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The development of ceramic composites with three-dimensional
fiber reinforcement architectures formed by textile methods has
led to the potential for active shape-morphing surfaces that can
operate in high temperature and variable pressure environments.
This technology is of particular interest for hypersonic applica-
tions, where SCRAM jet engines require variable inlet geometry
to achieve efficient flight over realistic flight profiles and variable
flight conditions. The experiments reported here show that sig-
nificant shape morphing can be achieved and good control of the
shape sustained even in the presence of large temperature and
pressure gradients. Experiments were carried out using a sub-
scale morphing hypersonic inlet with rectangular cross-section in
a Mach 8 wind tunnel facility with a total temperature of 800 K.
The upper surface of the inlet consisted of a C–SiC composite
plate (0.7 mm thick, 37.5 cm long, and 11 cm wide) connected to
five actuators through a triangular truss support structure. The
lower surface was a flat plate instrumented with an array of
pressure taps along the flow centerline. As the shape varied, the
surface contour was reliably controlled for high efficiency, low
loss compression. A factor of six inlet area ratio variation was
achieved and good agreement with model predictions was
observed.

I. Introduction

HIGH-TEMPERATURE shape-morphing structural materials
could potentially revolutionize the design of air breathing

hypersonic vehicles. The performance of the RAM/SCRAM
engine is strongly affected by shapes and contours of the
compression ramp and inner surfaces, including the inlet, the
isolator, the combustor and the nozzle.1,2 A contour that is
designed for operation at one Mach number can be very inef-
ficient at off-design Mach numbers. Even weak shock waves
can substantially reduce engine performance, while instabilities
in the flow can lead to upstream shock motion and engine
unstart. High-temperature shape-morphing materials could
(i) enable continuous variation of the inlet area ratio to accom-
modate changing Mach number and air density associated with

climb and descent; (ii) improve engine and isolator performance
by accommodating area and shape changes associated with en-
gine mode transition from subsonic to supersonic combustion
(RAM to SCRAM); (iii) optimize the compression ramp and
inlet contour to minimize shock formation and reduce pressure
losses; (iv) permit dynamic adaptation to compensate for flight
maneuvers and correct for distortion due to thermal expansion,
as well as suppress upstream shock motion to reduce the prob-
ability of engine unstart, and if unstart occurs, reduce the re-
covery time; and (v) improve nozzle performance by controlling
the nozzle area ratio and contour for efficient thrust generation
and minimum pressure loss. On both internal and external sur-
faces of the vehicle, high-temperature morphing materials could
replace hinged control surfaces with smoothly varying surfaces,
thereby eliminating flow disturbances associated with discon-
tinuous changes in slope.3

High-temperature shape-morphing materials are also of in-
terest for hypersonic and supersonic ground test facilities.4 In
this case, the shape-morphing capability would allow for dy-
namic optimization of the expansion contour of the facility, im-
proving the flow quality, reducing shock and expansion waves
and thus minimizing losses and improving performance. Shape
morphing would also provide the opportunity for real time con-
trol of the facility Mach number by changing the expansion area
ratio continuously. Low-temperature variable Mach capability
has been previously demonstrated for a Mach 2.5–3.2 in-draft
wind tunnel nozzle.5 This leads to the possibility of simulating
portions of the flight mission including climb and descent.
Asymmetric shape morphing can be used to simulate asymmet-
ric inlet flows for direct connect engine test applications.6 Op-
timizing the performance of flow deflectors and other aero
appliances and the diffuser is also important for ground test
facilities because they affect the flow quality and the pressure
recovery and thus the facility operating envelope and run time.
High-temperature shape-morphing aero appliance surfaces and
diffuser geometries could accommodate configuration variation
of test articles and allow for dynamic changes to occur during
the ground test, such as changes in angle of attack.

