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INLET-ENGINE WATCHING FOR SCAR INCLUDING APPLICATION OF A
BICONE YARIADLE GBOAETRY INLET
by Joseph F. Wasserbauer and Williss H. Gerstenmaler

National Aeronautics and Space Adninistration
Lewis Research Center
Cleveland, Ohio

‘ABSTRACT

Airflow characteristics of variable cycle engines (VCE)
designed for Mach 2,32 can have transonic airflow
requirenents as high as 1.6 times the crulse airflow. This
is a foraidable requirement for conventional, high
perforsance, axisymnetric, translating centerbody nmixed
conpression inlets. An alternate inlet is defined where the
second cone of a two cone centerbody collapses to the
initial cone angle to provide a large off-design airflow
capability, and incorporates aodest centerbody tranclation
to ainiaize spillage drag. Estinates of transonic spillage
drag are compatitive with those of conventional translating
centerbody inlets. The inlet's cruise performance exhibits
very lov bleed requirements with good recovery and high
angle of attack capablility.

INTRODUCTION

A major goal of the HASA Supersonic Cruise Adircraft
Research (SCAR) program has besn to define viable variable
cycle engines, (VCE). The airflow characteristics of these
engines have shown large variations transonically. For
example, engines designed for & cruise Mach number of 2,32
can have transonic airflow requirenents of 1.3 to 1.6 tines
the cruise Mach number airflow, Not having to derate the
airflow reguirements transonically could significantly
improve the cliab acceleration and subsonic ccuise
pet formance for a supersonic cruise aircraft. It then
becones important to design inlet systeas that provide the
transonic airflow capabilit vhile naintaining bigh internal
performsance with ainisus weight and drag.

Two-4inensiocnal inlet concoztn with collapeing ralrl
easily meet all VCE aicflov reguizesents whila aaintaining
high intermal pesforaance. However, the weight and drag
characeristics are somevhat hi her for the two-disensional
inlet than for azisymsstric inlets. An axisyanetric inlet
with a traaslating centecrbody for off design operation, can
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provide only the bare miniaum tramsonic airflov for design
Hach numbers of 2.5 and below. However, if the centaerbody
is collapsed rather than tramslated at Mach numbers below
the cruise value, about 20 percent sore transonic airflow
can be delivered by tha inlet. An axisysmsetric inlet ?
concept with a collapsing contorhod! variable geometry

feature is exasined herein in relation to previously
considered axisymmetric translating centerbody inlets,

SINGLE CONE INLETS

Some single cone inlet concepts are characterized in
figure 1. Inlet A is a translating centerbody inlet whose
paximun transonic throat area is limited to the area at the
cowl lip station vhen the centerbody is translated upstrean.
For maxiaua transonic flow, this area must be only slightly
leas than the minimum internal area between the cowl and the
centerbody support tube with the centerbody translated
upstrean. For constant speed engines, type A inlets,
designed for cruise Mach numbers below 2.7, cannot provide
sufficient transonic airflow, refersnce 1. However, this
inlet doces natch the transonic airflov requiremeats for sonme
VCE types that eaploy an inverse throttle schedule (ITS)
operation. With ITS, mechanical rotor speed is varied such
that maximum rotor speed occurs at supersonic cruise. Por g
engines of equal size, ITS engine operation increases the '
supersonic cruise airflov significantly over that for A
conatant-speed throttle schedule operation which results in Fa
larger inlet capture area and increased tramsonic airflow.

vl 4.1 | U NIRRT

T T e e e e m—

e

AR alternative to inlet A is inlet B, vhich is a
translating centerbody inlet with a centerbody auxiliary
airflov system. The increase in raximum inlet throat area
of this inlet over inlet A is approximately 8 percent. An
additional degree of mechanical conplexity is added to the
translation mechanism and the design of the centerbody bleed
systes becomes a cComplex cross-passagevay system which
ducts the bleed airflow through struts transversing the
auxiliary airfiow passage to the centerbody bleed airflow
vent, reference 2. This inlet alsc requires a control to
natch the diffusion in the two airflow paths to avoid ‘
excessive distortion.

