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Assembly joints of modern solid rocket motor cases are generally sealed using conventional O-ring seals. The
5500±F combustion gases produced by rocket motors are kept a safe distance away from the seals by thick layers
of phenolic insulation. Special compounds are used to � ll insulation gaps leading up to the seals to prevent a
direct � owpath to them. Design criteria require that the seals should not experience torching or charring during
operation, or their sealing ability would be compromised. On limited occasions, NASA has observed charring of
the primary O-rings of the space shuttle solid rocket nozzle assembly joints because of parasitic leakage paths
opening up in the gap-� ll compounds during rocket operation. NASA is investigating different approaches for
preventing torching or charring of the primary O-rings. One approach is to implement a braided rope upstream
of the primary O-ring to serve as a thermal barrier that prevents the hot gases from impingingon the O-ring seals.
This paper presents � ow, resiliency, and thermal resistance for several types of NASA thermal barriers braided
out of carbon � bers. Burn tests were performed to determine the time to burn through each of the thermal barriers
when exposed to the � ame of an oxyacetylene torch (5500±F), representative of the 5500±F solid rocket motor
combustion temperatures. Thermal barriers braided out of carbon � bers endured the � ame for over six minutes,
three times longer than the solid rocket motor burn time. Room and high temperature � ow tests are presented
for the thermal barriers for different amounts of linear compression. Room temperature compression tests were
performed to assess resiliency and unit preloads as a function of compression. The thermal barrier was tested in a
subscale rocket char motor test in which it served to impede hot gas � ow through an intentionally oversized defect
in the gap insulation. Temperature measurements indicated a 2200±F temperature drop across the 1

4 -in.-diam
thermal barrier with no apparent signs of burning or charring.

Introduction

T HE need for high temperature (1500–2000±F) compliant seals
in increasinglydemandinggas turbineenginedesigns led to the

development of rope seals braided out of emerging ceramic � bers
and superalloywires. Previous seal researchyielded several braided
rope seal designs that demonstratedthe ability to both seal and serve
as compliant mounts under aggressive temperature and pressure
requirements.1,2 These seals have low leakage, exhibit resilience
with cycling to maintain a good seal, resist scrubbing damage, seal
complexgeometries,andsupportstructuralloads.Steinetzetal.1 and
Steinetz and Adams2 studied both all-ceramic and hybrid designs
that were applied in industrial tube seal and high or low pressure
turbine vane seal applications. The material systems used in these
braided rope seal designs function very well at the temperatures
experienced in advanced gas turbine engines. However, as revealed
later in this study, these seals do not last for more than a few seconds
when subjected to the extremely hot 5500±F combustion gases that
are found in rocket applications. Thus, other materials had to be
considered to advance the braided rope seal design into a thermal
barrier for use at extreme transient temperatures.

Solid rockets, including the space shuttle reusable solid rocket
motor (RSRM), have assembly joints that are usually sealed by
conventional O-ring type seals. These seals are shielded from the
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5500±F combustiongases by thick layers of phenolic insulationand
by special compounds that � ll gaps in this insulation. Normally,
these two stages of protectionare enough to prevent a direct � ow of
the 900 psi hot gases to the seals. Occasionally, though, seals have
experienced charring because of parasitic leakage paths that open
up in the gap-� lling compounds during rocket operation, requiring
another level of protection for the primary O-rings. Inspection dur-
ing disassembly of space shuttle solid rocket motor nozzle joints
from RSRM-44 and RSRM-45 revealed O-ring erosion of joint 3
primary O-ring seals3 (Fig. 1a). NASA and rocket manufacturer
Thiokol are investigating nozzle joint design enhancements, such
as the proposed thermal barrier (Figs. 1a and 1b), to prevent hot
combustion gases from reaching the Viton primary O-rings. The
nozzle-to-case joint and joints 1 through 5 in Fig. 1 are currently
being studied. The braided carbon thermal barrier being developed
at NASA Glenn is a leading candidatebasedon the resultspresented
herein. The thermal barrier has unique requirements for the shuttle
solid rocket motor joints, including the following: 1) sustain ex-
treme temperatures (2500–5500±F) during solid rocket motor burn
(2 min and 4 s) without loss of integrity, 2) block 900 psi hot � ow
gases from impinging on primary O-rings to prevent O-ring char
or erosion, 3) exhibit some permeability to allow pressure check of
primary/secondaryO-ring system without any false-positivesof the
primaryO-ringseal,and4)exhibitadequateresiliency/springbackto
accommodate limited (0.003–0.005 in.) joint movement/separation
and to seal manufacturingtolerances in these large nozzle segments
(diameter range: 4.8–7.3 ft).

Over the past few decades, carbon� bers have beenused in a wide
varietyof applicationsin aerospacebecauseof theirexcellentcombi-
nation of thermal and mechanical properties.Among heat-resistant
� bers, carbon � bers have been widely used because of their rela-
tively high heat conduction, low linear expansion coef� cient, and
high corrosion and thermal stability as well as their high strength
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Fig. 1 Potential shuttle solid rocket motor joint locations for candidate thermal barrier. Enlarged view of a) Joint 3 and b) nozzle-to-case joint
showing primary and secondary pressure O-rings, leak-check port, and proposed thermal barrier location. c) Overall nozzle cross section (half view).

and low density.4 Though braidedcarbon thermalbarriershavebeen
used for nuclear applications,there are no known uses of this type of
thermal barrier for solid rocket applications.Although carbon � bers
oxidize and lose mass over periods of several hours at temperatures
above 600–900±F (depending on the type of � ber),5 ¡ 7 they are able
to withstand very high temperatures for short periods of time.