To operate in these applications, a high-temperature shape-
morphing material must be both flexible and structurally stiff,
with strength sufficient to withstand the stresses associated with
high thermal gradients and pressure gradients. The material
must be capable of withstanding temperatures in excess of
1500 K for even modest Mach numbers (Mach 8), resistant to
oxidation, and resistant to thermomechanical fatigue. The pur-
pose of this paper is to describe the design and fabrication of a
shape-morphing ceramic composite (CMC) structure that satis-
fies these requirements and to present results of preliminary
testing of its performance under hypersonic conditions, as the
wall of a subscale inlet in a Mach 8 wind tunnel.
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II. CMC Structure

(1) General Design Considerations for Morphing Ceramic
Composite

The challenge of designing morphing surfaces that are suffi-
ciently flexible to change shape by bending or twisting yet
capable of supporting large pressure loads has been addressed
by combining thin face sheets with stiff, statically determinate
truss structures.7–10 A class of those high authority shape-mo-
rphing structures has been initially described by Lu et al.11 and
further generalized by Hutchinson et al.10 Previous studies have
also suggested that these face sheet truss structures are a lighter-
weight alternative to metallic foam core structures.12 A simple
example building on Lu’s work is shown in Fig. 1, where a thin
face sheet attached to a triangular truss structure is actuated by
heating selected truss elements with an electric current. The ac-
tive elements consist of a shape memory alloy, which undergoes
a reversible strain on heating and cooling. This class of mor-
phing structures can be actuated by internal active elements, as
in Fig. 1, or by forces applied externally. Previous studies have
been directed at optimizing morphing structures with other truss
structures capable of more intricate shape changes with metallic
or polymer face sheets.7–10

With recent advances in forming textile-based CMCs,10 hy-
brid systems consisting of a CMC face sheet attached to metallic
truss structure are also feasible. In this case, with the high-tem-
perature CMC face sheet facing the hot gas flow, the tempera-
ture of the metallic truss structure may be controlled if necessary
by active or passive cooling to maintain sufficient temperature
gradient across the hot face sheet. Structures of this type are
enabled by several characteristics of textile-based composites.
One is the ability to form mechanically robust thin skins with
through-thickness fiber reinforcements that eliminate delamina-
tion as a failure mode. Thin C–SiC and SiC–SiC composite skins
(thickness o1 mm) with woven reinforcement architectures
have been fabricated and shown to survive combustion envi-
ronments with surface temperatures of 1800 K and temperature
gradients 41000 K/mm across the hot skin.13 The face sheet of
the structure in Fig. 1 consists of such a composite (SiC–SiC),
with two-layer, angle-interlock reinforcement architecture.14

The other enabling characteristic is the ability to form arrays
of connections between the backside of the hot skin and the
truss structure capable of transmitting both tensile and com-
pressive loads. A simple example of a smoothly pinned joint,
from the structure in Fig. 1, is shown in Figs. 2(a) and (b). The
connectors consist of fiber tows drawn out from the weave
structure of the composite skin to form loops held in shape by
carbon rods during weaving of the fiber preform. After using
chemical vapor infiltration (CVI) to deposit a thin coating of BN
on all the fibers (which serves as a debond layer to enable tough-
ening), the preform was rigid and the carbon rods were re-
moved. The SiC matrix was then infiltrated into the preform, a

superalloy wire was inserted into the loops, and the truss ele-
ments were attached to the wire by laser welding.

The maximum load capability (or lifetime in oxidizing envi-
ronments) of the attachment feature shown in Fig. 2(b) is limited
by damage generated by local stress concentrations at the con-
tact between the superalloy wire and the inside of the CMC
loops. A more robust design is shown in Fig. 2(c). In this case,
the fiber tows forming the connectors were drawn over molyb-
denum tubes (outer diameter 2 mm, inner diameter 1 mm) dur-
ing weaving. The tubes remained in place during subsequent
processing of the composite, whereupon selected sections of the
tubes between the loops were cut and removed, leaving the sec-
tions of the tubes beneath the loops as an integral part of the
attachment structure. The insides of these tube sections provide
a smoother, better aligned, and more damage resistant bearing
surface for the superalloy rods.

The achievable deflections of a structure such as Fig. 1 are
dictated by the face sheet thickness and strain limit. The critical
radius of curvature rc for bending of an initially flat face sheet is
given by

rc ¼
t

2ec
(1)

where t is the face sheet thickness and ec the critical strain.
CMCs generally show relatively high fatigue limits in cyclic
loading.15,16 If we take a conservative limit ecB0.25%, less than
half of the typical failure strain for SiC–SiC and C–SiC com-
posites, the minimum radius of curvature for a face sheet of
thickness of 1 mm is B200 mm. The radius of curvature in
Fig. 1(b), with center deflection of 19 mm, is B600 mm.

