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Hypersonic flight powered by airbreathing engines offers the potential for faster response
time at long ranges, and reduced cost for access-to-space. In the present paper the
operating environment of typical hypersonic vehicles are discussed, including results for
the radiation equilibrium wall temperature of external vehicle surfaces and the flow
properties through three sample engines spanning the range of hydrocarbon-fueled Mach
4-8 flight and hydrogen-fueled flight at speeds up to Mach 17. Flow conditions at several
locations through the sample engines were calculated to provide indications of the required
operating flow environment. Additional system consideration such a seals, joints, vehicle
integration and in-service engineering are addressed. © 2004 Kluwer Academic Publishers

1. Introduction

The recent resurgence of interest in hypersonic systems
can be traced to the desire for higher-speed intercep-
tor missiles, long-range fast-response strike weapons
and an affordable access-to-space transportation sys-
tem. In attempting to define the term “hypersonics,”
many classical aerodynamicists attempt to draw a dis-
tinction between supersonic and hypersonic vehicles
by referring to hypersonic effects such as Mach num-
ber independence, chemically reacting airflows, and
highly cooled boundary layers. Each of these phenom-
ena becomes more prevalent as flight speed increases,
but step changes in their importance do not occur,
so the definition of hypersonic is somewhat blurred.
Within this paper, the term “hypersonic” will be used
to refer to vehicles that operate at speeds greater than
Mach 5. These vehicles fall into the following cate-
gories: ballistic missiles, re-entry vehicles, space ac-
cess vehicles, interceptor missiles, hypersonic cruise
missiles, and hypersonic cruise aircraft, which can be
easily divided into single-use expendable and reusable
systems.

While material and structural solutions for ballistic
missiles, re-entry vehicles, and rocket-powered space
access vehicles have been highly developed, system re-
quirements are driving material operating temperatures
to higher levels for interceptor missiles, hypersonic
cruise missiles and aircraft, and space-access vehicles
powered by airbreathing engines. For example, conven-
tional material solutions include: Reinforced Carbon-
Carbon (RCC) leading edges, silica-based High Tem-
perature Reusable Surface Insulation (HTRSI) and
Fibrous Refractory Composite Insulation (FRCI) tiles
over aluminum substructure for the Space Shuttle; ab-
lative phenolic resins within metallic honeycomb sub-
strates, pyrolytic graphite and 3-D woven graphite
fiber composites for re-entry vehicles; and fused sil-
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ica, Pyroceram 9606 or silicon nitride for interceptor
radomes.

In the present paper, the operating conditions for hy-
personic vehicles will be explored together with a dis-
cussion of the typical design issues encountered in ve-
hicle development. The principal emphasis will be on
vehicles powered by airbreathing propulsion systems,
since these systems are the most immature at the present
time. These vehicles typically fly in a relatively narrow
Mach number/altitude corridor corresponding to flight
dynamic pressures, g, between 0.24 and 0.95 atm. By
providing higher temperature materials, uncooled sur-
faces can be operated at higher speeds, and a better
thermal match can be achieved for cooled surfaces be-
tween the fuel required for cooling the vehicle and fuel
required to operate the engine.

As illustrated in Fig. 1, the dominant feature of these
hypersonic vehicles is the engine, which consists of
an inlet, isolator, combustor and nozzle. The material
requirements for each component vary with flight con-
dition, whether or not the surfaces are actively cooled,
and whether the intended mission requires an expend-
able or reusable vehicle. Aspects of the individual com-
ponent requirements will be addressed in the following
sections. To assess the operating conditions, three sam-
ple dual-mode scramjet engines were designed with the
characteristics provided in Table I. The first engine was
designed for Mach 6 operation using JP-7 fuel with op-
erating conditions explored at speeds between Mach 4
and 8. The second engine was designed for Mach 10
operation using hydrogen fuel, with operating condi-
tions explored at speeds between Mach 6 and 14. The
final engine was designed for operation at Mach 15 with
engine operation explored at speeds between mach 10
and 17. Conditions through the engines were calcu-
lated using an engine cycle analysis tool that assumes
equilibrium chemistry.
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Figure 1 Generic hypersonic vehicle powered by dual-mode scramjet.