The mainobjectiveof thecurrentstudywas to evaluatethethermal
resistanceof braided rope thermal barriersmade of differentmateri-
als, including carbon,when exposed to extremelyhigh-temperature
gases. The thermal barriers that endured these gases the longest
were then subjected to � ow and compression tests. Subscale rocket
char motor tests were performed to assess the thermal barrier’s heat
resistance under actual rocket conditions.

Test Apparatus and Procedures
Thermal Barrier Specimens

Several types of thermal barriers were examined for each differ-
ent seriesof tests.Carbon, phenolic,hybrid,and all-ceramicbraided
ropesealsand thermalbarrierswere all subjectedto burn tests.Buna-
N and Viton rubber seals and a 1

8 -in.-diam stainless steel rod were
also burn tested as referencesto compare to the braided rope materi-
als. Table 1 summarizes the relevant architectureparameters for the
braided rope thermal barriers that were tested. All thermal barriers
were composed of a dense uniaxial core of � bers overbraided with
a single- or multi-layer sheath.

The Carbon-1 design had � ve sheath layers and a 0.114-in.diam,
whereas Carbon-2 had ten sheath layers and a 0.125-in. diam. Both
the Carbon-3and Carbon-4designshad � ve sheath layers.However,
Carbon-3 had a 0.200-in.diam, and Carbon-4 had a 0.194-in.diam.
Carbon-4had 4.4 £ 10 ¡ 4-in. (11 l m) pitch-basedAmoco P25 � bers
in their cores to evaluate core � ber diametereffects on performance,
whereas the core � bers of all of the other carbon thermal barriers
were 2.76 £ 10 ¡ 4-in. (6.9 l m) PAN (polyacrylonitrile)-basedGra� l-
type 34-700 � bers. PAN-based Thornel T-300 carbon � bers with a

2.8 £ 10 ¡ 4-in. (7 l m) diameter were used in the sheaths of all of
the carbon thermal barriers. The phenolic design had a core com-
posed of Kynol KFY-0204-1 � bers with diameters of 6.0 £ 10 ¡ 4 in.
(15 l m) and a four-layer sheath of 6.0 £ 10 ¡ 4-in. (15 l m) Kynol
KY-02 � bers. Hybrid and all-ceramic braided construction details
are presented in Table 1.

Thermal Barrier Characterization

To assess thermal barrier architecturecharacteristics, samples of
each carbon � ber braided thermal barrier design were examined us-
ing a photographic stereomicroscope. Two cross-sections of each
type of thermal barrier about 1

16 -in. thick were prepared and exam-
ined under the microscope. Photographswere taken of each side of
the specimen at 30X for the 0.20-in.-diam thermal barriers or 40X
for the 1

8
-in.-diam designs, so that four cross section photos were

examined for each type of thermal barrier. None of the core areas
were completely round, so the dimensions of the core were mea-
sured using vernier calipers. These dimensions were then used to
calculate the area of the core in the cross section. For each area, an
equivalent core diameter was calculated as if the core was circular.
The core diameters were then used along with the overall thermal
barrier diameter for each design to calculate the sheath thickness
using the following relationship:

Overall diameter = Core diameter + 2(Sheath thickness)

Thesevalueswere then averagedfrom the fourphotographsto obtain
an equivalent core diameter and sheath thickness for each type of
carbon thermal barrier.

Overall thermal barrierdensitymeasurementswere also made for
each design. Three 4-in. specimens of each type of thermal barrier
were prepared and weighed using a precision electronic balance.
The length and diameter of each specimen were measured using
vernier calipers. The overall density of each specimen was then
calculatedby dividingthe weightof the specimenby its volume.The
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Table 1 Thermal barrier construction matrix

Core Sheath

Size: Fiber Fiber Numberof Number of Braid
diameter, diameter, Number diameter, Number carriers per yarns per angle,

Barrier type in. Material Denier in.a of yarns Material Denier in.a of layers layer bundle deg

Carbon
Carbon-1 0.114 Gra� lb Thornelc

34-700 12k 7200 2.76 £ 10 ¡ 4 4 T-300 1K 600 2.8 £ 10 ¡ 4 5 8 1 45
Carbon-2 0.125 Gra� l Thornel

34-700 12K 7200 2.76 £ 10 ¡ 4 1 T-300 1K 600 2.8 £ 10 ¡ 4 10 8 1 45
34-700 3K 1800 1

Carbon-2A 0.125 Gra� l Thornel
34-700 12K 7200 2.76 £ 10 ¡ 4 1 T-300 1K 600 2.8 £ 10 ¡ 4 9 8 1 45
34-700 3K 1800 1

Carbon-3 0.200 Gra� l Thornel 12, 12, 65 in 1st
34-700 12K 7200 2.76 £ 10 ¡ 4 10 T-300 1K 600 2.8 £ 10 ¡ 4 5 24, 24, 24 1 60 in 5th

Carbon-4 0.194 Amocod Thornel 12, 12 65 in 1st
P25 2K 2900 4.4 £ 10 ¡ 4 21 T-300 1K 600 2.8 £ 10 ¡ 4 5 24, 24, 24 1 60 in 5th

Phenolic
Phenolic-1 0.125 Kynole Kynol

KFY-0204-1 4500 6.0 £ 10 ¡ 4 4 KY-02 1100 6.0 £ 10 ¡ 4 4 8 1 45

Hybrid
NTWHY-4 0.120 NX 550f 700 3.2 £ 10 ¡ 4 154 HS 188g 110 1.6 £ 10 ¡ 3 1 24 6 65

All-ceramic
NTWAC-2 0.120 NX 550 700 3.2 £ 10 ¡ 4 109 NX 550 700 3.2 £ 10 ¡ 4 2 8 1 56

a1 £ 10 ¡ 3 in. = 25 l m.
bGra� l type 34-700 carbon � bers, Gra� l Inc. product.
cThornel T-300 carbon � bers, Amoco Performance Products, Inc. product.
dAmoco P25 pitch � bers, Amoco Performance Products, Inc. product.
eKynol � bers, American Kynol, Inc. product, 76% C, 18% O, 6% H.
fNX 550 = Nextel 550 � ber, 3M product, 73% Al2O3 , 27% SiO2.
gHS 188 = Haynes 188 wire, Fort Wayne Metals product, 38% Co. 22% Ni, 22% Cr, 14% W, 3% Fe, 1.25% Mn, 0.5% Si, 0.08% La, 0.015% B, 0.05% C.

overall density of each type of thermal barrier was then calculated
by averaging the values obtained from the three specimens.

