
JOURNAL OF PROPULSION AND POWER

Vol. 17, No. 2, March–April 2001

Experimental Testing of a Hypersonic Inlet with
Rectangular-to-Elliptical Shape Transition

M. K. Smart¤

NASA Langley Research Center, Hampton, Virginia 23681

Wind-tunnel testing of a hypersonic inlet with rectangular-to-elliptical shape transition has been conducted at
Mach 6.2. These tests were performed to validate the use of a recently developed design methodology for � xed-
geometry hypersonic inlets suitable for airframe integrated scramjets. Results indicated that � ow features within
the inlet were similar to design and that the inlet typically captured 96% of the available air� ow. Typical mass-
� ow-weighted total pressure recoveries of 55% were obtained for compression ratios of 14.8 throughout the test
program. Assessment of the inlet starting characteristics indicated that the inlet self-started at Mach 6.2 despite the
fact that it had an internal contraction ratio well above the Kantrowitz limit (Kantrowitz, A., and Donaldson, C.,
“Preliminary Investigation of Supersonic Diffusers,” NACA WR L-713, 1945). These results demonstrate that
high-performance, � xed-geometry inlets can be designed to combine a nearly rectangular capture with a smooth
transition to an elliptical throat.

Nomenclature
A; C; E ; = pressure instrumentation streamlines
G; I; K
AFM = � ow meter throat area
CD = discharge coef� cient for the mass-� ow meter
CpNi = speci� c heat of nickel
H = enthalpy, zero-base reference
M = Mach number
mc = mass capture percentage
Pm = mass � ow rate
Pav = average pressure on instrumentation streamlines
PR = inlet compression ratio, pe=p1

PT = inlet total pressure recovery, pt;e=pt;1

p = pressure
q = dynamic pressure
Pq = heat transfer rate
R = gas constant for air, 287.035 J/kg K
Re = Reynolds number
T = temperature
TR = inlet temperature ratio, Te=T1

t = time
u = x component of velocity
v = volume
x = axial length along model
y = height
z = width
° = ratio of speci� c heats
´KD = process ef� ciency,
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Subscripts

c = stagnation chamber
cap = inlet capture
e = inlet exit
i = inside cowl
m = model
o = outside cowl
t = total
t2 = pitot
w = wall
1 = inlet entrance

Introduction

T HE design of ef� cient inlets for hypersonic vehicles utilizing
airframe integrated scramjet modules is a subject of interest

in the high-speed propulsion community. In these con� gurations,
the vehicle bow shock performs the initial compression, and the
capture shape for the inlet of each scramjet module is required to
be rectangular. Other requirements are that inlets start before ram-
jet takeover speeds are reached (Mach 3–4), that they operate over
a large Mach number range, and that they be ef� cient during ve-
hicle cruise. For overall system simplicity there is also a strong
desire to have an intake with � xed geometry and no requirement for
boundary-layerbleed. Another desirable feature of a hypersonic in-
let for some scramjet applications is a transition from a rectangular
captureto an ellipticalthroat.The inletmay then be used in combina-
tion with an elliptical combustor, which is superior to a rectangular
combustor in terms of the structural weight required to withstand a
speci� ed pressure/thermal load, and the wetted surface area needed
to enclosea speci� ed cross-sectionalarea.This typeof con� guration
also reduces the undesirable effects of hypersonic corner � ows.

A number of three-dimensionalcurved inlets leading to circular
or elliptical combustors were designed and tested in the 1960s.1¡4

These � xed-geometry inlets performed well during wind-tunnel
tests and self-started with internal contraction ratios considerably
above the one-dimensionaltheoreticalstarting limit � rst introduced
by Kantrowitz and Donaldson.5 The current study involvesa further
investigationof the advantagesof three-dimensionalcurved inlets, a
task greatlysimpli� ed by the adventof moderncomputationaltools.
These tools have enabled a design methodology to be devised for
hypersonic inlets in which all internal surfaces of the inlet perform
a portion of the compression,corners are removed with a minimum
of disturbanceto the � ow, and three-dimensionalshock cancellation
is utilized. All of these features contributed to the design of a high-
performance inlet con� guration that includes a transition from a
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nearly rectangularcapture to an elliptical throat. A detailedmethod-
ology for the design of � xed-geometry, rectangular-to-elliptical
shape transition (REST) inlets was reported in Ref. 6. The current
paper describes the experimental testing of a Mach 6.0 REST inlet
in a hypersonicwind tunnel with a freestreamMach number of 6.2.

