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By (M?1 F. Sohueller and Rred T. Esenwein

The pro%lems associated wim the design of high performance inlets
suitable for a turbojet-powered aircrsf’toperatLng from Mach nuniherO to
2.0 are discussed herein. The results of an ~alysls of inlet - turbojet- ‘-
engine matching for a rsnge of Mach ntiers to 2.0 =e substmbiated by

“ an experimental investigation conducted in the NACA Lewis 8- hy 6-foot
supersonic wind tunnel at Mach numbe~ of 0, 0.63, and 1.5 to 2.0. The
model inoluded two ramp-type sIde inlets mounted symmetrically about the

. vertical center line of a fuselage having a modified tr$anwlsr cross
section. Sealed internal ducts extending to the face of the engine com-
pressor and ram-type boundary-layer-removal scoops were included in the
one-quarter-scale model. The reseszch was conducted at Reynolds numbers
frmn.ap~roximately 1~106 for a Mach nuuiberof 0.63 to 29x106 for super-
sonic Mach num.ers based on the length of fuselage ahead of the inlet.

Results of the analysis indicate that the use of fixed-geometry-
‘inlet designs in conjunction with a representative turbojet engine opera-
ting over a Mach number range from 0.60 to 2.0 will result in large per-
formance penalties. Use of variable-geometry inlets, however, greatly
reduces these penalties. Experimentally this waa confirmed by inves-
tigating two inlets of Mff erent compression-ramp angles which simulated
a varia%le geometry configuration. With complete removal of the boundary
layer ahead of the inlets, total-pressure recoveries comparable with those
attainable with well-alesigned nose inlets were obtained.

The use of blunt-inlet leading edges designed from subsonic consid-
erateions resulted in serious drag penalties at a Mach number of 2.0,
whereas sharp-inlet leading edges for high performance at supersonic
velocities produced large losses in thrust at take-off. These thrust
penalties which are associat&i with the luw-speed operation of the.
shsz’p-lipinlet designs can probably be avoided without tipairing the
supersonic performance of the inlet by the use of auxiliary inlets
or blow-in doors..
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IN’ZR(XXJCTION ‘- - ““”-

Supersonic nose inlets designed for operation at or near a speclflc
free-stream Mach number have been evaluated experimentally for Maah num-
bers up to 2.0 ly a number of investigators. Only limited resesrch, how-
ever, has been oonducted to evaluate the perfomnance of inlets which are
required to operate over the wide range of fl@ht Mach numbers, altitudes,
and engine air flows whioh are typical of turbojet-powered aircraft oper-
ating from *ake-cEf to supersonic speeds (referenoe 1).

An analytical and experimental investigation of side inlets for
turbojet-powered alrcreft operating at Mach numbers up to 2.0 was con-
ducted at the NACA Lewis laboratay and the results are presented herein.
For the analysis a two-dimensional single-oblique-shock-typeinlet wss
considered. Performance charaoteristios of fixed-geometlryinlets me
indioated and a method of matching the inlet characteristics to the engine
air-fluw requirements is demonstrated.

For the experimental phase of the investigation two rsmp-type semi-
circular side Inlets were investigated on a fuselage having a modified
triangular cross section. Pressure recovery and drag data were obtained
for 140 and 6° compression-ramp angles to s@@ate two positions of a
practioal vmiable-geometry Inlet.. The investigationwsa conducted at
Mach numbem of 0.63,,1.5, 1.7, “1:9,and 2.0 for the cruise angle of
attack of 3°. Additional data were obtained for the static take-off con-
ditions. The Reynolds number based on the length of fuselage ahead of
the inlets wss approximately 29x106 for the supersonic Mach numbers ad
1~106 for Maoh number 0,63. .
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The following

En-mom

13yrilolsem use3 in this report:

A. area
.

%f model fore-drag coefficientbased on inaximumbody cross-
seotional area of 1.784 sg.usrefeet

D drag
.*<, ,

Fn engine net thrust ,=

h height of boundary-lqyer SCOOP ‘ ,,.. L,
.“

M Madh number
,,.—

m mess flow
..



NAC!ARM E5J.K20 3

~/..l mass-flow ratio, PzP#JP~Ql~
.

n engine speed, rpm

P total pressure

T velocity

w weight flow

Y ratio of specific heats

5 ratio of local total pressure to static pressure of NACA
standard atmosphere at sea level (2116 lb/sq ft absolute)

%1 houndex’y-layerthickness

e ratio of total temperature to static temperature of NACA
standard atmosphere at sea level (5190 R)

.

P density

.

Subscripts:

a

c

d

f

i

P

o

1

2

.

.

additive

compressor-inlet station

design

model forebdy

inlet

projected area of inlet defined by leading edges of cowl and
compression ramp .

free stream

canopy station ahead of inlet

diffuser-discharge station

11’UEI?-~GIFIEMATOKING

The air-flow rectuirments of a turbojet engine can be generalized.
if Reynolds numibereffects are ne’glected-by a =ingle curve when the ‘
corrected air flow is plotted against the corrected engine speed. .T~i-
cal generalized air-flow requirements for three current engine designs

s-
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are showm in figure.l(a). For o~eration at constant e ine speed over

%-the range of flight conditions, the abscissa becomes 1 6
d

and is
therefore a function of only altitude and free-stream Mach number, At
altitudes of 35,000 feet and above, for which the air temperature is
constant, 6 wI1l be dependent on the flight Maoh number alone.

The generalized engine air-flow characteristics presented in fig-
ure l(a) can be expressed in terms of the ccanpressor-inletconditions as

f-%),~Ac
and for a fixed compressor-inlet aea Ac, a requird sohedule of
comgmessor-inld Mach nwi%ers can be determined for each engine. The
variation of compressor-inletI&ch number with flight Mach number is
presented in figure l(b) for engine B, which will be considered in this”
investigation. The compressor-tnletMach number is different from the
diffuser-dischargeMach number in this exemple because of the presence .
of the engine-accessory housing. Therefore, In order to facilitate
analysis of the inlet performance, values of the diffuser-discharge Mach “-
numlers corresponding to the compressor-inletMach nmibers were cal.cu- .
lated by ~suming isentropic flow between these.stations for the.geomet-
rical area ratio Ac/A2 of 0.71. The required diffuser-dischsrge Mach
numbers shown in figure 2(a) indicate that at constant altitude and
engine speed the caqyessor will operate at only one djffuser-discharge
Mach number for each free-stresm Mach number. In contrast, an isolated
inlet is capable of operating over a tide range of disoharge Mach numbers.
The inlet-engine matching problem therefore @ associated with the design
of inlets having high performance characteristics at the djffuser-
discharge Mach nuuiberrequired by the engine operating co@itions. .

.—

In omler to obtain some idea of the necessary inlet requirements for
this particular engine, the engine corrected air flow
in terms of the free-stream conditions aa

()I?*
Tc

where Pc/Po represents the
presser. The re~ulting srea

pressure recovery at the

has teen expressed

(2)

face of the com-
requirements ~/&, presented in figure 2(b)

for an altitude of 35,000 feet and higher in~lc;te that a considerable
.

variation in stresm-tube area is required for.operation over the Mach
number range from O to 2.0 for the estimated schedule of inlet pressure
recoveries shown by’the dashed line.

“
.
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Supersonic.
entering stresm

external compression inlets can be designed such that the
tube is equal to the pro~ected frental area of the inlet

by maintaining the oblique and normal shocks at the lip of the inlet. For
the condition of zero spillage and an attainable schedule of presstie
recovery (as shown by the dashed line in fig. 2(b)), a projected inlet-
srea variation of approximately 17 peroent would be required by the engine
letween Mach numbers of 1.0 and 2.0. At subsonic speeds, choking at the
minimmn flow area of the inlet detemnines the maximum air flow handled,

- end a continuotily increasing minimum inlet area would be.required with
decreasing flight Mach nunibers. .Suchextreme vsmiations in inlet areas
appesr impractical ~d compromises in matohing the inlet to the turbojet
engine me necessary.

The effect on perfomnance of the compromises involved can be demon-
strated by considering the characteristics of fixed-geometry high-
pressure-recovery inlets. Selecting an inlet frontal erea corresponding
to a pressure recovery of 0.95 end M = 1.0 (fig. 2(b)), for exemple,
will result in a pressure recovery of only 0.72 at the face of the com-
pressor for M = 2.0 (irrespective of the much higher peak press~e
recovery the inlet alone might provide). Actually, the pressure recoverY.
of 0.72 at M= 2.0 corresponds to a normal-shock-type inlet rather than
a high-pressure-recovery-type inlet. The cause of the low pressure

. recovery is that the inlet,frontal area is less than the stream-tube area
required for an inlet yressqre recovery of 0.85 at Mach number 2.0 and
the pressure recovery must decrease to satisfy the engine (equation (2)).
Physically, this loss in pressure recovery occurs through a normal shock
in the subsonic diffuser with superoritical inlet operation. The atten-
dant thrust penalties for engine B associated with this loss in pressure
recovery are indicated in figure 3,”which presents the percentage change
in thrust for each percentage change in pressure recovery for Mach numbers
fromO to 2.0. These data indicate that a l-percent change in pressure
recovery will result in a thrust change of from 1.25 to 1.4 percent at
supersonic speeds, and as high SE 1.75 percent at subsonic speeds. The
low pressure recoveries associated with an undersize inlet would thus
result in Iwge losses ‘inengine thrust and in general should be avoided.