Burn Tests

A simple screeningtest was developedto evaluate thermal barrier
burn resistanceunder simulated rocket motor combustion tempera-
tures (5500±F) by aiming a neutral � ame of an oxyacetyleneweld-
ing torch at the center section of a 4-in. specimen. In these tests,
the amount of time required to cut completely through the specimen
was measured.Time for cut-throughwas measured from the instant
the � ame touched the specimen until the specimen was completely
cut into two separate pieces. These tests were performed using two
different setups. The � rst setup mainly screened different types of
thermal barrier materials.One end of the 4-in. sample was held in a
clamp, and the remainder of the specimen hung verticallybelow the
clamp. The oxyacetylenetorch was adjusted to a neutral � ame, and
the � ame was manually applied to the center section of the thermal
barrier with the nozzle exit about one inch away from the specimen.
The time to burn throughthe specimenwas recordedfrom the instant
the � ame hit the thermal barrier until it was completely cut in half
and the lower half fell to the � oor. Several different materials were
tested including: all-ceramic, hybrid, phenolic, and carbon thermal
barriers. All specimens had 1

8 -in. diam. Rubber O-rings made of
Buna-N and Viton, and a 1

8 -in.-diam stainless steel rod were also
tested for comparison purposes. This method was not well con-
trolled as the application of the � ame to the specimen was subject
to the torch operator’s ability to hold the torch steady and in the
same position from test to test. Thus, a more repeatable, consistent
method of performing these tests was designed.

In this second approach, two specimens, the test specimen and
a � ame calibration specimen, were clamped in place in the � xture,
so that the surface closest to the torch was 0.30 in. (7.5 mm) from
the stationarynozzle (Fig. 2). The carriage that held the clamps was
capable of sliding along a machined groove so that either specimen
could be positioned in front of the oxyacetylene torch at the same
prescribeddistance. The torch was placed in between the two spec-
imens and ignited. The � rst time that the torch was lit for a given

series of tests a neutral � ame8 was formed by adjusting the valves
on the torch handle. The � ame calibration specimen was then slid
into the � ame to check that the tip of the inner cone of the � ame
(the hottest part of the � ame)8 was 0.08 in. (2 mm) from the edge
of the specimens. Theoretical calculations based on the chemical
reactions that occur as the � ame burns estimate the temperature at
the tip of the inner cone to be about 5500±F (Ref. 9). The test spec-
imen was then slid into the � ame, and the amount of time to burn
through it was recorded. End-stop clamps were positioned on the
� xture at either end of the groove to position the specimensdirectly
in the center of the � ame as the carriage moved from one end of
the groove to the other. Between tests the gas supply was shut off at
the bottles so as not to disturb the sensitive oxygen/acetylene mix-
ture that was regulated at the torch. This ensured that the same mix
of oxygen and acetylene was used to burn through each specimen
and that the � ame was consistent from test to test. After a burned
test specimen was removed from the � xture, a new specimen was
clamped in place 0.30 in. from the nozzle, and the torch was relit
between the specimens.Because the valveson the torch had already
been adjusted for a neutral � ame, no additional adjustments were
needed.However, the positionof the � ame was alwaysveri� edusing
the � ame calibration specimen before sliding the test specimen into
the � ame. Specimens of all four carbon� ber thermal barrierdesigns
were tested using this � xture. The Carbon-1 and Carbon-2 designs
had nominal diameters of 1

8 in., whereas Carbon-3 and Carbon-4
had nominal 0.20-in. diam. An additional design was also tested in
which the last sheath layer was removed from a Carbon-2 speci-
men. This design only had nine sheath layers and was referred to as
Carbon-2A.

Flow Tests

Flow tests were performed on the thermal barriers in a high tem-
perature � ow and durability test rig shown schematically in Fig. 3.
Specimen length was 8.00 § 0.05 in., and the thermal barriers were
mounted into a groove in the piston. The free ends of the specimens
were joined together in the piston groove using a 1

4 -in. lap joint.
Preload was applied to the specimens through a known interference
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Fig. 2 Schematic of burn test � xture.

Fig. 3 Schematic of � ow � xture.

� t between the thermal barrier and the cylinder inner diameter. To
vary the amount of preload, the interference � t was modi� ed by
mounting different thicknesses of stainless steel shims behind the
specimen in the piston groove. Before � ow testing, specimens were
preworked or precompressed to minimize damage to them during
the process of inserting the piston/thermal barrier assembly into the
cylinder.Details of the preworkingprocedureare describedin depth
by Steinetz and Adams.2 After being preworked, the piston/thermal
barrier assembly was inserted into the cylinder for testing. During
� ow testing, hot pressurized air entered at the base of the cylinder
and � owed to the test specimen that sealed the annulus created by
the cylinder and piston walls. A radial gap of 0.007 in. between the
piston and the cylinder created this annulus. The durability of the

thermal barriers at high temperatures was examined by subjecting
them to scrub cycles in which the piston and thermal barrier were
reciprocatedin the cylinder.This movement simulated relative ther-
mal growths between structures that the thermal barriers would be
sealing. Movement of the piston within the cylinder was guided by
preloadedprecision linear bearings.The pistonstroke for each cycle
was 0.125 in., so for each cycle the seal sliding distancewas 0.25 in.