Inlet C is typical of inlet systeas with a single cone
collapaing centerbody that peraits high transonic airflow
and matches or excesds airflov demands of most turbine
engines. Hovever, for this inilet systea, the centerbudy is
aschanically complex. 'the pressure variations along the
centerbody surface forces comnpartmentalization of the

centerbody bleed syster, The bleed rorolity on the
4 overlapping centerbody segements vaties during the
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collapsing process making boundary layer comtrol difficule,
Also, sealing the overlapping and hinged segements hecones
difficult., Therefore, the practicality of this inlet
appears limited.

Airflov achedules of all three single cone inlets are
corpared with the envelope of airflow capabilities (shaded
area) predicted for variable cycle engines, figure 2. The
lover curve of this envelope characterizes VCE's with
inverse throttle type schedules vhile the upper curve
represents engines with constant speed type schedules, The
increased VCE airflow betveen Mach O and .3 represents VCE's
that incorporate 10 or 20 percent high flow front fans to
help reduce noise during takeoff and approach operations.
At takeoff, larger auxiliary inlets would be required to
provide the necessary airflow. Also, these airflow
increases aasociated with oversized fans could improve
thrust and SFC during subsonic cruise amnd transonic
acceleration if the inlet could provide the extra airflow,

Inlet A appears to ba well suited for VCE's with the
inverse throttle schedule operations. Because of the
restrictions on airflow for inlet A, the advantages of high
flow engines at subsonic cruise are denied, and reheat may
be required during transonic acceleration and climb
operation. Also, inlet noise suppression it takeoff hecomes
mote difficult for the high flow engines because of the
large auxiliary inlets that would be required,

Inlet B provides about 8 percent amore airflow than
inlet A. An airflow deficiency does occur just above the
inlet starting Mach nusber of 1.6, This deficit can he
overcome by starting the inlet at a higher Mach number as
suggested in reference 2. The reason for this deficit is
that during the inlet start operation, the inlet maximum
throat area, with the auxiliary aysterm closed, is less than
that of inlet A for the same condition. This results
hecause of the larger centerbody radius required to provide
tur the centerbody auxiliary airflow system. Experimental
transonic data for inlet B are published in reference 3.

Inlet C exhibits about a 23 percent increase in airflow
over inlet A and provides all the engine airflowv reguired
including sone excess which can be reduced through changes
in design, Because of the large airflowv capacity, smaller
auzilinrz inlets would be required which would aid the
takeoff inlet noise problem in the terninal acea.

BICONE COLLAPSING CENTERBODY

Pron the survey of single cone inlets, it appears that




the large airflow capabilities of the collapsing centerbody
are desirable but not its complexities. If the complexities
of a collapsing centerbody canm sosehov be resolved, the
advantages are sany. At takeoff and approach, the large
throat area reduces the size of the auxiliary inlets.
Problems of inlet noise suppression at takeoff are reduced
because of saaller auxiliary inlets. Por subsonic cruise,
the large throat area provides the means to high flow the
engine at this condition. High flowing the engine at
subsonic cruise reduces exit nozzle boatail angle thus
reducing boatail drag. Also, higher airflow capabiliey
peraits larger bypass ratio engines and improved SFC.
During acceleration and climb operation, high inlet airflow
capability, resulting from the large inlet throat area,
peraits some VCE's to operate at their full potential and
say even eliminate the need for afterburning. Since inlet
airflov restrictions on engine operation are minimized with
this type of inlet, engine cycle design could be erhanced
because of the larger inlet airflow capablility.

The inlet systemn, featured in this paper, uses a
collapsing centerbody concept that could provide solutions
to the probleas plaguing this inlet concept and is shown in
figure 3. The inlet has a two cone centerbody in which the
second cone collapsed with the aubsonic diffuser centerbody
surface to the initial cone angle or beyond when
nechanically feasiable. The problems of collapsing porous
bleed surfaces and a compartaented centerbody are solved by
having a single throat slot. The higher preasure on the
seccnd cone permits higher hleed pressures without getting
recirculation through the seals onto the cone surface. As
the centerhody is collapsed, the inlet throat remains fixed
with proper design of the subsonic diffuser. Any blead
required on the cowl is always opposite the centerbody bleed
vhen the centerbody is collapsed. Only longitudinal seals
for the collapsing centerbody panels would be required. The
cowl length from the lip to the throat is short, less than
an inlet radius, reducing vetted area in the supersonic
diffuser with a concomitant bleed reduction.