2. Component operating requirements

2.1. Stagnation regions

Vehicle performance and engine operating conditions
dictate that the leading edges of hypersonic vehicles
are relatively sharp, so the stagnation regions at the
vehicle leading edge and cowl lip represent zones of
high aerodynamics heating rates. Following the theory
of Fay and Ridell [1-4], the heating rate to the wall,
gw, at a spherical leading edge for boundary layers in
chemical equilibrium can be expressed as:

Gw = 0-76P7'_O.6(pe#e)0~4(pw,uw)O‘l

% _ _ 0.51 _ h_D
X\ gy Uhe hw)[l (Le l)hte:| o))

where Pr, Prandtl number; p, density; u, viscosity; £,
enthalpy; Le, Lewis number, and dU./dx, tangential ve-
locity gradient at the stagnation point. The subscripts
are as follows: e, boundary layer edge conditions; w,
wall conditions; ¢, total conditions; and D, dissocia-
tion. The heat transfer to a two-dimensional leading
edge will be lower than that calculated by Equation 1
by a factor of +/2. For a spherical or cylindrical leading
edge, the velocity gradient at the stagnation point can
be found from:

(ddUe> _ L 2(P. — Py) 2)
X Ry, Pe

where R, radius of curvature at the stagnation point;
P, pressure, and subscript 0 refers to freestream condi-
tions. For the results presented herein, the assumption
Le = 1 was made and the boundary layer edge con-
ditions were calculated by solving the equations for a
normal shock with subsequent isentropic compression

TABLE I Sample engine design characteristics

Mach 6 Mach 10 Mach 15

Component engine engine engine
Inlet

Efficiency(nke) 0.97 97 97

Contraction ratio 6 16.7 25
Combustor

Efficiency (nc) .95 .95 .95

Area ratio (Acg/Acrt) 2.0 1.5 1.5

Wall area (Aw/Acr) 20 20 20

Fuel JP-7 H, H;
Nozzle

Efficiency (nn) 98 .98 98

Area ratio (Aex, Ag) 2.0 1.8 1.8
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Nozzle

to the stagnation point assuming air in chemical equi-
librium.

The upper limit of the resulting surface temperature
can be calculated assuming the aerodynamic heating is
balanced by the radiative cooling, g4, from the surface:

6.Irad = SO—T\é (3)

where €, emissivity; o, Stefan-Boltzmann constant; and
Ty, wall temperature. Setting ¢y = g together with
an equilibrium air equation of state, one can solve for
the wall temperature that balances aerodynamic heating
and radiative cooling. This “radiation equilibrium wall
temperature” represents an upper limit to the wall tem-
perature since conduction of heat through the leading
edge is neglected.

The radiative equilibrium wall temperature was cal-
culated for a R, = 2.54-cm spherical nosetip and a R,
= 0.254-cm cylindrical cowl leading edge and the re-
sults are presented in Figs 2 and 3. Results are shown
for emissivities of 0.5 and 1.0 and flight dynamic pres-
sures between 0.24 and 0.95-atm. Also shown in the
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Figure 2 Radiation equilibrium wall temperature at the stagnation point
of a 2.54-cm radius nose.
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Figure 3 Radiation equilibrium wall temperature at stagnation point of
2.54 mm cowl leading edge.



figure is the melting temperature of selected materials.
The stagnation point wall temperature increases with
increasing velocity, increasing dynamic pressure, and
decreasing emissivity. For a limit temperature of 2000
K at the vehicle nose, the maximum speed of the flight
vehicle is in the range of Mach 8 to 10 depending on the
altitude and emissivity of the surface. With the sharper
cowl radius, the stagnation point wall temperatures are
significantly higher with 2000 K temperatures reached
at approximately Mach 5 conditions.

2.2. Inlet ramp conditions

The flowfields over a sample three-shock inlet with flow
turning angles of 3.6°, 4.2°, and 4.7° were evaluated at
Mach numbers between 4 and 10 and a dynamic pres-
sure of 0.47-atm. The flowfields were calculated using
a Parabolized Navier-Stokes (PNS) code [5] treating
the air as either a perfect gas or a mixture in chemical
equilibrium with boundary layer transition assumed to
occur atthe intersection of the 3.6° and 4.2° ramps. With
a specified wall temperature of 833.3 K, the pressure
ratio, P/ Py, skin friction coefficient, Cg, and Stanton
Number, C I/_I, on the inlet third ramp are shown in Fig. 4,
where Cy; is defined as:

/ dw

Chi=——— 4)
1 poUo(hg — hy)

The conversion between C]/_l and the more conventional
Cy is as follows:

CH — q.w — C/ <haw/h0 - hw/h0>
poUo(haw — hw) "\ huo/ ho — hu/ ho
)
where
UZ
haw = he + 1’76 (6)

