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THEORETICAL AND EXPERIMENTAL ANALYSIS OF LOW-DRAG SUPERSONIC INLETS
HAVING A CIRCULAR CROSS SECTION AND A CENTRAL BODY

AT MACH NUMBERS OF 3.30, 2.75, AND 2045 ‘
By Amomo l%mu.andLoursM. Nuacr

SUMMARY

A di80umi.Onof hlei!-shaving a cirqdq ero888eetion and a
central body, d+d for high Mach numbers, hm been de.
The optimum rektionahip betweenexi%rndand kid m&per-
8ontkcompression ha been di8cw?8&iwith rtxpeet to ilw extend
drq and the &mum prem-ure recov~. Practical design
criieria huvebeen given and ttxti of inlet conjiguratti deeigned
jrom these mii%riahave be+mpre8entedfor Mach number8 oj
3,30, ,4!.76,and I?..@ and for correqwnding Reyrwlde numbers
ranging from 3.6XtOe to S.0XIOO. Values of maximum
prewure recovery and shadowgraph$for diferen$ combinutiona
oj ceniral body and cowling 8?uzpeandfor di$erent positiom of
central bodv relu.tiveto cowling have been given. The ‘reew?ixof
i!h? tevti have been amu?yzedand 8how that, & the proper
wlection of geometric and a.wodymzmtiparamekxs, high prtx-
wre recoveryand low drag can be obi!aind. Prewure reeoveria
of 0.67, 0.67, and 0.78 at Mach numlms of 3.30, 2.76, and
2?,@, revpectimly,havebeen obtainedwith very low externaldrag.

INTRODUCTION

In the design of supersonic idets for ram jets and turbojets,
two pmametem are of fundamental importance: the maxi-
mum pressure recovery obtainab~e from the inlet for a given
Mach number rmd the drag due to the aerodynamkal
phenomena of the inlet. The relative importance of the
two parameters depends on the praoticaJ application being
considered; therefore, an exact discussion of the optimum
inlet design is not possible. However, in general, it is
possible to show that the drag due to the deceleration of
flow from high speeds to low speeds becomes more important
when the free-stream Mach number increasea.

Usually for ram-jet burners and turbojet compresaorsj the
flow must be decelerated to speeds of the order of 0.2 to 0.3
of the speed of sound. Therefore, at low free-stream super-
sonic Mach numbers of 1.4 to 2.0, the maaimum cros-
sectional area is at the burner or the compressor. “@or the
turbojet the actual Mach number in front of the compressor
is usually higher than the values of 0.2 and 0.3 previously
mentioned, but the total cross section, if the central part
of the compressor is also considered, corresponds to Mach
numbers of that order.) For this reason, an external shock
drag always exists regardless of the type of inlet considered.

Thus, the external shock drag can be efficiently used for the
compression of the flow -ivhi~hgoes into the ‘Wet. In the
range of free-stream Mach numbers between 1.4 and 2.0, it
is usually possible to design any particular type of inlet
without any large difference in external drag (ref. 1). There-
fore, the parameter of external drag is not of primary impor-
tance in determining the type of inlet. However, it is
importmt that the aerodymunic design of the inlet be made
correctly. This correct design depends essentially on the
fact that, in the Mach number range considered, n given
external drag must exist and the supersonic deceleration of
the flow can produce only a small increase in pressure along
the bounda~ of the”stream tube which goes inti the inlet:
Therefore, the compression and subsequent shock that can
be produced in the flow by the entering stream tube cannot
be too large. This compression is of the same order as the
incr&ae in pressure and correspond~ shock necessary at
the lip of the cowling to provide an aerodpunically good
shape for the body which contains the ram jet or turbojet.

In this lower Mmh number range, supemcmicinlets with a
large part or all supemonic extend compression are con-
sidered very good because the mminmm pressure recovery
which can be obtained is higher than for other types of
inlets; and with good aerodynamic design, the increase in
external drag due to external compression can be reduced
or neutralized.

The increase in pressure recovery in this range is useful
for two reasons: (1) the thrust per unit mass flow increases;
(2) for a constant mass flow the size of the burner decreases
because the density in front of the burner is higher. When
the size of the burner decreases, the external diameter of the
ram jet or turbojet decreases, and thus the overall drag is less.

As the value of the free-stream Mach number increases,
the consideration of drag connected with the inlet becomes
more important. Indeed, the external shape of the body
tends in many cases to approach a cylinder; therefore, the
minimum necessary shock drag produced by the a..ternrd
shape of the body which contains the ram jet or turbojet
decreases greatly and can approach zero. However, the
drag which can be produced by the aerodynamic phenomena
due to the external compression of the flow which enters the
inlet increases greatly as the Mach number increases.
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Therefore, the differences in external drag between diiferent
types of inlets can be very large. The i.ncrense in drag
produced by a large external compression is due to the large
in&nse in pressure and to the correspondingly large devia-
tion of the strem+ direction at the lip of the cowling. The
deviation of the stream requires a large inclination of the lip
of the cowling with respect to the undisturbed stream;
therefore, the ratio of the maximum cross section of the body
which contains the inlet tQthe cross section of the free-stream
tube must be large. Now, for a constant velocity in’front
of the burner or comp-or and constant cro~ section
of the burner or of the compressor, the free-stream tube
increases when the free-stream Mach number increases;
therefore, for Mach numbe~ greater than those previously
considered, the maximum cross section of the ram jet or
turbojet occurs at the entrance of the inlet and not at the
burner or at the compressor. In this case, an increase of
pressure recove~ no longer permits a decrease in the size
of the body that contains the turbojet or ram jet but in some
crisesrequires an increase of body diameter. In this range
of Mach numbers, the drng is a fundamental parameter in the
selection of an inlet.

In order to give an idea of the changes which occur when
the Mnch number increases, a comparison has been made
between inlets having all external compression and all
internal compression for free-stream Mach numbem equal
to 1.6 rmd 3.0. For a Mach mimber of 1.6 the pressure
recovery which can be expected for an inlet with internal
comprwsion is of the order of 0.87 (ref. 2), whereas for an
inlet with all external compression the pressure recovery
can be of the order of 0.94 (ref. 1). If the cross-sectional
areas of the free-stream tubes are assumed as the areas of
reference and are considered equal for both crises, then the
m~xi.mumcross section of the burner for a Mach number in
front of the burner of 0.3 is 1.87 times the cross section of
the free-stream tube for the case with internal compression
nnd 1.73 times the cross section of the free-stream tube for the
cnse with external compression. h 8-percent decrense in
maximum cross section of the burner is obtained for the inlet
with internal compression. If the frustum of a right circular
cone having a 6° half-angle is assumed as the external shape
of an inlet with internal compression (fig. 1), the pressure
coe5cient P at the lip of the cowling is 0.192 and becomes of
the order of 0.053 at some &stance from the lip. If the local
Mach number at the entrance of the inlet is med to be
1.0, the inclination of the lip for the inlet with external
compression becomes of the order of 14° and the pressure
coefficient P becomes 0.64. However, along the surface
the pressure coefficient decreases very rapidly to zero and the
drng of the two inlets is of the same order of magnitude
(ref. 1).

If a pressure recovery of 0.49 at a Mach number of 3.o ~
assumed for an inlet with all internal compression.and the
Mnch number in front of the burner is fied at 0.30, the crow-
sectional area of the burner is 0.981 of the crow-sectional
area of the fre~stream tube (fig. 2). Therefore, for such an
inlet, the external shape of the ram jet or turbojet can be
cylindrical with a diameter equal to that of the free-stream
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FIGUEEl.—Characterletice of inlets of circular cwoesseotion with all
internal and all external oompreaeionfor a Maoh number of 1.(L
(AUdimensions are jn ismhes.)

tube, and the shock drag can be zero. If the speed in front
of the burner or compressor decrensesslightly, the mnxirnum
cross section of the ram jet or turbojet increnses but still is
of the same order of magnitude as the cross section of the
free+tream tube. When an inlet with all external compas-
sion is considered for the same Mach number, the deviation
of the lip of the cowling must be of the order of 33° if the
external shock is at the lip of the cowling, ahd, therefore,
the prcwmre coefEcient at the lip will be of the order of
P=l.036. Therefore even if a very rapid expansion is
introduced near the lip, the external drag coefficient will
always be very large. Because a deviation of 33° is neces-
sary at the lip, it is apparent that the mtium diameter of
the body which contains the inlet (fig. 2) must be larger than
the free-:tresm tube diameter. For high free-strenm Mach
numbers of the order of 3.0i a compromise must be made
between the increase in pressure recovery and the incrense
in drag. Therefore, it is necessary to determine the pressure
recovery for inlets with low external drng in order to have
information for the proper selection of inlets.

