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ABSTRACT

A computational study was performed to explore the aerodynamic design and
performance of streamline-traced, external-compression (STEX) inlets for Mach 2.0.
The performance metrics included inlet flow rates, total pressure recovery, and total
pressure distortion. The study explored the use of round and flattop capture cross-
sections, bleed slots, and porous bleed regions. The design ofthe inletandgeneration
of the inlet geometry was performed using the Supersonic Inlet Design and Analysis
(SUPIN) Tool. Computational grids were generated,and methods of computational
fluid dynamics (CFD) were applied to solvethe steady, three-dimensional, turbulent
flow through the inlets using the Wind-US CFD flow solver. It was found that ata
Mach 2 freestream, theuse of a bleed slot with about 5% bleed resulted in aninlet total
pressure recovery of 95% with acceptable radialandcircumferential total pressure
distortion. Similar performance was achieved with the use of porous bleed. Itwas also
foundthatthere was only a slight decrease in performance between a round and flattop
capture cross-section. Thissuggeststhatthe useof streamline tracing offers flexibility
in shaping the inlet capture cross-section for a more favorable integration with an
aircraft wing or fuselage. This flexibility and the good performance of the inlet
provides a novel inlet design for future commercial supersonic aircraft.
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NOMENCLATURE

BC Boundary Condition

DPC/P SAE ARP 1420 circumferential distortion index
DPR/P SAE ARP 1420 radialdistortion index
Symbols

ast Length of semi-majoraxis of tracingcurves
A1, Asp, Az Cross-sectionalarea atthe inlet stations

Acap Reference capture area

Dsrtop, Dsthot Length of semi-minor axis of tracing curves

D Diameter of the engine face

ho Altitude

Lintet Length of theinlet

Mo Freestream Mach number

M: Engine-face Mach number

Mitex Mach numberat Busemann outflow conical shock
PsTtop, PsThot Super-ellipse parameter

Pro Freestream total pressure

Pr Average engine-face total pressure

Rstop, Rstoot Aspectratio of super-ellipse,R=b /a

To Freestream static temperature

W; Engine-face flowrate

Whieed Flow rate through the bleedslot or region

Weap Reference capture flowrate

Wez Engine-face corrected flowrate

Weor Engine-face corrected flow rate for the inlet design condition
Wopillage Flow rate of spillage pastthe cowl lip

X, Y, Z Cartesiancoordinates

Lrtex Angle of Busemann outflow conical shock

Oste Slope of leadingedge ofinlet

1.0 INTRODUCTION

Streamline-traced, external-compression (STEX) inletsare beingstudied foruse in the
propulsion system for future commercial supersonic aircraft for flight speeds of Mach 2.
STEX nlets haveanexternal supersonic diffuserthatis shaped from the tracing of
streamlines through a compressive, supersonic parent flowfield [1,2]. The inward-
turning nature of the supersonic compression results in near-zeroexternalcowlangles,
which can significantly reduce the cowl wave drag compared to the wave drag of
traditional two-dimensional or axisymmetric-spike inlets [1,3]. The leadingedge ofthe
inlet is swept rearward (i.e., scarfed). The terminalshock islocated neartheendof the
external supersonic diffuser suchthat the subsonic spillage pastthe cowl lip is localized
toa smallsegment of the circumference of the cowl lip. Thiscanallowtheinlet to be
integratedwith the aircraft in such a mannerasto controlthe interaction of the spillage
with the aircraft surfaces. The low external cowl angles and localized subsonic
spillage also reduce and localize external pressure disturbances thatcan contribute to
sonic boom, which would be beneficial to futurecommercial supersonic aircraft that

will be designed for supersonic flight over populated regions [1,4].

In earlier work, a computational study was performed in which a STEX inlet was
integrated with a low-boom supersonic conceptaircraft[4]. Itwasfoundthat the STEX
inlet produced a slight reduction in aircraft drag compared to a traditional
axisymmetric-spike inlet when integrated with the aircraft. The resultingsonic boom
disturbances showed very little difference between thetwo inlets. One conclusion was
thattheinlet performance and sonic boomwas highly dependenton theintegration of
the inlet within the entire supersonic aircraft flowfield [4]. One concernwith the STEX
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inlets wasthat the total pressure recoveries were lowerand total pressure distortions
were higherin comparison with anaxisymmetric-spike inlets designed for the same
conditions [1,3]. Thiswasmainly dueto a more adverse terminal shock / boundary
layerinteraction within the STEXinlet. The interactionwas followedby a localized
outward-turning of the flow into the subsonic diffuser, which createda low-momentum
region within the upper surfaces of the subsonic diffuser [1,3,4].

