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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

MEMORANDUM -2-19-59A°

A EXPERTMENTAT, TNVESTIGATTON OF CTRCULAR INTERNAL-
COMPRESSION‘INLETS WITH TRANSIATING CENTERBODIES
EMPLOYING BOUNDARY-LAYER REMOVAL AT MACH
NUMBERS FROM 0.85 TO 3.50%

By Frank A.‘Pfyl and Farl C. Watson
SUMMARY

The performance characterlstlcs of axially symmetric 1nternal—
compre581on inlets with translating centerbodies are presented for a Mach

_ number range of O. 85 to 3.5 and for Reynolds numbers between 0.6 and 5.2

million (based on inlet diameter). The study chiefly concerns the effect
of boundary-layer removal on the total-pressure recovery for a number of
internal shapes. A limited amount of data shows the effect of flow-
deflector plates on angle-of-attack performance and data showing inlet

flow distortion and unsteadiness characteristics also are included.

Seven inlets were investigated and each is designated herein sas
either straight, ogival, or isentropic, according to the shape of its
supersonic diffuser. The straight inlets were designed with internal
surfaces having straight-line elements. The internal surfaces of the
ogival inlet have contours which result from design considerations based
on a one~-dimensional flow analysis in conjunction with the requirement of
a nearly linear pressure gradient. The isentropic inlets were designed

by the method of characterlstlcs to avoid the formation of internsal shockv

waves.

The results of the investigation showed that at Mach number 2.5 the
pressure recovery of a straight inlet with zero boundary~layer removal was
76 percent, whereas, with boundary-layer removal equal to approximately -

8 percent of the entering inlet mass flow the pressure recovery was 88 per-
cent., Although different in internal shape, the best straight and isen-
tropic inlets had approximately the same pressure recovery at Mach number

2.5 when boundary=-layer bleed was applled However, in the. case of the
*Title, Uncla581f1ed ' — :
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ogival inlet the pressure recovery was poorer than that of the straight and
isentropic inlets. The initial rate of pressure recovery decay with angle
of attack for the straight inlets increased with increasing Mach number.
With one inlet, a flow deflector plate was effective in maintaining the .
pressure recovery up ‘to at least 9° angle of attack and. it improved the
total-pressure distribution. A study of the 1nternal—pressure oscilla~
tions on two of the straight inlets showed that no air-flow unsteadiriess
occurred during supercritical inlet operation (terminal shock inside
inlet). A test with one inlet indicated that the maximum obtainable
pressure recovery generally increased with increasing values of Reynolds
number from 2.7 to 5.2 mllllon._

INTRODUCTTON

Presented in reference -l are the results of an exploratory experi-
mental investigation of a type of internal-compression .inlet which has a
" translating centerbody. The data showed that the pressure recovery was.
comparable to that for single-cone external-compression inlets and the
discussion indicated that zero external wave drag was possible. Although
such findings were gratlfylng, the analysis presented 'in reference 1l as
well as subsequent studies of the data indicated certain deflclen01es of
the inlet which, if‘eliminated, could possibly improve the characteris-
tics considerably. For example, it was known from studies of total-
pressure measurements near the throat region that because of terminal-
shock~wave interactions, the boundary layer thickened excessively behind
the wave and caused large total-pressure losses. Also, an analysis of
the data indicated that a constant-area section in the region of minimum-
flow area was desirable. Furthermore, studies of the internal lines of
the inlet showed that small changes to the shape would possibly permit a
sizable reduction in the starting Mach number of the inlet and hence an -
‘improvement in off-design characteristies. ILastly, it was suspected that
the pressure recovery of the inlet might be very sens1t1ve to angle of
attack

In conjunction with the above analyses, related studies of research
efforts on other types of internal-compression inlets reported in ref-
erences .2 to 6 have shown that large benefits accrued from the use of -
‘boundary-layer removal and that the limits of maximum pressure recovery
for internal-compression inlets were high with respect to, those for
external-compression inlets. Consequently, investigations of the inlets
of the type introduced in reference 1 designed to operate up to Mach
numbers of 2,5 were continued. The experimental studies, reported herein,
have been exploratory in nature since a complete study could not be made
of the many design variables believed to influence the characteristics of
internal-compression inlets. Thus, although several modifications to the
‘internal lines were investigated, only one type of boundary-layer-removal
system and a single method for 1mprov1ng the angle-of-attack character-

istics were tested. _ .
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Several Ames facilities were used. in the,course of these invegtiga~
" tions to obtain data over a Mach number range from 0.85 to 3.5.. Measure-
ments were made of the-total-pressure recovery at a position where the-
compressor of a Jjet englne might be located, and in the region of the inlet
throat., Tn addition measurements of the statlc-pressure fluctuations
within the inlet were made. Although the principal portion of the data
was. obtalned at 0° angle of attack, some measurements were made at angles
of attack up to 12°. 1In addition to the experlmental measurements, a
brief analys1s of, the drag characteristics of the inlet which included -
con31deratlons of the boundary—layer-removal system was made and is
Ancluded hereln. : o

i

SYMBOLS

A .  area, sq in.

v contraction ratio (the minimum internal flow ares at constant
1 centerbody position d1v1ded by the area of the annulus at the
1lip leadlng edge)

D annulus entrance dlametef at the lip leading.edge, in.

DA v local.internalidiameter of annulus, in.

DB " local diameter of‘centerbody, in.
- f ’ freQuency, cps

L ‘longitudinal distance from‘the_comﬁressor station (positive

direction downstream), in.

o ~mass of boundary-layer air removed
oo pooAj_Voo
Ei" - mass flow entering inlet
m .
© pooA:L Voo
M Mach number
< -tetal pressure, lb/sq ft
LD root-mean square of the static-pressure fluctustions, 1b/sq ft

R ' Reynolds number, based on inlet diameter -
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vV  velocity, ft/sec

X iongitudinal distance from the annulus leading edge‘(éositive
direction downstream), in.