The test rig is capable of operating at temperatures from room
temperature to 1500±F, pressures between 0 and 100 psig, and
� ows of 0–3.5 SCFM (standard cubic feet per minute conversion
1 SCFM =28.3 standard liters per minute). Other detailsof the high
temperature � ow and durability test rig includinghardware,heating
systems, measurement techniques and probe accuracy have been
previously described in depth by Steinetz et al.1 Flow data were
recorded before scrubbing at temperatures of 70 and 500±F and af-
ter scrubbing at 70, 500, and 900±F. Specimens were subjected to
10 scrub cycles at 500±F. No prescrubbing� ow data were collected
at 900±F to minimize the amount of carbon � ber oxidation that oc-
curred while the thermal barrier sat at that temperature during rig
heat up. At each temperature, � ow data were recorded at pressures
of 2, 5, 10, 30, 60, 90, and 100 psid with the downstream pressure
at ambient pressure. Primary and repeat � ow tests were performed
on the 1

8
-in.-diam Carbon-1 and Carbon-2 designs for linear com-

pressions of 0.025 and 0.031 in. (20 and 25% linear compression).
For the 0.20-in.diam Carbon-3 and Carbon-4 designs,only primary
� ow tests were performedat a compressionof 0.040 in. (20% linear
compression).

During data collection,specialcare was taken to monitor the rela-
tive temperaturesof the piston and cylinder.The cylinderouter wall
temperature and the inner wall temperature of the hollow piston
were monitored. Flow data were only collected when the temper-
ature difference between these surfaces was less than 40±F. Under
operating conditions, a 40± temperature difference results in less
than a 0.0003 in. change in the sealed gap at 900±F.

A thermal growth differential exists between the carbon-based
thermal barrier and the Inconel X-750 superalloy piston. This is
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Fig. 4 Schematic of compression � xture.

especially enhanced by the fact that carbon � bers have a negative
coef� cient of thermal expansionin the longitudinal,e.g., circumfer-
ential, direction of ¡ 0.3 PPM/±F (Ref. 10). Thus, at high tempera-
tures the piston circumferentiallyoutgrows the thermal barrier, and
the specimenends move apart.To compensatefor this phenomenon,
the specimen free ends were joined together as a lap joint to pre-
vent a free � ow path from forming (Fig. 3). A lap joint of at least
1
4 in. was used to prevent the joint from opening and to mitigate the
effects of 0.053 in. in relative piston-to-thermal barrier differential
circumferential growth.

Compression Tests

Compression tests were performed to determine thermal barrier
preload and resiliency behavior at room temperature using a pre-
cision linear slide compression test � xture shown schematically in
Fig. 4. A specimen was loaded into a stationary grooved specimen
holder,and an opposingplatewas compressedagainst the specimen.
The amount of compressive load on the specimen was measured vs
the amount of compression. Thermal barrier compression, or lin-
ear crush, was measured using a digital indicator that monitored
the movement of the opposing plate relative to the stationary spec-
imen holder. A pressure sensitive � lm mounted on the opposing
plate was used to determine the contact width of the specimen as
it was compressively loaded. The � lm develops under compressive
loading so that the specimen leaves a “footprint” after it has been
crushed against the opposing plate. The loading characteristics of
the pressure sensitive � lm were described in detail by Steinetz and
Adams.2 Average compressive load, or preload, was calculated by
dividing the measured compressive force recorded during loading
by the contact area left on the � lm.

As with the � ow tests, stainless steel shims were placed in the
groove behind the specimens so that different amounts of linear
compression could be examined. The ends of the specimens were
lightly glued to prevent the short specimen lengths from unraveling.
The specimens used for these tests were 1 1

2 in. in length, and the
shims placed behind them were 1 in. long. This allowed the ends of
the specimen to hang over the ends of the shims. Isolating the glued
ends of the specimens from the test area minimized any possible
in� uence that they could have had on the results.

The procedure that was followed for the compression tests is
described in detail by Steinetz et al.1 This procedure accurately
simulates the loading conditions experienced by the thermal bar-
riers in the � ow test � xture and allows the preloads under those
conditions to be calculatedfrom measured quantities.Multiple load
cycles were applied to the specimen before the preload data point
was recordedto removemost of the hysteresisandpermanentset that
accumulates with load cycling of the specimens. Most permanent
set occurred within the � rst four load cycles. The footprint length
(nominal 1 in.) and width at the end of the fourth load cycle were
used along with the measured load vs compressiondata to calculate
the estimated preload and residual interference corresponding to a
given linear crush value.1 Residual interference is de� ned as the

distance the specimen will spring back while maintaining a load of
at least one pound per inch of specimen. The compression cycling
procedure also accounts for both the normal and frictional loads
that the specimens experience in the � ow � xture. This procedure
has been validated for the thermal barriers by comparing overhang
measurements after a � ow test to residual interference measured in
the compression tests. The overhang data agreed to within 0.001 in.
to that expected from the last cycle compression data.

Compression tests were performed on all four designs of the car-
bon � ber thermal barrier to determine the specimen preloads corre-
sponding to the linear crushes used in the � ow experiments. Tests
were performed at compressions of 20, 25, and 30% of each speci-
men’s overall diameter. Primary and repeat compression tests were
performed on the Carbon-1 and Carbon-2 designs at linear com-
pressionsof 0.025,0.031, and 0.038 in. The Carbon-3 and Carbon-4
designs were tested at compressions of 0.040, 0.050, and 0.060 in.
in both primary and repeat tests.

