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Acompact three-dimensional scramjet intakewith ahigh compression ratio andamovable cowl as a startingdevice

and for the adaption of the internal contraction to respective operating conditions was designed for a parabolic

reentry flight experiment. In an extensive measurement campaign, conducted in a blowdownwind tunnel at Mach 7,

the operational behavior of this inlet was characterized. The parameters investigated include internal contraction

ratio, Reynolds number, angle of attack, and angle of yaw, and the starting behavior was examined. Static and total

pressure ratios and mass capture ratios were used to evaluate the performance of the inlet and throttle curves to

determine the operational limits. The flowfieldwas studiedby schlieren images,wall pressuredistributions, andMach

number profiles in the interface of the isolator and combustion chamber, which were determined with a pressure

measurement rake with static and pitot pressure probes. The flow on the external ramp was analyzed by infrared

thermography. The inlet showed good performance regarding compression and efficiency and proved to be quite

robust at various flight angles. The performance tended to improve, and the inlet operated more stably with

increasing internal contraction, with the most important factor being whether the inlet leading-edge shock was

captured by the cowl.

Nomenclature

A = area, m2

CR = overall contraction ratio, equal to A0∕Ath

cp = pressure coefficient
cp;air = specific heat capacity of air, J∕�kg ⋅ K�
I = internal contraction ratio, equal to AL∕Ath

M = Mach number
MCR = mass capture ratio
_m = mass flow, kg∕s
p = pressure, Pa
_q = heat flux, W∕m2

R = specific gas constant for air, equal to
R � 287.15 J∕�kg ⋅ K�

Re = Reynolds number
St = Stanton number
T = temperature, K
t = time, s
α = angle of attack, deg
β = angle of yaw, deg
γ = ratio of specific heats
Δ = throttle degree
ηke = kinetic energy efficiency
λ = thermal conductivity,W∕�s ⋅ K�
Πst = static pressure ratio
πt0 = total pressure ratio
ρ = density, kg∕m3

Subscripts

c = capture area
ex = isolator exit
L = lip
st = static
th = throat
t0 = wind-tunnel total conditions
∞ = wind-tunnel freestream conditions

I. Introduction

S CRAMJETS have been a focus in the development of advanced
high-speed propulsion systems for several decades [1,2]. In

recent years, advances in flight testing have sparked a renewed
interest in this field of science and triggered several new research
projects [3–9].
Two key features of a scramjet propulsion system are that com-

pression of the flow to reach the conditions required in the combus-
tion chamber is achieved merely by decelerating the flow in the inlet
without any mechanical compression system and that combustion
takes place at supersonic speeds [1]. This poses strong requirements
on the inlet design as it has to supply a sufficient mass flow of air at
conditions required for supersonic combustion and thus makes it a
critical system component. The quality at which the inlet fulfills this
task is crucial to the overall scramjet performance [10].
Former research mostly focused on two-dimensional inlets

[3,6,11,12]. Although three-dimensional (3D) inlets have been
researched in the past [10,13], only recently a stronger focus on 3D
configurations was established. Heiser and Pratt [1] list several advan-
tages of three-dimensional designs. Compression in both vertical and
horizontal planes allows for a more compact and lighter design. Ramp
angles can be smaller, resulting in weaker shocks, lower total pressure
losses, and less shock-induced incipient separation. Furthermore
advances in design techniques such as streamline tracing [14,15]
enable more possibilities regarding the engine configuration.
The inlet in this paper was designed for a flight experiment with

parabolic reentrywhere scramjet operation is achieved during reentry
in a corridor between 30 and 25 km altitude at flight Mach numbers
between 7 and 8 [8,16]. For the proposed configuration, the intake
design had to comply with several prerequisites. Potential launcher
systems for the flight experiment limit the size of the overall con-
figuration and thus require a very compact inlet design. Despite this,
as there should be no forebody and consequently all of the compres-
sion has to take place in the inlet, it needs to have a high static pressure
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ratio of Πst ≈ 40–45 (and correspondingly large contraction
8 ≤ CR ≤ 8.5), to achieve the requirements for supersonic combus-
tion (pst ≈ 50 kPa and Tst ≈ 1000 K) [3,17]. A central strut injector
and staged combustion should be used, resulting in a rather narrow
and high combustion chamber (65 mm wide and 40 mm high) [18].
Furthermore, as opposed to previous flight experiments [3], the
intake should not have any bleed flow to reduce system complexity.
Considering all these requirements, a three-dimensional inlet with a

single ramp and straight converging sidewalls was found best suited
for this task [19]. Streamline-traced designs, for example, based on a
Busemann flowfield or a rectangular-to-ellipticial-shape-transition
(REST)-type inlet with adequate performance, would need to be sig-
nificantly larger [19].Also, two-dimensional inletswithin the size limits
were not capable of achieving sufficient compression [20]. Further-
more, previous investigations showed that enhancing the compression
of a two-dimensional (2D) inlet with additional sidewall compression
can cause severe implications on the inlet operation and performance
[21]. In this case, the corner flow, inducedby the interaction of rampand
sidewall shocks and the resulting complex flow structure with multiple
shock-shock and shock-boundary layer interactions and strongvortices,
as described by Goonko et al. [22] or Nguyen et al. [23], strongly
impaired the starting behavior and also reduced the inlet efficiency.
However, also for the present design, particular attention had to be
attributed to the corner flow. Especially to reduce corner vortices, radii
were applied to the corners of the entire flowpath, which had only
negligible effect on the performance but significantly decreased vorti-
ces and produced a much more homogeneous flowfield [19].
To achieve shock-on-lip condition and thus minimize spillage and

