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RESEARCH MEMORANDUM

PERFORMANCE OF EXTERNAL~INTERNAI. COMPRESSION INLET WITH
ABRUPT INTERNAY. TURNING AT MACH NUMBERS 3.0 TO 2.0

By Leonard J. Obery and ILeonard E. Stitt

SUMMARY

An inhlet with combined externsl and internal supersonic compression,
1

formed by spike and cowl oblique shocks, and an over-all length of 25
inlet diameters was investigated at Mach numbers from 3.0 to 2.0 over a
range of angles of attack. At the design Msch number of 3.0 the low
angle cowl, which turned the flow supersonically, generated two internal
shocks and focused them on the centerbody surface. These compression
waves, with thelr high pressure gradient, were cancelled by abrupt center-
body turning. This investigation showed that with proper boundary-layer
control on the centerbody this method of internal compression did not
adversely affect the high performance of the inlet. For example, a pres-~
sure recovery of 0.78 was obtained at Mach number 3.0 with a cowl drag
coefficlient of 0.01. A high distortion (23 percent) resulted from the
short length, high diffusion rate, and high discharge Mach number of this
particular design. Supersonic splillage by the external oblique shock at
lower Mach numbers gave relatively low drag increases. At Mach number
2.0, 50 percent of the flow was spllled with an over-all drag of only
0.125. "The inlet was sensitive to type of centerbody bleed. A ram-scoop
configuration forced centerbody boundery-layer separation; the added
turning prevented design-point operation of the inlet, and hence lower
recoveries were obtained than with the flush-slot configuratlon.

INTRODUCTION

One method of obtaining a low cowl projected ares, with its attend-
ant reduction in cowl drag, was demonstrated in reference 1. The high-
angle flow from an all-external-compression inlet was turned back to an
axial direction through the use of rapid turns on the cowl and centerbody

surfaces.
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It 1s possible to re&uce the cowl area further by turning the in-
ternal flow supersonlcally, utilizing the relatively streight cowl as a
reflecting plane. The present investigation was therefcore conducted on
an external-interral-compression inlet to determine the feasibility of
(1) turning the internal flow supersonically and thereby reducing the
cowl dreg, and (2) imposing a high pressure gradient on the centerbody
surface without adversely affecting the internal performance. The over-
all length of the inlet, with an equivalent 12° conical area expansion

subsonic diffuser, was 2% inlet diameters.

SYMBQLS
A flow area

Amax meximum frontal area, 283.5 sq in.

Az diffuser-exit-area, 119.94 sq in.

Cp dreg coefficlent, D/qOAmax

D drag

1 distance from cowl 1lip to diffuser-exit station
M Mech number - . Cee
m mass flow

P total pressure

T static pressure

o} dynamic pressure, I%?E

W welght flow

Egég corrected weight flow per unlt area
x lineal distance

o angle of attack

Y ratlio of specific heats for air, 1.4

ratio of total pressure tc NACA standard sea-level pressure

00g®
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e ratio of total temperature to NACA standard sea~level temperature
€1 angle between cone tip and cowl 1lip and axis of model
Subscripts:

a additive

av average

c cowl

max wmaximum

min minimum

X condition at x-distance

o free-stream

3 diffuser-exit station

APPARATUS AND PROCEDURE
Model

The centerbody and cowl of the inlet were designed and adapted to
the existing afterbody of the 19-inch axisymmetric inlet model reported
in reference.l. The model was sting-mounted in the tunnel, and angle of
attack was varied to 15° by means of the support strut. Mass flow
through the model was regulated by the remotely actuated control plug.

Design Details

At the design Mach number of 3.0, the oblique shock from the 20°0-
half-anglie cone intercepted the cowl 1lip. A photograph of the inlet with
the spike in its design position is shown in figure 1(a). The internal
cowl angles were desligned to turn the supersonlc flow back toward the
model axis in two steps of 12° each. The two resulting oblique shocks
from the cowl impinged at a common axial statlon on the centerbody as
shown 1n figure 2. The centerbody was turned sbruptly at this point to
aline the surface wilth the resulting flow. An internal bleed, either
flush slot or ram scoop, was located around the perimeter of the center-
body immediately forward of this station to remove the spike boundary-
layer air prior to the high pressure rise through the internal obligue
shocks. A photograph of the flush-slot inlet is presented in figure 1(b).
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The bleed air was ducted from the centerbody and returned to free-stream
through the hollow support struts, as shown in figure 2. Subsonic dif-
fuslon was completed at model station 26.5 (fig. 2) with a resulting

over-all length, from cone tip to diffuser exlit, of only 2% inlet

dlameters.
o]

The external cowl-lip angle was held constant at 7% back to the

maximum body diameter, the resulting projected area of the cowl being
about 9 percent of the lnlet frontal area. Pertlnent areas were as

followe:

Projected ecowl-1lp area, 257.2 sq 1n.
Maximum frontal area, 283.5 sq in.
Diffuser-exit area, 119.94 sg in.