<l

vertlcal distance from centerbody surface to probe divided by
throat helght at probe station
L% angle of attack,‘deg
o mass density of air, slugs/cu Tt
Inlet Designations
I =~ isentropic inlets (de31gn of 1nternal shape to avoid the formation
~ of shock waves) :
0 - ogival inlet (internal contours des1gned to approx1mate a uniform
longitudinal pressure gradient)
P inlet having holes in the centerbody and annulus to prov1de per-
forated surfaces
S straight inlets (internal contours composed of straight-line
elements) ‘
Subscripts
c compressor entrance station
i inlet station (1lip leading edge)
1 - local condition

0 free-stream condition

APPARATUS , MODELS, AND PRQCEDURE
Test Facilities

Three different facilities were used for .the investigation of the
inlet models: the Ames 6~ by 6-foot, 8- by T-foot, and 8- by 8-inch
supersonic wind tunnels. A descrlptlon of each tunnel can be found in
references 7, 8, and 1, respeqt1vely.= s
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Models

Of the seven models tested, three were of large scale (inlet
diameter = 12.5 in.) for tests in the 6~ by 6-foot and 8- by 7-foot wind

“tunnels and four were of small scale (inlet diameter = 2.5 in.) for tests

in the 8- by 8-inch wind tunnel. A photograph of one of the large models
mounted in the test section of the 6~ by 6-foot wind tunnel is shown in

. figure 1 (the model mounting in the 8- by 7-foot wind tunnel was similar).

In figure 2 one of the small models is shown mounted in the 8- by 8-inch

- wind tunnel.  Assembly drawings of a large and a small model are shown in
figure 3. ' ' :

Inlet Design

Details of the seven inlets are shown in figure 4. Four straight
inlets, identified by the letter S, were designed with internal surfaces
having straight-line elements. One inlet, identified by the letter O,
had approximately ogival internal surfaces and was, therefore, termed the
ogival inlet. It was designed with curved longitudinal surface elements
resulting from design considerations based on a one-dimensional flow
analysis in conjunction with the requirement of a nearly linear axial
pressure gradient. Two inlets designed by the method of characteristies
to avoid .the formation of internal shock waves are termed isentropic inlets
and are identified by the letter I.

The design considerations for internal-compression inlets with trans-
lating centerbodies which were discussed previously in reference 1 were
employed in the inlets of the present investigation. The longitudinal
distributions of area ratio for the inlets discussed herein differed
somevwhat from those of reference 1, however, as the result of several
contour modifications made to improve the performance of the latter con-
figurations. ©Small scale inlets Sh 01, and Il were the same as those

tested in reference 1 except that the annull were changed to provide

nearly constant area sections near the throat regions, and the centerbodies
were shortened in each case to provide larger base areas for removal of
boundary-layer alr. Because of these modifications, the starting Mach
numbers of these inlets were higher than those of reference 1., The small-
scale isentropic inlet, I2, was similar in shape to inlet I1 (and also to
the inlet of ref. 4) but provided area ratios to allow starting near a
Mach number of 1.5. Of the large-scale models, inlets S1 and S3 were
similar in design to inlet Sh, but both required changes to the subsonic
diffuser contours because of structural requirements. In addition, inlet
S1 contours were altered to provide a nearly constant area section as

well as to permit a starting Mach number near 1.5. Inlet S2, on the other
hand, differed greatly from the above inlets in that it was designed for
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efficient supersonic compression at a Mach number of about 2.0. For the
inlets of the present investigation- AZ/Al is shown in figure 5, and the .
contraction ratio  Apin/Aj 1is plotted in figure 6. For convenience, the
important design parameters and test variables for each inlet are glven
in the followmg table.

Range of  test varigbles ) ) ' Desiﬁn Pa,rameters
Wind . \ Constant -
1 Inlet ’ -8 3 Centerbo .
1 tumel Mo RX10 P sl ‘Amin | iorethl Mstart
. , x/p A1 | (inlet diameters)
S1 |8~ by 7-foot | 2.47-3.50 | 0.60~1.07 | 0-12 0 . |0.37% 0.80 - 15
82 6~ by 6-foot | 0.85-2.25"| 2,5-2,9 0 o L9 T o 1.85
s3 6- by 6~foot 2,34 - | 1,15 0-11.6 0 .390 .20 - 1.85
s 8- by 8-ineh ] 2,1-3.0 |} 2,5-3.9 o} 0 373} © o Ok - 2.3
01 |8~ by 8-inch{ 1.7-3.0 | 2,0-3.9 0 -0,22 .373 , .8k 1 2.0
I1 |8- by 8-inch | 2,1-3.0 2.5-3.9 0 o} .373. .8h 2.3
12 8- by 8~inch | 1,8-3.0 2,0-5,2 0 -0.462| hob .8k 1.5

Iyith the exception of inlets S2 and 83, allowances were made for 'bounlary—layer growth,
2Fo::' inlets Ol and 12 ‘the centerbodies could be retracted to X/D ‘values of O,