Selecting an inlet frontal or capture area corresponding to the.require-
ments for M . 2.0 and 0.85-percent pressure recovery (fig. 2(b)) will avoid
the penalties of the undersize inlet discussed previously. Such a selec-
tion will, however, result in air-flow spillage end additive drag at the
lower supersonic free-stream Mach numbers because the inlet capture area
will be ~eater thsa the free-streem tube area required by the engine. ● “
~is spillsge can occur behind m oblique shock, a normal shwk, or ~
oblique-normal-shock combination, depending on the inlet desi~. me

- magnitude of the inlet drag penalties associated with air spillage are
sh~ in figure 4 as a percentage 10SS in ideal e@ne t-t for a rW3e ...._
of Mach numbers. The additive drag for oblique-shock spillage wss cal-

f- culated for the optimum compression angle (peek

‘~

inlet.pressure recovery)
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at each Mach number. For .agiven percentage spillage at a psrticuhr
free-streem Mach nmnber, the drag penalty behind an o%lique shock is
only 17 percent of the drag penalty associated with spillage behin~ a
normal shock; for a given drag penalty, the_amount of air which can be
spilled increases with decreasing supersonic Mach nmiber. Eromdrag con-”
siderations, inlet design compromises should therefore be tie at the
lower Mach nmibers and the required spillage should occur behind aq
oblique rather than a normal shock.

The preceding general disc~sion has described the inlet-engine
matching problem and has indicfltedthat the design compromises will
effect the thrust and the drag of the configuration. The desirable com-
promise will.be the condition for which the thrust minus the drag of the
inlet-engine combination Is maxhdzed over the operating range. A non-
dimensional thrust-minus-dragparameter, which Is defined es the ratio.
of engine thrust minus inlet drag divided by”ideal thrust, hes leen
select@ to evaluate the design compromises for a two-dimensional ramp-
type inlet. The drag used herein includes only the calculated additive
drag of inlet due to spillage of air. TQe engine thrust was calculated
by assuming a representative variation of engine pressure ratio (engine B)
with Mach numl.mr~’antiterburner temperature?of 3900° R, a re-expanding
exhaust nozzle, end operation in-the tropopaus,e. For subcritical inlet
performance a pressure recovery of 95 percent of the theoretical inlet
total press~e ’wasused and for supercritical operatlon%he pressure
recoveries were calculat~ from equation (2). The ideal engine thrust,
which is based,on the same engine operating conditions presented pre-
viously, was calculated for an inlet pressure recovery of 100 percent.

The variation of the Iihrust-minus&ag parameter with free-strean
Mach number for various single-oblique-shock-typetwo~imensional Inlet
designs is shown in figure 5. “The reference..curveIndicates the perform-
ance of an inlet which has zero additive drag and the assumed subcritical
pressure recovery at each Mach number. It therefore represents an inlet
desi~,which haa vqriable srea and veriable-geometq characteristics over
the Mach nzmiberrange. As such, the reference curve represents the lhiit-
ing or maximum performance which would be o@tained with the assumptions
“used.

A fixed-geometry inlet detii&@ for M s 2.0 will result in a thrust-
minus-dr,agloss of approximately 20 percent over most of the Mach n-imib&
range (fig. 5(a)). Although the frontal area of the inlet exceeds the
stream-tube area required at the lower supar?sonicMach numbers, the obIlque”
shock generatd by the compression surface moves ahead of the inlet lip
~d results in excessive spill%e @d w entering stre~-tube ~~ less’
than that required by the en&ine. In order to satisfy the-engine air-
fluw requirements, the engine ~erefore ~tteral~ sucks the no~~ shoCk
down into the su%sonic diffuser and tames lsJW losses in t-t ~ a
result of the low pressuxe recoveries.

.
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At subsonic speeds, the minimum area, which is considerably smaller.
then the frontal area of the inlet, limits the air flow. The large air
flows required by the engine therefore cause ohoking at the inlet with
internal acceleration and Wge losses in pressure recovery.

N

E
u-l

Selecting em Intermediate design point such as ~ s 1.5 reduces
the yressure losses due to supercritical operation at the lower speeds.
At Maoh nunibersabove tie design value, the capture area of the inlet
with the oblique shock intersecting the 11P is smaller than the streem-
tube area ~equired by the engine sd. supercritioal inlet operation results.
This inlet design reduces the thrust loss at Mach numbers below l.~but
increases the losses at higher speeds. For example, at M = 2.0, a
15-percent penalty in thrust minus drag is inourred.

Selec~ing a minimum inlet area to provide the required air flow at
a free-streem Mach number of 0.85 and en inlet velocity ratio of 1 while
maintaining the inlet geometry (16° ramp) to oltain high pressure recov-
ery at a Mach number of 2.0 results in em inlet which is capable of
delivering air flow in excess of the engine”requireznentsat Mach nunibers

. above the design value. The a~-flow spillage behind the ol)lique-nomaL-
shock configuration results in thrust-minus-drag losses of 13 percent at
a Mach nuniberof 1.3 end 6 percemt at a Mach number of 2.0..

None of the ftzed-geometry designs which haVe been considered
approaches the mextium thrust minuB drag attainable over the Mach number
range, except in a nsrrow range neer each design Mach number selected.
Consideration of the problems associated with the three-fixed-geometry
designs of this Walysis indicates that an Inlet designed for a free-
streem Mach number of 2.0 would be most amenable to modifications. Reduc-
tion of the ~cessive-spillage characteristic of this inlet at the super-.
sonic Mach numbers below the design Mach number could be accmnplished by
decreasing the remp angle. This would have the additional advagtage that .
a more nearly optimum remp angle on the basis of pressure recoyery could
be attained at eaoh Mach nuniber.

The perfomnance of an inlet designsd.for maximum pressure recovery
end zero spillage drag at a Mach nmber of 2.0 end utilizing an adjustable
remp which v=ied from 160 at the design Maoh numiberto 0° at subsonic ,

speeds is shown in figure 5(b). I?earmexlmum perfomnance wea attained
throughout the Mach nuniberrange with the variable-geometry inlet. A

. mexhnum 10ss of only 2 peroent at M ~ 1.3 indicates that use.of this
technique should provide nearly opthuq inlet-engine matching cheracter-
iqics ,

me principles employed in tie preceding ~alys~ c~be efiended tO
the spike-type inlet. Although variations in cone angle would be @prac-

? tical, the Lemgley laboratory has suggested that by a translation of the
spike the variable-geometry features could he attained over the Mach ntier
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range considered. An analysis of such a veriable-geometmy inlet indica-
tsd maximum thrust-minus-drag losses of 3 percent at a Mach number of 1.2 ‘ -
for a 25° half-angle cone. .-

Operation of the inlet-engine cmubination at vaious altitudes and
under conditions other than s@ndard NACA ~tmos~here will influence the “-
matching problem. A detailed discussion of these problems is oonsidereii
to be beyond.the scope of this investigation became the compromises —

required me dependent on the flight progrs?gand the structural limits -
of the airplane or missile. Analysis of a reasonable flight program 1 ~“%
indicates, however, that such additional requirements can be satisfied R

by the v~iable-geometry inlet.

MODEL

A model of the forwerd part
airplane Towered by two turbojet

DESCRIPTION

of the fuselage of a proposed supersonic
engines was used to investigate the prob~ “-

lenw assooiat&i with inlet-enginematching over a range of Mach numbers. ‘-_ ~ ::
The model included two reznp-typeside--inletslocated symmetrically about
the vertical center line of a representative fuselage. These inlets were

.

canted downward 2° with respect to the fuselage to compensate for the
cruise angle of attack of 3° at an altitude of 35,000 feet. An internal ““-“:”<
duct extending to the=station corresponding to the compressor inlet W6.S
included to provide the required subsonic d-if-fusionahead of each engine.
-A photograph of the model installed in the 8- by 6-foot supersonic wind
tunnel and rolled 56° for schlieren observation is presented in figure 6, ___ _

Zhe semicircular side inlets shown in detail in figure 7 utiliied
two-dimensional compression rmnps. Ram-t~e scoops having a height h
of 0.8 inch equal to the botiuy-layer ”thickness %1 were US~ to

remove the boundm?y-layer air ahead of the inlets. An internal duct
capable of handling the estimated tail-pipe cooling air flow w- included
in the boundery-layer-remmal systmnfor each inlet. Blunt well-rounded
inlet lewiing edges for higkpetiormance atsubsonic speeds (fig. 7(a))
es well es sharp inlet leading edges for m&xhum pez’formanceat super-
sonic speeds (fig. 7(b)) were investigated. The length of forel)cdyahead
of the %oundary-layer scoop was approximately 6.3 feet with a correspond-
ing Reynolds number of 29x106 at the supersonic Mach numbers.

. .

.—

. . . . .-.

Mcdel construction details prohibited the use of the vmiable-
geometry-type inlet previously discussed. However, the vmiable-6eometry-
type inlet including probable fafitig deta-i@ in the subsonic dflf~er ~d _
the strai@.inlet sides required by ammhbie “r- w~”simulat6d by “con-
structing 14° and 6° compression fixed-angle rsmp inlets. The 14° ramp

.

was selected for optimum perfomnance at the local Mach nuniberof app-roxi- “ –
mately 1.83 aheed of the inlet, which occurred at a free-streem Mach num-
ber of 2.0, for this model. In a stiilar manner the 6° ramp was determined ‘
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to provide optimum perfoz?nsnoeat a free+dmesm Mach number of 1.5. A
. sketoh showing typioal cross sections and model dimensions of the several

rsmp and inlet geometries is presented in figure 8.

Total-pressure meemzremnts were made at th6 station corresponding
to the compressor inlet by means of 33 pitot tubes looated in each duct.
The average total pressure at this station was obtained frcm an area
weighting and was us&l to caloulate the msss flow based on the area of
the ohoked exit.

Mass flows through the inlets and the boundsry-layer ducts were
vsried by means of remotely actuated control plugs attached to the model.
sting. The three-component strain-gege balance locatsd inside the model
did not include the force on the control plugs and therefore only the
internal-ductforce, fuselage drag, and &el-base force were recorded.
The model base was pressure instrumental and the plug ass-lies were
surrounded by a metal shield to provide nesrly uniform base pressures.
The force on the shield was not recorded by the balance.