The local aerodynamic heating can then be determined
as follows:

gw = CapoUo(haw — hw) (7

By balancing the aerodynamic heat transfer with the
radiative cooling, the radiation equilibrium wall tem-
perature was calculated assuming unobstructed radia-
tion to free space (i.e., the potential shrouding effects
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Figure 5 Radiation equilibrium wall temperature on third inlet ramp.

of the engine was neglected). In Fig. 5 the radiation
equilibrium wall temperatures are shown for flight at
dynamic pressures of 0.47 and 0.95-atm and emissivi-
ties of 0.5 and 1.0. The results show wall temperatures
significantly below the stagnation point wall tempera-
tures with temperatures below 2000 K for conditions
up to Mach 10 flight speeds.

2.3. Upper surface conditions

The operating requirements on the upper surface of a
vehicle were estimated at a point 3-m downstream of
the leading edge with a local flow-turning angle of 5°
assumed. The edge conditions were estimated using the
tangent-wedge technique with the skin friction and heat
transfer derived using the reference temperature tech-
nique [3, 6]. For turbulent flow over the upper surface,
the skin friction coefficient was determined as follows:

~0.0592
- (Re)ﬂ:)o.z

®)

f

where the Reynolds number is evaluated at the reference
temperature, 7*, determined as follows:

T*—1+0032M2+059 Tw 1 9)
T. ' e ' T,

€ €

The local heat transfer is then determined through ap-
plication of Reynolds analogy:

_Cr

Ch=- (10)

The local pressure ratio, Cg and Cy are shown in
Fig. 6 for the flight speeds between Mach 4 and 20
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Figure 4 Surface properties on third inlet ramp.

Figure 6 Surface properties on 5° surface, 3-m downstream of leading
edge.
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Figure 7 Radiation equilibrium wall temperature 3-m downstream of a
leading edge of a 5° ramp.

at a dynamic pressure of 0.47-atm. The pressure ra-
tio increases roughly proportional to the Mach num-
ber squared, while Cr and Cy increase nearly linearly
with increasing flight Mach number due to a decreasing
Reynolds number.

The radiative equilibrium wall temperature for the
upper surface is shown in Fig. 7 for flight speeds be-
tween Mach 4 and 20, flight dynamic pressures of 0.47
and 0.95 atm, and emissivities of 0.5 and 1.0. Again,
the equilibrium surface temperature increases with in-
creasing flight speed, increasing dynamic pressure, and
decreasing emissivity. Upper surface equilibrium tem-
peratures are seen to reach 2000 K at speeds between
Mach 10 and 15 depending on the trajectory and surface
emissivity.

2.4. Internal engine components

The internal engine components are fundamentally dif-
ferent from the external components in that radiation
cooling is not available for lowering the wall temper-
atures. Thus, the engine surfaces must be designed to
either handle the recovery temperature of the flow or
be cooled to an acceptable temperature.

Engine cycle calculations were conducted for the
three sample engines at a flight dynamic pressure of
0.47-atm. Pressures through the sample engines are
shown in Fig. 8. Results are provided for the pressure
at the end of the inlet compression, P, the maximum
pressure in the combustor, P, and the pressure at
the end of the combustion process, P... The pressures
achieved within the engines are generally below 4-atm,
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Figure 8 Combustor inlet, maximum and exit pressures in sample en-
gines.
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Figure 9 Combustor inlet (solid line) and exit (dashed line) total tem-
peratures in sample engines.

with the exception being the Mach 10 engine operated
at low Mach numbers where the effective engine con-
tract ratio is high.

Total temperatures through the sample engines are
shown in Fig. 9. Results are presented for both the
temperature at the end of the inlet, T, and the end
of the combustor, T.. For flight speeds below Mach
10, the total temperature entering the inlet is lower
than the combustor exit temperature, but this trend
changes at high Mach numbers where the fuel “cools”
the flowstream. For the Mach 6 engines, the com-
bustor exit temperatures remain below 2600 K for
speeds up to Mach 6 allowing development of uncooled
engine structures for expendable systems. For flight
speeds above Mach 6, the combustion total tempera-
ture is sufficiently high that cooled structures must be
developed.