On the basis of these considerations, a preliminary investi-
gation was conducted in the Gns Dynamics Section of
Langley Aeronautical Laboratory in order to determine the
optimum pressure recovery which could be obtained for
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lkvmm 2.—Charaatmistics of inlets of ciroular moss section with all
internal and aU exiarnal comprwdon for a Mach number of 3.0.
(All dimensions are in inch~.)

low-drag inlets in the range of Mach numbers between 2.45
and 3.3o. The reauhs permit a comparison of th=e inlets
with inlets designed primarily by the criterion of obtaining
vmy high pressurerecovery (refs. 3 and 4) without coneiderw
tion for reducing the external drag. The inlets investigated
were nose inlets with partially mtenml and partially internal
supersoniccompression. They were designed after a prelimi-
nary analysis of the conditions required in order to have
low asternal drag. In these inlets, compression through
a conical shock is used to obtain extermd compression. Dif-
ferent values of cone angle, central-body diameter, coding
shape, and central-body position relative to the cowling
were included in the twts. The results provide a good
aerodynamic design of the inlet for every practical csse,
because in practical applications the maximum diameter of
the body which contains the ram jet or turbojet is given.
When the external diameter of the body and the size of the
free-stream tube of the entering flow are known, the minimum
possible ~xternal drag which must be incurred can be evalu-
ated. The proportion between internal and external diflu-
sion used in the inlet can be determined with the criterion of
producing a drag of the same order as the minimum C1.mig
&red by the ratio betweti diameter of the free-stream tube
and the maximum diameter of the body. .

SYMBOLS

maximum diameter of central body
diameter of cowling at lip
ratio of maximum central-body diameter to diam-

eter at coding lip, termed herein “centmd-body-
diameter parametei’

total pressure of free stream
total pressure after diflusion
total-pr~ure recovery
free-stream Mach number
local Mach number
free-stream static prcssmre
local static preswre

pre9surecoefficient, ~

free-strewn dynamic pressure
radius of central body
internal radius of cowling
external radius of cowling
radius of curvature of central-body fairing
coordinate along center line of inlet coniigumtion
shock-wave angle
kinetic-energy efficiency
semh-mgleof cone of central body
cowling-position parameter (angle between axis of

diffuser md line joining apex of cone to lip of
co-ding)

cowling-position parsmeter for which conical
shock wave coincides with lip of coding

cowling-position parameter for which the internal
contraction ratio com”esponde to tha value
given by one-dimensional theory as the mati-
mum contraction ratio for which the internal
diflhser star@ at the Mach number at the
entrance of the di.iluser

AERODYNAMIC CRITERIA USED IN THE DESIGN OF
THE INLETS TESTED

In order to obtain high pressure recovery in supemonic
inlets, it is necessary to decelerate the air from the free-strem
Mach number tit to a low supersonic speed with small shock
losses and then to subsonic speed with a shock near M=l.
The diffusion of the supersonic stream can occur before the
stream enters the inlet (external compression) or inside the
inlet (internal compression). The external compression is
produced by comprmion wavea or shock waves, which are
generated by the central body and tend to convarge to form
only one shock wave. This shock wave can extend beyond
the stream tube which entem the idet, so that a variation of
momentum occurs in the external flow and, therefore, an
external drag is produced. In tie stream tube enteringthe
inlet, the comprmion can be very nearly isentropic, and the
extend comprwion therefore becomes vary e5cient. The *
internal compression occurs without interference from the
outside flow and therefore does not ailect external drag. The
max@um compression which can actually occur depends on
the maximum possible contraction of the stream permitted
by the starting conditions (ref. 2). Inlets with internal
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l?m~ 3.-Supemonic flowphenomena into inlets.

compression give very low pressure recoveries for high lMach
numbem.

In order to obtain high pressure recovery and low external
dreg, use of external comprwsion is necessary; however, the
compression waves produced from the external compression
must not be allowed to extend to the flow outside the inlet.
This condition can be met by allowing-all the compression
waves to meet the inlet at the lip and then introducing a
iinite variation in the flow direction at the lip (fig. 3 (a)). In
this case.the compression waves are reflected inside the inlet
and do not &tend to the mtmnal flow. This design de-
creases or eliminates the external drag and permits the use of
external compression, which redum the limitation of the
starting condition. However, the maximum value of exter-
nal compression which can be employed is fixed by the con-
dition of supersonic flow at the lip of the cowling. In order
io clarify the existence of this limitation, consider the super-
sonic diffuser shown in figure 3 (a). The stream is com-
pressed by comprewion wavea produced along the central
body OD. The compression wavw meet at A. However,
the internal lip angle of the coding is parallel to the direction

‘ of the undisturbed flow; therefore, the compression waves are
reflected internally as a shockwave AE from the point A. If
the flow at A is supersonic, no iniwference between the intar-
nal and external flow exists, and, therefore, no external shock
drag is produced by the internal flow-. Because the reflection
that eliminates the deviation of the stream must produce a

shock wave of finite strength, the reflection at A is possible
only if the mtium deviation corresponding to tho Mach
number at A behind the compremion wave DA is somewhat
larger than the deviation which must occur across the shock
AE. The mtium possible intensity of the reflected shock
at A is determined not only by the condition at A but also
by the necessity of reflection of the shock AE at the surface
of. the central body, point E. Also this condition requires
that the reflected shock AE be of small intensity in order to
obtain high pressure recovery. If the internal surface at the
lip of the inlet is parallel to the free stream, the maximum
external comp~ion which can be used is small because the
deviation across” the reflected shock at A is equal to the
deviation due to the external compression.

The titernal compression following the external com-
pression ODA is limited by the starting conditions; therefore,
the total compression is far from the isentropic. In tho
scheme analyzed, the intensity of the external comprmsion
is limited by the intensity of the reflected shock wave tttA;
therefore, the intensity of the extermil compression crm be
increased if the lip of the cowling is slightly inclined with
respect to the free stream (fig. 3(b)). In this cam, the in-
tensity of the reflected shockwave AE is reduced. Therefore,
the Mach number at A behind the compression waves ODA
can be reduced and the external compression increased. A
shock wave AG is thereby produced in the external flow
which generates external shock drag. Because the external
shock drag depends directly on the variation of entropy
across the external shock waves, the shock drag can be
reduced by producing a rapid expansion along AH in the
zone near A that decreases the intensity of the shock AG.
The intensi~ of the shock which can be accepted at A is
dependent on externrd~~ considerations and cannot be
tied by general criteria. In particular, the value selected
for the inclination of the lip of the cowling is a function of
the ratio between the cross section of the free-stream tube
and the mtium diameter of. the body which contains tho
ram jet or the turbojet. Usually in practical applications
for free-streun Mach numbers of the order of 3.0 the mmi-
mum diameter of the body containing the ram jet or turbo-
jet i.i slightly larger than the diameter of the cowling at the
lip and, therefore, an external shock dmg must exist. In
this case, this extermd dmg can be used in order to increase
the intensity of the external compression and, therefore, the
total-pressure recovery, since a shockwave of some intensity

can be accepted at A without increasing the minimum ex-
ternal dmg required for the body.

If the lip angle of the cowling is fixed so as to permit
reflection of the compression waves, the internal shape of
the inlet must be designed so that internal supersonic flow
w occur. This condition establishes the value of the mwxi-
mum contraction ratio that can be used for the internal
compression. The contraction ratio, which is a function of
the Mach number existing behind the external compression,

can be obtained to a fit approximation with the one-
dimensional criteria given in reference 2.

In order to have supersonic flow inside the inlet independ-
ent of the starting conditions, it is necesmry that the internal
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channel be designed with the criteria of permitting the
existence of the shock AE (fig. 3(b)). The shock AE pro-
duced by the lip of the cowling can exist if the shape of the
central body at E permits reflection of the shock AE. If
the boundary-layer effect is neglected, this condition can be
respected by selecting the lip angle and the shape of the body
near E in such a manner that the Mach number and the
direction of the flow at E permii%the reflection of the shock.
Howover, the presence of a welldeveloped boundary layer
at E makes the problem more difiicult. The reflection at E
cannot be exactly determined by theoretical analysis. VVhen
the.shock AE is strong and the boundary layer ahead of E
has undergone a large positive pressure gradient, separation
crm occur behind the shock so that a reduction of the gee-.
metrical section and choking of the internal difluser results.
For this reason, especially when the chosen value of the
e.xternrdcompression is small, it is often more convenient
to obtain all the compression across %shock wave from the
apex of the central body rather than across gradual com-
pression waves produced along the surface OD, since the
compression waves produce a positive pressure gradient that
increases the thickness of tho boundary layer. The possi-
bility of the reflection can be assured by introducing a local
o.spunsion in front of the point of reflection E.

In figure 4 is shown the design of an inlet in which these
criteria were used. The figure also gives the flow analysis
obtained with the characteristics theory (ref. 5). The central
body of the inlet hss a semitone angle of 25°, and for the
design Mach number of 3.301 the shock generated by the
cone is reflected at the Iip of Cthecoding. The lip of the
cowling has an internal inclination of 4° with respect to the
frm stream. The Mach number behind the conical shock is
2.308 and the deviation scrod the conical shock is 17°51’;
therefore, the reflected wave corresponds to a deviation of
13051’. The maximum possible cdeviation for a Mach
number of 2.308 is of the order of 27°. The difference be-
tween masimum deviation of 27° and the deviation used at
A is large because the irdet haabeen designed to have internal
supersonic flow also for large angles of yaw for which the
assurance of reflection of the shock from the lip at the surface
of the central body becomes more critical. The mmirnum
interred diameter of the coding is 1.052 of the free-stream
tube diameter.