Experimental Program
Wind-Tunnel and Test Conditions

The current experiments were conducted in the NASA Langley
Research Center Arc Heated Scramjet Test Facility (AHSTF).7 In
this facility, an electric arc heats a portion of the air� ow to approx-
imately 4450 K, and the remaining air� ow is injected downstream
of the arc heater to produce the desired test conditions.The AHSTF
can provide test � ows with a total enthalpy corresponding to Mach
8 � ight. In the current tests, however, actual � ight total enthalpy
was not required, and the AHSTF was operated at low temperature
to maximize Reynolds number (12.0–15:6 £ 106/m) and to meet
model temperature restrictions. The Mach 6.2 nozzle used for the
tests had a 27:7 £ 27:7 cm exit and exhausted into a 1.22 m (4 ft)
diam test chamber that was connected to a 30.5 m (100 ft) vacuum
sphere.

AHSTF Mach 6.2 nozzle calibrations are reported in Ref. 8 for
a range of wind-tunnel total conditions. These indicated that the
nozzle � ow contains vortex pairs at the midpoint of each wall that
contaminate the core � ow. The inlet was, therefore, positioned so
that its projected capture tube contained as high a proportion of
undisturbed core � ow as possible. Figure 1 shows the inlet capture
stream tube superimposedon a contour plot of the nozzle exit Mach
number for a typical test condition, indicatingthat the inlet captured
only a small portion of the � ow affected by the vortex pairs. Two
nominal test points were established for the experimental program.
Table 1 lists the facility stagnationchamberconditionsfor these test
points and the equivalent one-dimensional properties of the � ow
within the inlet capturestream tube.These valueswere generatedby
scaling thenozzlecalibrationdata8 at stagnationchamberconditions
pc D 2:24 MPa (325 psia) and Hc D 0:614 MJ/kg (264 Btu/lbm) to
the test points utilized in the current program.

Experimental Model

A photograph of the fully assembled experimental model
mounted in the AHSTF test section is shown in Fig. 2. The complete

Fig. 1 Mach number contours at the Mach 6.2 nozzle exit with the
REST inlet capture area shown.

Table 1 Wind-tunnel test conditions

Property Test point 1 Test point 2

pc , MPa (psia) 3.01 (437) 2.67 (390)
Hc, MJ/kg (Btu/lbm) 0.702 (302) 0.556 (239)
M1 6.18 6.18
p1 , kPa (psia) 1.393 (0.202) 1.241 (0.180)
T1, K (±R) 81.1 (145.9) 64.0 (115.3)
pt;1 , MPa (psia) 2.672 (387.5) 2.366 (343.1)
Tt;1, K (±R) 690 (1242) 550 (991)
Re1 £ 106, m¡1 (ft¡1) 12.0 (3.66) 15.6 (4.77)
q1 , kPa (psf) 37.3 (779) 33.2 (694)
Pm1, kg/s (lb/s) 0.757 (1.669) 0.760 (1.675)
Capture area, cm2 (in.2) 113.8 (17.64) 113.8 (17.64)

Fig. 2 Photograph of the fully assembled REST inlet model in the
AHSTF test section.