Sample species mass fractions for the combustion
products are shown in Fig. 10 for the three sample
engines. In each case, oxygen is present due to both
the equilibrium combustion mixture and due to the as-
sumption of a combustion inefficiency, which is treated
by freezing a portion of the oxygen from the combus-
tion process. The major constituents present are the
main combustion products Ny, HO, and CO,. Trace
species such as OH, H, and O are present in small
quantities. The material used within the engine must
resist attack from these combustion products. In ad-
dition, cooled engine structures must also accommo-
date strong thermal stresses and chemical attack by
the fuel or its constituents if an endothermic fuel is
used.
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Figure 10 Species distribution at combustor exit of sample engines.



3. Additional considerations

Often in the conceptual or early design phases of mis-
sile development, the loads/environments/requirements
induced by “non-operational” phases of the mission
are overlooked or underestimated. These loads include
those due to transportation and storage, insensitive mu-
nition considerations, launch effects, and environmen-
tal conditions. The magnitude and duration of either in-
dividual or combined loads can lead to instantaneous or
cumulative damage of components, thus precipitating
premature failure when operational loads are applied.
In some cases, the magnitude of the loads induced by
“non-operational” phases can drive the structural de-
sign, materials selection, and resulting performance of
the component and entire system. The following para-
graphs describe in more detail the considerations and
critical issues associated with the non-operational ser-
vice life of the vehicle/missile.

3.1. Transportation loads

These loads commonly fall into the category of PSH&T
(packaging, shipping, handling, and transportation) and
encompass the range of conditions introduced to the
system during transport from the storage depot to in-
stallation on the end-user’s weapon platform [7]. Within
this category, the most common structural-based loads
arise as aresult of vibration, shock, and drop conditions.
In the case of a missile, packaging (i.e., protective crat-
ing) prior to operation provides an effective means to
significantly reduce the impact of these conditions as
well as the mode of transportation (ground, sea, or air).
Packaging can range from simplistic wooden shipping
crates to more exotic metallic versions that incorporate
hermetic seals to eliminate acidic-based contamination
and salt-air moisture sources.

3.2. Insensitive Munitions (IM)
requirements

IM requirements are driven by the need to balance
weapon system performance with platform survivabil-
ity, storage, and transport. These requirements influ-
ence component-level design issues such as material
selection. For a given system, external stimuli guide-
lines are established that combine the volatility of the
booster and air-breathing propulsion fuel systems and
warheads in order to determine the potential to gen-
erate catastrophic reactions [8]. The environments of
concern must be addressed based on missions of inter-
est and handling procedures at the system level (i.e.,
ship launched, aircraft launched). These environments
can be simulated using a variety of representative tests
(which may vary from one nation to another) and are
covered by various guiding documents (i.e., MIL-STD-
2105B, STANAG 4439, UN Orange Book, etc.). Some
major representative environments and tests are listed
in Table II.

3.3. Launch requirements

The envisioned launch environments for hypersonic
missiles have included ship (tube launched), ground-
based (tube or transporter launched), and aircraft (wing

ULTRA-HIGH TEMPERATURE CERAMICS

TABLE II Insensitive munition tests and pass criteria

Environment Test Pass criteria

No reaction more severe
than burning

No reaction more severe
than burning

No detonation

External Fast cook-off

High temperature ~ Slow cook-off

Nearby explosion ~ Sympathetic detonation

Impact Bullet impact No reaction more severe
than burning
Fragment impact No reaction more severe
than burning
Shaped charge jet No detonation
Spall No sustained burning
Drop No reaction
EMI, lightning Electrical discharge No reaction

strike

captive carry with rail or eject launch) weapon plat-
forms. The loads and requirements induced by these
launch platforms are vastly different as are the asso-
ciated launch sequence of events. For tube-launched
configurations, the launch event includes egress from
the launch tube (including cover contact and push
through), booster operation up to air-breathing propul-
sion system take-over velocities, booster separation,
and air-breathing propulsion system operation. For air-
craft launched configurations, the aircraft wing cap-
tive carry, aircraft eject/rail launch, booster motor op-
eration to take-over velocities, booster separation, and
air-breathing propulsion system operation. In addition,
aircraft-launched munitions should not compromise the
aircraft’s “stealthiness,” that is, the aircraft’s ability to
evade or defeat radar and IR detection systems.

The sequence of events for either of the launch ap-
proaches requires the integration and interaction of
multiple, complex energetic subsystems. This integra-
tion task is often overlooked in the development phase
as the entire focus is on vehicle operation during sus-
tained hypersonic flight. While the thermal loads dom-
inate during the higher-speed, powered flight phases,
structural loads can be more significant during the
launch or acceleration phase of the operation; particu-
larly for missiles during aircraft captive carry and eject.
Also, while structural loads during flight maneuvers
may be at lower levels than those experienced during
launch, the degradation of material strength properties
with increasing temperature (due to heating and ero-
sion from aerothermal loading or the propulsion sys-
tem) must be taken into account to insure that the mu-
nition has sufficient structural integrity to perform these
maneuvers with an adequate safety margin.