The location and size of the holes in the annulus and centerbody of
the inlets employing boundary-layer removal‘'are given in figure 7.  TFor
each inlet the upstream row of holes in both the annulus and centerbody
coincided with the beginning of the constant area section of the inlet
when the centerbody was positioned for maximum pressure recovery at
M = 2.5 and without bouhdaryelayer removal. Note in figure 5, for the
inlets employing boundary-layer removal, that at each centerbody apex
position the region of perforations on the centerbody (indicated by dash
lines) is shown with respect to the region of perforations on the annulus.
The holes were sized to permit removal. of approximately 8 percent of the
inlet flow. TFor the small models the air removed through the annulus was
ejected to the free stream at 90° to the center line of symmetry, whereas
for the large model the removed air was expanded rearward through a
nozzle to a supersonic Mach number. In all bleed configurations, the air
removed through the centerbody perforated surface was ejected at the base
‘of the model. Inlets employing boundary-layer removal are 1dent1f1ed
herein by a letter P follow1ng the letter-digit comblnatlon. s

Drawings of the angle-of- attack flow-deflector plates used on models
Sl and S3 are presented in figure 8. e :
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Instrumentation and Measurements

o Tbtal—pfessure recovery.- For both the large and small mcdels, the

‘total-pressure recovery at the assumed location of the engine compressor

face was measured with total-pressure tubes arranged on an equal-area
basis as shown in figures 3(a) and 3(b). The rake of the large model

" had 36 total- and 6 static-pressure tubes and the rake of the small model

had 20 total- and 4 stat10—preSsure tubes. For both cases, the pressure
tubes were connected to mercury filled multitube manometers and the data
were. recorded,photographically. “From such - -data total—pressure distribu-
tion was obtained. The manometers also contained integrating tubes which
were used in conjunction with automatic recording and computing equipment
to obtain average values of the total pressures. (Statlc—pressure measure-
ments in the maln duct of the large and small models Were not used in
these ‘tests. ) : -

Mass flow through boundary-layer removal system.- Because of space

‘limitations in the small models, only one static- and one total-pressure

tube could be placed in the centerbody boundary-layer-removal system to
measure the mass flow. . As shown in figure 3(b), the tubes were near the
exit of the centerbody boundary-layer-removal duct. The mass flow through
the annulus boundary-layer-removal system was not measured directly.
However, an estimate was made, assuming that the pressure recovery across
the holes was the same as those measured in the centerbody. and that the
flow through all holes was choked. Therefore, the mass flow through the
annulus was,assumed'proportional to the ratio of the perforated areg of
the annulus to that of the centerbody.

No measurements were made of the boundary-layer-removal mass flow
of the large model, Sl, because measurlng tubes could not be installed.
in the exit passages. v o :

Totalepressure surveys.- Surveys of the total-pressure distribution
in the vicinity of the inlet throat were made for inlets Sk and I2 using
a total-pressure probe and a wall static-pressure orifice. When possible,
two surveys were made, one with the terminal shock positioned ahead of o
the probe, and the other with it behind the probe. In the latter case
the flow was gupersonic at the probe and in the calculation of stream
total pressure, the Rayleigh pitot relationship and the assumption of
constant static pressure across the duct were used.

Static-pressure pulsations.- A pressure cell (a bonded strain-gage
type) was installed flush with the duct surface near the compressor inlet
station of inlets S2 and S3 (see fig. 3(a)) to measure the static-pressure

_pulsations in the duct when flow unsteadiness occyrred. The output signal

of the pressure cell was passed through a complete carrier-amplification
system (system response flat to 3000 eps) and then recorded in two



*e0Q 0000 0608 0060¢ oo O.. LA R J

8:0900000:2. 00 EE

00: 000: see o oeco eed: "d'OO"’Ti"’"‘."v e
different ways. In one case the root-mean-square value of the amplified -
signal was observed with & calibrated AC-DC thermocouple-type millismmeter.
This method provided a convenient indication of the energy level of the -
flow unsteadiness. In the other, the signal was recorded on & magnetic '
tape g0 as to permit analysis of the unsteadiness characterlstlcs at the
conclusion of the test.

Procedure

The procedure for obtaining pressure-recovery data was the same for
the large and the small models., In most cases data were obtained for
supercritical inlet operations. However, depending on the Mach number
and inlet, some data were taken for subcritical inlet operation, After
an inlet had been started (by extending the centerbody), the centerbody
was retracted to one of several positions near the most rearward one for
which any further retraction would expel the terminal shock from within
the inlet, At each centerbody position the back pressure was then
‘increased by closing the exit plug. The pressure recovery increased with
forward translation of " the exit plug until the point was reached where the
terminal shock was expelled. The pressure recovery obtained just prior to
expulsion of the terminal shock was considered the maximum obtainable for
that centerbody position. The pressure recovery values presented herein
for subcritical inlet operation are the maximum obtalnable for the spec- ¥
ified centerbody p031t10ns. '

RESULTS

The average total-pressure recoveries obtained for the internal-
compression inlets at 0° angle of attack are shown in figures 9 through 11.
Specifically, the variation of maximum pressure recovery with contraction
ratio, Apmin/Ai, is presented in figure 9 for each inlet at each Mach number
investigated. These curves generally show that for each Mach number the
“highest pressure recovery, with or without boundary-layer control, occurred
at a .contraction ratio other than the lowest attalinable, It should be
noted that while a peak value of pressure recovery was always obtained for
each Mach number, sufficient data to define clearly the entire curve are
lacking in some cases. The highest values obtained at each Mach number
for the inlets with and without boundary-layer removal are presented in
figure 10 to show the variation of maximum pressure recovery with Mach
number., Tests which varied the Reynolds number at. M, =2.5 were made.