The investigation at a Mach nmnber of approximately 0.63 wsa con-.
ducted by operating the 8- by 6-foot supersonic tunnel suhsonically.
For take-off (zero forward speeds), inlet-air-flow condition& were simu-
lated by attaching the model discharge ducts to the tunnel exhauster.
equipment in such a manner that the air flow could be controlled by the
exit plugs.

KE!SULTSAND IIISCOSSIOIY

The pressure recovery drag, snd engine thrust-minus-drag character-
istics of the blunt-lip 14* rsmp inlet configuration are shown in fig-
ure 9 for Maoh numbers from 1.5 to 2.0. The total-pressure recovery is
presented as the ratio of the total pressure at the duct disohsrge P2

to the free-stresm total pressure P(J snd as such includes the supersonic .

md subsonic diffusion losses. The model fore drag presented is defined
as the internal thrust minus the sum of the balance ieading and the base
drag. T4e internal thrust is defined as the change in momentum, from
free stresm to the dif’fuser-dischsrge station, of the air passing through
the inlet. The engine thrust was oalculated by using the assumptions

.-

mentioned in the seotion INIEI!-ENGINE MATCHING except.,that the experi-
mentally detemined values of presssure recovery were used.

The total-pressure recoveries for the 14° ramp inlet increased.
slightly with decreasing mass flow W stable inlet flow was observed
for all conditions of operation. Msximum pressure recoveries of 0.87
at a Mach nuniberof 2.0 (I&~Omv = 1.83) and 0.97 at a Maoh number of

~ “5 (Mosnopy. = 1.39) are in g&% agreement with

inlets (reference 2).

value& obtained for nose
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The model fore drags etii.bit&e ohsraoterist~crise with subcritical
inlet operation because of the incresse in additive &cag. The @ntmum .

drag inoreased with decreasing Mach nwiber beoause of the.increased air._
spillage mound the inlets as the oblique shock generated by the ocarpres-
sion rsmp moved ahead of the inlet lip. This is shuwn qualitatively by
the schlieren photographs in figure 10. -—

It is not apparent frcm the data present@ in figure 9(a) whether
the inlet-eng@e matching points occur at the maximum thrust minus drag
because of the simultaneous inorease in pressure reoovery and drag in
the subcritical range of inlet operation. Therefore the engine thrust .!

minus model fore drag was calculated for a range of mass flows at M.

of 2.0 and 1.5 by assuming that the inlet and diff~er-disch~ge a?eas
were adflustedto provide the neoessary engine air’flow at the required

--

diffuser-dischargeMach number.

The inlet scale faotors used in the calculations are expressed in
temns of

%~~
,& in figure 9(b). An approximate correction for the

drag was incl ed to account for the change in inlet size, althou@ the -
magnitude of the oorreotton was less thea 2 percent in temm of the .

thrust psmmeter.

The maximum tbrus-tminus dmg ata ~ti gumber of 2.0 oc~~ed.with ~_
slightly subcritical inlet flmi and indicated‘thatthe inorease in pres-
sure recovery is relatively more hrportant than the increase in drag due
to the air spillage. As shown by the solid symbols end the dashed line,
inlet-engine matohing was attaimd for a.Ma&. nm.iberof 2.0 at an inlet.
~ressure reoovery of approximately 84 percent.with near-peak thrust minus
drag. At a.M@ nzmiherof 1.5,_however, matchtig ocourred at the ex*~-

..

ely low pressuzw recovery of 82-peroent because of the excessive air .—
spillage around the inlet., As a result of the low inlet pressure recov-
ery for inlet-engine-tching at a Mach number of 1:5 = c-omparedwith
peak pressure reoovery of 97 peroent, a loss in thrust of approximately ‘“ .’
20 percent was suffersd (fig. 3), resulting @ perfo~oe co~iderah~
below peak thrust min~ drag.

The analysis indioated that inlet-enginematching qould be made to
occur near maxtium pressure recovery at a Mach number of 1.5 by increas- “ - -
ing the mass’flcnvcaptured by the inlet. As shown in figure 10(b) the
shock from the 14° rap is detached and stands well ahead of the inlet
lip. Decreasing the wedge angle, therefore, should result in an att~hed

—

oblique shock which falls closer to the inlet lip end thus inorease the
mass flow entering the inlet and deoreese the slillage .@?ag. Galcula-
tions indioated thata 6° rsmp would provide inlet-engine gmtohing at
maximum thrust minus drag for Mo = 1.5. ‘

->

.
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The pressure-recovery, drag, end thrust-minus-drag chsracteristics
of the 6° ramp configuration are presented in fi.gure11. At ~ = 1.5
inlet-engine matthing occurp at a pressure recovery of approximately
96 percent but far enough Into the subcritical region to result in a
thrust minus drag slightly below the maxhuum possible because of the
additive drag penalty. The design could probably be further @roved
by slightly increasing the wedge angle. This would decrease the us
flow aaptured by the inlet, causing the normal shock to move C1OSer to
the inlet lip for inlet-engine matthing and thus reduce the additive
drag because the spillage would occur behind an oblique shock rather
than an oblique-normal-shock combination.

Although the 6° remp configurekion was designed to operate at a Mbh
num%er of 1.5, the inlet wss investigated at Mach numibersup to 2.0 to
evaluate the off design performance. Inlet-engine matching at the higher
Mach nmnbers occurred at approxha.tely peak pressure recovery, but the
lerge air-flow spillages associated with the subcritical inlet operation
resulted in performance appreciably less than the Ehnum thrust minus
drag. Schlieren photographs for the 6° ramp inlet are presented in fig-
ure 12 for Mach numbers of 1.5 and 2.0.

The increased performance associated with the use of a variable-
angle ranxpover the range of Mach numbers is confirmed by the data pre-
sented in figures 9 sad 11; however, the tinimum m% of tie 14° r-
configuration Is considerabl.yhigher than that of the 6° ramp configura-
tion. This difference may be explained qulltatively by comparing the
inlet flow conditions shuwn in the schlieren photogr@s of figure 13.
With msximum inlet air flow (minhum drag) the normal shock is located
much farther ahead of the “inletleading edge for the ramp conf”iguration
of 14° than for that of 6° and results in additive drag dtieto air spill-
age. The increaaed air spillage for the 14° ??ampconfiguration may tie
attribut&l to the higher internal contraction associated with the use of
the blunt lip snd to the higher flow angles at the iniet lip.

In’ozder to eliminate the additive drag associated witi the blunt
su%sonfc inlet leading-edge design-at supersonic s??e~s~ a 14° r~p
inlet with sharp leading edges for high performance at supersonic speeds
wsa investi.gated. A cross-sectional view of the inlet is presented in
figure 8(c). For inlet-engine matching of the shsrp-lip design at a
Mach number of 2.0, a decrease in inlet capture area was required to com-
pensate for the reduced air spillage at critioal operation. This decrease
was accomplished by moving the POSition of the inlet leading edge while
maintaining the positfan of the ramp.

The performance characteristics of the sharp-lip 14° rsznpinlet are
presented in figure 14 for a range of Mach nuaibers. Corupsrisonof the
inlet pressure recoveries with the data presented in figure 9 for tie
blunt subsonic inlet design, Indicates goti ~ee~nt. me ~n- @%

.

-
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for the sharp-lip @let design, however; wes decreased 27 percent as com- .
pared with the minimum drag for the blunt s@sonic inlet con$igurabion.
Approximately 3 percent of this reduction in-drag can be attributed to
the decrea&ed.spillage behind the oblique shock due to the movanent of
the inlet lip. The other 24 percent reducti_& in drag, which appears to
he associated with the d.ecreaaein inlet leading-edge bluntness, repre-

,-

sents 7 percent of the ideal engine thrust at a Mach number of 2.0. —

As indicated by the inlet-engine matching condition at alhch num- . _ ~
ber of 2.0, the sharp-lip design is slightly undersize and results in a cc
thrust minus drag below the me@mzm attainable. The schlieren photographs 2.
presented in figure 15 reveal some air sfiill~e b6hind a detached-bow -~ve
at the lip of the inlet which could not be accounted for in the calcula-
tions. A study of the inlet design indicat@ that the detached wave
resulted from excessive turning of the flow along the internal surface ;.
of the cowling. The internal angle of 10°.wi& respect to the canppy
referenoe surface waa required to match the existing ducts and to provide
cowling strength. Increasing the $rontal arg_aof this inletor redesigg . -
of an inlet not limited by the model geometry should result in maximum
thrust minus drag. .

The relative performance of the various inlet configurations and the
performance penalties associated with operating fixed-geometry-type

---..

ummarized in figure 16 in termsinlets over a range of Mach numbers are s,
of the nondhnSional thrust paremeter. .-

As predicted by the analysis, operation of fixed-geometry inlets at
off-design Mach numbers resulted in large performance penalties. For
exauple, the 14° ramp blunt-lip configuration designed for ~ of 2.0

..

(~ = 2.0) resulted in a decrease in the t-t paremeter at ~ of 1.5

equivalent to approximately 20 percent of the ideal engine thrust when
compared with the 6°ramp blunt-lip configuration designed for ~ of
1.5 (~= 1.5). Conversely, operation of the ~ = 1.5 inlet at ~ = 2.0

resulted in losses equivalent to approximately 7 percent of the ideal
thrust compered with the ~ = 2.0 inlet. It should be pointed out that
the magnitudes of the thrust parameters do not agree with the analysis,
because the model fuselage dragwaa includ@,_in the calculations u8ing - .:
the experimental data.