One approachstudied forimproving theinternal flowfield was to introduce porous
bleed within the throat section downstream ofthe terminal shock / boundary layer
interaction [3]. Another approach studied was to introduce vortex generators to
redistribute the low-momentum flow and reduce total pressure distortionatthe engine

face [5,6]. Both approaches yielded slightly improved performance forthe STEX inlets.

This paper discusses theaerodynamic design of STEX inlets for Mach 2, which wasthe
speed of the Concorde and may be the speed of interest for future commercial
supersonic aircraft. The use of a bleed slot within the inlet of the Concorde was
consideredessential to the high performanceof thatinlet [7]. Anobjective of current
work wasto understand the potential performance of STEX inletsat Mach 2 with the
use of a bleed slot. Further, the study compared round and flattop capture cross-
sections. The flattop capture cross-sectionwas of interestbecause itwas expected to

provide better integration of the inlet with a wing or fuselage.

Section 2.0 discusses the approach and methods used for the design of the STEX inlets.
Two capture cross-section shapes were explored, oneround and one flattop. Section 3.0
discusses the computational methods usedto solve for the flowfield through the inlet to
quantify inlet performanceas measured by the inlet flow rates, total pressure recovery,
and total pressure distortion. Section 4.0 discusses the results of the simulations to
understand the performance of the STEX inlet at the Mach 2 design condition for
variations in the capture cross-section shape and the use ofa bleedslot.

2.0 STEXINLET DESIGN

This section discusses the approach and methods used todesign the STEX inlets.

2.1 Freestream Conditions

The STEX inlets were considered as isolated from an aircraft such that the flow
approaching the inlet was a uniform freestream with properties defined using the
Standard Day Atmosphere model. The freestream state was designated with a subscript
of 0 and thefreestream Machnumberwas specifiedto be My=2.0. Thealtitude was
specified to be ho=60000ft, which from themodel resulted in the thermodynamic
properties of po = 149.78 Ibf/ft> and To = 389.97 °R. The freestream conditions
represented the upstream boundary conditions for the inlet design.

2.2 Engine-Face Geometry and Flow Rates

The downstreamend ofthe STEX inlet isits interface with the engine, which is referred
to asthe engine face. Aninlet design requires specificationof thegeometry and flow
rate attheengine face. Suchinformationforms the downstream boundary condition for
the inletdesign. The inlet stationfortheengine-face was designated with a subscript of
2. Thisstudy assumeda low-bypass turbofan engine based onthe NASA Supersonic
Technology Concept Aeroplanes (STCA) [8]. The STCAengine-face diameterof D, =
3.625 ft was considered a reasonable choice ofanengine for the Mo = 2 conditions.
The engine face wasassumed to havean elliptical spinnerwith a hub-to-tip ratio of 0.3
and aspect ratio of2.0. The resultingengine-face annular flowarea was A, =9.3918 ft%.

The engine-face flow rate was established by specifying theengine-face corrected flow
rate, Weo, which fora specified engine-face area, is equivalent to specifying the average
engine-face Machnumber, M,. The choice of M>=0.50 provided a reasonable estimate
formodern low-bypass turbofan engines. Forthe specified A;and My, the engine-face
corrected flow rate at the inlet design conditions was Wcz+ =346.368 lbom/s.



4 ISABE 2022

2.3 SUPIN Tool

The design of the STEX inletsandthe generation of theinlet geometry were performed
using the Supersonic Inlet Design and Analysis (SUPIN) Tool [9]. SUPIN used the
freestream and engine-face conditions along with a set of design factors to size the inlet,
estimate the inlet performance, and create the inlet geometry. SUPIN used
compressible flow relations, empirical models, and computational solutions to estimate
the quasi-one-dimensional flow properties through the inlet flowpath. The inlet
performancewas characterized within SUPIN by the inlet flow rates, total pressure
recovery at theengine face, andthecowlwavedrag.

2.4 STEX Inlet Design Methods

A STEX inlet was designed using streamline-tracing through a parent flowfield to
construct the surface for the external supersonic diffuser. The external supersonic
diffuser wasthen matedto athroat sectionand subsonic diffuser to match the specified
geometryand flowrateat the engineface. The axisymmetric parent flowfield for the
STEX inlet was established using the Otto-ICFA-Busemann method [2]. Figure 1
shows the features of the parent flowfield with lines representingthe shock and Mach
waves of the parent flowfield. The parent flowfield started with a weak oblique shock
formed from a deflection caused by an internal leading-edge angle of 6w = -5.0
degrees. The internal conical flowfield A (ICFA) method was used to blend the
leading-edge shock with the start of the axisymmetric Busemann flowfield. The
Busemann flowfield performedan isentropic compression usingMachwaves with an
origin located on the flowfield axis-of-symmetry and at x = 0. The isentropic
compressionwas terminated with a strong obliqueshock with a shock angle of fstex.
Acrossthe shock, the flow was decelerated to Msex =0.9 and turned into the x-direction.