modelconsistedof theREST inlet,a cruciformrake,a dump-isolator
tube, a mass-� ow meter, and supporting structure. Three views of
the fully assembled model are shown in Fig. 3, with key dimensions
labeled. The complete model was approximately175 cm (69 in.) in
length and was suspended in the test section from two overhead I-
beam sections.The inlet had a total lengthof 94.6 cm (37.2 in.), with
cowl closure 50.8 cm (19.9 in.) from the most forward point, the
throat a further 28.6 cm (11.3 in.) downstreamof cowl closure, and
a 15.2 cm (6-in.) long elliptical isolator downstream of the throat.
The capture area of 113.8 cm2 (17.6 in.2 ) was 15.2 cm (6.0 in.) wide
and 11.0 cm (4.3 in.) high at its plane of symmetry and had sharp
leading edges. The inlet was manufactured from pure nickel using
an electroforming technique.The � rst step in this process involved
the machining of an aluminium mandrel to the internal shape and
surface � nish required for the inlet. This was followed by nickel de-
position to approximately 3.5 mm thickness, � nal machining, and
then removal of the mandrel by the use of an acid bath. This overall
process provided an economical means of manufacturing the three-
dimensionalcurved internalshape to within the desired toleranceof
§0:13 mm (§0:005 in.).

The � xed-geometry inlet was designed using the methodology
outlined in Ref. 6. This method combined a quasi-streamtracedin-
viscid techniquewith a correction for three-dimensionalboundary-
layer growth, to design an inlet with nearly rectangular capture and
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Fig. 3 Three views of the REST inlet model con� guration.

smooth transition to an elliptical throat. Its highly notched cowl
was designed to allow for � ow spillage when operating below the
design Mach number. The particular inlet shown in Figs. 2 and 3
was designed to be mounted beneath a vehicle cruising at Mach
7.1 on a constant q D 50 kPa (1044 psf) trajectory. In combina-
tion with a 6 deg forebody compression, the inlet was required
to supply a scramjet combustor with � ow at, or above, 50 kPa
(0.5 atm). In this instance, � ow enters the inlet at M1 D 6:0, and
the required inlet compression ratio is PR D 13:5. Further assump-
tions used in the design of the model were an entrance Reynolds
number of Re1 D 26 £ 106=m, a wall-to-total temperature ratio of
Tw =Tt;1 D 0:5, and a transition to turbulent � ow that began 1.25 cm
(0.5 in.) downstream of all leading edges. The resulting inlet model
had an overall contraction ratio of 4.74 and an internal contraction
ratio of 2.15.

The cruciform rake mounted at the rear of the inlet contained
both pitot and static pressure probes for surveying the inlet exit
� ow. An 8.9 cm (3.5 in.) diameterdump-isolatortube was connected
to the rear of the rake. Fueled engine operation was simulated by
reducingtheexit areaof the dump isolatorvia translationof a conical
plug.Throughout the test program, this device was used to 1) obtain
an estimate of the inlet mass capture and 2) examine the self-start
capability and back-pressuredperformance of the inlet.

Instrumentation and Data Acquisition

Model instrumentation consisted of surface pressure taps, pitot
and static pressure probes, coaxial surface thermocouples, and to-
tal temperature probes. Model pressures were measured using a
PressureSystems,Inc.,Model8400electronicallyscanningpressure
system. Four pressure ranges were utilized in the tests: 0–6.8 kPa
(0–1 psia), 0–34.4 kPa (0–5 psia), 0–102.1 kPa (0–15 psia), and
0–680.7 kPa (0–100 psia). The error associated with the use of
these transducers was §0:5% of full scale. The type E coaxial sur-
face thermocouples were manufactured by Medtherm Corporation
and were electrically isolated from the model. The error associated
with the use of these thermocoupleswas §0:5% of the temperature
measured above the 273 K reference. The type K thermocouples
used in the total temperature probes were of beaded construction,
and the error associatedwith the use of the total temperature probes
was §0:75% of the temperature measured above the 273 K ref-
erence. Thermocouple output was converted to temperature by a
universal temperature reference system and processed by a 16-bit
NEFF A/D converter.Facilitydata were also processedby the NEFF
A/D converter.All data recordedusing the AutonetVersion 4.0 data
acquisition software on a personal computer. Pressure data associ-
ated with the model recordedat a rate of 10Hz, and all thermocouple
and facility data recorded at a rate of 50 Hz. All error bars shown
in the paper were calculated using standard uncertainty analysis
techniquesand the aforementioned instrumentationerror ranges.