At a Mach number of 2.0, use of the sharp-lip rather than the blunt-
lip 14° ramp inlet configuration resulted in an increase in the thrust
parameter equal to 7 percent of the ideal t3&zst. Huwever, the increm”e
in perfomnance associated with the lower drag of the sherp-lip in16t
would be expected to decrease with decreasing Mach number.

.

The estimated performance of a variable-geometry-type inlet whose
compression angle varies from 14° at ~ of 2.0 to zero at ~ of 0.63

-.

is represented in figure 16 by’the dash-dash~dot curve for a blunt-lip inlet
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. =d the dash-dot curve for a shsrp-lip Inlet. The
rap configuration at ~ ofl0.63 was obtained by

~ 13

performance of the zero
etirapolating the

experimentallydetermined vkriation of pressure recovery with inlet mass-
flow ratio for the 14° ramp inlet operating at ~ of 0.63 to acoount for
the reduced inlet mass-flow ratio associated with the increased inl@
area. This approxtition indicates that engine-inlet matching with high
performance can be obtained for the Mach number range investigate@ with
an inlet whose geometry varies for supersonic and subsonic speeds.

N Because one of the big advantages of a turbojet power plant is its
E ability to protide.thrust for take-off, the blunt- and sharp-lip 14°

rsmp inlets were investigated at zero forward speed. The inlet cha&ac-
teristics which are presented in figure 17 indicate that at the matching
‘diffuser-discharge!Mmh number pressure.recoveries of only 67 and 74 per-
oent are availdble for the sharp-lip and blunt-lip designs, respectively.
These low pressure recoveries ere due to inlet choking and can be alle-
viated %y decreasing the ramp angle, which increases the minhgum inlet
area. Accordingly, the experhnental data were etir~okted to ze~ r-
angle ea discussed previously for the ~ = 0.63 data (see fig. 16].
Inlet-engine matching now occurs at a pressure recovery of approxhately
0.97 for the blunt-lip inlet smd 0.86 for the sherp-lip inlet. The 11
percent.loss in pressure recovery for the shsrp-lip inlet represents
approximately 18 percent loss in thrust for the tske-off condition end
may be prohibitive. Auxili~ inlets, ,adjustabletranslating cowl sec-
tions (reference 3), or rotating leading-edge cowl sectio~, hwever~
can be-used to eliminate this penalty
available at-supersonic speeds.

SUMMMY OF

so that the sharp lip can be

RESULTS

An analfiical and experimental investigation of the problans sasoo-
iated with the design of high performance inlets for a turbojet-pwered
aircraft at Mach numbers from O to 2.0 was ccmducted. Two remp-type
side inlets located symmetrically about the vertical center line of a
trian

P
ar shaped fuselage were investigated at a Rewelds n~.er of

29xlO Imaed on the length of forebody shed of the inlets. For the
range of conditions investigated, the following general results sre
indicated:

1. The wide range of air flows required by a turbojet engine oper-
ating frmn zero speed to ~ = 2.0 resulted in operation off the pesk

pressure recovery and minimum-drag operating points (critical points) of
a fixed-geometry-ty??einlet. Imses in thrust due to superoritical inlet
operation, additive drag penalties due to spillage of air sround the
inlets, or some ca.nbinationof these penalties over at least a psrt of
the Mach nmnber range were incurred.
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2. Large thrust penalties inourz@ M a result of low inlet pres-
sure recoveries (of the order of 1.25 to 1.75 percent for a l-peroent
change in press~e recovery) igdicated tha’chi@ pressure recoveries
should be maintained, even at the =pen&e o-fsome inore”~e in inlet-hag.

3. The analysis indicated that a vsriable-gecmmtry-tn_e inlet was
required to provide inlet-enginematohing with high perfo-ce. This
was confirmed expertientallyby investigating two inlets of dif-feren<”-

--

compression-rampangles. “ .. -—

4. Exp@mentally it was established that with all the boundary
layer r&noved ahead of the aft--inlets,total pressure recoveries or 0397
ath= 1.5 and 0.87 at 1% = 2.0 which am ccmxmrable with those attain-

s

.

.

. ...
+

., ,..-

-- m
-“w

z

able”~th well designed nos~ inlets can be”o~tained.‘ ‘
-. -..-—..— _.

—

5. Well rounded le5ding edges designed for high Perfp=nc,e at.s~h- .._
sonic speeds-resulted in a drag increase equivalent to a-7 Percent
reduction in the calculated engine t.hrust.at ~ = 2.0 comPared with a

,A

sharp-lip inlet. Use of the sharpylip inlet at zero forward speed resulted .
in thrust losses of’approximately 18 percent. However,”this reduced per- _
formance could lsrgely be eliminated while retaining the htgh performance .:
at supersonic speeds by the we of auxiliary inlets or blow-in doors,

Lewis Flight Propulsion Laboratory
, —.

National Advisory Conunitteefor Aeronautics
.L.-

C!leveland,Ohio — f

1. Luskin, H., ~d Klein, H.: Hi&jhSpeed Aerodynamic Problems of
Turbojet Installations. Dou@s Rep. No. SM-13f330,Douglae
Aircraft Co. (Santa Monica), Sept. 1, 1950.

.

2. Brajnikoff, Ceorge 3., and Ro$ers~ ~h~ WO: ~aracteri~tics of
Four Nose -Inletsas Measured at Mach Numbers Between 1.4 and 2.0.
NACARM A51C12, 1951.

.,-i

3* Cortright, Edgar M., Jr.: Rrel~nary Investigation of a Tmnslating , __
Cowl Technique,for. Improving,T~e-Off Performance of a SherP-LiP
Supersonic Diffuser. NACARME51124, 1951.

. .. .:...__.

.

—.



‘1

i

I I

..

1.14
A

i’

,/’

/
B //
//

1.06 / ---

.98

. . .~ /

/ f’

/ 1

,%3
., ,

/’
/

/ Er@m (w@p3)* 1#
~ // (v)

/ “ / ‘
A 178 6,6CK3

B 70.2 1o,1oo

.82 c 146 6,1.00
.64 ,92 1.(M 1.08 1.16

cOrrOctd eughm aped F.9=ater, (n/m)/(n/JF)*

(a) Genamllmd air-flun requiremmtm. (* Idioatik

ma-level etatic NAM dxmdard day values. )

Altitlde
(it)

60

# 35,000
.

i \ o

3

p
\ \ .

m
0

i
\

u \ ~

36 b I
o .8 1.6 2.4

Rree-straam Mmh number, ~

(b) Campmsmr-inlet Mmh mmb& for
ergim B; n ad N, 10)100 rpn;

O-==-tid - of m.~~1~

engine, 1.94 q- feet.

Figlnm 1. - Turbo jet-emgim daracterietlm.



--

2.4

t

--— Wth3tel sohdule of inlet

p-eseure recoveries I I I I I

P
m

hs3-s- Moh number
~%

(a) Dlffmar.dlmkm?ge I&oh mmibar; (bj Straam +mbe-emw. ratio; altlttie,
n ad n*, 10,100 ~; AJA2, o.71. 3.5,000 feet; c.mpreaaor-inlst area

C& rmlel, 0.1215 aqmre foot.

mgure 2. - Re@red inlat o?M!MOtiiEt.iOE fm? inlet-engine ma fcu engim B.

.. .

, 1, .’

,:. , ,, I ‘, “7q25 ,



3D
. J!?ACARM E51K20

.

2,C

Altltutie

(ft)
\

.4 .8 1.

—

2 1.6 2.0

17

.

I’kee-stream Mach number, ~

. - Effect of Wet nressure recovery on en@ne thrust for twoFigure3.
altltudes and remge of free-atx~ Mmh ~uuibers.

.16 *
Spi~e

Shook
(percent)

I

3
1 — Normal 30

~ --- Oblique

~ .12

> / ‘

g“
/

*a

ii

.08 / ‘

?
g .04

~10
$

-——-- --—- 30.-------- -—- 20— ---—- —
z= “-==. _==. ---- - —— --—. --—- 10 T

0E
1.2 1.4 1.6 1.8 2.0

Eree-stream Z&oh mmiber, ~

Figure 4. - Variation of SdditiTe-drag p~ameter with Maoh number for

range of air-flow spfllages lmhf~ oblique and normal shooka.



., .,.

NACA RM E51K20

I

% Ramp

—.— 1.5 go

—.- — 2.0 ~~o
__--- 35/35 160

— —— -2.0 Variable
Reference (optimmn)

o
,,

/
,9 ‘\.

\
/ \

\

\
,/0 i,

\
\ d

/ ‘ \\ #
.8

/“
-. - \

---
,1

\.
,RH

/ \ \

1.

.7

(a) Fixed-geometry two-dimensional inlets.

1.0

~ ‘\. \
.9

-. \

-\

.8~ I 1 I I I I 1. \ I
.4 .8 1.2 1.6 ‘ 200

I

Figure 5. -
Inlet

Free-stream Maoh num3er, M. ..’

(b) Variable-geometry two-dimensional.inlet.

Thru,st-minus-dragpe~formance .c~acteris+ics for several
des-i@s over range of Maoh numbers.&n.O.6 to 2.0.

.

●

.

1

● �

.
—



NACA RM”E51K20
.

.

.

.

19

.



.—

(a) Blmrt subd+lnbt ~ eti~.

Figure 7. - _tw side inlet moumted cm modifid triangular shaped fue.el.ege;
~40 -; he~t M ~--hm

s-p, 0.8imoh.

2385



, ‘

1.
J/

4

/$’

J
1,

,
c-27530-

0) - WWlWX310-hJ.d katlng edge.