Subscale Rocket Char Motor Tests

As part of the preliminary feasibility assessment of the thermal
barrier, ThiokolCorporationperformedtests for NASA using a sub-
scale (70 lbm) rocket char motor. In these tests, the NASA Carbon-5
0.260-in. cross-sectionaldiameter thermal barrier impeded hot gas
� ow through an intentional 0.060-in.-deep circumferential defect
between rocket case insulation blocks. The insulating blocks were
modi� ed to accommodate a 5 1

8 in.-diam thermal barrier. This de-
fect was much larger than any defects that would normally form
throughthe gap-� ll material in the actual rocketnozzle joint, but this
size was chosen to force gas � ow through the thermal barrier under
very extreme conditions.Burning solid rocketpropellant, the rocket
� red for 11 s and generated 900 psi pressures and 5000+±F (esti-
mated) chamber temperatures.Hot gas � owed to the thermal barrier
while upstream and downstream temperatures and pressures were
recorded. The char motor incorporated an outboard plenum cham-
ber, or reservoir, to simulate the volume (80 in.3) between the ther-
mal barrier and the Viton O-ring seals. This reservoir ensured that
� ow would pass through the thermalbarrier. The reservoirstarted at
ambient pressure and then quickly reached chamber pressure, sim-
ulating the actual RSRM joint � ll-time. After the volume between
the thermalbarrierand Viton O-ring pressurizesin the rocketnozzle
joint, charring risk to the Viton O-ring is virtually eliminated.

Results and Discussion
Thermal Barrier Characterization Results

The values for equivalent core diameter, sheath thickness, and
overall density are presented in Table 2 for each type of thermal
barrier.Of the 1

8
-in. designs,Carbon-1 had the largest core diameter

at 0.064 in. and the smallest sheath thickness at 0.025 in. Carbon-2
had a core diameter of 0.038 in. and a sheath thickness of 0.044 in.,
whereas Carbon-2A had a core diameter of 0.036 in. and a sheath
thicknessof 0.045 in. The relativeproportionsof the core and sheath
corresponded to the designs of these thermal barriers. All three de-
signs were about 1

8 in. in diameter, so that Carbon-1 with only � ve
sheath layers had a much larger core than Carbon-2 and Carbon-2A,
which had ten and nine sheath layers, respectively.Overall density
was inversely related to the number of sheath layers. The design
with the most sheath layers, Carbon-2,was the least dense, whereas

Table 2 Equivalent core diameter, sheath thickness, and overall
density calculations

Equivalent
Number of core Sheath Overall

sheath Diameter, diameter, thickness, density,
Barrier type layers in. in. in. g/cc

Carbon-1 5 0.114 0.064 0.025 1.099
Carbon-2 10 0.125 0.038 0.044 0.998
Carbon-2A 9 0.125 0.036 0.045 1.019
Carbon-3 5 0.200 0.107 0.047 1.035
Carbon-4 5 0.194 0.100 0.047 1.018
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Fig. 5 Oxyacetylene torch burn test results (n = number of tests performed).

the design with the fewest sheath layers, Carbon-1, had the highest
density.

The two larger thermal barrier designs, Carbon-3 and Carbon-4,
had comparable sheath thicknesses and core diameters. Both had a
sheath thickness of 0.047 in., but their core diameters were slightly
differentat 0.107 in. for Carbon-3 and 0.100 in. for Carbon-4.These
valueswerevery similar becausebothdesignshad� ve sheath layers.
The overall density for each type of thermal barrier was different
though. The Carbon-3 design was more dense than Carbon-4 be-
cause of the difference in core � ber sizes. The larger core � bers
in Carbon-4 did not pack together as closely as the smaller core
� bers in Carbon-3 did. This created more void space in Carbon-4
and lowered its overall density.

Burn Test Results

The amount of time to burn through each type of thermal bar-
rier is shown in Fig. 5. In this � gure, the number of specimens that
were tested is given under the name of each thermal barrier type,
and the average burn-through time is found above each bar. It is
obvious from this � gure that the carbon � ber thermal barriers are
the most burn-resistant type of thermal barrier that was tested. The
1
8 -in. diam designs (Carbon-1, Carbon-2, and Carbon-2A) endured
the 5500±F oxyacetylene torch for about 2 min, three times as long
as the next nearest design—the phenolic � ber thermal barrier. The
larger carbon thermal barriers, Carbon-3 and Carbon-4, were even
more impressive, lasting about 6 1

2 min in the � ame. This is greater
than three times the shuttle solid rocket motor burn time of 2 min,
4 s. After the carbon thermal barrierswere removed from the � ame,
they remainedsoft and � exible, even in the area that was affectedby
the � ame, with no evidence of � ber melting. All other non–carbon
designs lasted less than 15 s, including the 1

8 -in.-diamstainless steel
rod that only lasted 5 s. The conventional O-ring materials, Viton
(shuttle solid rocket motor seal material) and Buna-N, only lasted 7
and 5 s, respectively.The all-ceramic seals lasted 6 s, although the
hybridseals lasted 14 s. All of the non–carbon designs showed signs
of charring or melting after removal from the � ame, and many be-
came very brittle in the area that was burned.

Carbon-3 and Carbon-4 with nominal diameters of 0.20 in. lasted
about 6 1

2 min in the oxyacetylenetorch. In comparison, 1
8 -in.-diam

Carbon-1, Carbon-2, and Carbon-2A designs lasted about 2 min.
Factors contributing to this threefold increase in burn resistance in-
clude an increase in diameter by a factor of 1.6 from 1

8 to 0.20 in.
and an improvementin sheathbraiddensity.Carbon-3and Carbon-4
were not only larger than Carbon-1 and Carbon-2, but they also had
a higher braid angle of 65 deg (nominal) as opposed to 45 deg in the

smaller designs. The higher braid angle combined with more braid
carriers (12 and 24 carriers for Carbon-3 and Carbon-4 vs 8 carriers
for Carbon-1 and Carbon-2) created a more closely packed thermal
barrierwith a tighter sheathand is believedto have signi� cantlycon-
tributed to the greater burn resistanceof the larger diameter designs.