(2) Fabrication of morphing duct

Amorphing CMC structure that would serve as the top wall of a
model inlet duct of length 37.5 cm and width 11 cm was con-
structed as shown in Fig. 3. The CMC skin was fabricated using
a woven preform of carbon fibers (T300-3K) with a two-layer
angle-interlock structure and attachment sites formed with the
method shown in Fig. 2(c). The composite was processed by
CVI in two steps, the first to deposit a coating of pyrolytic car-
bon (B0.5 mm thickness) on individual fibers, and the second to
form a matrix of SiC.

The supporting metal truss structure, consisting of a triangu-
lar array of solid superalloy plates, was connected to the CMC
skin with superalloy rods passing through the molybdenum
tubes of the attachment sites and matching holes in lugs that
had been cut at the edges of the plates in a hinge-like configu-
ration. This structure is easily flexed in the longitudinal direction
but has high stiffness in the lateral direction.

Fig. 1. Shape-morphing structure with SiC–SiC face sheet, superalloy
support structure, and shape memory actuating struts.

Fig. 2. Smoothly pinned joints connecting CMC skin and truss struc-
ture: (a) schematic of weave structure; (b) configuration used in the
morphing structure in Fig. 1 with superalloy struts attached; (c) config-
uration used in the morphing structure in Fig. 3.
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The target family of deflected shapes for the wall, illustrated
in Fig. 3(a), was achieved using five actuators connected to the
support structure through pivot plates visible in Fig. 3. The ac-
tuator rods were driven by stepper motors controlled through a
Labview program, so that all actuators moved in synchroniza-
tion and the shape transitioned smoothly between successive
contours. The position control relied on simple counting of steps
in 3.05 mm/step increments starting from an initial calibrated
reference state. The family of shape contours satisfied the con-
straints that the morphing CMC section of the duct must tran-
sition smoothly at the ends to a mating fixed metallic structure
(i.e., the slope at positions A and E remained fixed during all
actuation movements) and that the deflections in the central
throat region (C) extend over a range of 25 mm. At the extreme
position Fig. 3(c), the radius of curvature of the CMC wall is
approximately 250 mm in the throat region (C) and approxi-
mately 500 mm at positions B and C. Note that while the ac-
tuator displacements are in the same direction at positions B, C
and D, the forces applied at the CMC skin are compressive at
position C and tensile at positions B and D.

III. Wind Tunnel Testing

A Mach 8 wind tunnel at Princeton University was used to as-
sess the potential of the composite structure in Fig. 3 for hyper-
sonic morphing applications. Issues to be examined include the
performance of the material under thermal stress, the flow qual-
ity achievable, the performance of the actuators, the impact of
pressure gradients on the material, including start up and shut
down transients, the stiffness and dynamic stability of the ma-
terial in the presence of high frequency buffeting from a hyper-
sonic flow, and the ability of the material to deflect sufficiently
far and sustain a specified contour sufficiently well to control the
flow without leakage or mechanical damage. The wind tunnel
operates at a total temperature of 790 K and at a stagnation
pressure of 1050 psi (7.24 MPa). The tunnel is operated with an
air ejector system and can be run for several minutes at a time,
limited by the capacity of the electrically driven storage heater.
At Mach 8, the static temperature is B60 K and the static pres-
sure is B5 Torr (0.28 kPa). The tunnel has a 9 in. (23 cm)
diameter circular test section.

The morphing CMC skin of Fig. 3 was mounted in the fixture
shown in the inset of Fig. 4, which formed a rectangular duct
with fixed side walls and base plate beneath the morphing CMC
top wall. The upstream end of the CMC skin was held in a fixed
position against the mating inlet ramp on the tunnel wall, while
at the downstream edge sliding occurred between the CMC face
sheet and the mating metal duct surface during actuation. The
side walls were quartz to allow optical observations during test-
ing. The fixture was placed at the top of the tunnel, with bypass
air flowing below it to avoid choking of the tunnel itself. Figure

4 is a schematic of the wind tunnel showing the location of the
test fixture.

As the flow is compressed in the morphing inlet, the pressure
increases significantly above the free stream static pressure. The
pressure at the back of the morphing surface is determined by
the downstream static pressure, which remains well below the
pressure of the air in the inlet duct, leading to an outward com-
pressive force on the actuators. This force increases nonlinearly
as the morphing surface approaches the opposite wall. The pres-
sure in the duct ranged from about 0.5 psi to B14 psi (2.5–100
kPa). The edges of the morphing wall were not sealed against the
side walls (the clearance was o0.5 mm), so some air leakage
occurred from the duct to the backside cavity. However, the leak
rate was sufficiently small that there was very little perturbation
to the flow inside the duct.