The Inlet was matched to & hypothetical engline at off-design speeds
by translating the spike forward, which reduced the capture mass flow
and increased the throat area, as shown in figure 2. Internal flow areas
for some typlcal splke extensions are indicated in figure 3.

Calculations and Instrumentation

Inlet mass flow was computed from measured statlic pressure at the
diffuser~exit station of the original model (station 66, fig. 2) and a
choked plug. A calibration fector, based on the results of reference 1,
was applled to the computed mass flows. The mass flow was referenced to
the maximum capture mass flow defined by the projected area of the inlet
lip at zero angle of gttack.

The diffuser-exit total-pressure recovery, distortlion, and contours
were based on rake measurements at station 26.5. The distortion parem-
eter presented 1s defined as the dlfference between the maximum and mind-
mum total pressure indicated by individusl tubes in the exit rakes, di-
vided by the rake average pressure.

Additional total-pressure rakes were located on the centerbody ahead
of and behind the bleed slot, on the cowl at the location of the second
internal oblique shock, and across the duct annulus at station 2.

Static-pressure taps were dlstributed axially on the centerbody and
cowl. Bxternal cowl static pressures were used to compute the cowl drug
coefficlent at zero angle of attack.

The 1nvestigatlion wae conducted in the lewis 10- by 10-foot super-
sonic wind tunnel at Mach numbers from 3.0 to 2.0 and a Reynolds number
of 2.5x108 per foot

009%
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RESULTS AND DISCUSSION

The internal performance of the flush-slot configuration, for a
fixed splke projection, is shown in figure 4 at Mach number 3.0 and zero
angle of attack. The curve is typical of the operation of an internal-
compression inlet. In the supercritical region the mass flow was con-
stant and the recovery lncreased until the normal shock was regurgitated,
resulting in the discontinulty of the mess~flow - pressure-recovery
curve, as shown. The performance fell off slong a line of constant cor-
rected weight flow to a recovery level equal to a single 20° conical in-
let. (For an all-internal-compression inlet normel-shock recovery would
be expected 1f the shock was regurgitated, and consequently an even
lower mass~-flow ratioc would result.)

Figure 5 presents a trace of the variation in static and total pres-
sure at the diffuser-exit station as the inlet terminal shock was ex-
pellied at Mach 3.0. When the shock was regurgitated the inlet buzzed at
gbout 10 cycles per second with a total-pressure amplitude of about 11
percent of free-stream total pressure.

The peak-recovery polnts at varlous spike projections are presented
in figure 6 as the over-all performance of the flush-slot configuration
over a range of Mach numbers and angles of attack. The data represent a
flow condition that could be maintained stebly for a long period of time.
Pressure recoveries about 1 percent higher than those shown could be at-
teined in most cases; however, shock-swallowed flow could not be main--
tained indefinitely at these recoveries. The highest values of splke-~
position parameter presented generally represent the most rearward re-
traction of the spike, concurrent with shock-swallowed flow. When the
spike could be retracted past the peak-recovery position, as at Mg= 2.8,

the decrease in maximum recovery was very rapid.

The distortions measured at the diffuser exit (station 26.5) were
gquite high, from about 30 percent of diffuser-exit pressure at the higher
Mach numbers to about 10 percent at lower Mach numbers. The high dis-
tortion levels of this inlet are probably due to its short length, high
diffusion rate, and high discharge Mach number, all of which have been
shown to affect distortion adversely (refs. 2 to 4). A comparison of the
distortion level between the diffuser exit of the present investigetion
(station 3) and the diffuser exit of the previous model of reference 1
(station 4) indicated that the added mixing length reduced the distor-
tions to &bout 3 to 6 percent at Mach 3.0. Only z slight amount of addi-
tional diffusion occurred between these two stations.

