .1635 -.0192 .1443

220 cone 1.lo~ .2199 -.0316 .1883

Although the pressure Msg coefficients
()
% were calculated with an
P-f

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

Since the additive tiag is a part of the external.drag

[ ()3
~e=~a+, ‘a;2+eDfK3 ._

K

and since the force on

%a =

the central-body affects the additive drag

——
the external-drag differences for a given mas~-flow rat~o csm be expected
to have originated in differences in the drag forces on the central bodies.
These drag differences were not entirely compensated for at the higher
Mach numbers by changes in the drag force on the externgl inlet surface.
(For example, the figures in the table above show that only 37 percent
of the additive-drag difference between the 22° conical_and the elliptical
configuration was compensated for by the reduction in the pressure &ag
on the external surface.) The pressure drag of the central bodies

4

.“

.-—

.

r

—

—

.—

.-

—
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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 at subsonic Mach numbers which
increased msrkedly at the highest Mach nunibers..

Comparison of annulsr 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 lsrge changes in the
shape of the forebody can be expected to induce only minor changes W
the drag of afterbodies of low curvature (typical of the fuselage shapes
of high-speed aircraft), the evaluation of an
viewpoint cam be msde by a study of the drag

explained,

()
CDP is the additive drag plus

f
external surface between the stagnation point

inlet design from the drag

()
% As previously
P f“

the drag acting on the

at the inlet lip snd the
maximum-ordinate station. If a given en.&e is considered and the ms.Xi-
mum body dismeter is specified, the free-stream tube srea 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 &rag of an annular and an open-
nose-t~e inlet for a fixed m/~ near the choking value csn therefore
be established essentially by reference to the force acting on stres.m-
line AKC!for the annular 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 stresn-tube projected area in return for a reduction

. in the projected area of the external surface.

The result of this compromise is presented in figure 25 for the
. highest test Mach number. Since the free-stream tube area ~ is fixed

for a given flight condition, the external drsg curves are presented as
a function of the mass-flow coefficient ~ = A./F . All the external-

poVoF

drag data in figure 25(a) were obtained with some tunnel boundsry 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 forebodes, 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 l-~-nO
with elliptical central body, in figure 25(b). Since this drag was always
small, ad since mass-flow ratio and forebody-shape chsnges resulted in
only small changes in the afterbody pressure drag, the differencesin

. the external drag coefficients (fig. 25(a)) may be assmed to have

.
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originated almost entirely on the forebody. The mcdmum value of ~/3?
for each inlet corresponds to the choked condition.

“

The snnular inlets tended toward larger drag increments with mass-
flow reductions. At the higher streem-tube-srea 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 I’?ACA1-83-100 inlet by the ‘
NAC!Al-80-~0 yielded a mini-humdrag coefficient as low as the minimum
achieved by the open-nose inlets (the NACA 1-40-400). The minimum drag
coefficient attained (approximately0.18) may actually represent a value
near the minimum which can be attained by the NACA l-series profile with
fineness ratios within the range of those involved her-e. This possibility
is indicated by the fact that the minimum c&ag-coefficient value is equal
to the hag of the well-shaped solid body of reference 13, and also by
trends ofthe NACA l-series transonic nose-inlet data (fig. 26.) so far
avai able. In fig. 26(a) the transonic rise of the drag coefficient

(~
CD for five open-nose inlets as measured from the subsonic drag level
Pf

is presented. The data are obtained from several sources (refs. 3, 4,
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 parsmeter X/Y may not necessarily
generalize inlet characteristics accurately for extreme proportions, the
data 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 1-40-400 nose inlet. The indica- .
tion of diminishing returns with increases of X/Y above 8 is in agree-
ment with the two peints plotted on figure 26(b) for the NACA l-&-100
and l-~-300 annular inlets fitted with the elliptical central body.
These two points were obtained from the force measurements and, therefore, ‘
include the afterbody bag rise”.

Pressure Recovery

Zero-angle-of-attack condition.- The pressure-recovery character-
istics of the four NACA l-~ -100 inlet configurations at an angle of
attack of 0° are presented in figure ~ as a-function of the relative
mass-flow ratio for four Mach numbers. The pressure-recovery data presented
in this paper were obtained with a diffuser of such a rapid area growth
that flow separation was probably always present. Such diffusers are
sometimes required in practical ducthg systems, and, although the present
data are not directly applicable to other diffuse-rs,these data should
indicate the relative order of~tirit of the four-central-body shapes.for
the case of a diffuser of a mcn?efavorable e~ansion rate. “

.,
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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 ratios

. were reduced from the values for pesk total-pressure ratios, the pres-
sure recovery of the curved bodies at the mibsonic Mach numbers was
decreased because of bounds.ry-layerseparation shead of the tilet. The
conical-central-body configurations showed less tendency towards poor
pressure recovery at the lower relative mass-flow ratios than did the
parabolic- and elliptical-central-body configurations. Because of the
higher pressures acting on the cones (figs. 5, 7, 9, and 11), the bound-
sry layer on these bodies moved against a less adverse pressure gradient
and therefore did not separate as readily.