Figure 7. - Cculold.ell. Ramp-t~e side Inlet mounted cm maiifled triamguler sha@ fuselage; 14° -Pj helglt of

bourdary-lmyer sooop, 0.8 ticb,

1,



22 NACA R&lE51K20

station 70.375 Smti’an 2

1

(.)M“ ramp inlet withbl@ BUbs@O-inW lea~ng*“S.

=

.75 -.

station 70.S75. -,,:.

Tic././/..///.
3.75

2.96

I
S.’2O

I

-.

/////”ff

,/J
(b] 6° ramp inlet with blunt sub@a-tilet leS~inS e~~s.

gtatlm 69.12S
station 74.7s

-—

I
2.22 I

.s0
////////

(.) 14° ramp inlet with sharp mpermnic-inlet leadins edsen. =!?=

Fi4ure S. - akmtoh of Beveral ‘W3-dimmslml ramp-trimSnlets showinf tyical am:.

motml-ls allamodel dimensi0n6 (all dimmal!ma in inches .

.

.-

.

“

.

—.



SECURITY INFORMATION 334
copy
RM E51K20

—.

RESEARCH MEMORANDUM

ANALYTICAL AND EXPERIMENTAL INVESTIGATION OF INLET-ENGINE

MATGHING FOR TURBOJET-POWERED AIRCRAFT

AT NIAGH NUMBERS UP

By Carl F. Schueller and Fred

TO 2.0

T. Esenwein

Lewis Flight Propulsion Laboratory
Cleveland Ohi

UW.sds.s’”a.”””.),!:::.-+ ioncancelld(or~~~nwd‘0-

~.c~ m.~~fiotid=~z%By IJ:kw~h‘.’.
(OFFICER“:WHORIZEDTO CHANGE)

By ..... ,,,.........................2...%%%=......””’

t.:. ..’

Iv%................................................0.
...48

...”..GR.,DE“OF~;FlcERMAKINGcHANGE)

,.. .

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON

d’*14? G 1~
February 13, 1952



TECH LIBRARY KAFB, NM

Iilllllilllllllllllil[l!lllll[lllu:
lli4323L

:D NACA RM E51K20

. NATIONAL AINT80RY COMMITTEE FOR

RESEARCH MEMORANDUM

AERONAUTICS

ANALYTICAL AND ~AL 13Wl!13TIGATIONOF INLET-ltTGIt’?E

MATCHING FOR TURBOJBI’—~ AJRCRAFT

AT MACH NuMBERsm To2.o

By Carl F. Sohueller and Rred T. Esenwein

The pro%lems smociatd wim the design of high perfommce inlets

suitable for a turbojet-powered aircrsf’toperatLng from Mach nuniherO to
2.0 are discussed herein. The results of an ~alysls of inlet - turbojet- ‘-
engine matching for a rsnge of Mach ntiers to 2.0 =e substmbiated by

“ an experimental investigation conducted in the NACA Lewis 8- hy 6-foot
supersonic wind tunnel at Mach numbe~ of 0, 0.63, and 1.5 to 2.0. The
model inoluded two ramp-type sIde inlets mounted symmetrically about the

. vertical center line of a fuselage having a modified tr$anwlsr cross
section. Sealed internal ducts extending to the face of the engine com-
pressor and ram-type boundary-layer-removal scoops were included in the
one-quarter-scale model. The resemch was conducted at Reynolds numbers
frmn.ap~roximately 1~106 for a Mach nuuiberof 0.63 to 29x106 for super-
sonic Mach num.ers based on the length of fuselage ahead of the inlet.

Results of the analysis indicate that the use of fixed-geometry-
‘inlet designs in conjunction with a representative turbojet engine opera-
ting over a Mach number range from 0.60 to 2.0 will result in large per-
formance penalties. Use of variable-geometry inlets, however, greatly
reduces these penalties. Experimentally this waa confirmed by inves-
tigating two inlets of Mff erent compression-ramp angles which simulated
a varia%le geometry configuration. With complete removal of the boundary
layer ahead of the inlets, total-pressure recoveries comparable with those
attainable with well-alesigned nose inlets were obtained.

The use of blunt-inlet leading edges designed from subsonic consid-
erateions resulted in serious drag penalties at a Mach number of 2.0,
whereas sharp-inlet leading edges for high performance at supersonic
velocities produced large losses in thrust at take-off. These thrust
penalties which are associat&i with the luw-speed operation of the.
shm’p-lip inlet designs can probably be avoided without tipairing the
supersonic performance of the inlet by the use of auxiliary inlets
or blow-in doors..

i--”!--“’-
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IN’ZR(XXJCTION ‘- - ““”-

Supersonic nose inlets designed for operation at or near a speclflc
free-stream Mach number have been evaluated experhnentally for Maah num-
bers up to 2.0 ly a number of investigators. Only limited resesrch, how-
ever, has been oonducted to evaluate the perfomnance of inlets which are
required to operate over the wide range of fl@ht Mach numbers, altitudes,
and engine air flows whioh are typical of turbojet-powered aircraft oper-
ating from *ake-cEf to supersonic speeds (referenoe 1).

An analytical and experimental investigation of side inlets for
turbojet-powered alrcreft operating at Mach numbers up to 2.0 was con-
ducted at the NACA Lewis laboratay and the results are presented herein.
For the analysis a two-dimensional single-oblique-shock-typeinlet wss
considered. Performance charaoteristios of fixed-geometlryinlets me
indioated and a method of matching the inlet characteristics to the engine
air-fluw requirements is demonstrated.

For the experimental phase of the investigation two rsmp-type semi-
circular side Inlets were investigated on a fuselage having a modified
triangular cross section. Pressure recovery and drag data were obtained
for 140 and 6° compression-ramp angles to s@@ate two positions of a
practioal vmiable-geometry Inlet.. The investigationwsa conducted at
Mach numbem of 0.63,,1.5, 1.7, “1:9,and 2.0 for the cruise angle of
attack of 3°. Additional data were obtained for the static take-off con-
ditions. The Reynolds number based on the length of fuselage ahead of
the inlets wss approximately 29x106 for the supersonic Mach numbers ad
1~106 for Maoh number 0,63. .

--
.

.-

.- —-- . ..:

The following

En-mom

13yrilolsem use3 in this report:

A. area
.

%f model fore-drag coefficientbased on inaximumbody cross-
seotional area of 1.784 sg.usrefeet

D drag
.*<, ,

Fn engine net thrust ,=

h height of boundary-l~er SCOOP ‘ ,,.. L,
.“

M Madh number
,,.—

m mess flow
..
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~j.l mass-flow ratio, P2P#JP~Ql~
.

n engine speed, rpm

P total pressure

T velocity

w weight flow

Y ratio of specific heats

5 ratio of local total pressure to static pressure of NACA
standard atmosphere at sea level (2116 lb/sq ft absolute)

%1 houndex’y-layerthickness

e ratio of total temperature to static temperature of NACA
standard atmosphere at sea level (5190 R)

.

P density

.

Subscripts:

a

c

d

f

i

P

o

1

2

.

.

additive

compressor-inlet station

design

model forebdy

inlet

projected area of inlet defined by leading edges of cowl and
compression ramp .

free stream

canopy station ahead of inlet

diffuser-discharge station

11’UEl-~G131EMATOHING

The air-flow rectuirments of a turbojet engine can be generalized.
if Reynolds numibereffects are ne’glected-by a =ingle curve when the ‘
corrected air flow is plotted against the corrected engine speed. .T~i-
cal generalized air-flow requirements for three current engine designs

s-
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are showm in figure.l(a). For o~eration at constant e ine speed over

%-the range of flight conditions, the abscissa becomes 1 6
d

and is
therefore a function of only altitude and free-stream Mach number, At
altitudes of 35,000 feet and above, for which the air temperature is
constant, 6 wI1l be dependent on the flight Maoh number alone.

The generalized engine air-flow characteristics presented in fig-
ure l(a) can be expressed in terms of the ccanpressor-inletconditions as

f-%),~Ac
and for a fixed compressor-inlet aea Ac, a requird sohedule of
comgmessor-inld Mach nwi%ers can be determined for each engine. The
variation of compressor-inletlkch number with flight Mach number is
presented in figure l(b) for engine B, which will be considered in this”
investigation. The compressor-tnletMach number is different from the
diffuser-dischargeMach number in this exemple because of the presence .
of the engine-accessory housing. Therefore, In order to facilitate
analysis of the inlet performance, values of the diffuser-discharge Mach “-
numlers corresponding to the compressor-inletMach nmibers were cal.cu- .
lated by ~suming isentropic flow between these.stations for the.geomet-
rical area ratio Ac/A2 of 0.71. The required diffuser-dischsrge Mach
numbers shown in figure 2(a) indicate that at constant altitude and
engine speed the caqyessor will operate at only one djffuser-discharge
Mach number for each free-stresm Mach number. In contrast, an isolated
inlet is capable of operating over a tide range of disoharge Mach numbers.
!Eheinlet-engine matching problem therefore @ associated with the design
of inlets having high performance characteristics at the djffuser-
discharge Mach nuuiberrequired by the engine operating co@itions. .

.—

In omler to obtain some idea of the necessary inlet requirements for
this particular engine, the engine corrected air flow
in terms of the free-stream conditions aa

()I?*
Tc

where Pc/Po represents the
presser. The re~ulting srea

pressure recovery at the

has teen expressed

(2)

face of the com-
requirements ~/&, presented in figure 2(b)

for an altitude of 35,000 feet and higher in~lc;te that a considerable
.

variation in stresm-tube area is required for.operation over the Mach
number range from O to 2.0 for the estimated schedule of inlet pressure
recoveries shown by’the dashed line.