Figure 4 shows a schematic of the nominal streamlines along
which surface pressure taps were distributed in the inlet. Pressure
taps were concentrated on the right-hand side of the model (as the

Fig. 4 Schematic of the
REST inlet pressure instru-
mentation streamlines.

Fig. 5 Photograph of the cruciform rake containing both pitot and
static probes.

model had a vertical plane of symmetry) and were placed on the six
streamlines (labeled A, C , E , G, I , and K in Fig. 4) at 15 differ-
ent axial stations along the inlet. These instrumentationstreamlines
were approximately equally spaced around the internal surface of
the inlet and gave a good indication of the overall surface pressure
distribution.Thermocoupleswere placed at three representativepo-
sitions on the inside surface of the model, that is, the front of the
inlet, downstream of the inlet throat, and on the cowl just down-
stream of the inlet crotch (see Fig. 3). These were used to monitor
the temperatureof the inlet and also to obtain an estimate of the heat
transfer to the model.

A photographof thecruciformrake is shownin Fig. 5. It contained
24 pitot probes with an outer diameter of 1.0 mm and 12 static
probes with an outer diameter of 1.5 mm. The static probes were
equallyspacedalong thehorizontaland verticalbranchesof the rake,
whereasthepitotprobeswere concentratednear thewalls to measure
the viscous losses in the inlet more accurately. The static probes
were designed for internal supersonic � ow measurements using the
method of Pinckney.9 A full pitot and static pressure survey of the
inlet exit � ow required two runs, with the cruciform rake rotated
180 deg between runs.
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Fig. 6 Schematic of the � ow meter and the back-pressured � ow� eld.

Figure 6 shows a schematic of the device used to measure the
captured inlet mass-� ow rate. These measurements were obtained
by back pressuring the inlet/dump isolator with the conical plug
until a shock train was stabilized near the throat of the inlet. Flow
was then subsonic in the dump isolator and choked at its exit. In the
current apparatus (referred to in the remainder of the paper as the
� ow meter), four pitot probesand two total temperatureprobeswere
situated slightly upstream of the conical plug to obtain values for
the pitot pressure and total temperature of the � ow exiting the � ow
meter. Assuming a thermally perfect gas and a sonic Mach number
at the throat of the � ow meter, the captured inlet mass-� ow rate is
then given by

Pm cap D pt . p=pt /
p

.° =RTt /.Tt =T /CD AFM (1)

where p=pt , ° , and T=Tt are all functions of Tt and are calculated
usingthe methodsdescribedin Ref. 10. The dischargecoef� cient for
the mass-� ow meter, CD D 0:978, was obtained from a previously
performed calibration.The error associatedwith the mass-� ow rate
calculations was estimated at §1:7%.

Test Program

The test program was separated into two sections, 1) determina-
tion of the inlet starting characteristics and back-pressured perfor-
mance and 2) determination of the inlet ef� ciency, capability, and
mass capture. The starting characteristics of the REST inlet were
assessedby reducingtheexit areaof the � ow meter until the inlet un-
started, then removing the � ow constriction.Restarting of the inlet
after such a mechanicallyimposedunstart is generallyconsideredto
be de� nitive proof that the inlet will self-start at similar conditions.
The maximum back pressure tolerated by the inlet before unstart is
also an importantdesignparameterbecauseit providesan indication
of the amount of pressure rise that the inlet will withstand during
dual-mode scramjet engine operation.

To de� ne the conditions of the air entering the combustor of a
scramjet engine, both an inlet ef� ciency term, like total pressure
recovery, as well as an inlet capability term, like compression ratio,
must be supplied.11 The mass-� ow rate of the air captured by the
inlet is also required.The ef� ciency, capability,and mass capture of
the REST inlet were determined using the pitot and static pressure
surveys at the inlet exit plane, the surface pressure distributions
within the inlet, and the � ow meter measurements. Run times of
35 s allowed the effect of different wall temperature conditions to
be investigated,but the model was never allowed to reach adiabatic
wall conditions due to the temperature limit of the epoxy used to
seal the surfacepressuretaps (500 K). Test sectionReynoldsnumber
and dynamic pressure were varied as indicated in Table 1.