" with inlet 12P and the results are presented in flgure 11, *

J

Total-pressure surveys in the transonlc-reglon of internal-compression
inlets are uséful for determining the efficiency of the compression process . -
in the supersonic region of the inlet. The results of surveys obtained at
M, = 2. 5 for two inlets (SM and 12) w1th ‘anid without boundary—layer removal
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are shown in figure 12. The data are presented for the terminal shock
downstream of the survey probe and, where possible, for it upstream of
the probe.” By this technique a comparison can be made between losses

. arising from supersonic compression alone and those arising from the
entire compression process up to and including the terminal shock system.

The results showing the effect of angle of attack on.pressﬁre'recov—
‘ery are presented in figure 13 for several inlets. Data for the 1nlets
with and w1thout flow-deflector plates are included.

It is desirable that the air delivered to the compressor by the inlet
system have small variations in the distribution of total pressure as well
~as high average pressure recovery. Therefore, contours .of local total-
pressure ratio for several inlets are presented in figure 14 to show
“typical total-pressure distribution. In addition to total-pressure dis-
tortion the character of flow unsteadiness is important to the designer.
The results showing the magnitude of unsteadiness (expressed by the
parameter, Ap/p ) as well as the predominant frequency of the disturbance
are presented in flgures 15 and 16.

DISCUSSION

Total-Pressure Recovery

Effect of boundary-layer removal.- The importance of the application
of boundary-layer control to most air-induction systems has been well
established as a requisite to the attainment of high pressure recovery.
Some of the general flow characteristics associated with the removal of
boundary-layer air through holes, scoops, and nozzles are presented in
references 9, 10, and 11, and several studies of specific scoop-type,
boundary-layer-removal systems in internal-compression inlets are pre-
sented in references 2, 3, 4, and 6. However, there is little published
data available whlch.can be used to select the location or the type of
bleed. system for three—dlmenS1onal 1nternal-compres31on 1nlets.

The over-all improvement in pressure recovery obtained by removal
of the low-energy boundary-layer air with the perforated inlets of this
test was large and can be seen most conveniently in figure 10. The
largest gain at M, = 2.5 was obtained with inlet SLP - from 77 percent
without boundary-layer removal (inlet Skh) to 88 percent; the corresponding
geometric contraction ratios were O.470 and 0.420, respectively. The total
boundary-layer air removed through the centerbody and anmulus perforations
of the small inlets near M, = 2.5 was estimated, as discussed in Inlet
‘Design section, to be about 8 percent of the inlet capture mass flow.

CONFIDENTIAL °
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Some understanding of the effects of boundary—layer control can be
obtained from the results of the total-pressure surveys in the throat’
region (fig. 12). Considering first the data wherein the terminal shock
is aft of the probe, the results show that boundary-layer control reduced
the total-pressure losses near both surfaces for inlet SLP but had no
appreciable effect on the total-pressure losses for inlet I2P, This may
be the reason why boundary—layer control was more beneficial in the case
of inlet SLP than I2P., However, in addition to the possible gain from
boundary=-layer contrcl resulting from a reduction of losses near the inlet
surfaces, it is Dbelieved that the major benefit of boundary-layer control
is that it increases the stability of the terminal shock location in the
throat region. Therefore, it may be that because of a more stable shock
location it was possible to operate an inlet with boundary-layer control,
in contrast to an inlet with none, at a lower geometric contraction ratio
and at a lower Mach number ahead of a terminal shock of correspondingly
lower total-pressure losses. Small total-pressure losses across the
terminal shock wave when boundary—layer control was uséd are evident from
a comparison of the total-pressure surveys made with the terminal shock -
wave behind and ashead of the probe (see figs, 12(b) and 12(d)). When com-
paring the results of inlets Sshp and I2P it should be noted that although
their total-pressure proflles were different for operation with no
boundary-layer removal, their profiles were nearly the same when maximum
pressure recovery was attained with boundaryelayer control,

It ig evident that if the losses in total pressure were decreased
for operation when terminal shock was aft of probe (see figs. 12(b)
and (d&)) by further improvements in boundary-layer control, associated
- gains in the pressure recovery at the compressor station could be
expected. Most consideration should be given to improving the flow near
the annulus, since that is where the largest\region of loss occurred.,

, The shrouded, perforated large inlet SIP (see rig. 7(a)) was
des1gned with a practical annulus flow-removal system in which the
boundary-layer air was exited nearly axially, Of the several exit’ open-
ings in the shroud tested, satisfactory operation occurred only with the
largest opening which prov1ded an exit nozzle throat area 25 percent
greater than the total area of the annulus holes. This indicates that
low pressure recovery was. obtained across the 90° perforated holes, With
. the use of slanted holes higher plenum pressure ‘recovery might have been
‘vattalned thus requlrlng smaller exit openings. It should be noted here
that because of operational limitations of the large model no boundary-
layer air could be removed through the centerbody at M = 2. L47: at the
higher Mach numbers the boundary-layer air removed. through the constricted
exlt passage of the centerbody, in percent of inlet ‘flow, was probably
much less than that exited from the small models (SMP OlP I1P, and IQP)

The present tests have shown that remocval of moderate smounts of
boundary—layer air for this type of inlet significantly improves the
_ pressure recovery ‘up to Mach numbers of about 3.0, Other types of

CONFIDENTIAL
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internal-compréssion inlets remov1ng,generally larger amounts of boundary- :
layer air have provided hlgh pressure recovery over the Mach number range
of this test. Some results of tésts of other types’ of 1nlets as well as
the results of tests of several of the present inlets are shown together

in flgure 17. It is evident that w1th boundary~layer control the pressure
recovery of 1nternal-compres51on inlets can exceed the values defined by