“
.
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Supersonic.
entering stresm

external compression inlets can be designed such that the
tube is equal to the pro~ected frental area of the inlet

by maintaining the oblique and normal shocks at the lip of the inlet. For
the condition of zero spillage and an attainable schedule of presstie
recovery (as shown by the dashed line in fig. 2(b)), a projected inlet-
srea variation of approximately 17 peroent would be required by the engine
letween Mach numbers of 1.0 and 2.0. At subsonic speeds, choking at the
minimmn flow area of the inlet detemnines the maximum air flow handled,

- end a continuotily increasing minimum inlet area would be.required with
decreasing flight Mach nunibers. .Suchextreme vsmiations in inlet areas
appesr impractical ~d compromises in matohing the inlet to the turbojet
engine me necessary.

The effect on perfomnance of the compromises involved can be demon-
strated by considering the characteristics of fixed-geometry high-
pressure-recovery inlets. Selecting an inlet frontal erea corresponding
to a pressure recovery of 0.95 end M = 1.0 (fig. 2(b)), for exemple,
will result in a pressure recovery of only 0.72 at the face of the com-
pressor for M = 2.0 (irrespective of the much higher peak press~e
recovery the inlet alone might provide). Actually, the pressure recoverY.
of 0.72 at M= 2.0 corresponds to a normal-shock-type inlet rather than
a high-pressure-recovery-type inlet. The cause of the low pressure

. recovery is that the inlet,frontal area is less than the stream-tube area
required for an inlet yressqre recovery of 0.85 at Mach number 2.0 and
the pressure recovery must decrease to satisfy the engine (equation (2)).
Physically, this loss in pressure recovery occurs through a normal shock
in the subsonic diffuser with superoritical inlet operation. The atten-
dant thrust penalties for engine B associated with this loss in pressure
recovery are indicated in figure 3,”which presents the percentage change
in thrust for each percentage change in pressure recovery for Mach numbers
fromO to 2.0. These data indicate that a l-percent change in pressure
recovery will result in a thrust change of from 1.25 to 1.4 percent at
supersonic speeds, and as high SE 1.75 percent at subsonic speeds. The
low pressure recoveries associated with an undersize inlet would thus
result in Iwge losses ‘inengine thrust and in general should be avoided.

Selecting an inlet frontal or capture area corresponding to the.require-
ments for M . 2.0 and 0.85-percent pressure recovery (fig. 2(b)) will avoid
the penalties of the undersize inlet discussed pretiomly. Such a selec-
tion will, however, result in air-flow spillage end additive drag at the
lower supersonic free-stream Mach numbers because the inlet capture area
will be ~eater thsa the free-streem tube area required by the engine. ● “
~is spillsge can occur behind m oblique shock, a normal shwk, or ~
oblique-normal-shock combination, depending on the inlet desi~. me

- magnitude of the inlet drag penalties associated with air spillage are
sh~ in figure 4 as a percentage 10SS in ideal e@ne t-t for a rW3e . . . . _

of Mach numbers. The additive drag for oblique-shock spillage wss cal-
f- culated for the optimum compression angle (peek

‘~

inlet.pressure recovery)
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at each Mach number. For .agiven percentage spillage at a particular
free-streem Mach nmnber, the drag penalty behind an o%lique shock is
only 17 percent of the drag penalty associated with spillage behin~ a
normal shock; for a given drag penalty, the_amount of air which can be
spilled increases with decreasing supersonic Mach nmiber. Eromdrag con-”
siderations, inlet design compromises should therefore be tie at the
lower Mach nmibers and the required spillage should occur behind m
oblique rather than a normal shock.

The preceding general disc~sion has described the inlet-engine
matching problem and has indicfltedthat the design compromises will
effect the thrust and the drag of the configuration. The desirable com-
promise will.be the condition for which the thrust minus the drag of the
inlet-engine combination Is maxhdzed over the operating range. A non-
dimensional thrust-minus-dragparameter, which Is defined es the ratio.
of engine thrust minus inlet drag divided by”ideal thrust, hes leen
select@ to evaluate the design compromises for a two-dimensional ramp-
type inlet. The drag used herein includes only the calculated additive
drag of inlet due to spillage of air. we engine thrust was calculated
by assuming a representative variation of engine pressure ratio (engine B)
with Mach nuniber~’antiterburner temperature?of 3900° R, a re-expanding
exhaust nozzle, end operation in-the tropopaus,e. For subcritical inlet
performance a pressure recovery of 95 percent of the theoretical inlet
total press~e ’wasused and for supercritical operatlon%he pressure
recoveries were calculat~ from equation (2). The ideal engine thrust,
which is based,on the same engine operating conditions presented pre-
viously, was calculated for an inlet pressure recovery of 100 percent.

The variation of the Iihrust-minus&ag parameter with free-strean
Mach number for various single-oblique-shock-typetwo~imensional Inlet
designs is shown in figure 5. “The reference..curveIndicates the perform-
ance of an inlet which has zero additive drag and the assumed subcritical
pressure recovery at each Mach number. It therefore represents an inlet
desi~,which haa vqriable srea and veriable-geomet~ characteristics over
the Mach nzmiberrange. As such, the reference curve represents the lhiit-
ing or maximum performance which would be o@tained with the assumptions
“used.

A fixed-geometry inlet detii&@ for M = 2.0 will result in a thrust-
minus-dr,agloss of approximately 20 percent over most of the Mach n-imib&
range (fig. 5(a)). Although the frontal area of the inlet exceeds the
stream-tube area required at the lower supar?sonicMach numbers, the obIlque”
shock generatd by the compression surface moves ahead of the inlet lip
~d results in excessive spill%e @d w entering stre~-tube ~~ less’
than that required by the en&ine. In order to satisfy the-engine air-
fluw requirements, the engine ~erefore ~tteral~ sucks the no~~ shoCk
down into the su%sonic diffuser and cawes lsJ%s losses in t-t ~ a
result of the low pressuxe recoveries.

.
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At subsonic speeds, the minimum area, which is considerably smaller.
then the frontal area of the inlet, limits the air flow. The large air
flows required by the engine therefore cause ohoking at the inlet with
internal acceleration and Wge losses in pressure recovery.

N

E
u-l

Selecting em Intermediate design point such as ~ = 1.5 reduces
the yressure losses due to supercritical operation at the lower speeds.
At Maoh nunibersabove tie design value, the capture area of the inlet
with the oblique shock intersecting the 11P is smaller than the streem-
tube area ~equired by the engine sd. supercritioal inlet operation results.
This inlet design reduces the thrust loss at Mach numbers below l.~but
increases the losses at higher speeds. For example, at M = 2.0, a
15-percent penalty in thrust minus drag is inourred.

Selec~ing a minimum inlet area to provide the required air flow at
a free-streem Mach number of 0.85 and en inlet velocity ratio of 1 while
maintaining the inlet geometry (16° ramp) to oltain high pressure recov-
ery at a Mach number of 2.0 results in em inlet which is capable of
delivering air flow in excess of the engine”requireznentsat Mach nunibers

. above the design value. The a~-flow spillage behind the ol)lique-nomaL-
shock configuration results in thrust-minus-drag losses of 13 percent at
a Mach nuniberof 1.3 end 6 percemt at a Mach number of 2.0..

None of the ftzed-geometry designs which haVe been considered
approaches the mextium thrust minuB drag attainable over the Mach number
range, except in a nsrrow range neer each design Mach number selected.
Consideration of the problems associated with the three-fixed-geometry
designs of this Walysis indicates that an Inlet designed for a free-
streem Mach number of 2.0 would be most amenable to modifications. Reduc-
tion of the ~cessive-spillage characteristic of this inlet at the super-.
sonic Mach numbers below the design Mach number could be accmnplished by
decreasing the remp angle. This would have the additional advagtage that .
a more nearly optimum remp angle on the basis of pressure recoyery could
be attained at eaoh Mach nuniber.

The perfomnance of an inlet designsd.for maximum pressure recovery
end zero spillage drag at a Mach nmber of 2.0 end utilizing an adjustable
remp which v=ied from 160 at the design Maoh numiberto 0° at subsonic ,

speeds is shown in figure 5(b). Near mexlmum perfomnance wea attained
throughout the Mach nmiber range with the variable-geometry inlet. A

. mexhnum 10ss of only 2 peroent at M ~ 1.3 indicates that use.of this
technique should provide nearly opt- inlet-engine matching cheracter-
i+ics ,

me principles employed in tie preceding ~alys~ c~be efiended tO
the spike-type inlet. Although variations in cone angle would be @prac-

? tical, the Lemgley laboratory has suggested that by a translation of the
spike the variable-geometry features could he attained over the Mach ntier
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range considered. An analysis of such a veriable-geometmy inlet indica-
tsd maximum thrust-minus-drag losses of 3 percent at a Mach number of 1.2 ‘ -
for a 25° half-angle cone. .-

Operation of the inlet-engine cmubination at vaious altitudes and
under conditions other than s@ndard NACA ~tmos~here will influence the “-
matching problem. A detailed discussion of these problems is oonsidereii
to be beyond.the scope of this investigation became the compromises —

required me dependent on the flight progrs?gand the structural limits -
of the airplane or missile. Analysis of a reasonable flight program 1 ~“%
indicates, however, that such additional requirements can be satisfied R

by the v~iable-geometry inlet.