Results and Discussion
Inlet Starting Characteristics

If the inlet did not start, then no useful data could be obtained
from the tests. Hence, inlet start-ability,both with the initial tunnel
startup and after mechanically induced unstarts, was critical to the
test program. As discussed in Ref. 12 and other places, the key
parameter for characterizinginlet starting is the Mach number at its
plane of closure. Based on computational � uid dynamics analyses,
the mass-� ow averaged Mach number at the cowl closure plane
in the current experiments was Mcap D 4:68. The Kantrowitz limit5

indicatesa maximum internal contractionof 1.53 at Mach 4.68.The

REST inlet was designed with an internal contraction ratio of 2.15,
so it violated the generally used rule of thumb for inlet starting by
a signi� cant margin. Despite this, the REST inlet was observed to
start with the wind tunnel for all test conditions. Figure 7 shows a
schlieren image of a typical test. Flow is from left to right and the
external shock structure generated by the inlet can be seen at the
bottom of the image. The appearance of a cowl shock emanating
from the crotch of the inlet was found to be a good indicator that
the inlet was started.

Figure 8 shows an instantaneousschlieren image of the external
shock structure observed during a mechanically induced unstart.
This � ow� eld exhibited high-amplitude � uctuations, with a strong
shock oscillating well upstream of the inlet crotch. Figure 9 shows

Fig. 7 Schlieren image of the started � ow� eld.

Fig. 8 Instantaneousschlieren image of the highly unsteady unstarted
� ow� eld.

Fig. 9 Plot of the � ow meter throat area and the key surface pressures
vs time during a self-start test.
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Table 2 Comparison of actual and design
test conditions

Property Actual Design

M1 6.18 6.0
Re £ 106 , 12.0/15.6 (3.66/4.77) 26.0 (7.92)

m¡1 (ft¡1)
Tw=Tt;1 0.44–0.71 0.50

a time-dependentplot of � ow meter throat area AFM and two key sur-
face pressure taps during a typical unstart test. These taps were sit-
uated just downstream of the inlet crotch, one on the inner surface
of the inlet and one on the outer surface. The behavior of these two
pressure measurements gave a clear indication of whether the inlet
was started or not. During a self-start test, AFM was gradually re-
duced until unstart was observed. This � ow process is indicated in
Fig. 9 by the crossing over of the pi and po pressures traces. After
a period in which the inlet remained unstarted, an increase of AFM

allowed the inlet to restart at an area slightly larger than the area at
which the unstart began. The REST inlet tested in the currentexper-
iments exhibited the ability to self-start after mechanically induced
unstarts for all test conditions.

Surface and Probe Based Pressure Measurements

The REST inlet tests were initially planned to be undertaken in
the NASA Langley Research Center 20 in. Mach 6 tunnel, but the
tests were transferred to the AHSTF due to scheduling dif� culties.
For this reason, the test Mach number and Reynolds number were
slightly different from design. Table 2 shows a comparison of the
actual test conditions with those used to design the REST inlet.
Whereas the wall thermal conditions of the tests were similar to
design,both the increasedMachnumberand thedecreasedReynolds
number produced a higher inlet compression ratio than the design
value of PR D 13:5.

Figure 10 shows the normalized surface pressure distributions
along instrumentationstreamlines A, C , E , G , and I (see Fig. 4) for
test point 1 with Tw =Tt;1 D 0:438, together with the design values.
In the portion of the inlet upstream of the crotch, the experimental
data was almost identical to the design values. Downstream of the
crotch, experimental data showed some differences in local pres-
sure levels, but the overall trend of the experimental and design
pressuredistributionsremained similar. The local discrepanciesob-
served downstream of the crotch are believed to be due to features
of the shock/boundary-layer interactions not accounted for in the
design process (see Ref. 6). The results shown in Fig. 10 are typical
of the surface pressure distributions observed throughout the test
program. It was generally observed that the inlet surface pressure
distributionswere somewhat sensitiveto the wall thermal condition,
but exhibitedminimal sensitivityto thechangesin Reynoldsnumber
between the two test points.