The Mach number behind the reflected wave at the lip is
1.7(30. The reflected wave tends to become stronger near the
axis; therefore, in order im permit reflection of the shock
from the central body and ta avoid too large an internal con-
traction ratio, an expansion is introduced along the central.
body which accelerates the flow along the surface. A throat
of rdmost constant cross section was added in order to de-
crense the effect of separation behind the strong shock.,
By considering all shock losses, an average theoretical
pressure recovery of 0.62 was obtained for this conjuration.
The mperimental wdues can be expected to be near this
value if bounda~-layer separation is avoided. The boundary
layer increases the actual internal contraction ratio, so that
the efficiency of the internal supersonic compression is in-
creased, but the losses due to the friction, which are not con-

sidered in this analysis, decrease the efficiency and tend
to produce some instability in the flow. In order to eliminata
this instability, the shock cannot be at the throat of the
internal diffuser and, therefore, the efficiency of the super-
sonic compression decreases.

The external shock drag for this inlet has been determined
analytically for the same Mach number. The external shape
selected and the external shock configuration and pressure
distribution are shown in figure 4. The ratio between the
maximum external cross-sectional area and the entering
free-stream-tube area is 1.167. The drag coefficient based
on the mwcimum area of the coding cross section is 0.0081
and becomes 0.0095 if the free-stream-tube area is used.
The drag of the cowling is small in comparison with the ‘drag
of inlets with larger external compression. l?or example, for
an inlet with very larg~ external compression (diflnser no. 3,
ref. 4), Oswatitsch used a similar analysis and found for a
Mach number of 2.9 an external drag coefficient of 0.43
when the maximum cross section of the inlet was considered
and of 0.90 when the muinmm free-stream tube area was
considered. This irdet has a very high pressure recovery but
a very high drag, especially if referred to the free-stream tube
arm, because the ratio between the area of the mwdnmrn
cross section of the body to the free-stresm-tube area is of
the order of 2.1. This ratio cannot be much smaller since
the deviation required at the lip is very large (of tha order
of 350).

When the fiee+tream Mach number in tint of the inlet
shown in figure 4 is reduced ad the internal contraction
ratio becomes tob large, a strong shock must be expected
near the entrance of the inlet, as shown in @ure 5. For this
condition, the pressure recovery does not decrease greatly
because the Mach number behind the conical shock is low,
but the external drag increases However, also in this case
the external drag cannot be very large if the diameter of the
ties-stream tube of the coding is not much less than the
maximum pomible diameter of the free-stream hibe for the
design condition because the external sh~~k decreases in
intensity very rapidly owing to the expansion around the
coding.

MODELSAND EXPERIMENTALSYSTEM

b order to have some experimental values of pressure
recovery which can be obtained with inlets of this kind,
models with ditlerent geometrical parameters were con-
structed md tested in an intmmittentdlow jet. For com-
parison, -an inlet-with ~ery.kqge w@@ compression was
&O tested.

The general arrangement of the models tested is shown
in figure 6. Each model has rLcentral body supported by
three equally spaced streamlined struts placed in the sub-
sonic d.iiluser. The pressure recovery has been determined
by nine to tal-pressuretubes which permitted a survey along
two radii in the mmci.nmmcross section of “thediiluser. The
static pressure was also determined at two radii in the mati-
mum cross section of the dilfnser. The local Mach number
at this section in which the pressure recovery was measured
was of the order of 0.15 for Mo=3.30 ud 0.2 for Mo=2.45.

,
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FIGTJEE 4.-Ekternal and internal flow analyds of an inlet. (All dimensions are in inches )
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Fmum 6.—Flowconilguration of an inlet operating below the design
Maoh number.
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FmuRB6.—General arrangement of models tested. (All dimensions
are in inohes.)

The-average pressurerecovery wae obtained by the equation:

where A is the area at the measuring plane, ?’bthe radius of
the central body, and r, the internal radius of the coding.
The back pressure was regulated during the tests by means
of a movable plug which was placed on the end of the cen-
tmd body.

The test models were so -designed that the shape of the
cowling, the shape of the cenlmd body, and the position of
the central body with respect to the cowling (given by the
cowling-position parameter 81)could be easily changed. The
position of the central body w-asvmied by moving it rmially.
Teds were made with the position of the central body tied
before the teats (constant-geometry difluser) and a few tests
were made in which the position of the central body was
varied (and hence the internal-contraction ratio changed)
during the tests. (variable-geomelry diffuser). This part of
the investigation was not extensive because no gains in
pressure recovery were obtained by varying the geome~ at
a.iixed Mach number.

All the cmvlinga tested are shown in figure 7. Four cowl-
ing shapes were considered. Because no external drag meas-
urements were considered in this series of tests, only the

IJxge

Internal radius, fi, in.

1 l-aqe-exkmatx in 0, P 4: 7“ P, KY ~mw-on
,. COdirq cawlhg cowling

cawlina. r

O I 0.750 I 0.750 I 0.765 I 0.630
.10
.20
.30
.40
:6%

.70

.80
4.20
5.oa

.750

.750

.750

.750

.750

.750

.750

.750

.750

.800

.757

.764

.770

.778

.785

.79 I

.797

.800

.800

.Sca

.769

.778

.791

.800

.s04

.805

.806

:%
.800

.700

.732

.750

.7X)

.750

.750

.750

.750

.750

.s00

FIlmxln 7.—cowlings te3t.ed. (All dimensions are in idle.)
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lip angles and the iriternalcowling shapes were designed with
aerodynamic critaria. Three of the cowlings were designed
so as to have internal and external lip angles, respectively,
of 0° and 2°, 4° and 7°, and 7° and 10°. The actual shape
of the 7°,100 cowling tested and given in fiawe 7 is slightly
different from the original desigm This diihrence, due iw
construction is localized at the lip and is small; therefore,
the cowling waa not rebuilt. The fourth cowling show-n is
that used in the inlet with large external compression and
was built according to the design given in reference 4.

The cenhal-body shapea used are shown in figure 8. The
two fundamental psmunetarsconsidered in the design of the
central bodies were the semitone angle O.and the centcal-
bodydiameter psmuneter D~D1. The cone angle fiea the
intansi~ of the extend compression, and the ratio Dt,/DZ,
together with the cowling-position parameter 01, fixes
the internal contraction ratio. The central body of the
model with large external compression given in figure 8 (d)
was derived (like that of the cowling) from the data in
reference 4. The dimensions of the model discussed in
reference 4 were not exactly given; therefore, tests were made
for different cowling-position parameters.

The models were tested at three free-stream Mach numbem
of 3.30, 2.75, and 2.45 at approximately zero angle of attack.
Some values of internal contraction ratio as a function of
covding-position parametar & for various central-body
diameterawere calculated in order to obtain an experimental
check on the one-dimensional theory (ref. 2) for the stinting
conditions and are shown in figures 9 to 11. The internal
contraction ratio has been calculated for a section perpendicu-
lar to the average direction of the stream in the zone con-
sidered. Ii figures 9 to 11, the starting contraction ratio
given by one-dimensional theory has been indicated by

~
+.--303’

t
——- _ _-.

= I.MKI

‘. 74 3

(a)
~ ‘7” ~

(a) 0.=20°.

FIGURE S.—Central bodies tested. (All dimeisiory are in inoh&.)

horizontal lines. The corresponding
position parameter is called or-.

value of the’ cowling-
The cowling-position

~arameta~ 131*that corresponds to {he condition at which tho
conical shock is at the lip of the ccnvling has also boon
indicated by the vertical lima.

The models tested had a maximum diameter of approxi-
mately 1.83 inches, and the corresponding test Reynolds
numbers referred to the maximum diametm wore about
3.5X10e for iWo=3.30 and between 3 and 3.6X106 for
Mach numbem of 2.45 and 2.75. This Reynolds number
corresponds to that of a body having a diameter of 2,3 feet
at an altitude of 70,000 feet. The test+aectionjet dimensions
were approximately 3 inches by 4 inches. All teats were
made in an open jet, with low-humidity air from a large
pressurized tank. The pressure rea&ngs were recorded
photographically from a precision pr~w~gage manometer.
‘The maximum possible errors of the measured values aro
estimated to be of the order of 1 percent.

Shadow-graphs of the flow were obta~ed for various com-
binations of central body and cowling and various positions
of the central body with respect to the cowling.

(b) .“ . . . . .
&j ti=220.

FIcxmu 8.—Continued.



INVESTIGATION OF LOW-DR4G SUPERSONIC INLDTS AT

.@==i--=

I

t

I

o ~
g

1
--R =1.?A30 1
1

(u) 0.=25°.
FmunH 8.—Continued.