consequent losses, geometrical constraints require an internal contrac-
tion significantly above the Kantrowitz criterion [24] for the self-
starting of inlets. While experience shows that this limit applies well
for 2D inlets, it is very conservative for 3D intakes, which usually have
superior starting behavior [10,17,19,25–27]. However, other studies
[28] and previous investigations showed that in some cases 2D inlets
can be started above the Kantrowitz limit, while configurations with
sidewall compression exhibited inferior performance and that starting
was very dependent on local flow phenomena [21]. This suggests that
inlet startingmight be problematic in its design configuration. Thus, to
achieve optimal inlet performance, a movable cowl as a starting
mechanism was integrated. It also gives the opportunity to test the
inlet at different internal contraction ratios and adapt it to off-design
conditions such as angle of attack and Mach number variation.
This paper presents further results of an extensive measurement

campaign to characterize the operational behavior and flowfield of
this inlet, which was already reported on previously [29]. It was
performed atM � 7 at two flow conditions to analyze the Reynolds
number influence which simulates different flight altitudes. The
influence of the internal contraction was investigated, and the critical
internal contraction for inlet starting was determined. The intake
behavior was examined for angles of attack up to�6 deg and angles
of yaw up to 6 deg. The flowfield and performance were assessed by
wall pressure measurements and a pressure rake with pitot and static
pressure probes at the interface of isolator and combustion chamber.
Stanton number distributions on the external ramp were evaluated by
IR thermography, and schlieren images of the external flowfield and
the internal flow in the isolator were recorded.

II. Experimental Setup

A. Wind-Tunnel and Test Conditions

Experiments were conducted in a hypersonic blow down wind
tunnel that uses contoured axisymmetric nozzles with 600 mm exit
diameter for fixed Mach numbers of 5.3, 6, 7, 8.7, and 11.2 for
Reynolds numbers in the range of 2.5–20 × 106 m−1, with total
pressures up to 4 MPa, total temperatures up to 1000 K, and test
durations up to 35 s [30]. Variation of total temperatures also allows
us to obtain different wall temperature ratios Tw∕Tt0. Sketches of the
wind tunnel and its performance map are shown in Figs. 1 and 2.
The test conditions in Table 1 were chosen for Reynolds number

similarity ofMach 7 flights of a full-scale model at altitudes of 30 km
(condition 1) and 25 km (condition 2). A total temperature of 700 K

and ambient temperature (300 K) for the model give a wall temper-
ature ratio of Tw∕Tt0 � 0.43, which is considered sufficiently close
to the real flight case with Tw∕Tt0 ≈ 0.33 when assuming a wall
temperature in flight of 800 K.
The uncertainties in Table 1 give the range of deviations of these

parameters in the experiments. The actual freestream Mach number
in the experiments accounting for the Reynolds number influence on
the boundary layer in the nozzle is given by the empirical relation in
Eq. (1):

M � 6.9711� 1.4464 × 10−2Re − 3.1125 × 10−4Re2 (1)

TheMach number varies less than 0.5%over the cross-section of the
core flow as shown in Fig. 3. Equation (1) and the flow uniformity in
Fig. 3 were determined by calibration measurements with pitot and
static pressure probes [30]. Total temperature variation in the tests was
about ΔTt0 � �11 K or 1.6% and for total pressure about Δpt0 �
�8 kPa or 1% for condition 1 and Δpt0 � �20 kPa or 1.1% for
condition 2.

B. Inlet Model

The inlet features a single ramp with an 8 deg ramp angle and
converging sidewalls with angles of 7 deg each for a total sidewall
convergence of 14 deg. To reduce the complex corner flow, the
corners have been rounded. Figure 4 shows schematic sketches
of the inlet. Overall, the model is 750 mm long, with the defined

Fig. 1 Schematic drawing of the wind tunnel.
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Fig. 2 Wind-tunnel performance map.

Table 1 Wind-tunnel conditions

Flow parameter Condition 1 Condition 2

M∞, - 7.008� 0.04 7.052� 0.04

Tt0, K 700� 11 700� 11

pt0, kPa 790� 8 1750� 20

p∞, Pa 191� 3 423� 8

T∞, K 64.8� 1 64.8� 1

Re∞;m, 10
6 m−1 2.6� 0.1 5.7� 0.2
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interface of inlet/isolator and combustion chamber at x � 650 mm.
Downstream, the top and bottom walls are divergent by 1 deg each.
The fixed part of the cowl starts at 550 mmwith a leading edge angle
of 3 deg. The design methodology is described in [19].
The movable cowl can be shifted by ΔxL � 150 mm, varying the