The cowl pressure-drag coefficient varied from gbout 0.0L at Mach

3.0 to about 0.005 at Mach 2.0, based on frontal area. Calculations were
made, based on reference 5, of the supersonic additive drag developed by

e Y
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the 20° cone at lower than shock-on-lip splke-position-psrameter values.

These calculated addltive drags were added to the measured pressure -
drags, and the total is presented as the dashed lines in figure 6. The

total drag coefficient at the highest splke-positlon parameter varied

from 0.01 atMach 3.0 to 0.125 at Mach 2.0. The friction drag wes nct

measured on this model; however, based on the drag breakdown presented

in reference 1, the friction drag coefficient on the portion of the model

to the diffuser-exit stgtion might be on the arder of 0.004.

The critical mass-flow charscteristics of the inlet are shown in
figure 7. At Mach 3.0 for shock-on-1ip operation about Z percent af the
capture mass flow was removed through the bleed system. Presumably,
about this amount of flow was bled from the inlet at other conditions.
The limited amount of angle-of-attack data teken durlng the test repre-
sents the maximum-pressure-recovery points as determined by visual ob-
servations and control-room calculations. At 15© angle of attack, for
exaenmple, 1t was posglible to capture somewhat more mass flow than the
value shown; however, the pressure recovery dropped raplidly from the
point presented. Generally, the inlet appesred to regurgitate the shock
whenever the obllique shock from the cone tip first intersected the bottom
of the cowl 1lip. At Mach 2.0 and O° angle of attack, i1t was not posesible
to capture more than sbout 50 percent mass-flow ratio before shock regur-~
gltation. The angle-of-attack effects, however, were considerably re-~ .
duced from those obtalned at the higher Mach numbers. Corrected-welght-
flow lines are plotted on the figure for each Mach number. The corrected
welght flow furnished by the inlet lncreased from 31 to 35 as the Mach
number decreased from 3.0 to 2.5 and then remained essentially constant
to Mach 2.0. At Mach 2.4 the second oblique shock off the cowl 1lip ap-
proached detachment, and appasrently the detached-shock condition regu-
lated the corrected welght flow for the Mach number range below Z2.4.

QQ9%

The angle-of-attack performence of the inlet was comparsble to that
of an all-externsl-compression inlet (inlet I with bleed, ref. 8), as
shown in figure 8. The external-internal-compression inlet, however,
spllled considerably more mass flow at the lower Mach numbers.

Very high distortions were measured at angle of attack. As with
other inlet types, the high-energy alr tended to follow a straight line
and, as shown in flgure 9, the high-energy cores shifted to the top of
the diffuser annulue at the higher angles of sttack. Indlividual tubes,.
not shown on the contour map, showed a distortion of 109 percent at 159
engle of atbtack. The strut shown in the passage was a structurasl part of
the previous model rather than an integral part of the present design.

In an actual installetion it would not be present, and the contours would
become annular instead of having the lobe shapes presented.

Detalled rake measurements are presented in figure 10 to demcnstrate |
that a high pressure gradient can be impcosed on the centerbody surface.
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Calculations indicated the coalescence of the two cowl waves should pro-
duce a static pressure ratio of about 3.7 at the design Mach nunmber of
3.0. Pitot rakes were located on the cowl and centerbody surfaces as
shown in figure 10, and a row of static orifices measured the pressures
on the centerbody. At Mach 3.0 the cowl and splke rakes indilcated the
shocks from the cowl lip were about the predicted strength and were lo-
cated at the proper position; that is, they impinged on the centerbody
at the shoulder. The station 1 rake shows a fairly thin boundary layer
and no separated region, because all the tubes out of the boundary layer
are at the theoretical pressure recovery. At Mach 2.5 (about the limit
of attachment for the second shock off the cowl) the spike rake shows a
thin boundary layer and again no separated region. The cowl rake, how-
ever, shows brldging or possible flow separation across the cowl bresk.
The station 1 rake again shows no separation from the centerbody but does
show, by the ilncreased recovery of the outer tubes, an increased compres-
slon from the cowl. At Mach 2.0 the second shock off the cowl should be
detached and, from the recovery of the cowl rake, it appears that the
cowl 1lip does not even form an oblique shock but rather a normal shock.
This deduction was also substantiated by cowl static pressures (not pre-
sented), which indicated sbout 20°-cone plus normal-shock static pres-
sures existing from the cowl 1lip reasrward lnto the inlet. The spike rake
shows & separated boundary layer with the attendant obllique shock passing
between the outer two tubes. The last tube (0.75 in. from surface) reads
the pressure recovery of a Pltot tube behind only the 20°-half-angle-cone
shock. The recovery level of the center two tubes, as well as the statle-
pressure messurements in thils location on the spike, corresponds to a
separation region of sbout a 12° angle.