1.6 1

1.5

%,4
.733

g“ Iwo

/ ‘

Q1*.AIO.33J

/

2 Is 3K

3

d /.

2.75 /
A1”M0,Z75

g 1.2=?... —— ./ ‘/ ‘ .-.-q”
,Vo.245—

~

1.1
/ ‘

/ ‘

1.0 (0)
24 26 28 30 32 34 36. 39

CwfirKJ-p4tbrI purameter,8b deg .

(a) L9d=220.
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(d) Central lxdies with 8,=30° and body derived from reference 4.
FIGURE8.—Conaluded.

1.6 I
Db/ot.o.SOo

/

1.5
.733

/
.s2
~

5
l.’ ~ /

.-

—— . .—
~

1.1 / ,

Lo (b)

28 30 32 34 36 38 40 42
CwGrq-~”tbn parameter, ~b deq

(b) 8.=25°.

FmuRQ 9.—Continued.



746 RDPORT 118-NATIONAL ADVISORY

1.6

~ 1/
45— ‘ ~– -~– -~ “’%=245

0
/ / / ,

[ (c)

‘%!3 32’ 34 36 38’ 40’4 2’44
COw%ng-poSticmpommekr, 01, deg

(o) 0.=30”.
FIGURE9.-Cencluded.

1.6 ‘ I
D*IDL.Q867

1.5

8,4 / ‘
g. ~
g pJ‘— ‘—”
3 275

g 1.2-
&

1.1 / / ‘

/
1.0.

(o)

22 24 26 28 Xl 32 34 36
bVfi~-@tiO!l POrm3tef,81,deg

(a) 0.=20”.
FIQmtH 10.—Intemal contmotion ratio as 8 funotion of cowling-position

parameter for the 4°,70 cowling.
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FIQURB 10.—Continued.
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(o) 0.=25”.
FIQURE10.—Conthmed.
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(d) 8.=30°.
FIGURE 10.—Cono1uded.
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Fmmtn 11.—Intem8l contmotion ratio aa a funotion of cowling:positlon

parameter for the 7°,100 cowling.
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Fmmm 11.—Conoluded.

ANALYSIS AND DISCUSSION OF THE RESULTS
THZ MAXIMUM PEESSURE RECOVERY AS A FUNCTION OF THE

COWJJNG POSITION PARAMETEE

For every combination of cowling and central body con-
sidmed, figures 12 ta 23 give the maximum pressurerecovery
obtained for different cowling-position pm+meters for the
threo Mach numbers at which the teatswere made. In order
to distinguish the flow configurations for which the flow at
the entrance is still supersonic from the configurations for
which the flow at the entrance is subsonic (fig. 5), two dif-
ferent symbols have been used in all the figures. The circles
indicate points corresponding to configurations having super-
sonic flow at the entrance of the Mluser, whereas the square.
symbols indicate points for which the flow in front of the
inlet becomes subsonic. The second condition corresponds

to a larger external drag. The existence of .supereonio or
subsonic flow-at the entwmce of the diffuser was determined
by an analysis of the shadowgraphs of the flow-taken during
the tests.

In all the figures giving the value of the maximum presm.re
recovay as a +unction of-the cowling-position paramekr 01,
two special values of & are indicated. They are &* and 131d
previously defined. For values of 01le3s than O,*the conical
shock is ahead of the lip of the cowling; therefore, an additive
drag existsbecause the free-stream-tube diameter correspond-
ing to the internal flow- is smaller than the diametar of the
intake (ref: 1). This drag must be added to the external
cowling pressure drag for determining the total chg. For
values of 81equal ti or larger than 01*for points indicated
by the circular symbols, the internal flow does not interfere
with the external flow; therefore, the tital drag is equal to
the drag along the external surface of tie cowling and is small.

The value of f310indicatm the position for which the starting
conditions of the internal diffuser given by the one-dimen-
sional theory are obtained. Therefore, for values of h larger
than Oldand smaller than OZ*, all external supemonic com-
pression (square symbols) is predicted by the one-dimensional
theory. The value of OIChas been determined by using the
average Mach number between the lip of the cowling and
at the surface of the cone and, therefore, loses significance
when the shock is inside the lip. In a few configurations
expansion waves are produced in front of the entmmce of
the inlet by the cential body. In the determination of the
value of Of.the expansion waves for these few cases have not
been cormdered.

For all the teats if the mass flow was dmeased somewhat
below the maximum possible value by throttling in the rear
of the difFuser,an unstable condition occurred and strong
vibrations were found in the flow. These types of vibratio M
existedfor all models tested when the flow was choked in the
rear of the diffuser and have also been reported previously
in reference-s3 and 4. The vibration or unstable condition
corresponds to 8 fluctuation of the frontal shook and a varia-
tion of the internal mass flow. These vibratiom do not
exist if the flow at the enhance of the diiluser is subsonic
because of starting conditions when the maas flow is the
mtium possible but appem also in this me when the mass
flow is decreased by a large amount. Some variation of
Reynoldennmber dossnot aflect the phenomenon of vibration.

The value9 01 the mmzinmmpressure recovery are plotted
D,

in @yre 12 as a function of 13Jfor D7—0~733,0.834, and 0.867

for 0.=200 and the 4°,70 cowling. For&= O.733(fig. 12 (a))

the internal contraction ratio is small, ●nd internal super-
sonic flow- can therefore exist for all Mach numbers. Con-
sequently, the extend drag is small, and the additive drag
is zero for &=33° or larger for all the test Mach numbers.
If the diametar of the central body increases (figs. 12 (b) and
12 (c)), the pressure recovery inorews until the internal
contraction ratio becomes too large md all the supersonic
compression is outside. The mwchnum pre9sure recovery
obtained for this inlet con.iigurationisabout 0.71foriWO=2.45,

D,
0.63 for Mo=2.75, and 0.54 for ikio=3.30 for ~0.834.
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(a) 4°,70 cowling; DJDl=0.733; 0.=22°.
FICIURD 16.—ReasUl% recovery as a function of cmvling-poeition pa-

rameter for 8.= 22° and 4“,T cowlingat differentMaoh numbers.
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The mtium pressure recovery obtained for the central
D,

body with 0.=20° and the 7°,100 cowling for ~0.719,

0.817, and 0.850 is presented in figure 13. The results are
similar to those obtained for the 4°,70 cowling. The maxi-

D,_. ~50
mum pressure recovery obtained for iMO=3.3o for — .D,

is 0.54 (fig. 13 (c)). The internsl flow is supersonic for a
ccontration ratio slightly higher than the mtium con-
traction ratio considered by one-dimensional theo~.

In figure 14 are presented some resuJts for the configuration

‘~ 0733 and 0.767tith c9c=220 and the 0°?20 cc%ling for -= .D,
at MO=2.45. The contraction ratio of the con6guration
tested is larger than the contraction allowed by the starting
conditions so that the diffusers do not start.

The maximum pressure recovery is plotted in figure 16 as
a function of the cowling-position parameter for the central

‘b 0.733,body with 0.=22° and the 4°,70 cowling’ for ~

0.767, 0.800~0.834, and 0.867. The flow at the lip is supm-
D~
——0.733 and 0.767 (figs. 15 (a) and 15 (b)) for

‘omc ‘or D,
all test Mach nnmbera, and mrurimum-preasum-rocovely
W&M of 0.77, 0.64, and 0.42 are obtained for Maoh numbers
of 2-45, 2.75, and 3.30, respectively, with very low external
iirsg. If the diameter of the central body increases, the
maximum prwmre recovery for higher Mach numbom in-
creases, but the range of Mach numbers for which tho flow

Db
at the lip is supemonic decreases. For ~0.800 pressure-

recovery valu’a of 0.67 and 0.49 me obtained for Mach
numbers of 2.75 and 3.30, respectively (fig. 16 (c)), whweas

for ~-=0.834 (fig. 15 (d)), the pressurerecovery for&fO=3.30

is 0.56. If the mass flow is .decrensed by about 8 percent
(fig. 15 (d)), a stiong shock occurs in front of the lip of the
difl%ier and tie pressure recovq decreasea slightly. A
further incresse in the diameter (fig. 15 (e)) does not increase
the pre9surerecovery.

Figure 16 gives the values of the maximum pressure
recovery for a configuration with 0e=22° and the 7°,100
cowling for central-body-diameter parameters DJDt of 0.719,

‘b 0.719, 0.762, and0.752, 0.784, 0.817, and .0.850. For ~

0.784 (figs. 16 (a) to 16 (c)) the flow in front of the inlet can bo.
1),

supersonic for all Mach nnmbem considered. For ~o.784

for supmonic flow at the entrance, mrwi.mum-preasure-
recovery values of 0.75, 0.67, and 0.46 me obtained for
Mach numbers of 2.45, 2.75, and 3.30, respectively (fig.