Both the pitot and static pressure distributions at the exit of the
inlet were measured using the cruciform rake. In combination with
the mean total temperature of the � ow at the inlet exit, these mea-
surementswere used to calculatea completeset of propertiesat each
probe location, assuming the air behaved as a thermally perfect gas.
To determine the total temperatureof the inlet exit � ow, an estimate
of the average heat transfer rate to the model Pqm was obtained using

Pqm D dTm

dt
C pNi ½Ni vm (2)

As noted earlier, the inside surface temperature was measured at
three representative locations on the model (see Fig. 3). As the
model was a thin-walled structure (wall thickness ¼3:5 mm), the
temperature gradient of the entire structure dTm =dt was assumed
to be equal to the average of the three representative surface tem-
perature gradients. Employing the speci� c heat of nickel CpNi, the
density of nickel ½Ni, and the volume of the model vm , use of Eq. (2)
resulted in typical heat transfer rates to the model of between 0.6%
and 1.5% of the captured total enthalpy � ux. Subtracting the heat

Fig. 10 Surface pressure comparison between design and experiment
along instrumentation streamlines.

transfer rate from the captured total enthalpy � ux gave the total en-
thalpy � ux of the � ow exiting the inlet. The methods described in
Ref. 10 were used to calculate the total temperature corresponding
to the exit � ow enthalpy � ux.

Figures11a and 11b showthe normalizedpitot and static pressure
distributionsobtained along the horizontal and vertical branches of
the rake for test point 2 with Tw=Tt;1 D 0:631. Figure 11a indicates
that both the pe and pt2;e distributions are nearly symmetric about
the centerline of the inlet. Interestingly, pe was observed to be ap-
proximately constant across the horizontal branch, whereas, pt2;e

showed plateausnear both walls, smooth peaks approximatelymid-
way between the center and walls, and a central dip. The dip in
pt2;e at the center of the inlet was an unexpected feature of the
� ow, especially given the relatively constant pe . Probe interference
and other possibleproblems associatedwith the central pitot probes
were investigatedas causes of this phenomenon,without result. It is
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a) Horizontal branch

b) Vertical branch

Fig. 11 Pitot and static pressure probe measurements at the inlet exit.

possible that the central dip in pt2;e is a consequenceof the nonuni-
formities present in the inlet capture � ow (Fig. 1) because the in-
let was designed with the assumption of uniform freestream � ow.
Figure 11b shows that pe remained constanton the lower two-thirds
of the vertical branch, then jumped to a level approximately 50%
higher on the upper one-third. The corresponding pt2;e distribution
peaked toward the top of the inlet and exhibited a sharp dip in the
viscous-dominatedregion near the top wall. On the bottom portion
of the vertical branch, pt2;e dropped from its peak at a more gradual
rate due to increasedshock losses near the cowl. These distributions
are typical of those observed at the exit of the inlet throughout the
test program.

Figures 12a and 12b show the Mach number and total pressure
distributions calculated from the rake measurements. On the hor-
izontal branch (Fig. 12a) both Me and pt;e show a similar shape
to pt2;e , with the Mach number peaking at Me D 3:9 approximately
halfway between the center and the wall and dipping to Me D 3:5 at
the center.In general, the presenceof the centraldip in pitot pressure
had a signi� cant effect on all of the calculated inlet � ow properties.
The verticalbranch distributionsof Me and pt;e (Fig. 12b) were also
similar to pt2;e with the Mach number peaking at Me D 3:8 toward
the top of the inlet exit. Note that the distributionof ½eue (not shown)
was also observed to show a similar trend to the distributionof pt2;e.