The effect of Mach number on pressure recovery was luger for the
central bodies with curved profile than for the conical central bodies.
At the Mach numbers of 1.00 and 1.10, the curvature of the elliptical
and parabolic central bodies was shown by the pressure distributions
(figs. 5 and 7) to result at high mass-flow ratios in a region of local

ted ahead of the inlet lip by a strong pres-supersonic velocities termina
sure rise presumably associated with a shock. The presence of this shock
adversely affected the entering boundery 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 sepsrated the enterbg flow. The minimum
pressure rise required to separate the boundary layer of the two curved-
profile central bodies at vsrious points along their surfaces was cal-
culated by the methods of reference 16 and is plotted in figure 28. At
verious 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 smd plotted in figure 28. The shocks actually occurred
on the elliptical and psrabolic central bodies at an X~ of about -0.2
(see figs. ~(j) smd 7(i)), where, according to the criterion of refer-
ence 16, the resultant pressure rise was more than ”sufficientto separate
the boundary layer.

In order to tidicate the magnitude of the loss in internal-flow
performance caused by the rapid expansion rate of the diffuser, the da~ed
curve in figure 27 was plotted with the 2Z!o-conecurves from data for a 60
annular diffuser of an srea 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 220-conical configuration should be thin. Although
the initial boundary layers and the area ratios were different for the
diffuser of reference 17 and the diffuser of this tivestigation, most of
the difference between the curves for the two diffusers is considered to
be the effect of the rapid expansion of the diffuser of the NACA l-&)-100

. configuration. The total-pressure recovery of this diffuser was about
2.5 percent less than that of the 60 diffuser at m/~ = 0.56, and the
decrement increased gradual.

3-
as the mass-flow ratio was increased.

--=&#
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In figures 29 to 31 are presented radial
pressure ratio after diffusion at ~ * 1.10

NACA RM L53F18a

distrib~tions of total—— “. ~
and a== OO. In all cases,

flow separation from the duct inner s&face was indicated to have occurred
at some point upstresm from the pressury-recovery-measurementstation.
At low mass flows, separation occurred ahe~ of the ifiet because of the
unfavorable pressure gradient there. (See, for example, fig. 9(a),
m/~ = 0.12.) At mass-flow ratios sufficiently high to avoid separation
ahead of the inlet, separation was present in the diffuser because of
the rapid area expansion.

.
At all Mach numbers, the total pressures tended b be fairly uniform

sround the annulus, the conical-central-body configurations tending towsrd
higher over-all levels of total pressure.

Effects of angle of attack on pressure recovery.- In figure 32 is
presented a 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 2@-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 accentiiatedby increases in Mach.
number. At relative mass-flow ratios greater than about 0.6, angle of
attack did not affect the pressure recovery by a great smount at ~ = 0.6
but, at ~ x 1.0 and 1.1, the pressure recovery in this range of mass-
flow ratio was reduced substantially at an angle of attack of 10° for
the elliptical and parabolic central bodies. With the possible exception
of the elliptical central body at ~ = 1.1, a = 10° (fig. 32(c)), angle
of attack caused only small changes in the maximum mass--flowratio. The
increased pressure recovery at the minimum mass-flow rates which resulted
from inclining the inlets at angles of attack of 70 or 10° can perhaps
be explained by the fact that the smmlsx inlets at angle of attack of 0°
were either partially-or completely engulfed-by the central-body boundary
layer, and inclining the inlet permitted much of the boundary layer to
pass over the top of the inlet and resulted in a thinner boundery layer
on the lower surface. The data obtained in the tests are not sufficiently

. .—

.

r —

-—

complete to explain
of attack of 7° and

All aspects of
by reference to the
220-conical central
studied.

the cause of the loops between the curves for angles
10° atrelative mass-flow ratios below about 0.6.

the internal-flow performance whichcan be established
data presented indicate mat the inlet with the

—

body was decidedly the best of the configurations
—.