lip position from xL � 390 to 540mm, as indicated in the top and cut
views. By moving the cowl, the internal contraction ratio can be
modified in the range 1.3 ≤ I ≤ 2.62 as Fig. 5 and Table 2 show and
Sec. IV.A in relation to common starting limits. The design point for
the shock-on-lip condition is xL � 420 mm with an internal con-
traction of I � 2.28. For xL < 420 mm, the ramp shock goes under-
neath the cowl, while for xL ≥ 420 mm, the ramp shock misses the
cowl and causes some spillage. The lip of the cowl is V shaped in
order to best adapt to the structures of ramp and sidewall shocks. The
capture area of the inlet is Aref � 0.0205 m2. The throat area at the
interface of inlet and combustion chamber is Ath � 2.51 × 10−3 m2,
giving an overall contraction ratio CR � Aref∕Ath � 8.12.
In the experiments, the inlet is mounted to a conical throttle, which

is used to simulate the combustion chamber backpressure. The
throttling of the flow is expressed by the throttle degree Δ �
�A4∕Ac�, where Ac is the reference capture area of the inlet and A4

the smallest cross-section of the throttle. At the start of the wind
tunnel, the inlet is in its starting configuration with the cowl in the
most downstream position and the throttle fully opened. After the
wind tunnel is started and the inlet flow is established, the cowl is
moved to its target position, and a throttle curve is recorded; in other
words, the plug is continuously moved upstream, increasing the

backpressure in the isolator up to the point of inlet unstart. Thus,
we can see how the inlet and its flowfield behave at different back-
pressures and determine the operational range for each configuration,
in other words, themaximum backpressure at which the inlet chokes.
For tests with angle of attack, the inlet wasmoved to the desired angle
after starting the wind tunnel and moving the cowl to its target
position. For the angle of yaw, the angle was set up manually before
the test run. It should be noted that this can impact the results, as
previous investigations showed that hysteresis effects can occur [31].

III. Measurement Techniques

This section gives an overview of appliedmeasurement techniques
and their accuracies, which were estimated using the Gaussian error
propagation rule according toKirchner [32]with the accuracy of flow
parameters listed in Table 1 as well as the accuracy of the respective
sensors as input parameters [19].

A. Pressure Measurements and Mach Number Calculation

The inletmodel is equippedwith55wall pressure ports: 30 along the
centerline of the lower wall, 9 on the fixed part of the upper wall, and 4

Fig. 4 Schematic drawings of the inlet model (max. = maximum; int. = internal).

Fig. 5 Relation of internal contraction and lip position.

Table 2 Relation of internal
contraction and lip position

xL, mm I

390 2.62
400 2.5
410 2.39
420 2.28
430 2.17
452 1.97
540 1.3

Fig. 3 Flow uniformity over nozzle exit.
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on the moveable cowl. Furthermore, there are two cross-sections, at
x � 500 mm and x � 590 mm with circumferential distribution of
six pressure ports each. The locations of the wall pressure ports are
displayed in Fig. 6. In Sec. IV,wall pressure distributions are presented
as pressure coefficients cp � �p − p∞�∕q∞.
A cross-shaped pressure measurement rake, shown in Fig. 7, was

used to measure pitot and static pressure distributions at the down-
stream end of the inlet (at x � 720 mm). From thesemeasurements,
Mach number profiles were determined from the ratio of static and
pitot pressure [33] as well as the performance parameters described
in the next section. The pitot and static pressure probes in the rake
are arranged alternatingly as illustrated in Fig. 7. Over the isolator
width, the probes are distributed antisymmetrically. Assuming a
symmetrical flowfield, this enables measuring both static and pitot
pressure at the same location, in other words, at the same distance
from the center plane. The wall pressure measurements around the
two cross-sections mentioned previously suggest that this
assumption is valid as the deviation of measurements on both sides
were within 3%. This allows for a quite accurate calculation of
horizontal static and pitot pressure andMach number profiles. Over
the isolator height, the values have to be interpolated. This is also
done for tests with yaw angle for horizontal profiles. The design of
the static pressure probes according to Pinckney [34,35] enables
measuring the static pressure close to the tip of the probe, which,
however, is Mach number dependent in supersonic flow. Calibra-
tion measurements yielded a quadratic correlation for this depend-
ency, shown in Fig. 8, and a calibration factor K was derived
according to

K � 0.00916M2 − 0.00613M� 1.0030 (2)

A commercial Pressure Systems, Inc., 8400 system [36] with a
measurement range of 15 psi and an accuracy of 0.1% full scale (FS)
or �103 Pa was used for pressure measurements. Accuracies for
static pressure coefficients were calculated to range from�3.8–5.6%
with the lower bound for maximimal and the upper bound for
minimal pressure levels that occured in the current test series [19].
For the Mach number derivation, the horizontal and vertical parts of
the pitot rake have to be regarded separately. As mentioned previ-
ously, the pressure rake enables measuring both static and pitot
pressure at the same distance from the center plane. Assuming a
�3% deviation in static pressure on both sides of the center plane due
to small asymmetries of the flowfield as seen in the circumferential
pressure measurements described previously gives a certainty of the
Mach number calculation of about�2%. For vertical profiles, accu-
racy is less, as pressure values have to be interpolated between the
nearest pressure probes. Assuming a 10% variation of the interpo-
lated value gives an accuracy of around �6% for the Mach number
determination [19]. The same is expected for the horizontal Mach
number profiles of testswith angle of yaw. In this case, the flowfield is
not symmetric, and the pressures also have to be interpolated.