* the envelope of the best external-compres31on inlets. - Also, the ‘data of
reference 3 indicate the pressure recovery that may be attained with the
present type ‘of inlet; provided efficient methods are found for properly
controlllng boundary~layer air. : : :

o In flgure 17 and also in flgure lO it can be seen that a rapld
decrease in pressure recovery occurred above M, = 2.0 for inlet S2.
(con31der only supercrltlcal flow operatlon) and above M, = 2.5 for
1nlets 8hP, I1P, and 'I2P., A partial explanation for this behavior of
these inlets becomes apparent by studying the contraction-ratio data
‘presented in figure 18. For inlet S2 the contraction ratio could not be
reduced below the value attained at M, = 2.0 (a centerbody travel limita-
‘tion) and consequently a rapid decrease in pressure recovery would be
‘expected at Mach numbers above 2.0. The minimum available contraction
ratio that could have been obtained with inlets SLP and I2P was never
qulte reached. However, because the contraction ratio for maximum pres-
sure recovery remained essentially constant with Mach numbers above 2.5
. and no increase in boundary-layer removal was noted, it would be expected
. that a rapid decrease in pressure recovery with increasing Mach number
‘above. 2.5 would occur. It is believed, therefore, that while all the
pressure-recovery data are of academic interest, those data presented for
Mach  numbers above that where the rapid decrease of pressure recovery
occurs are not to be considered representative of the pressure recovery .
that might be obtained with an 1nlet of the present type de51gned for
higher Mach numbers,

Effect of internal shape.- A comparison between the best straight
inlet, SiP, and the best isentropic inlet, I2P, shows that their pressure-
recovery- characteristics were quite similar for a wide range of Mach
numbers (see fig. 17). In addition, it was previously shown that at _
M, = 2.5 their total-pressure profiles in.the throat were nearly the same.
Of interest, then, is the physical difference between these inlets at
M, = 2.5. TFor convenience, figure 19 is included and it can be seen
therein that the main difference in the internal-area distribution-is
.ahead of the minimum throat area. It can be concluded that the differences
'in-shapes in the supersonic region represented by these two inlets had no
significant effect on the pressure recovery attained at M, = 2.5.

- It should not be inferred from the above that any shape in the super-
sonic region will be satisfactory. The data for isentropic inlets I1P:
and T2P show considerable differences in the pressure-recovery character-
istics (see figs. 10(e) and (f)). A preliminary theoretical flow analysis

CONFIDENTIAL
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of isentropic shapes has shown that small changes in the contours influ-
‘ence the flow field considerably and may cause coalescence of Mach lines
which result in strong shoek waves and concomitant total-pressure losses. <
" Thus, until more conclusive theoretical analyses can be made information
leading to satisfactory isentropic designs will rémain.meager.

Additional effects of shape in the supersonic region are apparent
from the data obtained with inlets Ol and OlP, The poor pressure~recovery
characteristics of this type inlet are believed to be related, for the
most part, to the relatively large internal lip angle, Several tests
were conducted in which the annulus of inlet I2P was used in conjunction
with the ogival centerbody. At M, = 2.5 and with boundary-layer control
the pressure recovery for this inlet was 83 percent - an increase of
approximately 9 percent over that obtained with inlet O1P with about the.
same amount of boundary-layer air removed. It may be that relatively
large lip angles can promote shock-induced boundary-layer separation on
the centerbody and cause serious losses in pressure recovery.

Experimental investigations in a constant-area channel (refs. 9
and 10) have shown the advantages of high ratios of throat length to -
the length of the terminal-shock region. As noted previbusly, inlets
Sk, 01, and Il provided an increase in the length of the transonic region
over .that for the corresponding inlets of reference 1. Comparisons of
the data of reference 1 and those for the present tests shown together in
‘figures 10(c), (d), and (e) are inconclusive as to the effect the added
constant-area section had on pressure recovery, The results of reference
4 show that there was little, or no improvement in pressure recovery at- T.
M, = 2.5 with the addltlon of a lengthened, constant—area throat section. o

The importance of subsonlc diffusion has been emphasized in many
publications and, in general, the findings indicate that both the local
and equivalent-conical subsonic diffusion angles must be kept low. In
addition, the length of the diffuser should be kept as short as possible
to keep the friction losses low. One of the ratios that strongly influ~
ences the subsonic diffuser shape is  Aq/Aj. For the inlets of the
present investigation this ratio was 1.0, a value typical of that used
for an engine designed for Mach numbers of about 2.0, For the geometric
characteristics of these inlets the equivalent subsonic diffuser angle ‘
- could be as large at 109, Had a lower value of AC/Al been used (such
as 0.60 or 0,70 which are values typical for engines designed for Mach
numbers near 3.0), the subsonic diffuser could have been either shorter,
or have had smaller diffusion angles. Tn contrast to inlet I2P the
isentropic inlet of reference 4 had a value of A,/Ay equal to 0.653.

: Also, its subsonic diffuser: (see fig. 19 for difference in area variation
and length between I2P and the inlet of reference 4) was short and had »
a small diffuser angle, thereby conforming to the ;equlrements of_an
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efficient subsonic diffusér. The data of figure 17.show that at M, =

the pressure recovery obtained with this inlet was 0.910 and with inlet
I2P it was 0.864, This difference in pressure recovery is believed to be
attributed to both the differences in subsonic dlffusers and the dlffer—
ences in bleed systems : - ’

In the design of the internal shape of' internsl-compression inlets
the startifg Mach number must be considered. The significance of this
can be shown by the data for inlets S2 and I2P (figs. 10(b) and (f),
respectively). The discontinuity in the curve (fig. 10(b), inlet S2)
showing an<abrupt increase in pressure recovery between Mach ‘numbers of
1.8 and 1,9 occurs because inlet S2 was unable to "swallow" the terminal
shock at M = 1.8, whereas at M = 1,9 the inlet started. Notice, how-
ever, that. no dlscontlnulty occurred for inlet I2P (fig. 10(f)) which was
‘designed to start near a Mach number of gbout 1.5 (M = l 8 was the lower
' Mach number llmlt of the small tunnel)