16 (c)); whereas for
D,—— 0.850 (fig. 16 (e)), a maximum
D,

pressure recovery of 0.57 is obtained for MO=3.30. The

pressure recovery MO=2.45 for ~0.850 ia 10SSthan for
D,~=0.752 (fig. 16(%)); the flow in front of the inlet is subsonic

D,
-=0.850, 01 is far from OJ*and,k both ‘w’ but ‘or D,

therefore, some expansion waves are produced by the central
body in ilcmt of the lip.

Figures 16 (a), 16 (b), 16 (d), and 16 (e) also give some
values of pressurerecovery for reduced mass flow of the ordor

of 9 percent. For ~0.752 and Mo=2.46 (fig. 16 (b)) the
.
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maximum prcmure recovery is obtained when the mass flow
is reduced and the normal shock is ahead of the cowling lip.
Them and similar data obtained in all the tests show that
the 10MWdue to boundary layer and the necessity of internal-
flow stability have a signiiiwt effect on the pressure
recovery. Practically, it is not possible by increasing the
back pressure to put the normal shock near the throat,
but it is necessary to have supersonic flow to some extent
in the divergent part of the diffuser. Tests have been
made without varying the back pressure after the internal
diffuser has stsrted for inlets having high internal conviction
raLies. The maximum pressure recovery that can be
obtaimd in this condition for a Mach number of 3.3 is only
slightly leas (of the order of 2 or 3 percent) than the maximum
that can practically be obtained by increasing the back
pressureafter the diiluser has started, whereas the theoretical
gain is of the order of 10 percent or larger. The data shown
in figures 16 (Q), 16 (b), and 16 (e) con.iirmthese remdta.

The results for a central body with 0,=25° and 0°,20
D,

cowling for ~0.733, 0.767, and 0.800 are shown in figure 17.

The flow is subsonic in front of the diffuser for all Mach
numbem and cowling-position pmameters tested because
tho flow deviation across the shock is very large (18° for
MO=3.3) and the shock from the lip cannot be reflected
at tho surface of the central body.

I?igure 18 gives the results for i3,=25° and 4°,70 coivling for
D,
~0.733, 0.767, 0.800, 0.834, 0.847, and 0.867. For

Db
-=0.733 and iMo=2.45 the entering flow is supersonic in the
Dt
region of 01=19Z*. For huger vfdues of D*/D~ the entering
flow is supersonic only for values of OJmuch lower than OZ*.
The maximum pressure recovery for supersonic entrance
flow is 0.76 (figs. 18 (a) and 18 (b)), whereas for subsonic
entrance flow a value of 0.80 is obtained (figs. 18 (c) and
18 (d)). For Mo=2.75 the maximum pressure recove~ of

0.67 occurs with subsonic flow in front of the inlet ftn-
Db
~0.867 (fig. 18 (f)), whereaswith supersonic flow at the en-

D,
trance the mwdnmm prcasurerecovery of 0.64is for ~0.800

(fig. 18 (c)). For ~=0.&7- (fig. l; (e)) the supercritical

condition has not been determined.
For a central body with 0,=25° and the 7°,100 ceding,

D,_. ~19 0752 0 TM
results are presented in figure 19 for — .D, t.]. 2

D,
‘0.719 and SUp8113011iCflOW0’817’0.830’ ‘d 0.850. ‘or D,

at the entrance, a pressure recovery of 0.78, 0.60, and 0.42
has been obtained for .Mo=2.45, 2.75, and 3.30, respectively.

D,
At a Mach number of 2.76 and for ~0.752 and 0.784

(figs, 19 (b) and 19 (c)), the pressure recovery is larger for
subsonic flow in front of the inlet than for supersonic flow

. D,
-=0.817 (fig. 19 (d)) the maxi-

k ‘int ‘f ‘he ‘et” ‘or Dz
mum premure recovery at M_0=3.3o is 0.53. When the

313s65w~9

maw flow is decreased, the shock moves ahead of the lip and
the recovery drops to 0.51. & was previously explained, for
all cases in which reduced-mass-flow data are given, the
reduction of mass flow must be small and of the order of
10 percent. For larger variations of mw flow, unsteady
flow conditions have been found.

In figure 20 are given the rem.dtsfor a central body with

6.=30°, the 0°,20 cowling, and
D,
-=0.767 and 0.800 for
D,

MO=2.45. For these conditions the flow in front of the
inlet is subsonic. The contraction ratio is greater than the
starting contraction ratio.

The valuea of pressure recovery for a configuration with

0.=30° and the 4°,7° cowling for Db
D~0.733, 0.767, and

0.800 are given in figure 21. For Mach numbem of 2.45.
and 2.75 the reflection of the shock inside the inlet cannot
occur and, therefore, the flow in front of the inlet is sub-
sonic. The reflection can occur for MO=3.30. The maxi-
mum pressure recovery obtained for MO=2.45 is 0.82 and
the maximum recovery for M0=3.30 is 0.46 (fig. 21 (c)).

The reanlts obtained for the central body with 0.=30°

and the 7°,100 cowlhg are given in figure 22 for ~b=0.719,
D,

0.752, and 0.784. Because of the smaller intensity of the re-
flectedshockat thelip of thecmvling, theinlet canhaveinternal
supersonic flow for Mo=2.75 (fig. 22 (b)). At this Mach
number the pressure recovery is higher with subsonic flow
at the entrance.

Figure 23 shows the maximum pressure recovery as a
function of the coding-position parameter for the inlet
with large external compreasiom The maximum pressure
recoveries obtained are 0.84, 0.72, and 0.54 for M=2.45,
2.75, and 3.30, respectively.

The analysis of all the curves shows that for 01larger than
OICand smaller than 81*the flow in front of the inlet usually
becomes subsonic in agreement with one-dimensional theory.
(see figs. 12 (b), 12 (c), 13 (b), 13 (c), 15 (b) to 15 (e), 16 (c)
to 16 (e), 18 (b) to 18 (d), and 18 (f).) Only in a few casea
has a higher contraction ratio than given by one-dimen-
sional theory been found. See, for example, figures 12 (b)
(ikfo=2.75), 13 (C) (ik&=3.30), 15 (C) (ikfo=2.75), 15 (d)
(M,=2.75), and 15 (e) (MO=3.30). The differences are
very small and can be justiiied by the inaccuracy of deter-
mining the stream-tube areas and the Mach number in front
of the entmmce. For example, the increase in Mach number
due to the expapsion waves from the centmd body has not
been considered. For some configurations, subsonic flow in
tint of the entrance has been found when the contraction
ratio is less than the starting contraction ratio. In the9e
cases, subsonic flow is due to the impossibility of reflecting
the conical field at the lip of the cowling or at the surface of
the central body, as was previously discussed. For example,
for the inlet tith 0.=25° and the 0°,20 coding (fig. 17) for
Mach numbers of 2.45, 2.75, and 3.30, the reflection of the
shock is not possible.

Another example is given by the data in figure 19. The
Dbdiffuser starts at MO=2.45, 2.75, and 3.30 for Dy0.719,
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0.752, and 0.784, while subsonic flow occurs in the zone of OZC

for;;-=0.817, 0.830, and 0.850. For these large central-

body diameters the diifuser stints for lower values of 01.
This result can be explained by the following considera-
tion. For larger values of Db/Dl the Mach number and the
direction of the stmarn in front of the inlet are closer to the
conditions on the surface of the cone; therefore, the refkction
of the shock on the central body is less likely to occur. How-
ever, when the value of 61 is small, expansion waves are
produced by the central body in front of the inlet, so that
the possibility of reflection is increased. The pressure
recovery obtained when the flow in front of the lip is subsonic
is in some cases larger than the mtium calculated theoreti-
cally on the basis of compression across the conical shock
“and a normal shock in tint of the cowling. This result is
unexpected because the subsonic diiluser also produces some
10WS. Shadowgraphs of the phenomena, discussed sub-
sequently, give an explanation of these results. The com-
pression in front of the inlet occurs across a lambda shock
produced by the boundq layer at the surface of the cone.
Therefore, the shock losses for the compression in front of
the inlet me much smaller than across a single normal shock.
For supersonic flow in front of the inlet the maximum
pressure recovery increases when 91 increasw because the
internal ccmtiction ratio increases. When ozis larger tih-
OJ*,the conical shock enters the inlet and expansion waves
are produced locally at the lip of the cowling; therefore the
increase of 01produces an increase of Mach number in front
of the inlet together with an increase in contraction ratio.
The two variations have opposite eflecta on pressure re-
covery; therefore increasing 01beyond 81*can provide either
an increase or a decrease in pressure recovery. For subsonic
flow in. front of the inlet when 61 increases, the pressure
recovery tends to decrease because the normal shock moves
in the direction of the apex of the cone.