B. Performance Parameters

Inlet performance is assessed by the static pressure ratioΠst for the
compression of the captured airflow and total pressure recovery πt for
the efficiency of the inlet. These parameters are calculated from the
measurements of the pressure rake. The values are first calculated for
eachmeasurement location i and then integratedmass-flowaveraged.
The mass flow is determined from the static pressure and previously
calculated Mach number:

_mi � pst;iAiMi

����������������������������������������������������
γ

RTt0

��
1� γ − 1

2
M2

i

�s
(3)

Static and total pressure ratios are then derived from Eqs. (4) and (5).

Πst �
pst;ex

p∞
� 1

p∞

X
i

pst;i

_mi

_m0

(4)

πt�
pt

pt0

� 1

pt0

X
i

pt;i

_mi

_m0

� 1

pt0

X
i

pst;i

�
1�γ−1

2
M2

i

��γ−1�∕γ _mi

_m0

(5)

The accuracy of static and total pressure ratios are strongly dependent
on the uncertainty of the Mach number derivation from the pressure
rake and are estimated to be around �6 and �10%, respectively.

C. Mass-Flow Determination

The throttle used for simulating the backpressure also serves as a
mass-flowmeter.Assuming one-dimensional flow and sonic condition
in the smallest cross-section area A4, the mass flow can be calculated
with the procedure of Triesch and Krohn [37] from the pressure p3

and temperature T3 in the settling chamber upstream of the throttle
(position 3). The Mach numberM3 is determined iteratively by

Fig. 6 Distribution of pressure measurement ports.

Fig. 7 Distribution of static pressure probes and pitot tubes in the
pressure rake.

Fig. 8 Mach number dependency of static pressure probes.
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A3
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� 1

M3

0
BB@1� γ − 1

2
M2

3

γ � 1

2

1
CCA

�γ�1�∕2�γ−1�

(6)

From this, the mass flow is calculated with p3 and T3,

_m3 � p3A3M3

���������������������������������������������������
γ

RT3

��
1� γ − 1

2
M2

3

�s
(7)

where p3 is taken as the average of four pressure ports located around
the settling chamber of the throttle and T3 is measured by two
thermocouples. The mass capture ratioMCR is determined by

MCR � _mex

_m0

� α
_mthrottle

_m0

(8)

where _m0 is themass flowgoing through the capture areaAc of the inlet
and α is a calibration factor determined by calibrating the device
according to DIN-1952 [38]. In the region of interest, this factor varies
in the range 0.99 < α < 1.02. The accuracy of this method is
about�3%.

D. Wall Heat Flux Measurements

During some experiments, heat fluxes on the external ramp were
evaluated by infrared thermography. This not only gives information
on heat loads for design aspects like the selection of cooling mech-
anisms andmaterials but also allows insight into the flow structure on
the surface and the state of the boundary layer. For the calculation of
heat fluxes, the timewise development of the surface temperature
distribution is recorded with a FLIR Systems ThermaCAM SC-3000
[39]. The recorded surface temperature distribution is used as the
boundary condition for calculating the heat fluxes into the wall by
evaluating the thermal energy balance of a solid volume:

ρ�T�c�T� ∂T
∂t

� ∇ ⋅ �λ�T�∇T� (9)

Assuming that lateral heat fluxes can be neglected,which is justified by
the use of polyether ether ketone (PEEK),which has avery low thermal
conductivity, for the measurement surface and accounting for temper-
ature-dependent material properties, this transforms into the nonlinear
one-dimensional heat equation normal to the wall,

∂T
∂t

� a�T� ∂
2T

∂n2
� b�T�

�
∂T
∂n

�
2

(10)

with the thermal diffusivity

a�T� � λ�T�
ρ�T�c�T� (11)

and

b�T� �
∂λ�T�
∂T

ρ�T�c�T� (12)

Equation (10) is then solved by an explicit finite difference scheme to
calculate the normal temperature gradient inside the wall. From this,
the wall heat flux is calculated by the Fourier law:

_qW � λW�T�
∂T
∂n

(13)

The convective heat flux is then calculated from the heat flux balance
on the surface,

_qconv � _qW � _qrad (14)

with the radiative heat flux according to the Stefan–Boltzmann law

_qrad � εσ�T4
y�0 − T4

amb� (15)

assuming that the ambient temperature stays constant during the test. A
more detailed description of this method is given by Henckels and
Gruhn [40]. Once the convective heat flux is determined, the dimen-
sionless Stanton number is calculated by Eq. (16), with the recovery
temperature defined by Eq. (17) and a recovery factor r � 0.9. The
accuracy of the results is estimated to be within �5% for calculated
heat fluxes and�20% for the Stanton number [20],

St � _qconv
ρ∞u∞Cp;air�Trec − Tw�

(16)

Trec �
�
1� r

γ − 1

2
M2

∞

�
T∞ (17)