ICFA Busemann flowficld 4 y
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Figure 1. The features of the axisymmetric, Otto-ICFA-Busemann
parent flowfield for a STEX inlet.

The surface of the external supersonic diffuser was created by tracing streamlines in the
upstream directionthrough the parentflowfield starting from tracingcurveslocated at
the outflow of the parent flowfield. ThetracingcurvesareshowninFig. 1in the side -
view and front view. The center of the tracing curves was offset from the axis-of-
symmetry of the parent flowfield, which resulted in a scarfed leading edge for the
external supersonic diffuser. The tracingcurves consistedof atopand bottom curve
with shapes defined using super-ellipses. Figure 2 shows further features of the super-
elliptic curves. The tracing curves have acommon semi-majoraxis length ofast. The
leftimage of Fig. 2 shows circular curves defined with an aspect ratio for the top and
bottom curves of Rsmop = Rsmot = 1.0, which indicates that the semi-minor lengths were
equalto thesemi-major lengths, bstiop =bsmet = ast. The circulartracing curves used
values of the super-ellipse parameter psmop = Psmot = 2.0, which also applies for elliptical
curves. Therightimage of Fig. 2 shows a top tracing curve with a flattop shape defined
with the aspectratio of the topcurve as Rstop =0.5. Thesuper-ellipse parameter of
pstop = 3.5 also contributes to the flatness of the curve. Asthe super-ellipse parameter
increases, thesuper-ellipse curveapproaches a more rectangular shape.
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Figure 2. Factors and values used for the top and bottom
tracing curves for the round and flattop STEX inlets.

The effectof the shape of the tracing curves can be seenin the imagesofthe inlets of
Figs. 3 and 4. Figure 3 is a STEX inlet with circular tracing curves. The external
supersonic diffuserand throat section havecircular cross-sections. Figure4is a STEX
inlet with a flattoptracingcurve. The external supersonic diffuser retains a flatshape at
the leadingedge. The nature of the streamline tracingresulted ina scalloped leading
edge. The shape of the inlet of Fig. 4 with its flattopmayprovidea more favourably
integrated with a wing or fuselage by allowing more of the inlet to be closer to the
aircraft. Theinlets created with the circularand flattop tracing curves arereferredto in
this study as the “round” and “flattop” inlets, respectively.

Station 1 was designated on a plane roughly normal to the flowthatpassesthrough the
cowl lip, which is the portion of the leading edge of the inlet that is farthest
downstream. Station 1 isrepresented by the dashedline in lower-leftimage of Fig. 3.
The shoulder of the inlet is the upper segment of the internal surface of the inlet at
station1. The shoulder point occurs when the slopeof theinlet surface is zero. Fora
STEX nlet, the terminal shock is the downstreamconical shock of the parentflowfield
and would bepositioned about the station 1 plane. The terminal shock wraps about the
cowllip and provides a mechanism for subsonic flow within the inlet to be spilled past
the cowl lip and into theexternal flow.
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Figure 3. Views and features of the baseline round STEX inlet.

The throat section extends from station 1 to thestart of the subsonic diffuser, which is
designated as station SD. The throat sectionisa fully internal ductthat hasthe task of
takingin the flow downstream ofthe terminal shock andturningthe flow toward the
subsonic diffuser.

The shape of the throat section was initially formed as part of the streamline tracing.
However, some modifications to the throat section were made to improve the flow and
formatingto a subsonic diffuser. The shoulderis denotedin Fig. 3and some rounding
of the shoulder was applied tosmoothen the surface to avoid discrete changesinslope.
Smoothsurfaces arealso fitted downstreamof the cowl lip to furthercreate a smooth
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surfacefortheflowinto theinlet. The linesin Figs. 1,3, and 4 thatshow the tracing
curvesare coincidentwith station SD, the startof the subsonic diffuser.

A

Figure 4. Views of the baseline flattop STEX inlet.

The cross-sectional area at station SD, Asp, was defined through a specified area ratio
Asp/A1, where A; is the area at the cowl entry plane. The area ratio allows the
specification of some diffusionin the throat section. The axialand vertical position of
the center point of station SD are specified as part of the inlet design.

Aradialdeformation of the shoulder was specified to increase the cross-sectional area at
the shoulder plane to correct for the displacement of the boundary layer from the
externalsupersonic diffuser. The effectof this modificationisillustrated in Fig. 1 by
the profile of the inlet beingabove thedashed curve of the streamline generated by the
tracingcurve.

The throat sectionalso featured a “cut-out” atthe bottom of the leading edge of the
inlet. Thiscut-outallowed forsubsonic spillage downstreamof the terminal shock,
which allowed forthe positioning of the terminal shock with change in inlet flow rate
[3]. The cut-outfocusesthesubsonic spillage to one region of the leadingedge of the
STEXinlet. Thiscan be an advantage forthe integration ofthe inletwithan airframe
by tailoringthe direction of the spillage, for example, directingthespillage away from
interaction with the aircraft and directing any shocks upward to minimize their
propagation towards the ground. The size of the cut-outwasspecified as part of the
inlet design. The profile of the cowl lip was definedasan ellipse.