3.4. Environmental conditions

The environmental conditions for operational scenarios
include long and short-term environmental exposure,
external sources that impart damage to the system, and
operational environment conditions. Long-term storage
tends to be provided in a more controlled environment
such as that found in conditioned bunkers at muni-
tion storage depots. Temperature extremes, tempera-
ture cycling, and humidity are not major contributors.
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However, aging of inert and energetic materials can
prove to be problematic as system volatility can in-
crease and system performance can decrease due to
chemical degradation, interaction, and/or migration
over extended time periods.

Short-term storage is typically associated with field
storage and inherently has less stringent control of the
surrounding environment. Field storage can include sig-
nificant exposure to temperature extremes (i.e., —60F
in the artic to +160F in the desert), temperature cy-
cling, and exposure to humidity. Similarly, flight con-
ditions can mirror the environments for short-term stor-
age; particularly aircraft captive carry where temper-
ature extremes and cycling are similar in magnitude.
In mission scenarios, aircraft stowed thermal envi-
ronments are rapidly followed by simultaneously ap-
plied thermal-structural loads (both instantaneous and
cyclic). In these conditions thermal shock (where large
gradients can exist within a part) and stress oxidation
must be considered.

While the C-C and fiber reinforced ceramics (such
as CMC'’s) substrates are generally stable to ther-
mal shock conditions, carbide coatings are more brit-
tle and are subsequently susceptible to flaking and/or
spalling. Significant coefficient of thermal expansion
mismatches in combination with residual stresses can
make the coating-to-substrate interface weak. Incorpo-
rating compliant transition layers can increase robust-
ness (with respect to strength) at the coating interface.

Stress oxidation is a concern for carbide coated
C-C materials. During long-term exposure to signif-
icant combined thermal-structural loads, large defor-
mations in the component can result in coating micro-
cracking, which can in turn lead to hot gas contact and
impingement into the C-C substrate and result in rapid
degradation of the system. The potential for micro-
cracking increases as the temperature and loading con-
ditions are increased. For structural loads greater than
50% of the material’s ultimate strength, the potential
for micro-cracking is highly feasible.

External debris impact can impart physical damage
to external structures and thermal protection systems.
Debris can take several forms including foreign object
debris (from runway debris and dust storms) that impact
the external surface with sand-dirt particles and small
stones, and high-speed flight through clouds (rain, ice,
and sleet depending upon altitude and weather condi-
tions). The level of damage that occurs is highly de-
pendent upon the materials selected as the protective
coating and base substrate, and the robustness of the
interface between the two elements. Particulate impact
(depending upon size, velocity, number/density of im-
pacting particles, and particle density) at high speed has
been shown to pit and/or remove external insulation and
similarly damage composite materials.

A major concern is the response of materials in the
aerothermal environment after suffering impact dam-
age from external sources. Subsequent exposure to
aerothermal loads after impact damage can allow exter-
nal high temperature, velocity gas flow to create an ero-
sive environment such that the high temperature flow
may penetrate into the substrate with material degra-
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dation progressing rapidly. Additionally, for composite
materials impacts can be realized internally in the form
of delaminations that show no visible signs. This form
of damage can significantly impact structural perfor-
mance and often remains undetected.

Evaluation of Electromagnetic Environmental Ef-
fects (E*) and the impact on component-missile-
launcher performance generally fall into several cat-
egories; namely electromagnetic interference (EMI),
electromagnetic pulse (EMP), electromagnetic vulner-
ability (EMV), electrostatic discharge (ESD), electro-
magnetic radiations to ordnance, personnel, and fuel
(HERO, HERP, and HERF), precipitation static (P-
Static), and lightning (1). From a materials-component
standpoint, EMI and EMP must be addressed during
the design. The other EMV, EDS, P-Static, lightning,
and HERO, HERP, and HERF can be mitigated at the
integrated system level.

In the design of the system, material selection be-
comes important in establishing the performance of
the structures housing guidance and control (G&C)
and seeker systems relative to potential interference.
Nosecone geometry and material property changes as a
function of increasing temperature must be considered
in designing transmissive-based systems. These char-
acteristics must be assessed with respect to microwave,
radar, IR and visible radiation sources and are greatly
different among families of materials (i.e., C-C, CMC,
ceramics, etc.) as shown below in Table III.