Because the actuator driver rods could not be conveniently
vacuum sealed from the morphing surface in this particular
setup, the entire structure including the actuators and driving
electronics was enclosed within the wind tunnel test chamber, as
shown in the Fig. 5. A 71 inlet ramp was installed from the top of
the curved tunnel wall to divert the flow into the morphing sec-
tion. The leading edge of the morphing plate was mounted at a
51 angle to minimize discontinuity and shock formation at the
joint with the inlet ramp. The rear of the morphing section was
captured into a sliding retainer. The back end of the actuator
section was left open to the tunnel diffuser so that large pressure
gradients would not occur across the morphing panel during

Fig. 3. Subscale morphing inlet. (a) Schematic showing sequential tar-
get shapes of top CMC wall during morphing; (b) and (c) side view of
inlet showing CMC wall in positions for maximum and minimum inlet
area ratio.

Fig. 4. Diagram of the Princeton Mach 8, 800 K, 1050 psi (7.24 MPa)
facility showing details of the morphing inlet insertion and the morphing
inlet geometry. A copper plate is placed between the surface and the five
actuators to isolate them from the high temperature. Inset shows mo-
rphing inlet seen through the schlieren side windows.

Fig. 5. Morphing inlet tunnel model including the 13 pressure taps that
are routed to the bottom of the wind tunnel through a thin fin.
The water-cooled copper plate can be seen near the top. The curved
boundary beneath the air-foil mates flush with the wind tunnel’s inner
perimeter.
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start up and shut down. Even though the static temperature of
the air in the test section is low, the boundary layer and other
stagnant air rises to a temperature close to the total temperature
of the plenum (800 K). Because the stagnant hot air permeates
the chamber behind the morphing panel, a water-cooled copper
thermal insulation plate was installed between the CMC
wall and the actuators to protect the actuators from the high
temperatures.

In order to quantify the static pressure profile, a series of 13
pressure tap holes were drilled along the centerline of the flat
bottom plate at 16 mm intervals. The pressure tap tubes were
routed across the hypersonic flow below the flat plate to the
bottom of the wind tunnel through a thin fin-shaped air-foil to
minimize disturbance of the wind tunnel below the inlet flow.
The fin structure, with a bottom curved plate that fits the con-
tour of the lower section of the wind tunnel, is shown in Fig. 5.
The diagnostics included the static pressure profile from the 13
pressure taps as well as schlieren images of the shock structure
taken through the side windows and an overall video of the
motion of the surface.

IV. Flow Modeling

Initial modeling of the inlet was undertaken using the propri-
etary Boeing 3D BCFD flow solver, assuming laminar adiabatic
flow. This modeling was undertaken to assure that the insertion
of the morphing inlet did not choke the wind tunnel and to de-
termine the impact of the tunnel boundary layer on the inlet flow
field. The flow solver computed the flow along the entire wind
tunnel, following the expansion contour from the throat of the
tunnel through the test region. The flow was solved for half of
the tunnel using 6.3 million cells assuming a symmetry plane.
The computation was performed for the flow from the nozzle
throat through and below the morphing inlet and it included
the boundary layer evolution. Because of the conservation of
enthalpy and entropy in an ideal expansion, the plenum has to
be operated at high temperature and pressure to provide the ki-
netic energy and dynamic pressure required for testing. For the
tests conducted here, the objective was to create a Mach 8 sim-
ulation so that aerodynamic properties of the flow including
shock and expansion wave structure could be determined. Even
though the proper Mach number is reached, the facility is not
capable of producing the true flight air speed and static tem-
perature because that requires plenum temperatures on the or-
der of 2500 K. For Mach number duplication what is necessary
is to have high enough plenum temperature to avoid condensa-
tion of the air as it cools by a factor of almost 14 in the expan-
sion. The pressure drops by a factor ofB10 000 (assuming ideal
gas with a ratio of heat capacities of 1.4). Modeled conditions at

the throat of the tunnel were 800 K (1440 R) and 450 psia (3.1
MPa), corresponding to plenum conditions of 960 K (somewhat
higher than actual operating conditions of the facility) and 860
psi (5.9 MPa) (somewhat lower than the actual operating con-
ditions of the facility). The geometry used for the modeling is
shown in Fig. 6. This inlet geometry was an earlier configuration
with the cowl plate located 2.31 s (59 mm) from the flat
morphing surface. For the run reported here, the location of
the cowl plate was 1.2 s (30 mm) below the flat morphing
surface, significantly closer to that surface so a more substantial
compression ratio could be achieved.