Effect of angle of attack.- One important characteristic to a designer
- 1s the rate at which the pressure recovery decays with 1ncreasing angle of

APto/Pte) o :
attack [ o J o As shown in figure 20 for three of the inlets
- OL"'O :
investigated herein, the rate of pressure-recovery decay with angle of ‘
attack was relatively small for Mach numbers less than about 2.5, whereas
it was large at Mach numbers near 3.0. The results of the tests of ref=-
erence 6 also included in figure 20 show a similar effect of Mach number,
From these results it i1s apparent that circular inlets may be more sensi-
tive to asymmetric flow at Mach numbers above approximately 2.5 than below.

, One way of improving pressure recovery at angle of attack is to
position the inlet properly to take advantage of the compression afforded
by the flow field of a wing or body. Another may be with the use of flow-
deflector plates which, in some cases, could provide a flow field approxi-
mating that under a wing or body. TFor inlet S3, which was tested only
. with a concave plate (see fig. 8(a)) the data show that at M, = 2.34 the
flow-deflector plate was effective in maintaining the pressure recovery
‘up to at least 9° angle of attack, the limit of the test (fig. 13(b)).
. Without the plate the pressure recovery decreased rapidly with an increase
in angle of attack above 4O, Inlets S1 and S1P were tested with three
different plates (concave, straight, and convex) at M, of 2,74 and 3.0.
These plates were not as effective at these Mach numbers as was the plate
used with inlet S3 at M, =2, 34; the sudden reduction in pressure ’
recovery began at an angle of attack of about 3.0°, It is believed that
the main reason for the ineffectiveness of the plates at high angles of
attack for inlets S1 and S1P must be connected with the presence of the
space between the leading edge of the inlet and the trailing edge of the
plates (inlet S3, with flow-deflector plate, did not have a space).
Observatlon of the manometer tubes during the tests of 1nlets Sl and SlP
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indicated that a large region of total-pressure loss occurred near the
top of the duct at the compressor station when the angle of attack was
incressed above 3°, Apparently large flow disturbances oceurred-in .the '
region of the space, entered the inlet, and strongly influenced the inter-
nal flow to produce this large loss. (The testing at angles of attack was
limited to low Reynolds number, and Mach numbers above 2.5, because of
excessive model oscillations which apparently were produced by v1bratlons
of the model—support system.) .

Effect of Reynolds number,- The fllght Reynolds number (based on
inlet diameter) for a full-scale inlet operating over a wide range of Mach
numbers and altitudes may vary from about 3 to 5 million. 'Hence, tests
were made with inlet I2P at M, = 2,5 to investigate the.effects of
Reynolds number over this range. ' Calculations indicated that the flow
removed through the centerbody was nearly constant for this range of
Reynolds number (my/m, = 0.0k), The data obtained with the centerbody
and exit plug set for p051t10ns of maximum pressure recovery (fig. 11(b))
show that although a slight discontinuity occurs in both the pressure
recovery and the contraction~ratio curves at R = 3,8 million, the pres-
sure recovery generally increased with increasing. values of Reynolds
number from 2,7 to 5.2 million., In the tests of reference 4 (at lower.
Reynolds numbers, 0.24% to 0,96 million) similar trends of pressure recov-

ery and contraction ratio were also observed, but the rates of change were

greater than those obtalned in the present tests
)

Flow Distortion and'Unsteadiness

Flow distortion,- The effect of increasing angle of attack on flow
distortion is shown in figure 14(a) for inlet S3., At O° the contours were
symmetrical, and the maximum difference was 0,09; however, at angles of
attack above 5,75° there were large radial and circumferential variations
in the total-pressure ratio. Figure 1U4(b) was included to show that the
flow-deflector plate, in addition to improving the average pressure recov-
ery, also improved the total-pressure distribution at angle of attack.,
Although the largest difference in total-pressure ratio was about the same
with .or without the plate, the circumferential distribution was greatly -
improved; Examination of the data for inlets S4 and SUP (fig. 1h(c))

' shows that at M, = 2.5 boundary-layer removal also improved the over-all
total—pressure dlstortlon as well as the average pressure recovery.

Unsteadlness.— In the present tests the unsteadlness was flrst
observed with the schlieren system and during its occurrence measurements '
were made of the amplitude and frequency of the static-pressure fluctua-
tions near the compressor station., No measurable unsteadiness was -
observed with the inlet started and the terminal shock inside near. the.
throat region, However, for subcritical inlet operation, unsteadiness
‘usually occurred when the centerbody was positioned so that there was
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interaction between the normal shock'and the centerbody boundary layer.
The predominant frequency of ‘the disturbance. is. included for the-data |
points for which it could be obtained (see figs. 15 and 16). (It should -
be noted that the unsteadiness data in figs., 15 and 16 cannot be corre- -
lated with the pressure-recovery data of figs. 9(b) and 9(c).) The
unsteadiness data show that, generally, the magnitude of the pressure
~disturbance increased with increasing values of contraction ratio, that -
is, with extension of the centerbody. This should be expected because
with increasing centerbody extension the adverse interaction between.the
normal shock and the boundary layer on the centerbody should increase.
above that which would occur with the centerbody nearly retracted How-
ever, in some cases when schlieren observations 1ndlcated an increase in
buzz with increasing centerbody extension, the presshre cell showed no
inerease in pressure fluctuation. This may occur if the subsonic flow
behind the external normal shock is accelerated sufficiently inside' the'
inlet to choke the minimum area. . Then pressure pulsations that might .
‘enter the inlet would be damped. o 5 '