A few tests of a variable-geometry inlet were made by
moving the position of the central body after supersonic flow
into the inlet had been established. With the conical shock
ahead of the lip, the change in position of the central body
permitted a variation of the internal contraction ratio because
the diameter of the entering stream tube, and therefore the
internal contraction ratio, changed. Tests w6re performed
for inlets of cone semiangles of 20°, 22°, ad 25° and the
4°,70 and 7°,100 cowlings at Mach numbers of 2.45 and 3.30
for diflerent central-body diametem. FTodifference in the
value of the maximum pressure recovery was found. The
impossibili@ of obtaining higher pressure recovery with this
scheme can be attributed to the disturbances in the subsonic
region, which fixes the value of the minimum Mach number
that is practical in the divergent region of the diffuser in
order to have stable conditions. However, the possibility
of a small regulation of the position of the central body u
be very important in practical applications for two reasons.

The motion of the central body permits the chmging of tho
internal contraction ratio and therefore permits the use of the
best possible configuration at every Mach number. Tho
best ccniiguration is the ccniiguration of minimum drag rmrl
highest pressure recovery. For example, in figuro 16 (o)
the optimum 01 for IWO=3.3o is about 310, whereas for
M,=2.45 and 2.75 the optimum 0, is about 29°.

For a given Mach number a movement of the central body
permits a regulation of the dimension of the internal stroam-
tube diameter and thus permits supemonic flow at tlm
entrance also for reduced mass flow. For example, from
figure 19 (f), at MO=3.30, changing 19Jfrom 33.4° to 31,6°
permits .a 14-percent redtiction in mass flow to be obtained
with internal supemonic flow. The motion of tho central
body would be 0.015 times the diameter of the cowling,
Such a regulation of mass flow can be very useful in order to
meet desired flight requirements. Some of the configurations
have been tested at small anglea of attack (1° and 2°) and
no changea have been found in the values of pressure
recovery.

- ~ECT OFTHECONl?-ANGmPARAMETERONTHE
MAXIMDMPRl?&3UllERECOVERYOBTNNED

Figure9 12 to 22 give the mrminmrn pressure recovmy
obtained for the Mach numbers considered for every central-
body diameter and cowling tested. The highest maximum
values obtained for given values of Db/Dl, Mach number,
and coding have been plotted in figures 24 to 26 aaa function
of the cone semifmgle. @or purposes of clari~, a distinction
is necessary in the use of the term ‘~maximum,” sinco all
pressure recoveries are maximum valuea for the configura-
tiOIIS tested. Hereinafter, therefore, the term “highest
pressure recovery” refers to the highest maximum value.)
Every point on the curves corresponds to a diflerent ccwling-
position parameter, the value of which can be detmmimd
fkom figures 12 to 22.

Figure 24 gives the value of the highest pressure recovmy
obtained as a function of the cone semiangle for a Mach
mynber of 3.3o for the 4°,70 and 7°,100 cowlings. A maxi-
mum highest pressure recovery of 0.66 has been obtained

for 0.=22° and ~=0.834 for the 4°,70 coding (fig. 24(o)),

For this condition el is larger than 01*;therefore, the oxtwnal
hag is low. If the value of D,ID, decreases, the maximum
internal contraction decreasea and, therefore, the value of
the high~t pressurerecovery for a given cone angle decreases.
The mrminmm value of pressure recovery for low values of
DtJDt increases as the cone angle increases. This vmiation
is logical because as the value of 0. increasesthoMach number
at the inlet decreases and the contraction ratio required in
order to obtain high recovq decreases. The highest proa-
sure recomry is obtained for a cone semiangle of about 22°.
The corresponding internal contraction ratio is the maximum
value of contraction ratio permitted by the starting condi-
tions (fig. 10(b)). If the inchation of the cowling-lip angles
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is increased, the shapes of the curves are not greatly affected.

Tho values of highest prwsure recovery obtained as a func-
tion of the cone semiangle for a Mach number of 2.75 for the
4°,70 and 7°,100 cowlings are shown in figures 25 (a) and
25 (b) for supersonic entrance flow and in figures 25 (c) and
25 (d) for subsonic entrahce flow. Figure 25 (a) gives the
highest pressure recovery obtained (0.67) for supersonic
entrance flow for the 4°,70 cowling. The value occurs for
do=22° at an internal contraction ratio near the maximum
possible for the starting conditions. Figure 25 (b) gives
similar results for the 7°,100 coding. Figure 25 (c) gives
the values of highest pressurereeovery obtained as a function
of the cone sernimgle for the 4°,70 cowling with subsonic
entrance flow. The highest pressure recovery obtained is
0.68 for 0.=22° for D*/Dl of 0.834 and 0.=30° for DJD1 of
0.800. Figure 25 (d) shows results similar to figure 25 (c)
for the 7°,100 cowling. The highest pressure recovery ob-
tained is of the order of 0.69 for DJDz of 0.850 and 0.=25°.

Figures 26 (a) and 26 (b) give the values of highest pressure
recovery obtained at iWO=2.45 as a function of the cone semi-
rmgle for diflerent body-diameter parameters for the 4°,70
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FIQUREI 24.-Conoluded.

and 7°,100 cowlings with supersonic entrance flow. The
maximum highest pressure recovery obtained for the 4°,70
cowling is 0.77 for 0.=23°. For the 7°,100 cowling the
maximum highest pressure recovery of 0.78 is obtained for
0,=25°. For 0.=30° supemonic flow at the entrance is not
possible. Possibly slightly higher values of pressure re-
covery could be obtained for 0.=26° to 27°. The results
show that the optimum cone semiangle decreases slightly
when the Mach number increases and, in the range of Mach
numbers considered, is in the range of 22° to 25° for super-
sonic entrance flow. Figures 26 (c) and 26 (d) give the
highest pressure recovery obtained with subsonic flow at the
entrance. A pressure recovary of 0.82 has been obtained for
L90=30°with the 4°,70 cowling and of 0.80 for 19a=25°with the
4°,70 and 7°,100 cOIVliDgS.

HIGHESTPRESSURERECOVERYOBTAINEDARA FUNCTION
OFTEE CBNTEWBOQY-DIAMETBRP~

The data from figures 12 to 22 have been cross-plotted
and, for a speeiiic Mach number, the highest pressure recov-
ery obtained for every semitone angle and coding combina-
tion has been plotted as a function of the central-body-
diameter parameter (@s. 27 to 32). Figures 27 to 32 give



762

.82

.78

.74’

g“70
ah
s

i
.66

E
?/

~ .62’

.m

.54

.50
2

RDPORT 118~NATIONAL ADVISORY COMMITTEE FOR AERONAUTIC

o Suwrsaic eih-once fbw

I

4A

I

0.733
———– .767

— ––--––––– Boo
—-— KM H

Cc@ sen-kuqle, 4, cieg-

(a) 4°,70 cowling.
fiwm 25.—High& p~ recovery obtained as a funotion of cone
semianglefor various central-body-diamek parameka for iWO=2.75.

the highest pressurerecovmy for a specific Mach number and,
in addition, for the sane cowling-position pammetcm ob-
tained for the specific Mach number considered, the maxi-
mum pressure recovery (not necessarily the highest) for the
other Mach numbers of the tests. The points indicated in
the figures are not necessarily experimental points, but the
square and circle symbols are still used in order to dis-
tinguish the conditions for which the flow is supersonic at the
entice of the di.fluser (circle symbols) bm the conditions
for which the flow at the entrance is subsonic (square sym-
bols). 10 the figures the cential-body-diameter parameter
for which the conical shock is at the lip of the cowling
(OJ=O,*)is again shown by the vertical mark The relative
position of ox with respect to .%* is also indicated. For
values of the central-body parameter equal to or less than
this value, the conical shock is inside the cowling and, there-
fore, the extermd drag is small tid the internal mass flow is
the msxinmm po~ible because the free-strewn tube that
enters the cowling is equal to the cross section of the entrance

. of the inlet. When Db/Dl is larger than the value corre-
sponding to 61*,the conical shock is in front of the lip and,
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Fmmm 26.—Continued,

I

therefore, the external drag is larger because an additivo
drag exists (ref. 1), and the mass flow is lCSSthan the masi-
mum possible for the entrance cross section considered. The
entering mass flow for the supersonic entrance conditions
can be easily determined from the analysis of conical flow~

Figure 27 gives the highest pressure recovery obtained at
a Mach number of 3.3o as a funqtion of the central-body-
diameter parametar for the 4°,70 cowling aud semitone anglea
of 20°, 22°, 25°, and 30°. I?or MO=3.30 and the 20° or 22°
cones, a maximum value of prewure recovery of 0.66 is ob-

tained for~ = 0.84, which corresponds to the value for 81*,

When the value of Db/Dl decreases, the pressure recovery
decreases. For lower Mach numbers, however, supersonic
flow can be establishedin the difFuserat values of Db/D1<0.84.
Similar results for the 7°,100 cowling are shown in figure 28.
For thie cowling the maximum pressure recovwy also occurs
~md Vduw of Q=o .&

Dz. .
I?&ue 29 gives the higheet pressure recovery obtained m

a function of the central-body-diameter parameter at a Mach
number of 2.75 for the 4°,70 cowling and for 0.=20°, 22°, and
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(o) 4“,7” cowling.
FIGURE 25.—Ckmtinual.