As shown in Fig. 5, there was a slight difference in the burn
resistance of Carbon-3 and Carbon-4. Carbon-3 lasted an average
of 387 s (6 min 27 s) in the � ame, while Carbon-4 lasted an average
of 399 s (6 min 39 s). This difference of only 12 s over a 6–7 min
test is most likely not signi� cant in that it is only a 3% difference
in time to burn through the specimens. However, it is possible that
the larger diameter pitch � bers in the core of Carbon-4 (see Table 1)
provided a very small improvement in the burn resistance of this
design over the Carbon-3 design that had smaller PAN-based � bers
in its core.

Mass-Loss Mechanism

The mass-loss mechanism for the carbon thermal barriers is be-
lieved to be carbon oxidation. Depending on material type, carbon
� bers begin to oxidize at temperatures in the range of 600–900±F
(Refs. 5–7). Mass loss is not because of carbon sublimation be-
cause this process occurs at 6900±F (Ref. 11), signi� cantly above
the 5500±F � ame temperature. Further evidence that the mass-loss
mechanism is primarily oxidation is that when adjusting the � ame
fromneutral(as describedherein) to heavilyoxidizing,burn-through
times for Carbon-1 and Carbon-2 thermal barriers were only 8% of
those reported in Fig. 5.

Products of combustion in the solid rocket motor include liquid
alumina (Al2O3 ) and gaseous CO, ClO2, Cl, HCl, and H2 , none of
which are oxidative. Hence, it is believed that the neutral � ame in
ambient air (oxidizing) is a conservative,i.e., more aggressive,envi-
ronment for performing material screeningburn tests. It is expected
that oxidation rates within the rocket environment will be slower
than those exhibited herein.

Flow Test Results

Flow rates for the four carbon thermal barrier designs at differ-
ent levels of linear compression are summarized in Fig. 6 at 60 psi
and 70, 500, and 900±F after scrubbing. Results for Carbon-1 and
Carbon-2 are an average for two tests, whereas those for Carbon-3
and Carbon-4 are for one test only. As shown by the � ow results for
Carbon-1 and Carbon-2, � ow resistance increasedwith higher com-
pression levels. Figure 7 presents � ow vs pressure data for the 0.20-
in.-diamCarbon-3design at a linear compressionof 0.040 in. (20%)
at pressures of 2–100 psid and temperatures of 70, 500, and 900±F.
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Fig. 6 The effect of temperature, thermal barrier type, and compression on � ow after scrubbing, D P = 60 psi.

Fig. 7 Flow vs pressure data for three temperatures, 0.20-in.-diam Carbon-3, 0.04-in. (20%) linear compression, after scrubbing.

The � ow through this thermal barrier is high enough to permit a leak
check of the primary and secondaryO-rings without false-positives.
Primary sealing of the nozzle joints would still be the responsibility
of the O-rings, so that enough � ow must pass through the thermal
barrierso asnot to qualifymistakenlyforusea damagedor nonwork-
ing O-ring. Figure 7 is representativeof the � ow vs pressure curves
recorded for the other carbon thermalbarriers. It shows that the � ow
rateat each temperaturewas approximatelya linearfunctionof pres-
sure. Additionally, both Figs. 6 and 7 show that � ow rates dropped
for each thermal barrier as the temperaturewas increased.This phe-
nomenonis explainedby the relationshipthatgasviscosityincreases
with temperature, l / T 2/ 3. Thus, as the viscosity of the gas � ow-
ing past the thermal barriers increased, the � ow rate decreased.This
decrease in � ow rate through braided rope seals as temperature in-
creases was observed previously by Steinetz and Adams.2

Effect of Core Fiber Diameter

Core � ber diameter also affected � ow rates. As shown in Table 1,
the core � bers in Carbon-3 had a diameter of 2.76 £ 10 ¡ 4 in.
(6.9 l m), whereas those in Carbon-4 were 4.4 £ 10 ¡ 4 in. (11 l m).
The � ow rates given in Fig. 6 for Carbon-4 are about 20% greater
than those for Carbon-3.Because the larger core � bers in Carbon-4
did not pack together as closely as the smaller core � bers in
Carbon-3 did, larger gaps and � ow paths formed through the core
of Carbon-4 thermal barriers.

Effect of Hot Scrubbing

No major scrubbing-induced damage was observed on any of
the carbon thermal barriers at the conclusion of the � ow tests. Any
damage that was seen was concentrated immediately around the
lap joints and was characterized mainly by fraying of the speci-
men ends. Figure 8a shows a close-up view of a Carbon-1 spec-
imen tested at 0.025 in. (20%) linear compression after 10 scrub
cycles. Some minor damage can be observed around the lap joint.
Figure 8b shows a close-up view of a Carbon-4 thermal barrier
tested at 0.040 in. (20%) linear compression after 10 scrub cy-
cles. Again, only minor damage can be seen at the lap joint. Minor
fraying of the sheath � bers was rarely seen in other areas of the
specimens.

Carbon thermal barrier � ow rates typically rose after hot scrub-
bing during � ow tests. After 500±F testing Carbon-1 and Carbon-2
� ow rates rose as much as 30% and Carbon-3 and Carbon-4 � ows
rose less than 10%, as compared to the � ow rates before scrubbing.
Postscrubroom temperature � ows for all thermal barrierswere done
after time spent at 500±F (2 h) and 900±F (1.5 h). Postscrub room
temperature� owrates forCarbon-1andCarbon-2doubledand those
for Carbon-3 and Carbon-4 rose 80%, as compared to their prescrub
values. It is believed that much of the � ow rate increase is because
of oxidation that occurred while the specimen soaked at these high
temperatures. A simple test was performed to test this hypothesis
in which short lengths of carbon thermal barrier were heated in
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Table 3 Carbon � ber thermal barrier contact width, preload, and residual interference
for several linear crush conditions

Diameter, Nom. percent Linear Number of Contact width, Preload, Residual
Barrier type in. linear crush, % crush, in. sheath layers in. psi interference,a in.