4. Vehicle integration

The integration of numerous subassemblies into func-
tioning vehicle-missile systems requires an extensive
system engineering approach to identify critical risk
areas and provide acceptable mitigation paths. The de-
sign, analysis, and validation testing (that form the basis
of the system engineering approach) of the individual
components (that make up these subassemblies) yield
only a small fraction of the data necessary to predict the
response of the subassemblies and integrated system.
The interaction of mating components (interface re-
quirements, dimensional constraints, material compat-
ibility) drives individual component geometries, mate-
rial selection, and load sharing methodologies. Higher
order testing of major subassemblies is required to eval-
uate subassembly interaction and provide calibrated in-
strumentation necessary for performance monitoring in
flight.

In most hypersonic applications, the introduced ther-
mal loads significantly compound the complexity of al-
ready taxing structural requirements for flightweight,
low-margin/mass fraction designs. Material systems
of interest for flightweight high-temperature hardware
include carbon-carbon (C-C) materials coated with ce-
ramics such as SiC, HfC, and ZrC, and ceramic ma-
trix composites (CMC’s) such as SiC-SiC, C-SiC, C-
HfC, or C-ZrC as the primary candidates as shown in
Fig. 11 [9-18]. Some metal alternatives such as refrac-
tory metals (Niobium), superalloys (Inconel), and in-
termetallics (TiAl) also exhibit desirable characteristics
such as strength/stiffness at high temperature and high



TABLE III Transmissibility characteristics of advanced materials
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Type of radiation

Materials Microwave Radar Broad band EMI Far-IR Near-IR Visible
Bare C-C A A A A A A
Coated C-C
C-C SiC Coating A A A A A A
C-C HfC Coating A A A A A A
C-C ZrC Coating A A A A A A
CMC
SiC-SiC T T T A A A
C-HfC A A A A A A
C-ZrC A A A A A A
C-SiC A A A A A A
Ceramics
Fused silica T T T A T T
Alumina T T T A A A
BN T T T A A A
SiN T T T A A A

T—Transmissive.
A—Attenuator.
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Figure 11 High temperature material characteristics.

melt/oxidation temperature thresholds. However, for
higher-speed applications, the component mass penalty
associated with increased density tends to make them
not viable. The following sections will discuss the
issues associated with attachments, seals, and hard-
ware qualification for components manufactured using
composite-based coated C-C and CMC materials.

4.1. Attachments
Attachment of components fabricated using materi-
als with vastly differing material properties contin-
ues to be challenging; particularly when the environ-
ments include elevated temperatures, large temperature
gradients, and simultaneously applied structural loads.
Design requirements typically include the attachment
of hot-to-hot and hot-to-cold structures/component.
Attachments can be internal to a structure (i.e., a
multi-materials/layers) or between adjacent compo-
nents (such as thermal tiles or structural members).
Hot-to-hot structures in hypersonic vehicles may in-
clude the connections between components within the
combustion regions or between thermal tiles on control

surface leading edges. In these regions, peak tempera-
ture drives the design and excursions can range from
2500 to 3000 K and 1300 to 1900 K for uncooled com-
bustors and leading edges, respectively. In hot-to-cold
structures, thermal gradients drive the design. Connec-
tions between inlets and airframe/fuel tank regions are
an example of this form of connection.

Attachments can be configured for the C-C and
CMC material sets using conventional composite mate-
rial joining approaches and materials suitable for high
temperature-strength applications. These approaches
include secondary bonding (including ceramic ad-
hesives and metallic-based brazing), threading, and
pinning (with superalloy, C-C, or ceramic pins). Critical
issues for the high temperature use of these techniques
include mismatches in material stiffness and coeffi-
cients of thermal expansion, and mechanical property
degradation as a function of temperature. The design
of the attachment becomes increasingly more complex
when integral seals are required to prevent intrusion by
pressurized and/or high velocity gases.