26°. For $lU 0.80 and 9e=22° a pressure recovery of 0.67 %

obtained with low mtemal drag, since this vslue of Db/Dl
corresponds to 61*for this Mach number. At a Mach num-
ber of 3.3o for the same configuration the pressure recovery
is 0.60 (fig. 29 (b)). Similar results at a Mach number of
2,76 for the 7°,100 coding are given in figure 30. At a Mach
number of 2.76 and 0.=22°, a pressure recovery of 0.68 is

D,
obtained for — =0.80 and at a Mach number of 3.30 the pres-

D*
sure recovery for the same configuration becomw 0.60.

A similar analysis has been made for a Mach number of
2,46, Figure 31 gives the highest pressurerecovery obtained
es a function of the cantral-body-diameter parameter for the
4°,70 cowling and semicme angles of 20°, 22°, 25°, and 30°.

For 0,=22° and 3=0.77, the pressurerecovery for M,=2.46

is 0.77 and the corresponding recoveries at iMo=2.75 and
3.30 are 0.65 and 0.47, respectively, with very low external

drag. With subsonic flow in iiont of the inlet for &=0.80,

pressure recoveries of 0.80 and 0.82 have been obtained with

82

0 Sufmnic entrome flow

.78 I
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———– .752

.74 ––––––-–- .784
—-— .817
---— .850
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66 -’ / n. -—
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[

.58
c

.54

(d)
.50 1

20 22 24 26 28 30

. CWe -“orqle, Q, &g

(d) 7°,100 cowling.
FIQUEB25.—Conoluded.

2

semitone angles of 25° and 30°, respectively.
Figure 32 gives similar results for the 7°,100 coding for

semitone angb of 20°, 25°, and 30° at a Mach numb-m of

2.45. At R = 0.80 and supersonic entmmce flow, pressure

recoveries of 0.77,0.67, and 0.51 have been obtained for Mach
numbers of 2.45, 2.76, and 3.30, respectively.

M~UM PEES-SURERECOVERY~ AFUNCTIONOFMACHNUMBER

A typical variation of pressure recovery as a function of
Mach number for a constant-geomehy inlet is shown in
@e 33. The typical configuration has a semitone angle of

22°, the 4°,70 cowling, ~=0.834, and 81=32.2°.
Dl

Part of the

curve corresponds to subsonic flow in front of the inlet and

pm% of the curve corresponds to supersonic flow in front of
the inlet.

The highest values of pressure recovery obtained fkom all
the configurations tested are shown in figure 34. For com-
parison the pressure recovery for the inlet with all internal
compression (ref. 2) is also shown.

I?@ue 35 gives the optimum values of kinetic energy
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(a) 4°,70 coding.
Fmmm 26.—Highe& pressure recovery ~btained as a funotion of mne

semfangle for -various central-body-diameter parametem for &fo=2.45.

recovery of all the Ccm&urations tested and of the difl%ser
reported in reference 2. The vah.wghave been calculated by’
using the information in figure 34 and the expression (ref. 2):

OPTICALOBSERVATIONSOFTHEFLOWPHENOMENAABOUTTHEIIWl?l%

The shadowgraphs taken for every teat point give a further
indication of the flow phenomena about an inlet. Thus, a
comparative analysis of the internal drag of the di&mmt
conjurations can be made. In iigures 36 to 39 some
shadowgraphs for the cmfigmations tested me shown.

Figure 36 gives the shadowgraphs for 0.=25”, the 7°,100
Db

cowling, and ~=0.817 for d.iflarentvalues of 01at the cori-
1

dition of mwhmm pressure recovery for M=3.3o. The
shadowgraph in &ure 36(a) for 81=31° shows supersonic
flow at the entrsnce, whereas @e 36(b) for the same tlr

d
(i
d
fc
3’
d’

:
d
F
fl(
r(
tl
in
lx
3(
d

2.

COMMITTEE FOR AERONAUTIC

.82
I

o Supwscik ffltmrtce fbw

.88 I
D~/D~

0.7 I9
———– .752

.84 --------- .784
—-— .817

(b) 7“,10” cowling.
Fmmm 26.—Continued.

lows subsonic flow at the entrance with reduced mass flow
ig. 19 (d)). The differences in the curvature of the external
locks in the extend flow indicatea that the drag is large
m subsonic entrance-flow coDditioJM. When 0; becomos
1.1O,the conical shock enters the cowling and the mterml
mug becomes vary small. Figure 36(d) corresponds to rL
1 of 35.4° with the conical shock still fm-ther in the inlet.
figures 36(e) and 36(f) correspond to a 0; of 35.9°. Both
hadowgraphs show a strong shock in front of the lip.
hgure 36(d) corresponds to the maximum possible mnsa
.owin the inlet, wheresa figure 36 (e) corresponds to a slightly
educed maw flow, before the floti vibrations start, When
he mas flow is reduced, the strong shock increases in
ltOIISi@ (@. 36(f)). Figorea 36@ and 36(h) show 8hllih
eaults for 01=36.6°. The shkdowgraphs in figures 36(b),
6(f), 36(g), and 36(h) show the existence of the lambda
hock at the surface of the cone.
Figure 37 shows the shadowgraphs at a Mach number of

.75 for f3.=20°, the 7°,100 cowling, and &= O.817 for dif-
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❑ Sutmnic entrance ffow

I I 1 I I

-1----1
‘bh

CL733
.— —— .767
––––––––- .800
—-— .834
—.-— .867

I 22 24 26 28 30 32
Calemia-gle, ec,deg

(c) 4“,7” coding.
FIGURE 26.—Ckmtiiued.

feront vrduea of & at the condition of maximum pressure re-
covery. Tho teats were made at a 1° rmgle of attack. The
corrc8ponding vahm of pressure recovery as a function of
the coding-position parameter are given in figure 13 (b).
Figures 37 (a) to 37 (e) correspond to conditions where the
flow at the entrance is supersonic. Figure 37 (f) corresponds
to rL01of 29.9° for which subsonic flow exists in front of the
inlet. The stiong compression in fiant of the inlet produces
a sepmation at the surface of the central body and, there-
fore, the shock near the surface appeam as a lambda shock.
Tho separation is visible in the shadowgraph.

Figure 38 shows the shadowgraphs at a Mach number of

2.45 for 0.=22°, the 7°,100 cowling, and ~=0.752 for dif-

ferent valuca of Orand at an angle of attack of 2°. The
corresponding values of pressure recovery are given in figure
Id(b) for zero angle of attack. For a 2° angle of attack the
valuca of pressure recovery do not change. Figure 38(b)
corresponds to 01=35.7” and supersom.cflow at the entrance,
whereas figure 38 (c) corresponds to the same 81but with a
reduced mass flow. The photograph shows that when the

❑ Sub* entronce flow I

I
Db/DL

0.7 I 9
———— .752
––––-–––- .784

I I —-— iiti7 l-i

22 24 26 28 xl 32
Cmm S4m@k!, & Cieg

(d) 7°,100 covding.
fiGURB 26.—Ccmoluded

flow into the inlet is subsonic, the flow phenomena are
strongly &symmetrical tith respect to the axis of the inlet.
This large dissymmehy of the flow always occurs for sub-
sonic entmmce flow when a small geometric dissymmetry
exists. This discontinuity produces a variation of external
aerodynamic properties of the body and the variations occur
discontinuously when the strong shock jumps in front of the
inlet. In order to avoid discontinuities of the internal and
external aerod~mic charactaristim of the irdet, the inlet
must be designed in such a manner that supersonic internal
flow ean be maintained over all the range of possible angles
of attack. Figure 38 (d) ccmresponds to a 191=34.4° and su-
personic flow at the entrance, wheress figures 38 (e) and 38 (f)
correspond to a 01of 35.1° with supersonic and subsonic flow
at the entiance, respectively. The pressure recovery for the
condition of subsonic flow at the entrance shown in figure
38 (f) is larger than for the condition shown in figure 38 (e);
however, as can be seen by the shock conflgoration, the ex-
ternal drag is larger for the condition of subsonic flow. In
@ure 38 (f) the lambda shock and the separation of the floTv
born the upper surface can be seen.
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FIG- 30.—~@Mt p~ reoovery obtained with the 7°,100

cowling as a funotion of central-body-diameter ratio for MO=2.75.