Figure 7 shows the predicted centerline Mach numbers (7a)
and the wall pressure profiles (7b) of the upper (morphing) and
low surfaces of the tunnel and the top of the cowl plate. In this
realization the surface is morphed as shown in Fig. 6. The model
predicts that the insertion of the inlet into the top of the wind
tunnel test section will not choke the wind tunnel, although there
is a significant subsonic region at the bottom of the tunnel below
the inlet where the cowl shock interacts with the lower boundary
layer.

The boundary layer at the top ramp of the inlet is thick due to
the fact that it has grown along the wind tunnel wall throughout
the expansion. This thick boundary layer and the elliptical in-
tersection of the inlet ramp with the round surface of the tunnel

Fig. 6. Wind tunnel geometry used for the Boeing 3D BCFD code
computation.

Fig. 7. (a) Mach number field around the test section. (b) Surface pres-
sures computed for Mach 8 flow. All simulations were done using the
Boeing 3D BCFD code with laminar flow.

Fig. 8. Schlieren images of the flow during compression. Images are
taken at 1.6-s intervals starting at 34.1 s into the run and show a 1.85 in.
(4.7 cm) long section of the flow path. The weak shock structure from
the upper (morphing) surface arises from the slight bumps in the woven
ceramic associated with the connector pin locations.
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cause the shock from the 71 inlet ramp to be curved and un-
steady, and thus not seen with schlieren imaging across the flow.
The dashed ellipse in Fig. 7(b) highlights the slow pressure rise
along the upper compression ramp associated with this three-
dimensional (3D) interaction. Even though the shock is not
apparent from the modeled schlieren images, it does lead to a
reduction of the centerline Mach number and an increase in the
static pressure along the morphing surface and along the upper
surface of the cowl plate, as noted in Fig. 7(b). The high-pres-
sure peak at the leading edge of the cowl plate results from the
small stagnation point at that location.

A 2D method of characteristics model of the centerline shock
structure and pressure contour inside the morphing inlet was
developed as an on-site working tool for direct comparisons
with experimental data. By implementing the rotational method
of characteristics due to Ferri,17 the expected pressure profile
resulting from the morphing surface contour could be rapidly
calculated. The simulations were performed using an inverse-

marching scheme with 60 characteristics and 103 stream-wise
steps. As input to the model the pressure and Mach number
were specified at the inlet using experimental data and isentropic
flow relationships.

V. Results

Results are shown in Figs. 8 and 9 from a series of tests in which
the CMC wall was morphed as shown in Fig. 3 between posi-
tions corresponding to h5 30 and 5 mm, reducing the area ratio
between the inlet and throat by a factor of 6. Figure 8 shows a
sequence of schlieren images of the morphing inlet. These im-
ages were taken at 1.6-s interval starting at 34.1 s after the start
of the run. Figures 9(a) and (b) are renderings of the time
evolution of the pressure tap measurements during the shape
morphing, with tap #1 the farthest upstream and tap #13 the
farthest downstream. It is apparent that the morphing continued
until the maximum pressure reached 13.7 psi (94.5 kPa), at
which point the force on the actuators exceeded their load ca-
pacity and slippage occurred, immediately reducing the com-
pression. The force on the central actuator at this point was
estimated by multiplying the maximum pressure with the area
supported by the central actuator (approximately 10 cm� 5 cm,
or 4 in.� 2 in.), which results in a load of over 100 lbf (445 N).
Subsequent static load tests indicated the actuators slip with a
force of approximately 108 lbf (480 N).