4.2. Seals
The incorporation of seals and sealed surfaces in high
temperature environments is particularly challenging
to prevent penetration by hot, high pressure/velocity
gases. Conventional elastomeric seals such as buna-n
and silicone (commonly used in cooler, stagnant re-
gions of rocket motors; maximum service temperature
range from 90 to 200°C) are no longer candidates in
hot-operating structures. The minimum service tem-
perature must also be taken into account as elastomeric
seals may become brittle at low temperatures. Conse-
quently, seals must be manufactured from exotic metal-
lic or ceramic materials. Seal configurations of interest
include static seals such as those used in pressurized
combustion chambers and dynamic seals such as those
employed in moveable control surfaces or inlets.
Static seals include ceramic-based rope seals,
ceramic-based adhesives, or metallic-based braze.
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Rope seals require the use of a male-female gland sys-
tem with a groove for seal retention. Adhesive seals
can be applied to annular, concentric surfaces or to
threaded interfaces. Threaded interfaces are a preferred
configuration as the tooth profile provides a torturous
gas flow path to minimize leakage. Metallic brazing
methods for components with annular, concentric in-
terfaces hold promise. This approach shows promise as
a high quality; leak proof seal can be developed. How-
ever, mismatches in materials must be assessed to pre-
vent localized failure of the seal or mating components
during exposure to combined thermal-structural loads.

Dynamic seals include rope seals, similar in config-
uration to those used in the static configuration. How-
ever, seal design becomes more complex as moving
as the male-female surfaces move relative to one an-
other during operation. Compression and resiliency of
the seal become critical to maintain seal integrity while
preventing seal/control surface binding.

For the static or dynamic seals, the localized C-C
or CMC region providing the interface with the seal
must be sealed to prevent hot gas penetration. Metallic
or carbide surface coatings can be applied to reduce
permeability levels of the laminate.

4.3. Design validation testing

The level of testing necessary to establish the accept-
ability of a design and demonstrate design margin is of-
ten reflective of the complexity of the component load-
ing conditions and materials of construction. For high
temperature composite materials, each new application
effectively yields a new material system. This new ma-
terial is described by fiber selection and reinforcement
angles, fiber/matrix percentages, matrix selection, and
repeatability of the process/material quality. Typical
test sequences in the proof-of-principle phase of de-
velopment programs include material response testing,
pathfinder units to validate component-level form, fit,
and function, integration tests with mating subassem-
bly components, and functionality tests to determine
overall system response.

The material response testing can include a combi-
nation of coupon-level materials characterization and
analog test articles to establish “as-fabricated” prop-
erties in highly stressed regions. The maturity of the
selected material system and the availability of data
within the operating regime will often dictate the level
of characterization testing that is necessary. Coated C-C
materials tend to use more mature/characterized manu-
facturing processes with more quantified strength data
than CMC'’s. Consequently, some of the fundamental
coupon-level material characterization testing may be
omitted for C-C’s and replaced by property data gen-
erated using calibrated material models. However, the
lack of data for CMC’s, in combination with the matu-
rity level of the current manufacturing approaches, re-
quires that some level of characterization be conducted.

The next step in the characterization program is the
development of analog coupons that capture the inher-
ent variability and anomalies in the structure-material
system. These coupons must be designed to repli-
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cate multi-dimensional stress fields realized in highly
loaded (combined thermal/structural) regions of the
component. This form of test incorporates the deliv-
ered properties of the material based on the selected
manufacturing process, laminate architecture, and com-
ponent geometry and is recommended for both sets of
materials.

Component-level testing (via pathfinder units) en-
ables the fundamental response of the unit to be as-
sessed. This testing typically includes an assessment of
form, fit, and function for the individual component.
Component-level testing then should progress to more
complex, integrated testing of the major subassemblies.
These tests enable investigations into load sharing be-
tween multiple components and should be performed
under representative thermal-structural conditions and
are critical in the calibration of high-fidelity models.

The final step in the design validation process in-
cludes the demonstration of the functionality of the
entire system in a combination of ground and flight-
testing. A vital link between the two forms of test-
ing is instrumentation. Instrumentation provides data
for model calibration as well as a method to assess
the performance of the vehicle in flight where post-
test observations of hardware may not be possible. The
instrumentation used in ground testing, should be the
same that is used for flight-testing so that the designer
is able to distinguish between fundamental component
and gage responses.

As a program progresses and passes from the proof-
of-principle phase and into a full-scale development
program, higher fidelity testing is necessary to char-
acterize all aspects of system performance. These tests
notionally would include aspects of PSH&T, insensitive
munitions (if applicable), environmental, and operabil-
ity. This phase of the testing is costly (so the design
must be firmly established), as multiple units are re-
quired in order to establish a statistical database for
each performance parameter.