MODEL

A model of the forwerd part
airplane Towered by two turbojet

DESCRIPTION

of the fuselage of a proposed supersonic
engines was used to investigate the prob~ “-

lenw assooiat&i with inlet-enginematching over a range of Mach numbers. ‘-_ ~ ::
The model included two reznp-typeside--inletslocated symmetrically about
the vertical center line of a representative fuselage. These inlets were

.

canted downward 2° with respect to the fuselage to compensate for the
cruise angle of attack of 3° at an altitude of 35,000 feet. An internal ““-“:”<
duct extending to the=station corresponding to the compressor inlet W6.S
included to provide the required subsonic d-if-fusionahead of each engine.
-A photograph of the model installed in the 8- by 6-foot supersonic wind
tunnel and rolled 56° for schlieren observation is presented in figure 6, ___ _

Zhe semicircular side inlets shown in detail in figure 7 utiliied
two-dimensional compression rmnps. Ram-t~e scoops having a height h
of 0.8 inch equal to the botiuy-layer ”thickness %1 were US~ to

remove the boundm?y-layer air ahead of the inlets. An internal duct
capable of handling the estimated tail-pipe cooling air flow w- included
in the boundery-layer-remmal systmnfor each inlet. Blunt well-rounded
inlet lewiing edges for higkpetiormance atsubsonic speeds (fig. 7(a))
es well es sharp inlet leading edges for m&xhum pez’formanceat super-
sonic speeds (fig. 7(b)) were investigated. The length of forel)cdyahead
of the %oundary-layer scoop was approximately 6.3 feet with a correspond-
ing Reynolds number of 29x106 at the supersonic Mach numbers.

. .

.—

. . . . .-.

Mcdel construction details prohibited the use of the vmiable-
geometry-type inlet previously discussed. However, the vmiable-6eometry-
type inlet including probable fafitig deta-i@ in the subsonic dflf~er ~d _
the strai@.inlet sides required by ammhbie “r- w~”simulat6d by “con-
structing 14° and 6° compression fixed-angle rsmp inlets. The 14° ramp

.

was selected for optimum perfomnance at the local Mach nuniberof apP-rOXi- “ –

mately 1.83 aheed of the inlet, which occurred at a free-streem Mach num-
ber of 2.0, for this model. In a stiilar manner the 6° ramp was determined ‘
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to provide optimum perfoz?nsnoeat a free-stresm Mach number of 1.5. A
. sketoh showing typioal cross sections and model dimensions of the several

rsmp and inlet geometries is presented in figure 8.

Total-pressure meemzremnts were made at th6 station corresponding
to the compressor inlet by means of 33 pitot tubes looated in each duct.
The average total pressure at this station was obtained frcm an area
weighting and was us&l to caloulate the msss flow based on the area of
the ohoked exit.

Mass flows through the inlets and the boundsry-layer ducts were
vsried by means of remotely actuated control plugs attached to the model.
sting. The three-component strain-gege balance locatsd inside the model
did not include the force on the control plugs and therefore only the
internal-ductforce, fuselage drag, and &el-base force were recorded.
The model base was pressure instrumental and the plug ass-lies were
surrounded by a metal shield to provide nesrly uniform base pressures.
The force on the shield was not recorded by the balance.

The investigation at a Mach nmnber of approximately 0.63 wsa con-.
ducted by operating the 8- by 6-foot supersonic tunnel suhsonically.
For take-off (zero forward speeds), inlet-air-flow condition& were simu-
lated by attaching the model discharge ducts to the tunnel exhauster.
equipment in such a manner that the air flow could be controlled by the
exit plugs.

KE!SULTSAND DISCUSSION

The pressure recovery drag, snd engine thrust-minus-drag character-
istics of the blunt-lip 146 rsmp inlet configuration are shown in fig-
ure 9 for Maoh numbers from 1.5 to 2.0. The total-pressure recovery is
presented as the ratio of the total pressure at the duct disohsrge P2

to the free-stresm total pressure P(J snd as such includes the supersonic .

md subsonic diffusion losses. The model fore drag presented is defined
as the internal thrust minus the sum of the balance ieading and the base
drag. T4e internal thrust is defined as the change in momentum, from
free stresm to the dif’fuser-dischsrge station, of the air passing through
the inlet. The engine thrust was oalculated by using the assumptions

.-

mentioned in the seotion INLEI!-ENGINE MATCHING except.,that the experi-
mentally detemined values of presssure recovery were used.

The total-pressure recoveries for the 14° ramp inlet increased.
slightly with decreasing mass flow W stable inlet flow was observed
for all conditions of operation. Msximum pressure recoveries of 0.87
at a Mach nuniberof 2.0 (I&~Omv = 1.83) and 0.97 at a Maoh number of

~ “5 (Mosnopy. = 1.39) are in g&% agreement with

inlets (reference 2).

value& obtained for nose
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The model fore drags etii.bit&e ohsraoterist~crise with subcritical
inlet operation because of the incresse in additive &cag. The @ntmum .

drag inoreased with decreasing Mach nwiber beoause of the.increased air._
spillage mound the inlets as the oblique shock generated by the ocarpres-
sion rsmp moved ahead of the inlet lip. This is shuwn qualitatively by
the schlieren photographs in figure 10. -—

It is not apparent frcm the data present@ in figure 9(a) whether
the inlet-eng@e matching points occur at the maximum thrust minus drag
because of the simultaneous inorease in pressure reoovery and drag in
the subcritical range of inlet operation. Therefore the engine thrust .!

minus model fore drag was calculated for a range of mass flows at M.

of 2.0 and 1.5 by assuming that the inlet and diff~er-disch~ge a?eas
were adflustedto provide the neoessary engine air’flow at the required

--

diffuser-dischargeMach number.

The inlet scale faotors used in the calculations are expressed in
temns of

%~~
,& in figure 9(b). An approximate correction for the

drag was incl ed to account for the change in inlet size, althou@ the -
magnitude of the oorreotton was less thea 2 percent in temm of the .

thrust psmmeter.

The maximum tbrus-tminus dmg ata ~ti gumber of 2.0 oc~~ed.with ~_
slightly subcritical inlet flmi and indicated‘thatthe inorease in pres-
sure recovery is relatively more hrportant than the increase in drag due
to the air spillage. As shown by the solid symbols end the dashed line,
inlet-engine matohing was attaimd for a.Ma&. nm.iberof 2.0 at an inlet.
~ressure reoovery of approximately 84 percent.with near-peak thrust minus
drag. At a.M@ nzmiherof 1.5,_however, matchtig ocourred at the ext~-

..

ely low pressuzw recovery of 82-peroent because of the excessive air .—
spillage around the inlet., As a result of the low inlet pressure recov-
ery for inlet-engine-tching at a Mach number of 1:5 = c-omparedwith
peak pressure reoovery of 97 peroent, a loss in thrust of approximately ‘“ .’
20 percent was suffersd (fig. 3), resulting @ perfo~oe co~iderah~
below peak thrust min~ drag.

The analysis indioated that inlet-enginematching qould be made to
occur near maxtium pressure recovery at a Mach number of 1.5 by increas- “ - -
ing the mass’flcnvcaptured by the inlet. As shown in figure 10(b) the
shock from the 14° rap is detached and stands well ahead of the inlet
lip. Decreasing the wedge angle, therefore, should result in an att~hed

—

oblique shock which falls closer to the inlet lip end thus inorease the
mass flow entering the inlet and deoreese the slillage .@?ag. Galcula-
tions indioated thata 6° rsmp would provide inlet-engine gmtohing at
maximum thrust minus drag for Mo = 1.5. ‘

->

.
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The pressure-recovery, drag, end thrust-minus-drag chsracteristics
of the 6° ramp configuration are presented in fi.gure11. At ~ = 1.5
inlet-engine matthing occurp at a pressure recovery of approximately
96 percent but far enough Into the subcritical region to result in a
thrust minus drag slightly below the maxhuum possible because of the
additive drag penalty. The design could probably be further @roved
by slightly increasing the wedge angle. This would decrease the us
flow aaptured by the inlet, causing the normal shock to move C1OSer to
the inlet lip for inlet-engine matthing and thus reduce the additive
drag because the spillage would occur behind an oblique shock rather
than an oblique-normal-shock combination.

Although the 6° remp configurekion was designed to operate at a Mbh
num%er of 1.5, the inlet wss investigated at Mach numibersup to 2.0 to
evaluate the off design performance. Inlet-engine matching at the higher
Mach nmnbers occurred at approxha.tely peak pressure recovery, but the
lerge air-flow spillages associated with the subcritical inlet operation
resulted in performance appreciably less than the Ehnum thrust minus
drag. Schlieren photographs for the 6° ramp inlet are presented in fig-
ure 12 for Mach numbers of 1.5 and 2.0.

The increased performance associated with the use of a variable-
angle ranxpover the range of Mach numbers is confirmed by the data pre-
sented in figures 9 sad 11; however, the tinimum m% of tie 14° r-
configuration Is considerabl.yhigher than that of the 6° ramp configura-
tion. This difference may be explained qulltatively by comparing the
inlet flow conditions shuwn in the schlieren photogr@s of figure 13.
With msximum inlet air flow (minhum drag) the normal shock is located
much farther ahead of the “inletleading edge for the ramp conf”iguration
of 14° than for that of 6° and results in additive drag dtieto air spill-
age. The increaaed air spillage for the 14° ??ampconfiguration may tie
attribut&l to the higher internal contraction associated with the use of
the blunt lip snd to the higher flow angles at the iniet lip.

In’ozder to eliminate the additive drag associated witi the blunt
su%sonfc inlet leading-edge design-at supersonic s??e~s~ a 14° r~p
inlet with sharp leading edges for high performance at supersonic speeds
wsa investi.gated. A cross-sectional view of the inlet is presented in
figure 8(c). For inlet-engine matching of the shsrp-lip design at a
Mach number of 2.0, a decrease in inlet capture area was required to com-
pensate for the reduced air spillage at critioal operation. This decrease
was accomplished by moving the POSition of the inlet leading edge while
maintaining the positfan of the ramp.

The performance characteristics of the sharp-lip 14° rsznpinlet are
presented in figure 14 for a range of Mach nuaibers. Corupsrisonof the
inlet pressure recoveries with the data presented in figure 9 for tie
blunt subsonic inlet design, Indicates goti ~ee~nt. me ~n- @%

.