Reference 4 presents results from a bicone inlet that
wvas designed and tested at lLewis Research Center. At cruise
operation, the inlet demonstrated lov bleed reguirements (no
covl bleed necessary) with high pressure recovery. The
angle of attack tolerance is higher than that of similar
single cone inlets and the unstart transients are nilder
than those of a single cone inlet, reference 5.

DPeaign of the 4<so0 cone azisysmetric mixed conpression
inlet iz based on » nethod of chatacteristics solution
described in reference 6. 1Independent paraseters used to
describe a particular design are shown in figure 3. Cowl
1ip position is deteramined with the requiresent that the
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initial cone shock intercept the cowl lip or spill a saall
anount (about one-half percent of capture mass flow) around
the cowl lip for improved angle of attack capability.
Selection of the second cone angle then deteraines the
intersection of the first and second cones, such that the
second cone shock intercepts the cowl lip. Choice of the
internal cowl angle fixes the postiton of cowl shock
iapingesent of the centerbody surface. The length and
contour of the compression surface on the cowl beyond the
cowl 1ip is deternined by the selection of the centerbody
surface length, Lt, surface flow angle, a2, and BRach number
Mt. The centerbody surface ot length Lt is contoured such
that the cowl 112 shock and cowl compression fan are
canceled over this length of centerbody surface. Surface
flow angle, a2, and Mach number, Mt, describe the exit flow
conditions on the centerbody surface of length Lt. The
final Mach number, Nt, i3 in most cases the throat Mach
number. The short length of contoured surface over this
compression region is generally used as the location of the
centerbody bleed slot for bouadary layer control ahead of
the inlet throat.

In general, a distorted throat Mach number profile
exists due to over-expansion or over-compression on the cowl
sur race ahead of the throat. The prograr only satisties the
specified conditions of Lt, a2, and Nt on the centerbody
surface, MHowever, a unifora profile at the throat can
easily be obtained by recontouring the aft portion of the
second cone surface and the cowl surface ahead of the
throat.

Because of the several independent variables that are
ueed to design a bicone inlet, its airflow capabilities can
be varied to match engine reguirements. Results of a
paranetric study in the variation cf these parameters is
ahown in figures 4, 5, and 6. 1In this study, only three
paraneters vere varied, first cone angle &), aecond cone
angle 42, and internal cowl 1lip angle al. The remaining
paraneters were assigned fixed values: length of compression
surface to throat, Lt, is 0.1 of the cowl 1lip radius;
centerbody surface throat angle, a2, is -3 degrees;
centerbody surface throat Mach nusber, Mt, is 1.30; and
local free stream Nach number, Mo, is 2,32, Por figures 5
and 6, the internal cowl 1lip angle, al, was fixed at 2
degrees. A study on the effect of internal cowl anyle for a
bicone inlet is presented in reference 7.

variations of the first cone angle, second cone angle,
and internal cowl 1ip angle on the theoretical inviacid
terainal shock pressure racovery is shown in figure 4,
Results shov that the smaller the amount of shock flow
turning tequited, the better the preasucre recovery.
However, compromises must be considered before the final
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pacaneter selections are sade. FPor exaaple, the necessary
increase in throat area that is needed to satisfy engine
requirenents must be considered, Also, considerations ot
loulcoul wave drag would tend to favor the lowver cowl

AR gles.

Increases in available throat area for bicone
collapsing centerbody inlets is shown in figure 5. 1If the
second cone is limited to collapsing to only the first cone
angle, then large throat variation would favor the lover
initial cone angles and higher second angles. However, if
the second cone could collapse to .6 of the centerbody
throat radius as a possible practical limit, independent of
the first cons value, then the previous restriction could be
ignored. All parametric curves then collapse to the single
line-dash-line cutve shown and thus throat area increase is
linited to selection of second cone angle. As the second
cone angle is increased, providing more external
conpression, less internal compression from cowl turning is
required. This results in a larger cowl radius at the
throat and provides a iarger throat area with the centerbody
ccllapsed.