The subsonic diffuser extended from station SD to the engineface at station 2. The
cross-sectional shapesandareas of stations SDand 2 are set by the design of thethroat
section and the specification of the engineface, respectively. Thus, the design factors
forthe subsonic diffuser mainly involvethe lengthandarea distribution of the subsonic
diffuser. The lengthwas specified as 2.5times the engine-facediameter. The surface
of the subsonic diffuser was formed as a network of NURBS curves running from
station SDto the engine faceabout the circumference of the subsonic diffuser. The
curves were specifiedto provide a lowrate of area diffusion at the start ofthe subsonic
diffuser, where the subsonic Mach numbers were higherthantoward the engine face.
The rate of area diffusion was increased in the streamwise directiontoward the engine
face. Examples ofthe surfaces of the subsonic diffusers can be seenin Figs. 3 and 4.
Table 1 summarizes some of the properties of the STEX inlets.

Bleed slots were created for the inlets by specifying the streamwise and circumferential
extents oftheslot, which were selectedto be comparable to the extentof thebleed slot
of the Concorde [7]. The forward and aft lips of the slot opening were created using
elliptical profiles with a specified lip thickness. Ableed plenum was constructed with a
specified axial length and fitted to be packaged within thevolume of the cowlexterior.
The bleed slots and plenums for the round and flattop inlets are shownin Fig. 5.
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Figure 5. Views and features of the round and flattop STEX inlets
with bleed slots and plenums.

Table 1. Properties of the inlets from SUPIN.

Inlet Acap/A2  WholeedWeap  Pro/Pto Linlet/D2
Round: Baseline Inlet 1.151 - 0.9137 4.620
Flattop: Baseline Inlet  1.162 - 0.9229 4.315
Round: Bleed Slot 1.310 0.04 0.9099 4.858
Flattop: Bleed Slot 1.310 0.04 0.9134 4.538

Round: Bleed Region 1.310 0.04 0.9099 4.858

3.0 COMPUTATIONAL METHODS

While SUPINwas used to design the STEX inletsand provide initialestimates of the
inlet performance, methods of computational fluid dynamics (CFD) were used to
perform higher-fidelity analyses of the aerodynamics ofthe flow through the STEX
inlets. The CFD solutionsallowed visualization of the flowfield to better understand
the shock structures, boundary layers, and other flow features within and about theinlet.

From the flowfield, the inlet performance metrics were obtained.

3.1 Wind-US Flow Solver

The Wind-US CFD code [L0]was usedto solve the steady-state, Reynolds-averaged
Navier-Stokes (RANS) equations for the flow properties at thegrid points of a multi-
block, structured grid fora flowdomainaboutthe STEX inlet. Wind-US used a cell-
vertex, finite-volume representation for which the flow solution was located at the grid
pointsand a finite-volume cellwas formulated aboutthe grid point. In Wind-US, the
RANS equations were solved for the steady-state flow solutionusinganimplicit time -
marchingalgorithm with a first-order, implicit Euler method using localtime-stepping.
The solution process started from freestream conditions specified at all solution points.
All the simulations were performed assuming calorically perfect air. The inviscid
fluxes of the RANS equations were modelled usinga second-order, upwind Roe flux-
difference splittingmethod. The flowsimulation can assume laminar or turbulent flow.
Forturbulent flow, theturbulent eddy viscosity was calculated using the two-equation
Menter Shear-Stress Transport (SST) turbulencemodel [11]. The modelling of porous
bleed regions used the Slater bleed model [12] which required specification of the
boundary grid points within the bleed region andthe porosity ofthe bleed region. The
porosity isthe ratio of the sum of the areas ofthe openingofthe bleed holes over the
region divided by the overall area of the bleed region on the surface. The bleed
boundary condition also required specification of the static pressure of the virtualbleed
plenum forthe bleed region orthe desired bleed ratefor the bleed region.

3.2 Computational Flow Domain and Boundary Conditions

The flowdomain andboundary conditions used for the CFD simulations are illustrated
in Fig. 6. The flowdomain shownonly included half of theinlet due to geometric and
flowfield symmetry about a vertical planethroughthe inletatz=0. Theinternal and
external surfaces of theinlet formeda portion ofthe boundary of the flow domain
where no-slip, adiabatic viscouswall boundary conditions were imposed. The inflow
and farfield boundaries of the flow domain had freestream boundary conditions imposed
in which the Mach number, pressure, temperature, angle-of-attack, and angle-of-sideslip
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were specified. For supersonic freestream conditions, the inflow and farfield
boundaries were positioned just upstream of the leading-edge oblique shock. Atthe end
of the cowl exterior, the domain had an external outflow boundary where an
extrapolation boundary condition was applied for supersonic outflow and freestream
conditions applied for subsonic outflow.