IV. Results

A. Starting Behavior and Critical Internal Contraction

The movable cowl can be used to determine the critical internal
contraction for the self-starting of the inlet by reversing the usual
test procedure. At the start of the experiment, the cowl is in its most
upstream position (xL � 390 mm), the internal contraction is maxi-
mized, and the inlet chokes upon the start of the wind tunnel. Then,
the cowl is slowly moved back, decreasing the internal contraction
until the inlet flow spontaneously starts, as displayed in Fig. 9,
which shows schlieren images in combination with the assumed
theoretical flow structure based on the work of vanWie [10] and the
static pressure distribution on the ramp (red line).
In the first image, at maximum internal contraction, the flow

around the inlet is completely subsonic behind a strong detached
shock, which is just visible in the upper left corner. The second image
shows the situation just before inlet starting. Presumably, a large
separation bubble forms on the external ramp, creating fans of shock
and expansion waves, which are barely visible in the schlieren image

Fig. 9 Flow structure during starting process at condition 1.
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but are also indicated by the gradual pressure rise. The internal flow is
blocked and subsonic, whereas the spillage mass flow is transonic, as
the weak shocks around the cowl suggest (they were highlighted in
the image as otherwise they are barely recognizable). The lower
picture shows the situation directly after inlet starting. As indicated,
the cowl is moved downstream just about 1 mm compared to the
previous image, and the flow suddenly establishes; the separation
bubble is swallowed by the inlet, and a supersonic internal flow is
established, as the shock structures in the schlieren image (both in the
internal and the external flowfield) and the sudden change in the
pressure distribution indicate. The sharp drop in static and rise in total
pressure in Fig. 10a mark the exact lip position and internal contrac-
tion of inlet starting. For condition 1, this occurs at xL � 450 mm,
corresponding to a critical internal contraction of Icrit � 1.98. Fur-
thermore, the comparison of two cowl velocities in this graph implies
that the process is not affected by hysteresis.
In comparison, Fig. 10b shows the starting behavior for condition

2, where the inlet does not start spontaneously at one point. First, at
xL � 440.5 mm, where the internal contraction of I � 2.2 is con-
siderably higher than the starting point for condition 1, the flow
partially starts. But only at xL � 456 mm or Icrit;2 � 1.9, which is
significantly lower than for condition 1, the flow fully establishes.
The starting limits for both conditions are displayed in Fig. 11 in
relation to limit by Kantrowitz and Donaldson [24] and isentropic
limit; empirical relations by Sun and Zhang [25] and Smart [17],
which correlate data from various investigations on 3D inlets; and a
semi-empirical approach by Flock and Gülhan [27]. The current
results, especially for condition 1, fit well with these correlations.
Further results on starting of this inlet are published in [26].

B. Performance and Operational Range

1. Internal Contraction and Reynolds Number

For condition 1 all configurations listed in Table 2 were tested and
for condition 2, only xL � 390, 405, 420, and 430mm; xL � 455 and
452 mm, corresponding to I � 1.97 and 1.92, are self-starting cases
for which the cowl was set to its target position before the start of the
wind tunnel.
Figure 12 summarizes performance parameters over internal con-

traction for unthrottled flow. Overall, significant changes only occur
for those configurations where the ramp shock misses the cowl and
spillage is present, in other words, for I ≤ 2.28 (xL ≥ 420 mm).
Here, mass capture and consequently the compression ratio drop
considerably. Both parameters are lowest for the self-starting con-
figurationswith I � 1.97 and 1.92. Total pressure recovery increases
accordingly. If the ramp shock goes underneath the cowl, changes for
all parameters are little, with ΔΠst ≈ 7.3%, Δπt ≈ 6%, and
ΔMCR ≈ 5.2%. Also, there are only small differences between the
two conditions. This is also true for the compression ratio where
discrepancies appear to be larger due to the scale of the graph but in
fact values are within 3.5%. For condition 1, performance tends to
improve with increasing internal contraction, and the case with Imax

shows the highest values. For condition 2, maximum mass capture
and compression occur at I � 2.28 and 2.45, respectively, but are
slightly lower for the casewith Imax. Total pressure recovery does not
have a clear trend for either condition and is rather constant with only
small deviations, but values are highest for Imax.
The graphs in Fig. 13 show throttle curves for static and total

pressure ratios to characterize the operational range for condition 1.
Most notably is that for configurations with xL < 420 mm, for which
the ramp shock goes underneath the cowl, inlet unstart occurs much
later, at Δ ≈ 0.14 and much higher pressure ratios in the range
155 ≤ Πst ≤ 175, than for cases where the ramp shock misses theFig. 11 Comparison of starting limits.

b) Comparison of conditions1 and 2a) Condition 1

Fig. 10 Critical internal contraction for condition 1 (left) and comparison of starting for condition 1 and 2 (right).

Fig. 12 Performance parameters for varying internal contraction.
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cowl. For these, unstart happens aroundΔ ≈ 0.16 andΠst ≈ 110. The
pressure recovery before inlet unstart is quite similar for all configu-
rations. These observations are also true for other lip positions (see
Table 2) that were tested but were omitted in Fig. 13 for better clarity.
The reason for this behavior appears to lie in the different flow

topologies of these two cases, in other words, if the ramp goes
underneath the cowl or not, which is sketched in Fig. 14. In the first
case, there is no separation on the cowl and most likely a laminar
boundary layer, whereas in the second case, the shock wave/boun-
dary-layer interaction (SWBLI) of the ramp shock on the cowl sur-
face causes boundary-layer separation. This extends up to the lip so
that the corresponding separation shock sits directly at the lip and
interacts with the ramp shock. Presumably, the boundary layer down-
stream is turbulent. Apparently, this flow structure is more stable to
high backpressures. In the other case, the rising backpressure prob-
ably causes the laminar boundary layer to separate more easily,
propagating upstream and causing the cowl shock to jump out of
the inlet, which leads to inlet unstart much sooner. For this inlet, the
whole internal part seems to act as the isolator, even the converging
part upstream of the throat section. Consequently, the inlet operates
most stably when the lip is in it most upstream position.
At condition 2, there is no difference between both configurations

regarding the throttle degree at which the inlet blocks, but there is still
a strong discrepancy in maximum static pressure ratios, although it is
less than for condition 1, as can be seen in Fig. 15a. At xL ≤ 420 mm,