Drag

Drag considerations are of basic importance in comparisons of air-

- induction systems. During the present investigation, however, no drag

measurements were made because of the difficulty of measuring the small
drag values experienced by the 1nternal-compress1on inlet., For example,
calculations of the external-wave-drag coefficient of a typical internal-
compression inlet pod using the method of characteristics indicate a
value of. only 0.009% because of the low external lip angle of the inlet.
© A comparable external-compression inlet, on the other hand, would have. a

wave-drag coefficient of the order of 0.100 to 0,250 dependlng on the
value of the lip angle selected (in this case 15° to 28°). :

As the present report and reference 3 both show, proper application
of boundary-layer control may provide a significant increase in pressure
recovery, However, the momentum loss of the air removed through the
control system must be known to properly determine whether the. increase
in pressure recovery results in an over-all performance gain, Again;
in the present investigation the magnitude of this drag component was not
measured, However, calculations show that a drag coefficient of approxi-
mately 0.016 may be obtained, assuming a bleed mass-flow ratio of 0,08 and
a total pressure loss of O, 40 Pt in a system in which the air is dis-

charged at 15° to the free stream (convergent-dlvergent exit nozzle)

1The drag coefficient is based on the area of the annulus at the
lip leading edge (M, = 2.5, Di/(DmaX)exit = 0,742, length of pdd = 6774 )
inlet diameters and mass-flow ratio of 1.0). See reference 12 for method
used in determining the wave drag, ' e
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It should be noted that the amount of air removed in the present investi-
gation was small, For inlets in which large amounts of boundary-layer air
are removed to attain high pressure recovery, such ag those considered in
reference 3 (m.b/moo 0.28), the drag coefficient would be large, and might -
approach values of the order of O. 06 for the same assumptlons used in the
above analy81s of the present inlets,

A further source of drag-is skin friction on the external surface,
For a typical installation of an internal-compression inlet (see foot-
. note 1), a drag coefficient of 0,040 was calculated. (An all-turbulent
boundary-layer flow was assumed and a Reynolds number of 1.0 million
based on the inlet diameter was used.) This value would be approximately
the same whether the inlet was of the internal-compression or external-
compression type and would probably be unaffected by the amount of air
removed through the boundary-layer-control system,

SUMMARY OF RESULTS

Tests were conducted with seven circular, axially symmetric, internal-
compression inlets, some - of which were equipped with systems for removing
internal boundary-layer air, The following results were obtained from
the investigation conducted with these inlets for Mach numbers between
0.85 and 3.5, for Reynolds numbers (based on inlet diameter) between
0.6 and 5.2 million, and for angles of attack up to 12°:

1. At a Mach number of 2.5 the largest gain in pressure recovery

" resulting from boundary-layer removal was obtained with a straight inlet
designed to perform up to Mach numbers of sbout 2,5. The pressure recov-
ery was 77 percent of the free-stream value without boundary-layer removal,
and 88 percent with sbout 8 percent of the inlet capture flow removed
through perforated surfaces.

2. The differences in internal shape of. the best straight and best
isentropic inlet, each with perforations, had no significant effect on
"the pressure recovery at a Mach number of 2,5, However, in the case of
the ogive inlet the pressure recovery was poorer than those of the
straight and isentropic inlets.

3. Analy51s of angle-of-attack data revealed that the’ 1n1t1al rate
of pressure-recovery decay with angle of attack increased with increasing
Mach number, With one inlet a flow-deflector plate, placed above the ’
inlet to project ahead of the entrance, was effective in maintaining -
nearly constant pressure recovery for angles of attack up to at least
99, the limit of the test, Further, the total—pressure dlstrlbutlon was
1mproved over the angle-of-attack range ’
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4, The distortion at the compressor statlon Was small for all inlets
tested for angles of attack up to about 6°. :

5. No air-flow unsteadiness was observed during supercrltlcal inlet
operation, However, high-level flow unsteadlness occurred: at some sub-
crltlcal 1nlet condltlons. ‘ : ~

6. A test with one inlet 1nd1cated that the maxlmum obtainable
pressure recovery increased generally with 1ncreas1ng values of Reynolds
number from 2, 7 to 5 2 million, . .

Ames Research Center
National Aeronautics and Space Admlnlstratlon
Moffett Field, Callf Nov 20, 1958
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(a) Front view

Figure 1.- Photographs of one of the large internal-compression

inlets
mounted in the Ames 6~ by 6-foot wind tunnel.
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(b) Rear view.

Figure 1l.- Concluded.
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Figure 2.- Photograph of typical small internal-compression inlet mounted in the Ames 8- by 8-inch
wind tunnel.
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. station for inlets S3 with and without a flow deflector plate and
inlets Sk, 12, and 01 with and without boundary-layer control.
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(b) inlet S3 Wuth 8anhout flow deflector pIote,Mw—Z 34 a: 9°

F:Lgure llL - Contlnued.
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Inlet S4
Amin/ﬁi = 0477

O/l

lnlet S4P
AmmA\ = 0420

(c) inkets S4 & S4R, My:25,a=0°

Inlet T2P
Amin A;=0.147

(pfc/p, ) 086

(d) Inlet I2P,Mg=2.5 g-0°

Inlet Ot

Iniet OIP
Amin/A;=0.459

(btc /p'“’)m :XO.?I .

(e) lnlets 018 OIP ,Mq=2.5,a=0%

Figure 1k.- Concluded.