Downstream of the engineface, an outflownozzle section was usedto set theflow rate
within the inlet. The use of the nozzle section moved the internal outflow boundary
condition downstream of the engine face by two engine-face diameters to reduce
interference ofthe flowat theengine face due to the application ofthe internal outflow
boundary condition. The internal outflow boundary condition was set using a
converging-diverging nozzle with a choked throat, as shownin Fig. 6. This created a
non-reflective, supersonic condition at the internal outflow boundary for which an
extrapolation boundary condition wasapplied. The inlet flowratewas set bythe cross-

sectionalarea of thenozzle throat.

Forthe inlets with a bleed slot and plenum, no-slip adiabatic, viscous wall boundary
conditions were imposed for the surfaces of the slot and plenum. A portion of the
rearward surfaces of the plenum was specified with a subsonic outflow boundary
condition with the static pressurespecified at thoseboundaries. The specified static
pressure was assumed tobe the bleed plenum pressure which worked toextract bleed
flow through the slot and into the plenum. The bleed flow then exited the plenum
through the subsonic outflowboundary. Forinlets with a porous bleed region, the grid

pointswithin the bleed region were imposedas a bleed boundary condition.

Farfield Freestream BC

Boundary

External Outflow BC

|

Internal Outflow BC

Outflow Nozzle

Engine Face

— Symmetry BC
Inflow » Y g
Boundary

No-slip, adiabatic wall BC
for inlet surfaces

Figure 6. The flow domain and boundary conditions for the
CFD simulations of the STEX inlets.

3.3 Computational Grid

Multi-block, structured grids were generated using SUPIN for the flow domain with the
specificationof the grid spacing inputs. The number of grid pointsalongthe edgesand
surfaces of the inlet were established withing SUPIN andthe volumegrids formed from
the surfaces. SUPIN also created the boundary condition file for Wind-US. The
spacing of thefirst pointoffthewallwas 0.00002 ft, which resolved viscous boundary
layers to y* < 1. A grid stretching ratio of 1.15 was used to distribute grid points
through theboundary layer. The maximum streamwise and cross-stream grid spa cings
of 0.09 ft was specified within the throat section. That grid spacing was established
from a grid convergence study. The specified grid spacing inputs createdgrids with a
minimum of210grid points in the streamwise directionin the interior duct from the
cowl lip to the engine face, 230grid points from the bottom of the throat sectionto the
top at the symmetry plane, and 103 grid points about thecircumference of the throat
section. The resulting volume grid within the internal duct oftheinlet includedabout 5
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million grid points. The number of grid pointswere much greaterwhenthebleed slot
was included because of smaller grid spacings within the plenum.

3.4 Inlet Performance Metrics

The first metric of inlet performance was the engine-face flow ratio, which was defined
as the rate of mass flow passing through the engine face divided by the reference
capture flowrate (W2/Weap). The engine-face flowrate (Wz) was computed from the
simulation as the mass-average of the flow through each of the axial grid surfaces
through theoutflow nozzle section.

The second metric of inlet performance was the inlet total pressure recovery, which was
calculated as the mass-averaged total pressure at the engine face divided by the
freestream total pressure (pe/pro).

The third and fourth metrics of inlet performancewere descriptors of the radial and
circumferential total pressure distortion at the engine face as represented by the indices
DPR/Pand DPC/P, respectively. The indices were computed usingthemethods of the
Society of Automotive Engineers (SAE) Aerospace Recommended Practices (ARP)
1420 document [13]. The indices were computed from total pressures interpolated from
the CFD simulation onto the probe locations of a virtual 40-probe rake as defined
accordingto the SAE ARP 1420. The rake consisted of eight arms with five probes per
rake. The probeswere positioned alongeach arm suchthat theirradial position was at
the centroid of equalareas of the annular disk at the engine face.

3.5 Iterative Convergence

Iterative convergence of each flow simulation was evaluated through monitoring
convergenceof theinlet flowrate, total pressure recovery and distortion. The steady-
state solutionwas considered converged when these values varied less than 0.01% of
theirvalues over hundreds of iterations. The solution residuals were also monitored to
check thatthey reduced and approached steady-state values.

4.0 RESULTS

The flowsimulations focused on comparing the performance of theround and flattop
inletsand evaluating the effectiveness of thebleed slot.