Πst;max ≈ 122, about 6% more than for condition 1, while for
xL ≤ 390 mm, it is about 9% lower with Πst;max ≈ 122. Despite this,
the inlet was still found to operate more stably when the ramp shock
goes underneath the cowl.

2. Angle of Attack and Yaw

To investigate the inlet’s suitability for a parabolic flight experi-
ment, rather large angles of attack of α � �3 deg and�6 deg, with
positive α in the clockwise direction, and yaw angles of β � 3 deg
and 6 degwere considered in the intake characterization. This section
shows results for xL � 390 mm as the configuration with the best
performce and most stable operation, which also proved superior at
all tested flight angles. Results for other configurations can be found
in [19,29].
Figure 16a shows performance parameters for different angles of

attack. As expected, the static pressure ratioΠst decreases for positive
angle of attack, as the ramp shock becomesweaker, resulting in lower
compression. Vice versa, it becomes stronger for negative angles and
higher compression. Πst drops by 12% for α � 3 deg and 35% for
α � 6 deg. Mass capture is reduced by about 25% and almost 50%,
respectively, due the smaller capture area. Especially, the latter has to
be regarded as critical concerning real flight, as scramjet operation
at these conditions will most likely not be possible anymore. For
negative angles, as would be expected, static pressure increases
with about �49% for α � −3 deg and more than doubles for α �
−6 deg (�109%).MCR is slightly reduced for α � −3 deg despite
the increase in the capture as the ramp shock moves out of the inlet
causing some spillage. For α � −6 deg, the further enlargement of
the capture area increasesMCR by 12%. AsMCR always relates to
α � 0 deg, values ofMCR > 1 are possible. Total pressure recovery
declines for positive and negative angles but is only slightly affected.
At the angle of yaw, the stronger compression on the windward

sidewall slightly increases the static pressure ratio, by about 3.6% for
β � 3 deg and 21.9% for β � 6 deg. Total pressure and mass flow
are decreased by the stronger sidewall shock and the change of the
capture area, but with only little difference in between the two angles,
with ΔMCR ≈ −12% and Δπt0 ≈ −16%.
Figure 17 presents throttle curves for the various angles of attack.

The maximum pressure is strongly increased by negative α with Πst

a) Static pressure ratio b) Total pressure recovery

Fig. 13 Comparison of compression ratio and total pressure recovery for different internal contractions.

Fig. 14 Centerline flow topology for different lip positions (BL = boun-
dary layer).

a) Static pressure ratio b) Total pressure recovery

Fig. 15 Reynolds number influence on compression ratio and total pressure recovery.
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up almost 60% to nearly 270 for α � −6 deg. For positive angles,
unstart occurs at lower throttle degrees (Δ ≈ 0.15). For α � 3 deg,
Πst;max is similar to α � 0 deg, whereas for α � −6 deg, it is con-
siderably lower (approximately 115). Total pressure decreases faster
for all angles and is lower before inlet unstart than for α � 0 deg.

The operating range is significantly shortened by yaw angle as the
throttle curves in Fig. 18 show, with regular inlet operation stopping
around Δ ≈ 0.16. For β � 3 deg, unstart occurs at Πst;max � 145.
For β � 6 deg, the drop inmass flow and total pressure suggests that
inlet buzzing starts aroundΔ ≈ 0.16 andΠst;max � 155, although the

a) Static pressure ratio Pst b) Total pressure recovery ot0

Fig. 17 Static and total pressure ratios for angle of attack variation.

a) Static pressure ratio b) Total pressure recovery

c) Mass capture ratio

Fig. 18 Static and total pressure ratios and mass capture for angle of yaw variation.

a) Angle of attack b) Angle of yaw

Fig. 16 Performance parameters for variation of angle of attack and yaw.
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curve for static pressure makes it seem like the inlet would operate
similar to the case with β � 0 deg.

C. Flowfield Analysis

1. Flowfield on External Ramp

The flow structure on the external ramp was analyzed by IR
measurements. Figure 19 shows Stanton number distributions on
the PEEK insert in the external ramp. Two streaks with increased
heating are visible in each case and presumably are caused by the
interaction of the sidewall shocks with the ramp boundary layer and
likely vortex formation in these regions. For condition 2, these
regions are larger, and St is considerably higher. The IR measure-
ments alone are not sufficient to conclude on the state of the boundary
layer on the external ramp. It is assumed that the flow is laminar in the
downstreampart and transition takes place in the interaction region of
the sidewall shocks with the boundary layer on the ramp. A com-
parison to complimentary computational fluid dynamics (CFD) in
[19] suggests that this might be true for condition 1, while for
condition 2, the results were not conclusive. Overall, while the IR
measurements give valuable information on aerothermal loads in the
external part of the inlet, they proved to be difficult to interpret for
insights into the flow structure.