Total-pressure-ratio profiles for an angle of attack of 10° are
presented in figures 33 to 35 for the maxirmanmass-flow~ow Mach number .

case and for high and low mass-flow cases at the maxim& test Mach number.

.

b.,.. ‘“------A’%
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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 inner lip surface.
Separation of this type was never observed with the two conical central
bodies, snd in those instances in which it occurred for the elliptical
and parabolic central bodies, it occurred only at nesr-msximum 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 rslces
near the bottom of the duct. As is i.ndicatedby 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 parabolic central
body . As the Mach number was increased, there appesxed to be a greater
tendency towsrd lower lip separation.

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

Propulsive T@ust Comparison

w~%tioet q.- A calculation of the thrust-minus-drsg per-
formance was made for the NACA l-&)-100 inlet with the four different
central bodies. The calculations were made for a specific axial-flow
turbojet engine of 8100-pound static thrust rating operat~ at ~ . 1.1,
35,000 feet altitude, with afterburner at military pawer. At each value
of mass-flow ratio, the measured pressure recovery (fig. 27) was used to
calculate the engine thrust and air flow. The inlet area was thereby
specified so that the scale of the configuration varied with the mass-
flow ratio. (The term A~/F was held constmt. ) The percent thrust

loss per percent pressure-recovery loss was assumed as 1.25, and the
external drag coefficients were resd from figures 17 to 20. The fore-
going method of analysis results in no
of CFn - ~e, but a comparison of the

Results.- The peak values snd the
occurred are as follows:

significance in the absolute values
peak values is useful.

mass-flow ratios at which they
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Central body

(“” - ‘e)”= “m”

Ellipse 1.022 O“e

Parabola 1.084 .90

14° cone 1.098 .95

22° Cone 1.093 .96

NACA RM L53Fl&

Although the inlets with the curved central-bodies hat-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 parabolic and the two conical central boaies, but the lesser dzag
of the elliptic~-centr~-body configuration was more ~han offset by
pressure-recovery losses. Although the curvature of the elliptical-
central-body surface resulted in lower preseZmes (and hence, lower drag)
on the central body, the formation of these -lowpressures was simulhana-
ously,responsible for a reduced pressure reco=verythrough the action of
the shock on the entering boundary layer.

The reduction of the external drag by reducing the.central-body drsg
load is 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 unfavorable preesiu?egradient or,
at transonic speeds, through the possibility of shock =eparation for curved
central bodies. 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 conf~gurations and the
internal flow performance of four of these configurations with a rapidly
expanding diffuser for a Mach number rsnge extending from about 0.6 to 1.10
led to the following conclusions:

1. There was very little effect of central-body pr~”fileon the exter-
nal drsg at subsonic Mach numbers but, above “aMach number of 1.0, a
prominent effect of changes in central-body profile was -observedwith the

..

lower external drags measured for the inlets with the ciirvedcentral
bodies .
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At the higher values of the ratio of

21

the entering stream-tube
the bottyfrontal srea, the mintiw extern~ drw (corresponding

to inlet chokedj of the NACA l-~-~ nose-inlet-central-body combination
. was as low as the minimum drag measured to date for sn NACA l-series open-

nose inlet.

3. There was considerable effect of centr~-body Profile on the
pressure recovery of the inlets, with the conical (and in particular
the 22° 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 boundsry 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 sngle 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 obtainedby utilizing the configura-
tion with lower pressures over the central-body surface were accompanied
by resultsnt 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, Vs., June 8, 1953.
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TABLE I

DESIGNCOORDINATESOF INLETLIP

[ 1~ coordtiates are in inches.

NACA l-series profile

I annular inlet

x I Y

0.000 0.000
.10 ,071
.20 .Ogl
.30 .099

1.131 .099

NACA RM L53F18a
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4.

Inlet minimumarea, U.0~ sq in. (measured)
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TABLEII

CENTRAL-)X)DYDESIGNCDCRIXNATES

Ellipse Parabola

station xc Radius rc Station xc Radius rc

o 0 0 0
.I.25 .377 ● 125 ●C%l
.250 .532 .250 .3.20
.500 ● 747 ●5OO .238
.750 .909 ● 750 ~~;:

1.000 1.042 1.000
1.434 .874;:OO&
:.;m& ;:% ;0 ;;;

;.= 4.000
2:060 5.000 1:86

6:(xx) 2.176 6.000 2.015
7*000 2.260 2.174
8.c0o 2.316 E% 2.282

2.345 9.000 2,339
;:%? 2.350 9.4b5 2.350
9.895 2.3s0 9.89S 2.350
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