A rake was s&lso located at station 2, about one-fourth of the dis-
tance between stations 1 and 3, where sabout one-~third of the subsonic
diffusion had taken place at the Mach 3.0 design spike position. Inte-
gration of the rakes st stations 1 and 2 shows that approximately all the
subsonic-diffuser loss had occurred between these two stations and that
the remaining diffusion was almost isentropic. Because this was the high-
loss reglon, it is hypothesized that boundary-liayer control, perhaps in
the form of area:suction on both the centerbody and the cowl, would pro-
vide increased recovery by removing the low-energy regions shown by the
station 2 rake. : o

The inlet was quite sensitive to the type of spike boundary-layer
bleed. A ram scoop, designed to remove about the same asmount of flow as
the flush slot, was located at the centerbody break. With the ram-scoop
configuration the spike could not be retracted into the design position
at Mach number 3.0, and the pesk recovery was considerably lower than with
the flush~slot configuration (fig. 11). At Mach 2.0 about the same re-
covery level was reached but with a considerably extended spike position
and, of course, at a lower mass~-flow ratio. The pressure distribution on
the spike shows that the ram scoop forced a boundary-layer separation, and
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this added turning would not allow the splke to be retracted to the de-
sign positions. The concept that a ram scoop can cause a boundery-layer
separation by its own presence, without the aid of a strong shock pres-
sure rise, is also presented in reference 6. It appears from the data
that, evern though the separated region was bled from the inlet by the ram
scoop, the extra turning prevented design-point operatlon of the inlet.
Thisg Implies that a ram-scoop bleed might not be sultable for internel-

compresslon inlets.

A larger Tlush-slot configuration was also lnvestlgated. The throat
ares, of the bleed was about double that for the previous configuration.
The peek recovery attained with this configurstion wes about 1 to 2 per-
cent lower then the data presented earlier herein, although, within the
accuracy of—the measurements, about the same amount of mass flow was bled

from.the Iinlet.

SUMMARY OF RESULTS

An inlet with a 20°-half-angle external conlcal compression surface,
two internel-compression surfaces formed by the cowl, and an over-all

length of—Z% inlet dlameters was investigated at Mach numbers from 2.0 to

the design value of 3.0. Purning the internal flow supersonically with a
lJow~angle cowl resulted in a high pressure gradient on the centerbody
surface. The following results were obtalned:

1. The inlet performance indicated that the flow could successfully
be turned internally and supersonlically by the oblique shocks off the
cowl. Detalled rake measurements showed the practicallty of imposing e
high pressure gradient on the centerbody surface by using a proper bleed
system and by the cancellation of the waves by a sharp turn on the
centerbedy.

2. At Mach 3.0 the inlet gave high pressure recovery (0.78) with a
very low drag coefficilent (0.01). The high distortions (23 percent) re-
sulted from the short length, high diffusion rate, and high discharge
Mach number of this particular lnlet design. The internal supersocnic
flow behaved sbout as predicted.

3. At lower Mach numbers, the cowl pressure drag decreased. Buper-
sonic spillage from the conical oblique shoék gsave relatively low drag
increases; at Mach 2.0, 50 percent of the flow was spllled with a total

‘drag coefficlent of only 0.125.

4, The inlet performance was sensitive to the type of centerbody
bleed. A ram-scoop configuration forced a spike boundary-layer separation

—

008y
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and, because of the added turning, limited the splke retraction to values
considerably less than design, thus ylelding lower total-pressure recov-
eries and higher mass-flow spillages at all Mach numbers.

Lewis Flight Propulsion ILaboratory

National Advisory Committee for Aeronautics
Cleveland, Ohio, August 16, 1957
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(b) Boutidary-layer bleed, spike extended.

Figure 1. - Photogrephs of model.
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Figure 8. - Potal-pressure caontours for flush-slot coenfiguretion at Mach number 3.0.
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of a cirale with the cames ares as that
of the capture area of the indet.
(2) The sysbol # denotes the ocourremce of
buzs.
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