In a similar manner, consideration of the inheremt
collapsed centerbody inlet contraction ratio, for bicone
inlets, must be made as shown in figure 6 which presents the
contraction ratio of a two cone inlet without centerbody
translation. The contraction ratio is defined here as the
inlet throat area, At, divided by the cowl lip flow area,
Ac. PFor SCAR applications, starting inlet Mach numbers of
1.6 have been the norm. Again, when the second cone
collapses only to the first cone value, low first cone
angles and high second cone angles favor the lower starting

~h numbers. Collapsing the second cone beyond the first
cone angle, curve characterized by line-dash-line curve,
persits selection of higher first cone angles. Even in this
case, the choice of second cone angles must be high
{(approximately 18 degrees) to satisfy the starting Mach
nuanber of 1,6,

However, scme relief in required area ratio for
starting Mach number is identified in reference 8 and shown
in figure 7. A sketch in figure 7 shows the flow sechanisa
by which inlet starting is effected. A favorable flow
separation on the cone, caused by the strong shock boundary
layer interaction, changes the flow area ratios to one
acceptable for inlet starting. The centerbody bleed slot
aids in reattaching the separated flow to the centarbody.
The shaded area on the curve represents experimentally
Adeternined inlet starting area ratios. 1If inlet starts at
Mach 1.6 are desired an area ratio of .87 rather than .89
would be tequired. This peraits selection of second cone
angles down to 16,5 degrees when collapsing beyond' the
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initial cone angle, figure 6.
BICOKE-INLET VCE MATCHING

A bicone inlet designed for cruise at Mach 2.32 is
presentad and compared vith representative VCE airflow
requirenents. Values of the paransters selected for the
design are shown in figure 8. The design bicone combinaticn
is 10 degrees and 18.5 degrees with an internal cowl angle
of 2 degrees and a centerbody surface angle at the throat
exit of -3 degrees. To obtain a upiform throat Mach number
the aft portion of the second cone surface ahead of the cowl
shock impingement vas recontoured to accelerate the flovw
near the cowl. The coapression fan fiom the cowl extended
across the centerbody bleed slot whose length was selected
as .1 of the cowl 1lip radius. The resulting supersonic
diffuser length from cowl lip to the throat is .39 cowl lip
diameters. Centerbody support struts were not included in
the subsonic diffuser design. For this example, the second
cone collapses only to the first cone amgle. With the
second cone collapsed, a well defined internal flow passage
is maintained. 1Inlet starting Mach number for this kicone
inlet design is Mach 1.6 (AthsAc= .87) because of the
favorable flov separation defined earlier,

An estimate of the bicone inlet's pressure recovery
schedule is presented in figure 9. The total shock losses
were obtained by adding the terminal normal shock loss to
the obligue shock losses from the method of characteristics
computer program. Subsonic diffuser losses are based on a
computer program and experimental data of references 9 and
10. Losses due to throat flow and shock position are¢ based
on past experience. Diffuser losses for unstarted inlet
operation at speeds below Mach 1.6 were adjusted from the
normal shock loss to meet the pressure racovery schedule
used by one contractor in the SCAR program based upon the
experimental results presented in references 1l and 12.

Based on the pressure recovery schedule of figure 9 and
assuming a throat Mach number of .8 for unstarted inlet trans-
onic operation, airflow and mass flow schedules were calculated
for the bicone inlet and presented in figure 10. Three VCE air-
flow schedules are also shown and compared with the air supply
of the bicons inlet. The GE21/J11-B9 and tha P&W VECE 502B are
the most recently defined Mach number 2.4 SCAR engines. They
were designed to match typical translating centezrbody inlets.
The GE21/J9~Bl, which is an sarlier defined double bypass engine,
did not incorporate the improved technology features of the
GE21/J11-B9 such as, higher cruise airflow, reduced levels of
turbine cooling air, improved fan and compressor efficiencies,
etc., Airflow requirements of the GE21/39-Bl
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engine, vhich iacorporates a 30 :o:ccnt high flow front fan,
are satisfied by the bicone inlet. IExcess airflow supplied
by the bicone inlet over the reguirements of the GE21/J9-B1
engine represents additional spillage draqg. This apillagye b

drag can be reduced with a modest amount of centerbody ,
translation. For the other two engimes, a bicone inlet o
, could be designed which would smatisfy these engine

- requirenents by selecting cosbinations of first and second . S
=7 cone angles to obtaim the proper throat area variation. In ' 1
general, the hicone collnpling centerbody inlet offers the
opportunity to design VCE's with high off design airflow . b
with efficient inlet-engine matching.