Inlet Ef� ciency, Capability, and Mass Capture

Equivalentone-dimensionalmass-� ow-weightedpropertieshave
beencalculatedat the inletexitusingtheprobemeasurements.These
were generatedby dividing the inlet exit area into four sections, then
constructing a series of elliptical-annularstrips centered on each of
the pitot probe positions on the horizontal and vertical branches of
the rake. The properties at the pitot probe positions were then as-
sumed to correspondto the averagevalues over the strip.When inte-

Table 3 Equivalent one-dimensional
properties at the inlet exit for test point 2a

Property Test point 2

pt , MPa (psia) 1.269 (184.0)
Tt , K (±R) 543.6 (978.4)
Ht , MJ/kg (Btu/lb) 0.548 (235.8)
M 3.264
p, kPa (psia) 18.76 (2.721)
T , K (±R) 181.3 (326.3)
½ , kg/m3 (lb/ft3) 0.377 (2:35 £ 10¡2)
u , m/s (ft/s) 854.4 (2803)
Pm kg/s (lb/s) 0.732 (1.615)
Area cm2 (in.2) 24.37 (3.778)

aTw=Tt;1 D 0:631.

a) Horizontal branch

b) Vertical branch

Fig. 12 Calculated Mach number and total pressure ratio at the inlet
exit.

grated over the entire exit area of the inlet, this averaging technique
was expected to supply a best possibleone-dimensionalestimate of
the inlet performance, given the available data. Table 3 includes a
complete list of the exit � ow properties corresponding to the data
shown in Figs. 11 and 12.

Numerous experiments were conducted at both test points with
different wall temperature conditions. Figure 13 shows plots of
mass-� ow-weighted equivalent one-dimensionalef� ciency param-
eters, namely, the total pressure recovery PT , the kinetic energy
ef� ciency ´KE, and the process ef� ciency ´KD, vs wall-to-total tem-
perature ratio Tw=Tt;1 . Note from Fig. 13 that the ef� ciency curves
for both test points are almost identical where they overlap. This
indicated that the 30% difference in Reynolds number between test
points 1 and 2 had a minimal effect on inlet ef� ciency. Also note
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Fig. 13 Plots of inlet ef� ciency parameters vs wall-to-total tempera-
ture ratio.

Fig. 14 Plots of inlet capability parameters vs wall-to-total tempera-
ture ratio.

from Fig. 13 that Tw=Tt;1 had a signi� cant effect on PT . For exam-
ple, increasing Tw=Tt;1 from 0.44 to 0.71 reduced PT from 0.565 to
0.517. This decrease in PT was due to the increasedboundary-layer
thickness for the higher Tw =Tt;1 . Process ef� ciency showed a less
pronounced decrease with increasing Tw=Tt;1, with values in the
range ´KD D 0:895–0.877 for the tests. In contrast to PT and ´KD,
kinetic energy ef� ciency showed a slight increase with increasing
Tw =Tt;1 , with values in the range ´KE D 0:963–0.968 for the tests.

The wall-to-total temperature ratio effect was also manifested in
the inletcapability,as indicatedbyparameterslikecompressionratio
PR , temperatureratio TR , and exit Mach number Me , which are plot-
ted vs Tw=Tt;1 in Fig. 14. The increased boundary-layer thickness
for the higher Tw =Tt;1 values raised the pressure and temperature
ratio by increasing the aerodynamiccontractionexperiencedby the
inviscid core � ow. The same phenomenon also reduced the Mach
number at the inlet exit. Increase of Tw=Tt;1 from 0.44 to 0.71 pro-
duced a 10.7% increase in PR to a maximum for the current tests of
PR D 15:55. Both TR and Me showeda less pronounceddependence
on Tw=Tt;1 with typical values of TR D 2:81 and Me D 3:29.

Table 4 lists the rangesof the mass-� ow-weightedequivalentone-
dimensional values for PR , TR , Me, PT , ´KE , and ´KD measured for
the REST inlet at the two test points. The values listed in Table 4
correspondto mass capture percentagesof m c D 96:0 and 96.6% for
test points 1 and 2, respectively.Both of these values are within the
error range of the corresponding mass-� ow meter measurements,
which were mc D 96:2 § 1:7% and 96:5 § 1:7% for test points 1
and 2, respectively.