4.1 Baselinelnlets at the Critical Flow Conditions

An understanding of the fundamental behavior of the STEX inlet flowcanbe obtained
from CFD simulations of the baseline round and flattop inlets with the inlet operatingat
the critical flow condition. The critical flow condition occurs when the corrected flow
rate at the engine face (Wc2) matches the design corrected flow rate (We+). The
operating condition ofthe inlet canbe expressed by the engine-face corrected flow ratio
(Weo/ Weor).  The critical flow condition is Wea/We» = 1.0, Subcritical conditions

correspond to Weo/Weox < 1 and supercritical conditions correspond to Wea/Wez+> 1.

Figure 7 shows Mach number contours of the resulting flowfields for the baselineround
and flattopinlets operatingat the critical flow condition. Shownare the Mach number
contoursatthe inlet symmetry planeand at several axial planes through the inlet. Both
flowfields showthe terminal shock positions about thestation 1 plane. The terminal
shock is inclined toward the downstream direction about the cowl lip such that it
interacts with the shoulder, which is the desired position. Asmallsupersonic region
forms just downstream of the point of interaction of the terminal shock with the
shoulder. Downstream oftheshoulder interaction, the boundary layer thickensto form
a region of low-momentum flow. Forthe round inlet, the low-momentum flow gathers
mostly about thetop ofthesubsonic diffuser. Forthe flattopinlet, the low-momentum
flow gathers toward the curved “corner” ofthe cross-section of the forward part of the
subsonic diffuser. The low-momentum flow does not include any separation but does
continues toward theengine face and introduces total pressure losses.
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The inlet performance metrics forthesimulations ofthe baseline round and flattop
inlets at the critical flow conditions are listed in Table 2. The inlet total pressure
recoveries of pu/pw=0.8774and 0.8732fortheroundand flattopinlets, respectively,
are well belowthe MIL-E-5007 [14] expected recovery of pu/ppn=0.92. Theradialand
circumferential distortion indices of DPR/P~0.1 and DPC/P ~0.1, which are about the
acceptable upper limit forthe distortionindices and muchgreater than desired. The
similar performance betweentheround and flattop inlets provides some confidence that
an inlet designer has flexibility in selectinga desirable capture cross-section shape to
improve integration of the inlet with the aircraft.

Figure 7. Mach number contours on the symmetry plane (top) and at
axial stations (bottom) for the baseline round (left) and flattop (right)
STEX inlets with the inlet flow at the critical operating condition.

Table 2. Performance of the STEX inlets at the critical operation condition.

Inlet Wispillage/Weap  Whleed/ Wep  W2/Weap  Pr/Po  DPR/P DPC/P
Round: Baseline Inlet 0.0425 - 0.9575 0.8774 0.0900 0.1030
Flattop: Baseline Inlet 0.0526 - 0.9474 0.8732 0.1145 0.0939
Round: Bleed Slot 0.0376 0.0504 0.9120 0.9490 0.0493 0.0328
Flattop: Bleed Slot 0.0390 0.0518 0.9092 0.9456 0.0567 0.0285
Round: Bleed Region 0.0346 0.0517 0.9137 0.9527 0.0478 0.0323

4.2 Inlets with Bleed Slots at the Critical Flow Condition

CFDsimulations were performed of the round and flattop inlets with the bleedslotsand
with the inlet flowrate at the critical flow condition. Aslot bleed rate of Whieed/Weap =
0.0517 was specified forbothinlet simulations. Figure 8 shows Machnumber contours
attheinlet symmetry planeandat several axial planes through the inlet of theresulting
flowfields forthe roundandflattop inlets with the bleedslots. The flowfield images
showthe terminal shock was pulled intothe inlet and toward the downstream direction
by the action ofthe bleed slot. A sizable supersonic region formed belowthebleedslot
and downstreamwhere theterminal shock interacts with the bleedslot. The supersonic
region ends with a normal shock that sits at the end of the bleed slot; however, the
normalshock does not spantheentire heightof theinlet. Mostofthebleed flow was
extractedfromthe coreinlet flowby a jet of airflow positioned at theendof the bleed
slot that was directed into the bleed plenum. This scenario of the terminal shock,
internalsupersonic region, and jet of bleed airflowis similarto that ofthe inlet for the
Concorde aircraft [7]. Downstream of the bleed slot, the flow is subsonic as it continues
to diffuse toward the engineface. The bleedslot removed much of the low-momentum
flow observedforthebaselineinlets; however, the round inlet with the bleedslot does
seem to retain some low-momentum flow at thetop of thesubsonic diffuser. Some
low-momentum flowand a vortex does seemto form where the bleedslot ends in the
circumferential direction (i.e., side of the inlet). This low-momentum vortex flow
seemsto be larger forthe flattop inlet, and for bothinlets, the vortex propagates down
the subsonic diffuserallthe wayto theengine face. Evenwith the vortex, the flow
seems ratheruniformatthe engineface.