(The maximum pressure reoovery obtafned at MO=3.30 and
MO=2.45 for the came oowling-position parameter are also shown.)
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(d) ea=30°; 4°,70 cowling.
FIGURE31.—Cono1uded.
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(a) 0.=22°; 7°,100 cowling.
FmunE 32.—Highest prwaum recovery obtained with the 7°,100

cowling as a function of central-body-diameter ratio for Afo=2.45.
(The maximum pressure recovery obtained at itfO=3.30 and
MO=2.75for the came cowling-positionparameter are aleo shown.)
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Figures 39 (a) ti 39 (d) present some shadowgraphs for the
inlet with large external compr-ion at a Mach number of
3.30 and different vahw of Orand at a Mach number of
2.75 and 0,=30.5°. The pressure recovery data for this
cm@uration are presented in @e 23. For comparison
figures 39 (e) to 39 (h) show shock configurations for inlets
designed for low extend compression and having super-
sonic or subsotic flow at the entrance. Figure 39 (a) cor-
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responds to a cowling-position parameter of 28.9° and a
maximum pressure recovery of 0.49. Figure 39 (b) cor-
rtwponds to a cowling-position parameter of 30° ancl a
maximum pressure recovery of 0.54. Figure 39 (c) corre-
sponds to a cowling-position parameter of 30.30 and u pres-
sure recovery of 0.54. From m analysis of the three
photographs it can be seen that the compression is more
‘efficient in figure 39 (a); howevar, the pressure recovery, bu-
cause of the prtwnce of the boundary layer, is less than the
maximum value obtained when all the supemonic compres-
sion occurs in front of the second deviation on the central
body. All the results of these tests show that the phe-
nomena in the boundary layer are of fundamental impor-
tance in the design of supersonic diffusem. The fornmtion
of lambda shock seemE to increase the value of the pressure
recovery if the separation following the shock is small,
ll%en the lambda shock is followed by large separation and
the -wake fills a large pm-t of the entrance region, the pre~ure
recovery decreases. The boundary-layer separation k also
related to the fluctuation of i%e subsotic stream. Them
fluctuations are very important horn a consideration of
stability of flow, because a shock of some strength is re-
quired in order to have stability. This shock lirnita tho
value of the maximum pressure recovery that can be ob-
tied for a given Mach number. Figure 39 (d) k tho
shadovqgraph at a Mach number of 2.75 and 01=30.5°

Figure 39 (e) is a shadowgraph for comparing tho flow
configuration for an inlet having a semitone angle of 22°,

(C) 8Z =34.1°.

[g) 81= 36.6°.

,. . . ..+ i q

‘ (d) 8Z=35.4°.
0

{h) 8Z =36.6°

(reduced mass flow).

FIQmm 36.4badowgrapbs of inlet coniigumtion for 0.=25°, tbe 7°,100 cowling, and DJl)l= 0.817 for different values of 0[for MO=3.30.
(The cmrasponding valuea of pressure reuovery are give fining. 19 (d).)
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7°)100 cowling, 01=31.4°, and &= O.85, and a pressure re-

covery of 0.56, with the flow phenomena of figures 39 (a)
to 39 (c). Figure 39 (f) is a shadowgraph of an inlet, with

Db
0.=20°, the 4°,70 cowling, and ~=0.867 for a Mach number

of 3.30. The pressure recovery is 0.53. ‘ A shadowgraph
for the same cowling and central body combination but
0,=30° is shown in figure 39 (g). For this configuration
tho pressure recovery is 0.51 (fig. 12 (c)). In figures 39 (f)
and 39 (g) the lambda shock is clearly shown. Figure
39 (h) shows a shadowgraph at i’140=2.75for the inlet having

D,
a smniccme angle of 22°, the 4°,70 cowling, —=0.800 and

D,
01=32.9°. The pressure recovery for this configuration
is 0.67.

I’rom the analysis of the shadowgraphs some indication
for explaining the phenomena of vibration can be obtained.
Tho vibrations occur only when the flow in the internal part
of the diffuser is all subsonic. For this condition the disturb-
ances from the subsonic part can be transmitted upstream.
The vibrations occur when separation produced by the
strong shock in front of the iulet exists at the surface of the
cono, Any variation of the position of the point of sepma-

tion changes the position of the shock in front of the inlet
and the dimension of the wake at the entrance of the diffuser
and, therefore, the mass flow entering the inlet. To a
variation of mass flow there corresponds a variation of back
pressure at the end of the diffuser which is transmitted
upstream and thus produces a vibration. The intensity of
the vibration seems to depend upon the intensity of the
separation and does not exist if the separation is very small.
The vibrations seem to be reduced if the position of the
point at which the separation begins is fixed by the geomet-
rical construction of the inlet.

CONCLUSIONS

From the analysis of the aerodynamic criteria of the
design of supersonic inlets and from the analysis of the
experimental results., the following conclusions can be
obtained:

1. The inlets with external compression permit a larger
pressure recove~ than the inlets with all internal compres-
sion. For practical problems at low free-stream Mach num-
bers (of the order of 1.4 to 2.0) the supersonic compression
can be obtained entirely outside the inlet without a large

.incre+se in external drag. For free-stream Mach mynbem
of the order of 3.0, in practical problems, the masirmun

(a) 01 = 27.2? (b) 81= 27.9°.

(e) et=29.4°.

~.._J
(C) et= 28-4°.

(f) 91= 29.9°,
FICiURH 37.-Shadowgraphs of inlet conikuration for 0.=20°, the 7°,100 oowling, ~d D~Dz=O.817 for different values of OLfor ilfo=2.75.

(The corresponding values of preseure recovery are given in fig. 13 (h).)
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cross section of the body which contains th6 inlet can be of
the same order of magnitude as the cross section of the free-
stream tube used for the internal flow. In this case the use
of all extarnal compression produces a very large increase of
external drag and the increase in efficiency obtained is not
justitled when the external drag is considered.

2. A practical solution requireaa good compromise between
the increase of pressure recoveW and the increase of external
drag due to the external compression. When the external
compression is reduced and the free-stresm Mach number
is large, it is convenient to use an im%rmdsupemonic diffuser
in order to increase. the pressure recovery. With a good
combination of a.-.-ternaland internal supemonic compression,
pressure recoveriw of the order of those obtained with very
large mtarnal compression have been obtained. k this
case, the corresponding external drag is reduced.

3. The maximum possible contraction ratio in order to
start the internal supersonic diffuser has been found to cor-
respond essentially to the value given by one-dimensional

- theory. The increase of the value of the internal contraction
ratio obtained by using variable geometry does not incr~e
the pre.swre recovery, because of the disturb~ces from the

subsonic diiher. An increase in contraction ratio does not
correspond to an increaae in pressure recovery, because the
Mach number at which the flow in the divergent difhser
paases from supersonic to subsonic Mach numbers is not
fixed by the Mach number at the minimum section but is
tied by stability qiteria. Also for constant geometry, tho
shock occurs at somewhat higher Mach numbers than that
at the throat. The km% have shown that supersonic flow
can be Aablished inside the inlet if the contraction ratio is
tied by a co&ideration of the starting conditions and if the
shape of the channel permits reflection of the shock both
from the lip and bm the surface of the central body.

4. Experimental results show that the boundary layer
along the surface of the central body has a large influence on
the value of the pressure recovery which can be obtainod,
At high N&oh numbers, if a strong compression occum along
the surface of the central body, a separation can be produced
which reduces the pressure recovery gain expected by a large
external compression.

5. On the baais of the constant-geometry configurations
w.ml~ed, unstable conditions have been found in the flow,
when the internal mass flow was reduced somewhat from the

(c) et ‘ 35.7°
(reduced mass flow).

F-- ‘--” ->--+.:,><.$.; -L
.. .,W=2TT3-=-Y

..->. .,.. . .. . . .2.,,.,-<,.-...... .... >:.-.. .,-

(e) 81= 35.10. (f) 01=35.IO

(reduced mass flow).
configuration for 0.=22°, the 7°,100 cowling, and D~Dl=O.752 for dMerent valuea of 01for Mo= 2.46,
10 cmresponding values of pressure recovery are given in fig. 16 (b).)



HTVESTIGATIONOF LOW-DRAG SUPERSONIC INLET8 AT MACH NUMBERS OF 3.30, 2.75, AND 2.46 773

maximum value possible. In order to avoid flow discon-
tinuitics, the inlets must be designed to have entering
supemonic flow for the range of anglea of attack to be used.

6. Ii’or a Mach number of 3.30 a pressure recovery of 0.57
has been obtained with a configuration having very low
internal drag. At Mach numbers of 2.45 and 2.75, maximum
pressure recoveries of 0.78 and 0.67, respectively, have been
obtRined with the configurations having low external drag
as compared with 0.84 and 0.72, respectively, with conf3gu-
mtions having high external drag.

LANGLEY AERONAUTICAL LABORATORY,

NATIONAL hvIsoRy CohfbmmE FOR i413RONAUTICS,

LANGLEY FIELD, VA., ~wt 1$, 1948.
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(a) 61= 28.9°;

M ‘ 3.30.

(e) Ij = 31.4°;
M = 3.30;
e~ = 22°;

7°, 10° cowling.

(b) 81= 30°; (c) 81= 30.3°;

M ‘ 3.30. M = 3.30.

Large external compression. Data from figure 23.
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(f) 81= 31.4°; (g) et = 30°;
M = 3.30; M = 3.30 “
e~ = 20°; 8= = 200;’

40,70 cowling. 4°27° cowling.

Smal I external compression.
FIGUREI 39.-Shadowgrapbs of inlet configurations with large and small external compression at 1.fO=3.30 and ilfO=2.75.