Carbon-1 0.114 20 0.025 5 0.038 430 0.012
25 0.031 0.052 770 0.015
30 0.038 0.062 1300 0.019

Carbon-2 0.125 20 0.025 10 0.039 380 0.013
25 0.031 0.055 465 0.019
30 0.038 0.065 740 0.023

Carbon-3 0.200 20 0.040 5 0.063 310 0.019
25 0.050 0.082 490 0.027
30 0.060 0.099 930 0.033

Carbon-4 0.194 20 0.040 5 0.052 430 0.019
25 0.050 0.077 490 0.028
30 0.060 0.100 800 0.035

aResidual interference is de� ned as the distance that the thermal barrier will spring back while maintaining a load of at least one pound per inch of
specimen.

a) Carbon-1 (0.125 in. diam) b) Carbon-4 (0.20 in. diam)

Fig. 8 Photos of carbon thermal barriers after 900±F � ow/scrubbing tests.

Fig. 9 Load vs linear compression data for four cycles, 0.20-in.-dim Carbon-3 thermal barrier at representative compression of 0.04 in. (20%).

a furnance at different temperatures for 2-h exposures. Specimen
weights were measured before and after exposure to the furnance.
Results of this test showed that a weight loss of only 1% occurred
after 2 h at 500±F, but a 33% weight loss occurredafter 2 h at 900±F.
Clearly the carbon thermal barriers oxidized when exposed to tem-
peratures of 900±F for extended periods of time, and the associated
weight loss that took place contributed to the increased � ow rates
after scrubbing.

Compression Test Results

Table3 summarizesthe resultsof thecompressiontestsperformed
on all four carbon thermal barrier designs.Values listed in this table

include the measured contact width, preload, and residual interfer-
ence for each amount of linear compression, or crush, at which the
tests were performed.Figure 9 shows the load vs displacementchar-
acteristics for the 0.20-in.-diam Carbon-3 design for a linear crush
of 0.040 in. (20% linear compression). This � gure is typical of the
type of data that is recorded from a compression test on the carbon
thermal barriers. It shows that the load vs displacement curves for
each load cycle converge as the number of cycles increases.

Contact Width

As shown in Table 3 the contact width increased for every ther-
mal barrier design as the amount of linear crush was increased.This



STEINETZ AND DUNLAP 355

shows that the carbon thermal barriers continued to spread and � at-
ten out as they experienced larger amounts of compression. In each
test, the footprint pattern left on the pressure sensitive � lm after
a compression cycle was solid and continuous. This indicates that
during a � ow test continuous contact is made between the walls of
the � ow � xture and the thermal barrier,minimizing leakagepast the
specimen.No major differencesin contactwidth were seen between
the two 1

8 -in.-diam designs, Carbon-1 and Carbon-2. However, the
contact widths of the two larger designs did exhibit some differ-
ences. At 0.040 and 0.050 in. of linear compression, Carbon-3 had
larger contact widths than Carbon-4. This was probably because of
the greater ability of the smaller core � bers in Carbon-3 to move
past each other and spread out as compared to the larger core � bers
in Carbon-4.These differenceswere minimized at 0.060 in. of com-
pression, though, as the contact widths of the two designs were
almost identical. As expected, contact width increased as specimen
diameter increased from 1.25 to 0.20 in.

Preload

The amount of preload also increased as the amount of linear
crush increased for each type of carbon thermal barrier. Although
no differences were found in the contact widths of Carbon-1 and
Carbon-2, there were rather signi� cant differences in the preloads
of these two designs, as shown in Table 3. For each compression
level, the preload for Carbon-1 was larger than for Carbon-2, and
the difference between the two designs increased as the amount of
linear crush increased.Thus, Carbon-1 specimens were stiffer than
Carbon-2 specimens.The reason for this difference is believed to be
related to the architecture of the two designs as shown in Table 1.
Carbon-2 had 10 sheath layers and a much smaller core area than
Carbon-1, which only had 5 sheath layers. In a tightly packed core
of uniaxial � bers, there is little room for individual � bers to move
with respect to one another when they are compressed. In contrast,
� bers in the sheath are oriented at an angle with each other and are
betterable to slidepasteach otherwhen the specimenis compressed.
Because Carbon-2 had a larger percentageof its total volume in the
sheath as compared to Carbon-1, the Carbon-2 design was more
easily compressed and had lower preload values.

Carbon-3 and Carbon-4 did not exhibit the same type of behavior
in terms of preload as the smaller seals did. Carbon-4 was stiffer at
the lowestcrush level (0.040 in.), whereasCarbon-3was stifferat the
highestcrush level (0.060 in.). Both designshad the same preloadat
0.050 in. of linear compression.The difference in preload behavior
is again probably related to the difference in core � bers between
the two designs. These larger designs were generally stiffer than
Carbon-2 but were still not as stiff as Carbon-1.

Residual Interference

As with the contact width and preload, the residual interference
also increasedfor each typeof thermal barrieras percentlinear crush
increased. Carbon-2 consistently had higher residual interference
values at each level of linear crush than Carbon-1 had. Because

a) Test con� guration: Carbon-5 thermal bar-
rier impedes hot gas � ow through intentional
joint defect (0.06 in. gap)

b) Temperature data: Upstream (Thot) and downstream
(Tcold ) sides of thermal barrier. (Courtesy of Thiokol
Corp.)

Fig. 10 Preliminary subscale (70 lbm) char motor tests examining thermal barrier (Carbon-5) effectiveness.