The static pressure of 0.5 psi (3.4 kPa) in the unmorphed
condition indicates that the Mach number of the flow through
the inlet is 6.3. This is below the Mach 8 free stream condition
due to the shock and compression waves from the front of the
compression ramp and the leading edge of the cowl. Other weak
shock structure in the facility upstream of the test section may
also contribute to the reduction of the inlet Mach number. At
the maximum displacement, the area ratio is approximately a
factor of 6. The thickness of the boundary layer along the mor-
phing surface can be estimated from the curvature of weak
shocks visible in the in the schlieren images. These shocks were
generated from small distortions of the woven ceramic plate be-
neath the actuator attachment points. The slope of these weak
shocks can be used to approximate the local Mach number.
These weak shocks show the Mach number increasing away
from the wall and approaching the free stream angle. In the
unmorphed condition, they reach the free stream angle at about
10 mm from the morphing surface. This corresponds to about
30% of the cross sectional area. In the highly deflected cases, the
boundary layer shrinks due to compression, but occupies a
larger fraction of the flow cross section, leading to an increase
in the effective compression area ratio between the undeflected
and fully deflected configurations. There is only a thin laminar

Fig. 9. Pressure versus time plots for the 13 pressure taps. Tap #1 is
farthest upstream. The rapid pressure drop at 41.6 s corresponds to the
slippage of an actuator due to the high surface pressure loading at max-
imum compression.

Fig. 10. Computed Mach number (a) and pressure (b) fields for inlet Mach number of 6.3 and computed and measured cowl wall pressure profiles (c).
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boundary layer on the cowl surface (lower plate) because the
cowl lip is in the tunnel free stream and thus does not ingest the
tunnel wall boundary layer.

The results of the analysis by the 2Dmethod of characteristics
for one snapshot during the experiment at t5 38.9 s are shown
in Fig. 10. This time step was chosen about 2 s before the max-
imum compression point to avoid the region with multiple re-
flected shocks and associated increased unsteadiness. Figures
10(a)–(c) show calculated contours of Mach number and static
pressure (a and b) as well as the computed pressure profile along
the bottom surface (c). Also shown in Fig. 10(c) is the measured
pressure profile from Fig. 9 at the 38.9 s point. The best fit to the
data corresponds to an entrance Mach number of 6.3, as ex-
pected from the unmorphed pressure measurements. Five schlie-
ren images taken at 0.2 s intervals over from 39.4 to 40.2 s are
shown in Fig. 11, with the images distorted to match Fig. 10 and
the contrast enhanced. The weak reflected shock is indicated
with a red line in each frame and can be seen advancing up-
stream as the compression increases. The middle image is closest
to the 39.8 s point corresponding to the computed result.

Figure 12 shows nine sequential schlieren images taken dur-
ing the steady operation plateau from 42 to 44 s in Fig. 9. Note
here that the morphing structure stays firmly in place with no
observable shape fluctuations in the plate even between the pin
joints. The weak shocks generated at the pin locations are
evident and their local slopes provide a measure of local Mach
number, which is about Mach 2.4 in the center of the flow for
this configuration.

These results show that, other than the actuator slippage that
occurred at the highest compression, the shape-morphing ma-
terial provided reliable inlet shape control and had sufficient
strength and stiffness to maintain the designated profile even in

the presence of significant temperature gradients and pressure
variations. Even with the small irregularities in the surface the
overall performance of the morphing surface is in good agree-
ment with predicted values.

VI. Conclusions

The development of CMCs with integrally woven fiber rein-
forcements has led to the potential for active shape morphing of
surfaces in high temperature and variable pressure environ-
ments. Large temperature and pressure gradients can be sus-
tained without significant distortion of the shape. For the
experiments reported here a 0.7 mm thick, 37.5 cm long, and
11 cm wide plate of C–SiC composite was connected to an ac-
tuated truss structure and mounted as the upper surface of a
shape-morphing hypersonic inlet. The lower surface was a flat
steel plate instrumented with an array of pressure taps. The op-
eration of this morphing inlet in an 800 K, 9 in. (23 cm) diameter
Mach 8 wind tunnel facility demonstrated that the actuator-
controlled CMC surface could be shaped to a desired contour
and maintained at that contour in the presence of significant
temperature gradients and pressure loads. The measured pres-
sure profile matched the computed profile to good accuracy. The
integrally woven pin-joint attachment method proved robust,
although there were weak shock waves observed emanating
from the slight distortions of the front surface at the attach-
ment locations. These distortions can be easily eliminated in
future developments. The actuators accurately controlled the
surface contour until the back-pressure force rose above 100 lbf
(445 N) per actuator, the limit of the actuator operation enve-
lope, and at that point some slippage occurred. These results
demonstrate that textile-based CMCs are excellent candidates
for applications in hypersonic vehicles and hypersonic ground
test facilities, where large variations in shape and accurate shape
control are required in the presence of severe temperature and
pressure loads.
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