-
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for the sharp-lip @let design, however; wes decreased 27 percent as com- .
pared with the minimum drag for the blunt s@sonic inlet con$igurabion.
Approximately 3 percent of this reduction in-drag can be attributed to
the decrea&ed.spillage behind the oblique shock due to the movanent of
the inlet lip. The other 24 percent reducti_& in drag, which appears to
he associated with the d.ecreaaein inlet leading-edge bluntness, repre-

,-

sents 7 percent of the ideal engine thrust at a Mach number of 2.0. —

As indicated by the inlet-engine matching condition at alhch num- . _ ~
ber of 2.0, the sharp-lip design is slightly undersize and results in a cc
thrust minus drag below the me@mzm attainable. The schlieren photographs 2.
presented in figure 15 reveal some air sfiill~e b6hind a detached-bow -~ve
at the lip of the inlet which could not be accounted for in the calcula-
tions. A study of the inlet design indicat@ that the detached wave
resulted from excessive turning of the flow along the internal surface ;.
of the cowling. The internal angle of 10°.wi& respect to the canppy
referenoe surface waa required to match the existing ducts and to provide
cowling strength. Increasing the $rontal arg_aof this inletor redesigg . -
of an inlet not limited by the model geometry should result in maximum
thrust minus drag. .

The relative performance of the various inlet configurations and the
performance penalties associated with operating fixed-geometry-type

---..

ummarized in figure 16 in termsinlets over a range of Mach numbers are s,
of the nondhnSional thrust paremeter. .-

As predicted by the analysis, operation of fixed-geometry inlets at
off-design Mach numbers resulted in large performance penalties. For
exauple, the 14° ramp blunt-lip configuration designed for ~ of 2.0

..

(~ = 2.0) resulted in a decrease in the t-t paremeter at ~ of 1.5

equivalent to approximately 20 percent of the ideal engine thrust when
compared with the 6°ramp blunt-lip configuration designed for ~ of
1.5 (~= 1.5). Conversely, operation of the ~ = 1.5 inlet at ~ = 2.0

resulted in losses equivalent to approximately 7 percent of the ideal
thrust compered with the ~ = 2.0 inlet. It should be pointed out that
the magnitudes of the thrust parameters do not agree with the analysis,
because the model fuselage dragwaa includ@,_in the calculations u8ing - .:
the experimental data.

At a Mach number of 2.0, use of the sharp-lip rather than the blunt-
lip 14° ramp inlet configuration resulted in an increase in the thrust
parameter equal to 7 percent of the ideal t3&zst. Huwever, the increm”e
in perfomnance associated with the lower drag of the sherp-lip in16t
would be expected to decrease with decreasing Mach number.

.

The estimated performance of a variable-geometry-type inlet whose
compression angle varies from 14° at ~ of 2.0 to zero at ~ of 0.63

-.

is represented in figure 16 by’the dash-dash~dot curve for a blunt-lip inlet



w NACA RM E51K20

. =d the dash-dot curve for a shsrp-lip Inlet. The
rap configuration at ~ ofl0.63 was obtained by

~ 13

performance of the zero
etirapolating the

experimentallydetermined vkriation of pressure recovery with inlet mass-
flow ratio for the 14° ramp inlet operating at ~ of 0.63 to acoount for
the reduced inlet mass-flow ratio associated with the increased inl@
area. This approxtition indicates that engine-inlet matching with high
performance can be obtained for the Mach number range investigate@ with
an inlet whose geometry varies for supersonic and subsonic speeds.

N Because one of the big advantages of a turbojet power plant is its
E ability to protide.thrust for take-off, the blunt- and sharp-lip 14°

rsmp inlets were investigated at zero forward speed. The inlet cha&ac-
teristics which are presented in figure 17 indicate that at the matching
‘diffuser-discharge!Mmh number pressure.recoveries of only 67 and 74 per-
oent are availdble for the sharp-lip and blunt-lip designs, respectively.
These low pressure recoveries ere due to inlet choking and can be alle-
viated %y decreasing the ramp angle, which increases the minhgum inlet
area. Accordingly, the experhnental data were etir~okted to ze~ r-
angle ea discussed previously for the ~ = 0.63 data (see fig. 16].
Inlet-engine matching now occurs at a pressure recovery of approxhately
0.97 for the blunt-lip inlet smd 0.86 for the sherp-lip inlet. The 11
percent.loss in pressure recovery for the shsrp-lip inlet represents
approximately 18 percent loss in thrust for the tske-off condition end
may be prohibitive. Auxili~ inlets, ,adjustabletranslating cowl sec-
tions (reference 3), or rotating leading-edge cowl sectio~, hwever~
can be-used to eliminate this penalty
available at-supersonic speeds.

SUMMMY OF

so that the sharp lip can be

RESULTS

An analfiical and experimental investigation of the problans sasoo-
iated with the design of high performance inlets for a turbojet-pwered
aircraft at Mach numbers from O to 2.0 was ccmducted. Two remp-type
side inlets located symmetrically about the vertical center line of a
trian

P
ar shaped fuselage were investigated at a Rewelds n~.er of

29xlO Imaed on the length of forebody shed of the inlets. For the
range of conditions investigated, the following general results sre
indicated:

1. The wide range of air flows required by a turbojet engine oper-
ating frmn zero speed to ~ = 2.0 resulted in operation off the pesk

pressure recovery and minimum-drag operating points (critical points) of
a fixed-geometry-ty??einlet. Imses in thrust due to superoritical inlet
operation, additive drag penalties due to spillage of air sround the
inlets, or some ca.nbinationof these penalties over at least a psrt of
the Mach nmnber range were incurred.
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2. Large thrust penalties inourz@ M a result of low inlet pres-
sure recoveries (of the order of 1.25 to 1.75 percent for a l-peroent
change in press~e recovery) igdicated tha’chi@ pressure recoveries
should be maintained, even at the =pen&e o-fsome inore”~e in inlet-hag.

3. The analysis indicated that a vsriable-gecmmtry-tn_e inlet was
required to provide inlet-enginematohing with high perfo-ce. This
was confirmed expertientallyby investigating two inlets of dif-feren<”-

--

compression-rampangles. “ .. -—

4. Exp@mentally it was established that with all the boundary
layer r&noved ahead of the aft--inlets,total pressure recoveries or 0397
ath= 1.5 and 0.87 at 1% = 2.0 which am ccmxmrable with those attain-

s

.

.

....
+

., ,..-

-- m
-“w

z

able”~th well designed nos~ inlets can be”o~tained.‘ ‘
-. -..-—..— _.

—

5. Well rounded le5ding edges designed for high Perfp=nc,e at.s~h- .._
sonic speeds-resulted in a drag increase equivalent to a-7 Percent
reduction in the calculated engine t.hrust.at ~ = 2.0 comPared with a

,A

sharp-lip inlet. Use of the sharpylip inlet at zero forward speed resulted .
in thrust losses of’approximately 18 percent. However,”this reduced per- _
formance could lsrgely be eliminated while retaining the htgh performance .:
at supersonic speeds by the we of auxiliary inlets or blow-in doors,
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Figure 7. - _tw side inlet moumted cm modifid triangular shaped fue.el.ege;

~40 -; he~t M ~--tim

Smop, 0.8 imoh.
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station 70.375 Smti’an 2
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(.) M“ ramp inlet withbl@ BUbs@O-inW le~~ng*“S.
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(b] 6° ramp inlet with blunt sub@a-tilet leS~inS e~~s.
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(.) 14° ramp inlet with sharp mpermnic-inlet leadins edsen. =!?=
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inlet-enginematch
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Diffuser-dischargeMach number, ~

(a) Total-preseurerecovery ami total-drag
coeffIolent.
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1 I I I I I I I

1.8 1.6 1.4 1.2 1.1 1.0 .9
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Inlet scale factor

(b) T&ustparemeter.

Figure 9. - Performance characteristics of .wzbsonlc-lipinlet with 14a
ramp and bo-y-l.ayer removal (h/~l, 1.0). @le of attack, 3°.
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(b) ~, 1.5; m2@l, 0.524.

Figure 10. - Sohlierm photographsof subscdc-lip inletfor
matclllng.~4° rEUKPwith bo@L=w-Wer ~o~l
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(b) Thrust parameter.

boundary-layer
Figure Il. - Perfommnce characteristicsof subsonic-lip inlet with
60 ramp ard re~~ (h/~l, 1.0). Angle of attaok, 3“om” - “-”
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s (a) ~, 1.5; m2/ml, 0.13L
A

(b) ~, 2.0; rn2/rnl,0.593.

Yigure 12. - SchI.ierenphoto6rqha of subsonl,o-lipinletwith 6° ramp for inlet-engine

C- 28775
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matoh3ng. h~bl, 1.0 .
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(a)Raw, 14°; Mo, 2.0; m2/m= 0.652.
—. - -— - .—
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(b) Ramp, 6°; ~, 2.0; m2/ml, 0.836. v
C- 28776

Figure U. - Sohlteren photographs of suhscnd.o-llp inlet for comd~thns of maxhnwn ah

flow. h/6~~, 1.0 .
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b

=s=”
C- 28777

Fi@re 15. - Ek!hllerenphotog?.a~hM sharp supersonic-lipinletfor ccmdltlonac&
Imxlmum ati flow at Wch number ?.0 (+/ml, 0.832). 14° ramp with boundary-layer
removal (h~b~, 1.0).
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Figure 16. - Experimentalthrust-minus-d,ragperformanceobaxacterfstlcs
at Met-engine mtohlng for several inlet configurateions over range
of Maoh numbers. Altitude, 35jOOO feet; angle of attack, 3°.
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Figure 17. - Comparison of static take-off pressure recovery ad thrust”
characteristics of inlet designs using subsonlo & supersonic leading
edges at sea level.