Carbon-1was stifferthanCarbon-2,thehigherpreloadsonCarbon-1
caused it to experience larger amounts of permanent set and to lose
resilience. Thus, Carbon-1 had less springback in it which led to
lower residual interference values. For the larger thermal barrier
designs, the residual interference of Carbon-3 and Carbon-4 was
almost identical for each amount of linear compression. Residual
interference for Carbon-3 and Carbon-4 was 0.019 in. even for the
lowest compression (20%) and meets the design requirement to
follow nozzle joint movement/separation (0.003–0.005 in.) during
shuttle solid rocketmotor operation.Table 3 also shows that residual
interference scaled approximately with diameter. When specimen
diameter was increased by a factor of 1.6 from 0.125 to 0.200 in.,
residual interference was also increased by that ratio for each level
of percent compression.

Results of Thiokol Char Motor Tests
on Carbon Thermal Barriers

Thiokol tested a 0.260-in.-diam thermal barrier for NASA in a
subscale rocket motor to verify that it would withstand the shut-
tle solid rocket motor environment. The subscale motor, or char
motor, simulates the thermal conditions of the full-scale motor by
burning solid rocket propellant at correspondingchamber pressure
and temperature conditions.The thermal barrier was placed into an
intentional gap defect between the phenolic insulating blocks, as
shown in Fig. 10a. The combination of an outboard plenum cham-
ber and the 0.060-in. circumferential gap extending both upstream
and downstream of the thermal barrier ensured that hot gas � ow
would pass through the thermal barrier. Temperaturesand pressures
weremeasuredbothupstreamand downstreamof the thermalbarrier
during testing.

Throughout the test duration of approximately 11 s, a signi� -
cant drop in temperature was measured across the thermal barrier.
Figure 10b shows that the maximum temperature seen on the hot
side of the barrier was over 3200±F, whereas the cold side tem-
perature reached about 950±F. A temperature drop of about 2200±F
occurredacrossthe 1

4
-in.-diamthermalbarrier.Another� ndingfrom

this test was that although the rocket core temperatures can reach
5500±F, signi� cant coolingof the gasesoccurs in the boundary layer
and in the small gaps leading to the thermalbarrier thereby reducing
the incominggas temperatureto 3200±F. Pressurereadingsupstream
and downstreamof the thermal barrier and in the reservoir indicated
that therewas gas � ow acrossthe thermalbarrier.Just as importantly,
there was no apparent burning or charring of the thermal barrier on
inspection after removal from the motor.

Although the 950±F temperature recorded downstream of the
thermal barrier is still higher than the temperature limits of the
Viton nozzle O-rings, the thermal barrier caused a 2200±F tem-
perature drop in the incoming gas. In addition, the thermal barrier
diffused the focused nature of the hot gas jet, further reducing the
jet’s potentially damaging effects on downstream Viton O-rings in
the actual shuttle solid rocket motor. The char motor subjected the
thermalbarrier to more aggressiveconditionsthan would ever occur
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in the actual shuttle solid rocket motor for the following reasons.
As stated previously, the gap defect was purposely oversized at
0.060 in. to force � ow through the thermal barrier. In the actual
nozzle joint, the gap between adjoining blocks of insulation would
be much narroweras the pieces of insulationare basically in contact
with each other. The narrow gaps between the phenolic insulation
would signi� cantly cool the incoming gas temperature impinging
on the thermal barrier and would therefore lower the temperature
of the gas that reaches the Viton O-rings. Furthermore, the down-
stream temperaturein the char motor test was recorded immediately
downstreamof the thermal barrier. The O-rings in the rocket nozzle
joint are located several inches further downstream of the thermal
barrier, allowing additional heat to be removed from gas jets that
� ow through the thermal barrier before they reach the O-rings.

Conclusions
The 5500±F combustion gases in the shuttle solid rocket motors

are kept a safe distance away from the seals in assembly joints by
thick layers of phenolic insulation and by special compounds that
� ll assembly split-lines in this insulation. Parasitic leakage paths
have occasionally opened up in the gap-� lling compounds and al-
lowed a direct � owpath of hot gases to the seals causing O-ring seal
erosion and charring. NASA and solid rocket motor manufacturer
Thiokol are investigating the feasibility of using NASA braided
thermal barriers upstream of the primary O-rings. These thermal
barriers would resist the hot gases and prevent them from reaching
the primary O-rings.

The thermal resistanceof differentmaterial systemswas assessed
by exposing thermal barriers to an oxyacetylene torch at 5500±F
(representativeof solid rocket motor combustion temperatures) and
measuring time for burn-through. Thermal barriers braided out of
carbon � bers exhibited the longest time for burn-through.Flow and
durability tests were conducted on the carbon thermal barriers to
examine their leakage characteristicsand durability at ambient and
high temperatures. Room temperature compression tests were per-
formed to determine load vs linear compression, preload, contact
area, and residual interference/resiliency characteristics. Subscale
rocket char motor tests were performed in which hot combustion
gases were allowed to � ow to the thermal barrier to assess its ther-
mal resistance in a rocket environment.Based on the results of these
tests, the following conclusions are made.

1) Carbon-3 and Carbon-4 springbackof 0.019 in. is greater than
the 0.003–0.005 in. joint movement/separation anticipated during
rocket motor operation, providing adequate resiliency.

2) Carbon-3 and Carbon-4 thermalbarriers resisted the oxyacety-
lene � ame (5500±F) for over 6 min beforeburn-through,greaterthan
three times shuttle solid rocket motor burn time.

3) Subscale rocket char motor tests successfully demonstrated
that the thermal barrier resisted hot gases that � owed to it through
an intentionally oversized gap defect. A 2200±F temperature drop
was observed across the 1

4 -in.-diam thermal barrier during the 11-s
rocket � ring.

4) Laboratory � ow, compression,burn tests, and subscale rocket
char motor tests demonstrate the thermal barrier’s preliminary fea-
sibility, qualifying the thermal barrier for comprehensive test and
evaluation.
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