Table 4 Equivalent one-dimensional performance
parameter ranges for test points 1 and 2

Test point 1, Test point 2,
Property Tw=Tt;1 D 0:44–0.59 Tw =Tt;1 D 0:54–0.71

PR 14.10–15.18 14.65–15.55
TR 2.72–2.84 2.79–2.90
Me 3.35–3.28 3.32–3.22
PT 0.565–0.544 0.555–0.512
´KE 0.963–0.966 0.965–0.968
´KD 0.895–0.887 0.888–0.877
mc 96:2 § 1:7% 96:5 § 1:7%
Pqm =Ht;1 1.20–0.61% 1.48–1.13%

Fig. 15 Surface pressure distributions at the maximumback-pressure
condition.

Inlet Back Pressure Performance

Figure 15 shows a typical pressure distribution in the inlet for
test point 2 at maximum back pressure, that is, just before a me-
chanically induced unstart. This data supplies an indication of the
maximumpressurethe REST inlet could sustain in a combustordur-
ing dual-mode scramjet operation. A plot of the average pressure
along the inlet without back pressure has been added to Fig. 15 for
reference. Note that when fully back pressured, the axial pressure
distributionsalong all streamlinesbecomesimilar.This is an indica-
tion that � ow downstreamof the inlet crotch is fully separated,with
a shock train situated inside the enclosed portion of the inlet. Based
on the data shown in Fig. 15, the ratio of maximum back pressure
to the pressure generatedwith no back pressure is 5.7 for this REST
inlet at Mach 6.2 ( note also that the maximum back pressure is ap-
proximately90 times the freestreampressure). Measuredmaximum
back-pressure ratios varied between 5.3 and 5.7 throughout the test
program.

Conclusions
Results of Mach 6.2 wind-tunnel testing of a � xed-geometry

hypersonic inlet were reported. This three-dimensional, quasi-
streamtraced inlet had an overall contraction ratio of 4.74, an in-
ternal contraction ratio of 2.15, and a Mach 6.0 design point. It
also included a transition from a nearly rectangular capture to an
elliptical throat. The tests were conducted to validate a previously
developed design methodology for � xed-geometry inlet con� gura-
tions that include signi� cant cross-sectionalshape changes. The in-
let was tested at a Reynoldsnumbersof Re D 12:0 and 15:6 £ 106/m
(3.66 and 4:77 £ 106/ft) and at wall-to-totaltemperatureratios rang-
ing between 0.44 and 0.71.

The inlet was observed to start with the wind tunnel at all times
during the test program. It also exhibited self-startingcapability af-
ter mechanically induced inlet unstarts.These results indicated that
the Kantrowitz5 starting limit does not necessarilyapply to all inlet
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con� gurations. Surface pressure distributionswithin the inlet were
found to be similar to design. However, the overall compression
ratio generated by the inlet was higher than design because the in-
let was tested above the design Mach number and below the design
Reynoldsnumber.Equivalentone-dimensionalperformanceparam-
eters were obtained using both pitot and static pressure probes at
the inlet exit. On a mass-� ow-weigthedbasis, capability parameters
such as compression ratio and exit Mach number ranged between
14.1 and 15.6 and 3.35 and 3.22, respectively. Ef� ciency param-
eters such as total pressure recovery and kinetic energy ef� ciency
ranged between 0.565 and 0.512 and 0.963 and 0.968, respectively.
In general, increased values of wall-to-total temperature ratio led to
increased inlet capability, but at a reduced total pressure recovery.
Inlet mass capture was deduced from measurements to be approx-
imately 96% of the available air� ow. Heat transfer to the model
ranged between 0.6% and 1.5% of the captured total enthalpy � ux.
Finally, back-pressurizationdata indicated that the maximum back-
pressure ratio relative to unhindered operation varied between 5.3
and 5.7. This test program demonstrated that the inlet shape tran-
sition required to utilize elliptically shaped combustors in airframe
integrated scramjets can be accomplished without sacri� cing inlet
performance.
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