4.4. In-process quality control
The ability to understand the manufacturing process
and impact on performance, for a given material-
component, is vital in establishing a solid quality as-
surance program. Manufacturing process control for
composite material systems is inherently difficult as
raw materials, component build-up processes (includ-
ing operator skill levels), and processing equipment
variables can significantly impact the end product qual-
ity and resulting thermal-structural performance. It is
critical during the development process to initiate qual-
ity assurance practices in order to track the matura-
tion process of the component and fully understand the
“as-fabricated” condition of the test articles. Typical
in-process quality control includes raw material cer-
tification, controlled manufacturing procedures with
individual unit inspection documentation, and non-
destructive evaluation (NDE) of the end product (and
potentially at critical phases of the process).

NDE of composite materials (C-C and CMC in-
cluded) can include radiographic, ultrasonic, and



thermal imaging techniques. These inspection tech-
niques can be readily tailored to detect potential flaws
for a specific component (such as coating debonds,
cracks, and delaminations). Radiographic inspection is
generally a good screening technique as major flaws
can be readily detected. However, when determining
whether a component should be accepted or rejected
(or what performance levels can be safely attained),
higher-fidelity inspections using ultrasonic or thermal
imaging are necessary to fully describe the flaw (i.e.,
dimensions, continuous or intermittent, open or closed,
etc.). These techniques are more costly due to equip-
ment overhead costs, and require characterization pro-
grams to describe potential flaws and accept/reject
criteria.

4.5. Acceptance testing
When fabricating components, some level of proof test-
ing (at nominal operating conditions or some level
thereof as defined in the system requirements) and de-
structive testing of tag-end witness coupons is neces-
sary to determine the predicted performance of the com-
ponent; irrespective of detected flaws. Structural proof
testing of the component is generally performed to es-
tablish if major inconsistencies exist in the part and pro-
cess. Tag-end coupons, removed from the component,
can be used to determine repeatability of critical pro-
cessing parameters and material consistency including
strength, fiber/matrix/void content, porosity, etc. De-
structive testing of random units within a manufactur-
ing lot is performed to provide a higher-fidelity evalua-
tion of manufacturing process consistency. This form of
structural testing is generally performed at load levels
higher than nominal (maximum operating conditions
plus a factor of safety) to confirm design robustness.
It is critical for acceptance testing to be incorpo-
rated in the early phases of the development program.
This enables a database to be collected that can pro-
vide engineering-based accept/reject criteria for com-
ponents during the production phase.

5. In-service engineering

In-service engineering of fielded systems encompasses
assessment of sponsor-driven mission upgrades and re-
finements (and the impact on current system design and
performance), surveillance monitoring of the inventory,
and in-service and out-of-service repair.

5.1. Surveillance monitoring

Surveillance monitoring is performed on the inventory
to assess the aging characteristics of the system as well
determine potential affects on mission performance. As
part of this assessment, mission parameters are revised
to reflect current threats and applicability in changing
battlefield scenarios. For most C-C and CMC materi-
als, aging effects will be minimal with the exception
of long-term creep. Areas of concern will be compo-
nents assembled with preloads. Periodically, random
units must be removed from the inventory, inspected,
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and then tested to evaluate component-system perfor-
mance levels.

5.2. In-service repair

In-service repair of fielded components is typically lim-
ited to quantifiable surface damage (paint or insulation
repair) or replacement of non-functioning electronics.
The ability to detect internal component defects is gen-
erally not possible in the field. Consequently, the repair
of structural members manufactured using high tem-
perature material systems is not feasible.

5.3. Out-of-service repair

Out-of-service repair of fielded components typically
involves visibly damaged hardware where the level of
damage can obviously impact hardware performance
and thus limit mission effectiveness. A thorough in-
spection of this form of damage (and decision on form
of rework) would be performed back at a service depot.
The inspection process would most likely involve the
disassembly of the system and rework or replacement
of the damage component(s) with a new component.
Most likely, repair of a damaged C-C or CMC com-
ponent (delaminations, broken fibers, cracked matrix,
etc.) would not be possible if structural integrity is re-
quired in the damaged zone.

6. Summary

The operating environment of typical hypersonic ve-
hicles with an emphasis on airbreathing engines have
been calculated including typical radiation equilibrium
wall temperatures for the vehicle leading edge, cowl
lip, external surface, and inlet compression surface.
Three sample engines were defined spanning the range
of hydrocarbon-fueled Mach 4-8 flight and hydrogen-
fueled flight at speeds up to Mach 17. Flow conditions
at several locations through the sample engines were
calculated to provide initial indications of the flow en-
vironment. Additional system considerations such as
seals, joints, vehicle integration and in-service engi-
neering were addressed.
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