2. Internal Contraction

The wall pressure distributions for different lip positions for con-
dition 1 in Fig. 20 reflect the expected flow topology at the center
plane. The point of the first strong pressure rise at the lower wall
(around x � 0.54–0.56m) marks the location of the interaction with
the cowl shock. For xL ≥ 420 mm, this point moves upstream
according to the change of the lip position. For xL ≤ 410 mm, this
is not the case anymore, and for xL � 400 and 390 mm, the lines are
nearly identical. Thus, when the ramp shock goes underneath the
cowl, the lip position does not influence the flow structure. The point
of the second pressure rise is where the shock emanating from the
edge of the fixed part of the cowl interacts with the ramp. This shock
also causes the pressure rise on the upperwall in between themovable
and fixed part of the cowl. Farther downstream, pressure drops due to
the expansion of the corner where the fixed cowl transitions to the
throat and later to the diverging isolator section. The jump in pressure
just before the downstream end marks the interaction of the reflected
cowl shock with the upper wall. For xL � 410 mm, the shock
apparently hits the cowl surface only downstream of the last pressure
port. Because of this, only a little pressure rise is recorded, although it
is expected to be of the same magnitude than in the other cases.
This is supported by the Mach number profiles in Fig. 21, as the

Mach number in the upper half of the isolator shows the location of
the cowl shock structure. For xL � 390, 400, and 410mm, the shock,
reflected from the upper wall, passes in between the third and fourth
points from the top, causing a strong change in Mach number. For

xL � 420 mm, it is moved downstream, passing in between the
first and second locations, and for xL � 430 mm, it seems to be
between the wall and the top pitot probe. In the bottom half, the
flow structure is strongly influenced by the shock from the fixed
part of the cowl, and thus the influence of the lip position is not as
distinct. It is only affected by the shock/shock interaction with the
cowl shock and changes in the boundary layer and consequently
the shock/boundary-layer interaction. On the horizontal profile,
the lip position hardly has any influence, as both shocks pass either
above or below the horizontal rake for all configurations. Apart
from the points closest to the walls, the flow seems to be quite
uniform, especially for xL � 390 mm. There are no sudden
changes, which suggests that the sidewall shocks do not propagate
into the isolator section.
Figures 22 and 23 show the wall pressure and Mach number dis-

tributions for xL � 390 mmwhen the backpressure is increased during
the test run. The backpressure propagates upstream through the ramp
side boundary layer, inducing a shock train (only a single oblique shock
at the beginning), which moves upstream as the pressure is further
increased. This can also be observed by the Mach number profile over
the isolator height. The backpressure only starts to influence the cowl
side pressure distribution when this shock has moved so far upstream
that it hits the cowl surface, which occurs at a backpressure ratio of 90.
When it is further increased, the flow structure suddenly changes
completely, causing a jump in the pressure ratio to 129. The shock train
now starts at the upper wall, at x ≈ 0.63 m. Downstream of this point,
the flow in the upper section is subsonic, and probably the boundary
layer separates as well. In the center and lower parts of the isolator, the
flow remains supersonic, as Mach number profiles show, and also the
wall pressure distribution indicates the structure of the shock train. As
the backpressure is further increased, the shock train moves slightly
upstream and becomes stronger until at a backpressure ratio of just over
175 inlet unstart occurs.

Fig. 19 Stanton number distribution on external ramps from IR measurements.

Fig. 20 Wall pressure distribution for different lip positions without
backpressure for condition 1.
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3. Reynolds Number Variation

The influence of the Reynolds number on the flowfield is dis-
played in Figs. 24 and 25 for xL � 390 mm. Higher Re numbers
mean thinner boundary layers, which are less likely to separate and to
a lesser extent, which causes a slight upstream shift of shock struc-
tures. This is expressed by thewall pressure distributions, as pressure
rises due to shock/boundary-layer interactions are steeper and
restricted to smaller areas. This can be seen in the three interaction
regions in the isolator, in other words, the SWBLI on the ramp of the
reflected ramp shock (0.56 m < x < 0.6 m), on the cowl surface
where this shock meets it again (0.68 m < x < 0.7 m) and of the
shock from the fixed part of the cowl (0.65 m < x < 0.68 m) on the
ramp. Despite these effects, the general differences in the pressure
levels are rather small.
Across the isolator exit, the strongest impact occurs in the

central part, both on the vertical and horizontal Mach number
profiles; see Fig. 25. Close to the sidewalls, Mex is higher for
condition 2, while it is significantly lower at the symmetry plane
and slightly lower in between. Over the isolator height,Mex is a bit
lower near the top wall but considerably higher for the upper half.
At the center, it drops sharply and becomes significantly lower. For
the lower third of the vertical profile, Mex is very similar for both
conditions.