[
L

some various operating modes of the bicone inlet are
shown in figure 11. During cruise, inlet operation is well
defined, figure 11(a). 0ff design operation can incorporate b
a variety of centerbody variations. If a modest amount of ‘
translation is permited, approximately .4 of a covl lip
diaseter to eliminate any internal contraction, inlet throat
area and spillage drag can be controlled over a vide range
for inlet matching and improve propulsion systen
performance. ‘ o

Without centerbody translaticn and for started inlet
off design operation between Mach 1.6 and 2.32, the :
centerbody collapses on a schedule that maintains the cowl RIS
shock at the forward edge of the centerbody bleed slot, ‘
figure 11(h). Unstarted inlet operation, with the second ;
cone collapsed to the first cone value or beyond, is shown SR |
in figure 11(c). Because of the inherent internal . :
contraction, the terminal shock stands ahead of the cowl 1ip }
and the excess airflow is spilled behind the normal shock
resulting in higher spillage drag.

P S

i With the additional featwre of translation, the

' following operational modes a.e possible. Additional
airflow spillage through the second cone obligue shock is
possible vith translation for off design started inlet
operation, figure 11(d). A Adifferent second cone collapsing
schedule would be used so that the cowl shock remains at the
forvard edge of the centerbody bleed slot. TFor unstarted
inlet operation, with the centerbody translated, the throat
area could h~ varied with the second cone to provied the
desired engine airflow reguirements while saintaining the
normal shock on the cowl 1lip for ainimum spillage drag
values, figure 11(e).

Theoretical transonic spillage drag coefficient is
calculated for the collapsed centerbody (collapsed to the '
first cone value) with and wvithout translation for unstarted 1
inlet operation and vith an assunmed throst Nach number of
.8, Por off design started operation, calculations vere
sade only for the scheduled collapsing centerbody. Spillage
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drag coefficient was calculated for the inlet design
described in figure 8 uninz the sethods of reference 13.
The Cesults are presented in figure 12,

Theoretical drag coefficients are based on inlet
airflov scheduls. Cowl wave drag, nacelle friction drag,
and the drag associated with the additional bypass or

. spillage required to match an engine are not included in the
calculations. The total drag for started inlet operation is
pade up of the oblique shock spillage and bleed flow. Tvo
percent of the capture airflov was used as bleed flow for
the off design started inlet operation. Bleed drag vas not
included for unstarted inlet operation. Because of the very
low bleed flow requi.ed the cruise bleed drag is very low.
puriing off design started inlet operation, both bleed and
spillage drag resain low., With no centerbody translation
the unstarted inlet spillage drag values increase due to
spillage behind a normal shock caused by internal
contraction. However, with a modest amount of centerbody
translation, transonic spillage drag is reduced
significantly (more than one-half) for the unstarted inlet
operation by spilling the extra flow with the cone
supersonic flow field. Experimemtal transonic spillage arag
data, for a non-translated and translated centerbody
reported in references 14 and 15, are for A bicone iniet
with a 10 degree first cone angle and simulcoting the second
cone collapsed to the first cone value. Comparison of the
theoretical calculations with the experimental data shows
good agreement for both translated and non-translated
centerbodies during unstarted inlet operation.

An exanple of experimental bicone inlet performance at
cruise and off design supersonic started inlet operation was
reported in reference 4. The inlet of reference 4 was
designed for a cruise Mach number of 2.5 and employed a 12.5
degree and 18.5 degree bicone centerbody configuration,
figure 13. The initial internal cowl angle was 2 degrees
and the centerbody boundary layer was controled by a .
centerbody bleed slot positioned ahead of the inlet throat.
It vas determined that cowl bleed was not reguired for this
inlet configuration.