CONFIDENTIAL



TVIINIQTANOD

30
"
N 20
la -
d
10

IV
2.25

210

- 200
1,90

(f= 29cvps)-——Q

1.80
1.60

O4AD>ODOO0

]

|

A

~——{(f=107 cps)

VIl

. ~(f=100cps)
| H I
J} L |
68 - 76 80
: Amin/Ai

(a) a=0°

' /(f =32cps)

=

/
!

i

.68

| ‘.7'2
Amin/Ai'

(b) a=34°

76

Figure 15.- Variation of air-flow unsteadiness with contraction ratio for inlet S2.
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Flgure 16.- Varlatlon of air-flow unsteadlness parameter with contractlon ratio for 1nlet 53 with
flow deflector plate. :
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Figure 17.~ Comparison of the maximum pressure recovery as a function of
’ Mach number for several inlets. / \
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Figure 18 - Contraction ratio for maximum pressure recovery as & functlon
of Mach number :
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Figure 20.- The initial rate of change of pressure recovery with angle
’ of attack as a function of Mach number.
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¢ . compile a bibliography of NACA inlet reports.

added only to inlet reports and is on a trial basis.
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NOTES: (1) Reynolds number is based on the diameter
of a circle with the same ares as that .
of the capture area of the inlqt.
(2) The symbol * denctes the occui'r_ence of
buzz. . -
Description Test parameters Test data Performance
Report : '
Number. | Type of |Free- Angle |Angle Maximum ) !
£ a;:dﬁt Configarati . of  [|boundary- | stream Reyn;]e.:s of of o I;xie’c- Di;;ha.rge- [ Flow total- Mass-flow Remarks cdee
aci ity ontiguration oblique| 1syer | Mach | %% | attack, [vaw, Pree g;'l g‘:{le pleture| pressure ratio : o 1
shocks | control |number| X 10 deg deg protiie} pro : recovery *dee
NASA MEMO Straigh . Holes 0.85.td0.6 to 3.0] 0 to 12 0 x M™ P.R, Seven models were tested wMa®e e
2-19-594 ot T 7 frilied 1n]3.50 7L 589 1.0 and vithout bleeds Flow N
| Ames nie B ————— 2.5 .88 deflector plates were effeg—.: .o
6- By 6-T4 Ogival fenterbody] 1.8 to o 8l tive in maintalnigg pressure
| = . ~J N recovery up 1o 90" angle of eete
g- by g £ Inlet =7 7 rows inl 3 o 2.0 to 3.0 o] b5 .75 attack?y A drag a.na,lyégj]._s amd Py
w-;.ngy =0 “Isentropic ;nnulusin data for flow distortions ,: .
Inlet rows 1.8 to 1 .8 buzz, and Reynolds mumber
isen- | . . .87 b f)
tunnels tropic penterbodyps-y .0 to 5.2 Y .5 .86 are presented. sseee
NASA MEMO X Holes M P.R. ' Seven models were tested wath |
2-19-594 Straight 27 frilled in ggg 0.6 t0 3.0l 0to 12| © x b1 o.89| O =10 and vithout bleed. Flow e
_lames fnlet —— b5 .88 N deflector plates were effec- ole
6- by 6-£ . benterbody \ tive in maintaining press °
8. by T-£% ggi:;al - 7 rows in 1.8 t0 .0 to 3.0 0 P.1 . .84 \\ recovery up to 90° angle ofe | o
82 by 8-1n — =T bomulus, 3.0 .5 .75 \ attack. A drag analysis ae® ele
ind 1sentropic 5 rows in . data for flow distortions,g >
tupnels Inlet isen- fenterboay)l-8 0 £.0 to 5.2 0 b1 .87 buzz, and Reynolds mumber,e of ‘e
_ tropic | 3.0 p.5 .86 are presented. e o o
A MEMO . [oles 0.85 td0.6 t0 3.0] 0'to 12| O M P.R Seven models were tested with | ®
e aoh Steaight 2 frtilea sd 3_52 3 , ¥ bo 555 = 1.0 and without bleed. Flow .
P i nlet = Lnulus & b5 .88 deflector plates were effeg- of »
8 . hod . - tive in maintaining pressuee o] o
6~ by 6-f% ival enterbody . i
- bg 7-£% ,c,’,‘,’,, 27 k7 rows. in gg ¥ boto 3.0 o b1 .8k recovery up to S0° angle of® | ¢
8- by 8-in ) . bnnulus, . .5 .75 attack. A drag analysis ggd | o
ind Isentropic 5 rows in 1.8 . data for flow distortions,e e elee
fonne1s Inlet isen- Lenterbody)y” to P.0 to 5.2 0 P.1 .87 buzz, and Reynolds number,® .
tropic 3.0 : P.5 .86 are presented. *asaslee
MEMO Straight Holes 0.85 td0.6 to 3.0} 0 to 12| o x M . P.R. Seven models were tested withe| e
219594 et 27 HBrilied 1nf3.50 b1 5,89 % 1.0 and without bleed. Flow = e e
lAmes : hnnulus & - p.5 .88 deflector plates were effec- L]
{6~ by 6-£t Ogival B s = benterbody] 1.8 to - tive in maintaining préssuge °
8- by 7-£4 “Inlet Y, =T 7 zows 4nf3.0 b0 to 3.0 - o0 L.l .8k recovery up to 90° angle céeelee
8= by 8«in . e bnnulus - : P.5 .75 attack. A drag analysis afd .| ®
nd Isentropic isen- B e in 1.8 to data for flow distortions;, o Jle e
vonels Intet tropic [ enterbody] 3'0 .0 to 5.2 0 . P.1 .87 buzz, arid Reynolds number,g .
i : P.5 .86 are presented. . ‘.
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