The inlet performance metrics forthesimulations ofthe roundandflattop inlets with
the bleed slot at the critical flow conditions are listed in Table 2. The inlet total
pressure recoveries of pe/pw = 0.9490 and 0.9456 for the round and flattop inlets,
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respectively, and wellabovethe MIL-E-5007 expected recovery of pe/po=0.92. The
radialand circumferential distortion indices of DPR/P = 0.05 and DPC/P ~0.03, which
are very acceptable levels of distortion. These performance metrics show a dramatic
improvement over the values for the baseline inlets.

Figure 8. Mach number contours onthe symmetry plane (top) and at axial stations
(bottom) for the round (left) and flattop (right) inlets with bleed slots with inlet
flow at the critical operating condition.

4.3 Round Inlet with a Porous Bleed Region

Simulations were performed with the roundinlet with a porous bleed region ratherthan
a bleed slot. The inlet geometry wasthesameastheround inlet with the bleed slot of
the previous subsectionand shownin Fig. 5, but the slot wasnot included. The porous
bleed region was specified to extend over the same region as the opening of the bleed
slot. The porous bleedregion was specified to have normalbleed holes anda porosity
of 40%. The bleed rate for the bleed region was specified to be the same as the
simulations of the previous subsection with Wpieea/Weap =0.0517.

Figure 9 shows Mach number contours of the resulting flowfield. Shownare the Mach
number contours at the inlet symmetry plane and at severalaxial planes through the
inlet. The flowfield images show similarities in the structure of the terminal shock and
internalsupersonic region to theimages for the roundinlet with a bleed slot shown in
Fig. 8. The lowerresolution of the shocks in Fig. 9 are due to less grid resolution than
the image of Fig. 8, which used a grid with finer resolution of the region about the bleed
slot. The Mach number contours on the axial planes of Fig. 9 showa similarstructure
of the low-momentum vortex flow atthe spanwise end of the bleed region asshown in
Fig. 8 forthe round inlet with a bleedslot.

The inlet performance metrics forthesimulationarelisted in Table2. The values of
Pe/pw=0.9527, DPR/P=0.0478,and DPC/P =0.0323are similarto those of theround
inlet with the bleed slot. These results suggest thatthe useof a porous bleed region
ratherthana bleed slot may be anacceptable option.

Figure 9. Mach number contours on the symmetry plane (top)
and at axial stations (bottom) for the round inlet with a porous
bleed region with inlet flow at the critical operating condition.
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4.4 Inlet Characteristic Curves

CFD simulations were performed for each of the inlets to obtain the characteristic
curvesrelatingthevariationof the inlet total pressure, distortion, spillage, and bleed
properties overa range of engine-face flowratios. The engine-face flow ratios were
varied throughthe change of the cross-sectional area of thethroat of the outflow nozzle,
asdescribed in subsection3.2. The simulations started with the supercritical condition
and continued in sequenceto the subcritical condition.

The characteristic curves of the inlet total pressure recovery with respect to theengine-
face flow ratio are shown in the plots on the left side of Fig. 10. The dashed line
represents the MIL-E-5007 [14] goal of recovery for an inlet at Mach 2. The
characteristic curve consists of a supercritical legand a subcritical legthat connect at
the critical point. The supercritical leg is mostly vertical, which indicates nearly
constant engine-face flow ratio. The subcritical leg is mostly horizontal, which
indicates nearly constant inlet total pressure recovery. Thisshape of the characteristic
curve resultsin it also beingreferredto asa “cane” curve. Thecritical point exhibits
almostmaximum engine-face flow ratio and maximum total pressure recovery. The
critical point is referred to as the “knee” of the characteristic curve. With the correct
sizing of the inlet, the engine-face corrected flow rate at thecritical point would match
the design engine-face corrected flow rate.

The characteristic curves for the baseline round and flattop inlets show the expected
“cane” shape ofthe characteristic curves and the recoveries are well belowthe M I L-E-
5007 recovery. The characteristic curves fortheinlets with the bleed slot and bleed
region showa less defined knee of thecurvedueto the gradual change in the bleedrate
asthe engine-faceflowratiois varied. The recoveries forthese inlets exceedthe M1 L-
E-5007 recovery byalmost 4%. Thecurvesare of similarformfortheround and flattop
inlets.

The plotsto therightin Fig. 10 showthe variation ofthe ratio ofthe spillage flow past
the cowllip. For the baseline inlets, the inlet spillage varies linearly withengine flow
with greater spillage asthe engine flowis reduced. The greateramount of spillage is
accompanied by a forward motion ofthe terminal shock toallowthe increasedamount
of subsonic spillage past the cowl lip. This movement of the terminal shock is
illustrated below in the discussion of Fig. 13. Forthe inletswith a bleed slot or bleed
region, the plots on the right of Fig. 10 showthatthe spillage remains essentially fixed
overthe range ofengine flowratios, which is a desirable characteristic.