Experimental performance of this inlet is shown for
opetation at Mach 2.5 and 2.0, figure 14. The inlet's
pressure recovery is presented as a function of bleed pass
flow ratio. At the design free stream Mach number of 2.5,
the peak pressure recovery was .905 at a bleed nass flov
ratio of about .02, figure 14(a). The centerbody exit area
was maintained constant for all data with open symbols.
Inlet bleed mass flow was varied by reaotely changing the
strut butterfly valves which controlled the bleed exit area.
With the maximum bleed exit area available, 5 percent of the
inlet capture mass flow ratio was reaoved providing the
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potential for ap operating margin before an inlet unstart,
The peak pressure Facovery duriny this oparation was ,915,

Inlet performance for a4 collapsed versiun of the
coelitetbody at Mach 2,0 Operation is shown ip tigure 14(h),
Feak inlet performance for the fixed ninimum b)esd axit area
Wa§ <940 with only .014 bleed mass flow ratio. varjation of
the bleed exit area increased bleed mass flow ratio to .045
and provided a measure of inlet stability g4t this Mach
numher. Theé pressure Lecovery increases to about «95 with
the increased centerlody bleed,

Inlet performance ovar an angle~of-attack range is
shown in figure W(c). The angle-of-attack operation is
presented for both minimum and maximum Centerbody bleed exit
areas. At a constant centarbody bleed, mass flow ratio of
-021, the maximunm angle-of-attack was 2.55 degrees for
supercritical operation. Far critical inlet operation, that
is, inlet operation With the terminal shock ip the throat at
“ero degree angle of attack, tha angle~of-attack before an
inlet unstart was 1,74 dagrees. This was increased to 4,17
degrees, for critical inlet operation, by increasing
centerbody bleed which Lelieves overcospression in the
throat region due to angle-of-attack operation. The maxipun
unstart angle-of-attack that was attained during
supercritical operation wvas 6.85 degrees for ful] open bleed
exit area. All the above angle of attack data were obtained
at the design centerbody positicn.

Steady state distortion (based on 48 tuype compressor

distortion may re a liriting factor. Consideration of the
useful angle-of-attack range of any inlet must include the
dilstortion sensitivity of the particular engine to which it
is coupled.

CONCLUDING REMARKS

Variable Jeome try features on axisymmetric inlets
vesigned fop Supersonic cruise operation are required to
tret the airflow demands of conventiona) and variable-cycle
6t engines. Unless the jet engine operates with ITs
(inveise throttle schedule) inlets with 4 translating
venterbedy or a translating centarbody with centerbody
ouxiliary inlets have difficulty meetinyg the aiiflow demands
dordinyg portions of transonic operation., | single cone
collapsing centerbody could @asily meet all the denands of
hust turbine engines, However, the bPracticality of this
vuncept has proved to be doubtfyl,
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This paper has prasented a variation of the collapsing
conto:bodi concept that appears to be feasible and could S
rrovtdo higher airflow at off design flight speeds. Very
ov bleed requirenents associated with lov overall vetted
area vere deamonstrated for cruise and off design operation.
By collapsing the inlet second cone to the 10 degree initial
“Oone angle, the inlet should start at a ¥Mach number of 1.6,
With additional centerbody collapsing and /or translation,
i even lower starting NMach numbers should be reached.
' Theoretical predictions for transonic spillage drag appear
to be reasonable for the collapsed centerbody. ' When a
r0dest anount of translation is provided, transonic spillage
drag is reduced by more than one half and is about the sane
as the translating single cone inlet. Comparisons of the
theoretical predictions with limited experimental data shows
good agreement. The bicone collapsing centerbody inlet
concept offers the opportunity to design VCE's with high off
design operation airflov and provide for better, more
efficient inlet-eénjine matching. PFurther examination of
this inlet concept is desirable to document its potaentially
desirable features over the entire Mach range.
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Figure 3 - Deslon varlsbles for a bicone axisymmetric inlet with collapsing centerbody,
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Figurs 6. - Collapsed centerbody contraction ratio for wristions
of Initial and sacond cone angles. Detign Mach number 2 32,
internal cowl angls, oy « 2. Na centerbody transietion.

Acowi fiow, Amin
/

* FLOW SEPARATION

~REGION OF INLET
/ RESTART (REF. &)

. |
i. 0 1.5 20 25 a0
LOCAL COWL MACH NUMBER AT RESTART,

Figura 1, «Experimentally delermined (nist
farting area ratio.




Figure 8. - Bicons Intet designed for My = 2.32
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Figure 9, = Estirated bicone inlet pressure recovery,
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