4. Angle of Attack

The wall pressure is strongly affected by α and is displayed in
Fig. 26. The patterns are consequent to the results of the pressure ratio
and pressure recovery. For positive α, shocks are weaker, resulting
in smaller changes and overall lower pressure levels. The opposite
is observed for negative angles. Furthermore, the shock angles are

influenced as well, causing a shift of the shock structures in the
streamwise direction.
For α � −6 deg, the pressure peaks at the downstream end of

both walls show the effect that the shocks from the cowl lip and the
beginning of the fixed part of the cowl are shifted so far upstream
that they interact with the respective walls an additional time
(as compared to the flow topology sketched in Fig. 14). For other
angles, the shift of the shock structure is also visible, but not as
distinct. The vertical Mach number profiles in Fig. 27 show the
shifts of the shock structures as well, noticeable by the jumps in the
Mach number, although it is rather unsafe to conclude where each
shock is located. For negativeα, theMach number at the isolator exit
overall is considerably lower, especially for α � 6 deg, and the
flow seems to be more uniform over both the spanwise and hori-
zontal profiles.

5. Angle of Yaw

The centerline wall pressure distributions for different yaw angles
in Fig. 28a generally show an upstream shift of shock structures with
increasing β. The pressure rises on the ramp of the interactionwith the
cowl shock becomes significantly steeper and higher.
For β � 6 deg, the start of the pressure rise is also moved

upstream to x � 0.5 m. At the fixed part of the cowl, the pressure
peak of the interaction with the reflected cowl shock is also moved
upstream and, for β � 6 deg, also is much higher. The shock ema-
nating from the beginning of the fixed part becomes significantly
weaker, and consequently the pressure rise due to its interaction with
the ramp surface ismuch less, especially for β � 6 deg. This is due to
the stronger shock strength of the cowl shock structure in combina-
tion with the sidewall shocks, which also causes a strong decrease in

Fig. 23 Mach number profiles for different backpressure ratios for xL � 390 mm.

Fig. 24 Wall pressure distribution for different Reynolds numbers for
xL � 390 mm.

c p

xL

x

c p

Fig. 22 Wall pressure distribution for different backpressure ratios for
xL � 390 mm.

Fig. 21 Horizontal (left) and vertical (right) Mach number profiles for different lip positions.
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Mach number in the center and lower parts of the isolator, as Fig. 29
shows. Except for the top third of the isolator whereMex is increased
for β � 3 deg and about the same for β � 0 deg and 6 deg, Mex

continuously drops with increasing β.
As Fig. 29 also shows, this not only applies to the centerline but

also over the width of the isolator, where the Mach number distribu-
tion remains quite uniform, especially for β � 6 deg. As the circum-
ferential pressure profiles in Fig. 28b and the pressure curves in
Fig. 29 show, there are significant pressure fluctuations introduced
to the flow by the yaw angle. Especially in the second cross section,
there are large discrepancies between the pressure levels on both
sides. The measurements from the pressure rake show that for β �
3 deg pressure drops sharply close to the leeward sidewall and then

Fig. 26 Static pressure distribution for different angles of attack for
xL � 390 mm.

Fig. 27 Mach number distributions for different angles of attack for xL � 390 mm.

Fig. 25 Mach number profiles for different Reynolds numbers for xL � 390 mm.

Fig. 29 Static pressure and Mach number profiles for different angles of yaw and xL � 390 mm.

a) Centerline pressure distribution b) Circumferential pressure distribution

Fig. 28 Wall pressure distributions for different angles of yaw.
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increases again on the windward side, while for β � 6 deg, pressure
is decreased continuously over the isolator width.

V. Conclusions

Themeasurement campaign conducted in this study shows that the
inlet would be well suited for the requirements of the envisaged
mission. The starting behavior fit well with results from other 3D
inlets. It was also shown that a starting device is necessary as, during
testing, the inlet had the best performance and operatedmost stably at
the highest internal contraction ratio at which the inlet was not self-
starting. It made a substantial difference if the ramp shock went
underneath the cowl. In contrast to the general expectation, that the
strong shock-wave/boundary-layer interaction of the ramp shock on
the cowl surface might be problematic, the resulting flow structure in
this case was more stable regarding operation at high backpressure
ratios. Overall, with increasing internal contraction, which also
means a longer internal flowpath, the inlet becomes more resistant
to inlet unstart caused by backpressure. An increase of theRe number
led to slightly less stable operation and higher heatloads on external
ramps. Overall, however, influence on the performance and flowfield
was fairly small.
The examination of angle of attack and angle of yaw revealed a

strong impact on the intake performance, operation range, and flow-
field. Positive angles of attack have to be regarded as critical con-
cerning the reduction in mass flow due to the decreased capture area
and, forα � 6 deg, a strong reduction of compression andmaximum
backpressure. It is questionable if supersonic combustion could be
sustained at these conditions. High yaw angles led to an early onset of
inlet buzzing at significantly lower backpressure ratios. Apart from
this, compression for all tested inflow angles, except for α � 6 deg,
would still be sufficient for stable operation, whereas total pressure
recovery was decreased significantly for all cases.
The flowfield was found to be not very sensitive for variation of

internal contraction where the change in lip position merely caused
streamwise shifts of the flow structure. In contrast to this, angle of
attack and yaw had strong influence on the flow structure. Overall, it
was observed that the flowfield topology over the height of the
isolator exit is more influenced by both angle of attack and angle
of yaw than over its width. This has to be carefully considered in the
design process of the combustion chamber as it has a strong impact on
fuel injection and mixing, and consequently the performance and
stability of the combustion process and thus the performance of the
overall system.
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