The curves of Fig. 11 showthe SAE 1420radialand circumferential distortion indices
forthe inlets overthe simulated range of engine flowratios. The dashedlinesindicate
the upper limit of acceptable distortions. The distortionindices forthe baseline inlets
straddledthelimit line and likely would notprovidea margin against unacceptable
distortion fora turbofanengine. The distortionindices for the inlets with a bleedslot or
porous bleed region showed a range of radial distortion indices of mostly 0.04 <DPR/P
<0.06 and circumferential distortion indices of mostly 0.02 < DPC/P < 0.04, which
would likely be acceptable with margin fora turbofanengine.

The curves of Fig. 12 showthe bleed ratios and plenum pressure ratios for inletswith a
bleed slot orregion. The curveson the leftin Fig. 12 showa nearly linearvariation of
the bleed ratio with engine-face flowratio. Forthe simulations, the bleed ratios were
specified for each outflow nozzle setting to allow for direct comparison of the
performance of the round and flattop inlets. The values of the bleed ratios were
obtainedfrom aset of simulations foranearlier version of the roundinlet with a bleed
slot. As can beseen fortheplotsonthe left side of Fig. 12, the bleed ratios varied from
justover 4% forthe most-supercritical point toalmost 9% for the most-subcritical point
onthecurve. Table 2 indicates that for the critical inlet operation, the bleed ratio was
slightly over 5%. The plots on the right side of Fig. 12 indicate the plenum static
pressures forthe variation of engine-face flow ratios. An interestingobservationisthat
the flattop inlet requires lower plenum pressures thanthose of the roundinlet to extract
the sameamount of bleed flow. Also, the simulations ofthe roundinlet with the porous
bleed region showa nearly constant level of bleed plenum pressures.
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The bleed slot provides a useful control on the positionof the terminal shock as the
engine-faceflowratiois varied. Thiscontrolisillustrated in the Mach number contours
of Fig. 13 forthree engine-faceflow ratios for thebaselineflattopinlet and the flattop
inlet with a bleed slot. The values ofthe engine-face corrected flow ratio (Wc2/Weo+) of
Fig. 13 indicatesubcritical, critical, and supercritical inlet operating conditions.

The images of the left columnof Fig. 13 are from the simulations of the baseline flattop
inlet without any bleed. As can be seen, as the inlet operation becomes more
subcritical, the terminal shock is pushed upstream onto the external supersonic diffuser
to allowthe excess flowwithin theinlet to spillat subsonic conditions past the cowl lip..
At the supercritical conditionshown, the terminal shock is drawnsslightly into the inlet
as the amount of subsonic spillage past the cowl lip is reduced to make up for the

increased engine-face flow demand.

Theimageson the right of Fig. 13 are fora similarrange of engine-faceflow ratios as
the images on the left; however, the terminal shock remains essentially fixed in place.
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Any change in the engine-face flow rate is matched bya corresponding change in the
bleed slot flowrate. The primary difference betweenthe images on theright of Fig. 13
can be seen downstream of the terminal shock with the change in size of the internal
supersonic region and thenormal shockatthe end ofthe bleedslot. Asthe flowvaries
from subcritical to criticaland thento supercritical, the size of the internal supersonic
region increases and the extent of the normal shock across the height of the inlet
increases. The above characteristic curves showthe corresponding change in various
performance metrics with the changein the engine-face flow ratio.

Flattop: Baseline Flattop: Bleed Slot

— e

Figure 13. Mach number contours on the symmetry plane from CFD simulations for the
baseline flattop inlet (left) and the flattop inlet with a bleed slot (right) over a range of
engine-face corrected flow ratios flow from subcritical to supercritical inlet operation.

SUMMARY AND CONCLUSIONS

Streamline-traced, external-compression (STEX) inlets for Mach 2 have been designed
using computational methods fora representative turbofanengine with anengine-face
Mach number of M, = 0.5. The STEX inlet designs explored the use of round and
flattop capture cross-sections. The flattop inlets featurea flattenedtop surface to the
external supersonic diffuser, which may allow better integration with the lower or upper
surfaceof awingorfuselage. The results showed little difference in inlet performance
with the use of a round or flattop capture cross-section. Theuse of a bleed slot was
demonstrated to increasethe total pressure recovery by almost 7% overan inlet without
a bleed slot. Recoveries of about pe/pio=0.95 with Whiees/ Weap =0.05 for the critical
inlet operation were achieved. The use of the bleedslots reduced theformation of low-
momentum flowwithin the subsonic diffuser, which reduced radial and circumferential
distortion indices to acceptable levels. The use of the bleed slot demonstrated a
stabilizing effect onthe position of the terminal shock with the exchanging of bleed
flow rates with engine-face flowrates. The STEXinletwith a bleedslot provides an
attractive option for future commercial supersonic aircraft.
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