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Preface

The purpose of this document is to compile the entire test database that was generated

to support the Reinforced Carbon-Carbon (RCC) Transatlantic Abort Landing (TAL)

Study. The RCC components used as the Shuttle Orbiter nose cap and wing leading

edge thermal protection system were originally designed and tested to establish a multi-

mission entry capability of 2800°F. The requirement to increase the Orbiter range

capability during certain abort missions resulted in predicted RCC surface temperature

in excess of 3300°F. Three test series were conducted in the Johnson Space Center

(JSC) 10 megawatt arc-heated and pressures of the TAL conditions. Test series #1

(first reported in internal document JSC-22934) was conducted during the period from

December 16, 1987 to February 2, 1988. The test specimens were ENKA-based RCC,

coated with silicon carbide, treated with tetraethyl orthosilicate (TEOS), and sealed with

Type A surface enhancement. The surface temperature ranged from 3000°F to 3400°F,

and the surface pressure ranged from 60 psf to 101 psf. Test series #2 (first reported in

internal document JSC-24829) was conducted during the period from October 4, 1989

to October 19, 1990. Test specimens were either ENKA- or AVTEX-based RCC. Some

were coated with silicon carbide, and some were not. Some had Type A, and some had

double Type A surface enhancement. All test specimens were impregnated with TEOS.

The surface temperatures ranged from 1440°F to 3350°F, and the surface pressure

ranged from 100 psf to 350 psf. Test series #3 (first reported in internal document JSC-

25792) was conducted during the period from January 30, 1992 to March 05, 1992. In

this last test series, the test specimens were ENKA-based RCC. Some specimens were

coated with silicon carbide, and some were not. None of the specimens was treated

with TEOS or sealed with Type A. The surface temperature ranged from 2690°F to

3440°F, and the pressure ranged from 313 psf to 400 psf. The results from these test

programs provided the database for establishing RCC material single-mission-limit

temperature and developing surface recession correlations used to predict mass loss for

abort conditions.
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SUMMARY

Single mission entry heating simulation tests were performed on Reinforced

Carbon-Carbon (RCC) specimens over the temperature range from 3000°F to 3400°F

to support evaluation of RCC performance for transatlantic abort landings.

Coating integrity of these specimens was maintained up to 3300°F but mass

losses corresponding to a 60% reduction in specimen thicknesses were observed

at 3400°F.

RCC multi-mission entry heating simulation tests are scheduled to be performed

in the ARMSEF during the Summer of 1988 to evaluate reuse capability at

temperatures above 3000°F.
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INTRODUCTION

Reinforced Carbon-Carbon (RCC) serves as the primary structural component of

the Shuttle Leading Edge Structural Subsystem (LESS). The LESS design

temperature limit of 2700°F was established using an RCC ground test data base

that extends up to 3000°F. Aerothermal analyses performed recently to assess

maximum RCC reentry temperatures during Transatlantic Abort Landings (TAL)

predict surface temperatures in the range of 3000°F to 3400°F.

A meeting was held at JSC on August 18, 1987, to develop a plan for extending

the ground test data base for RCC up to 3400°F. At this meeting it was agreed

that Rockwell would provide funding for Vought to write a test request,

fabricate test hardware, and analyze the test results. JSC personnel agreed

to conduct the test program ,in the Structures and Mechanics Division's reentry

simulation facilities. This meeting was documented in Rockwell Internal

Letter SAS-TA-TPS-87-246. The test request was generated by Vought on

September 25, 1987, and was identified as TQ No. 221TQ10130.

OBJECTIVE

The objective of this test program was to evaluate the single mission

survivability of silicon carbide coated RCC over the temperature range of

3000°F to 3400°F.

TEST SPECIMENS

Test specimens are 2.8-inch diameter 19-ply discs of reinforced carbon-carbon

that have been silicon carbide coated by a pack cementation process, treated

with tetraethyl orthosilicate (TEOS), and sealed with type A surface enhance-

ment. Although some specimens were purchased by Rockwell and some by JSC, all
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of the test specimens were fabricated by LTV Missiles and Electronics Group

(LTVMEG). Three of the fourteen test specimens were mass loss conditioned in

LTVMEG's Mission Cycle Facility to simulate ten Shuttle entries. Pre-test

views of the front and back surfaces of the test specimens are shown in

figure i.

Specimen holders were machined from high density graphite and were coated with

LTVMEG's type IV coating. These holders were fitted with discs of zirconia

insulation to reduce heat losses from the back surfaces of the specimens

(see figs. 2 and 3).Poco graphite pins with Vought type IV coating were used

to retain the specimens.

Four calibration specimens with type C tungsten thermocouples (5% - 26%

rhenium) were used to establish test conditions. These calibration specimens

had two front surface thermocouple and one back surface thermocouple located

as shown in figure 4.

TEST FACILITY

This test program was performed in test position #I of the JSC Atmospheric

Reentry and Structures Evaluation Facility (ARMSEF).

inside this facility, test gases (77% nitrogen and 23% oxygen) are heated by

a segmented constricted arc heater and injected into a vacuum chamber through

a water cooled nozzle that has a 15-degree half angle. While tests are in

progress the facility vacuum chamber is maintained below 200 microns of

mercury. Test models are mounted on two water-cooled, remotely actuated sting

arms that allow them to be inserted after test conditions are stabilized. The

stagnation pressures experienced by test specimens were determined with a

O.5-inch diameter water-cooled pitot probe prior to specimen insertion.
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TEST CONDITIONS

Tests were performed at 3000°F, 3150°F, 3300°F, and 3400°F at stagnation

pressures ranging from 60 PSF to 101PSF. Test gas enthalpies ranged from

9,400 BTU/Ib. to 10,300 BTU/Ib. and were determined by the energy balance

method. A summary of the test conditions which includes surface temperatures,

pressures, and enthalpies is sho_m in table I. Two types of pyrometers were

used during this test program but their indicated readings were of very

limited use due to the high level of chemical activity present on the

specimens' surfaces at temperatures above 3000°F. All test conditions

specified in this report were based on thermocouple readings.

A minimum exposure time of 300 seconds after surface TC#1 reached 2600°F was

required by the test request. Calibration tests showed that a 30-second time

period was sufficient for the specimen to reach 2600°F as shown in figure 5.

TEST PROCEDURES

Test specimens were photographed, weighed, and measured prior to testing and

after testing. Specimens were handled with clean white gloves and weighed to

within .0001 gram. Test specimens were stored in evacuated desicators that

were maintained under supervised control by Boeing quality personnel. All

weights and measures were witnessed by Boeing quality assurance inspectors.

Aluminum bags were used to prevent absorption of atmospheric moisture while

the specimens were being weighed. Prior to weighing, the specimens were

placed inside aluminum bags that were then placed inside a 300°F oven for four

hours to remove water of hydration. The aluminum bags were then sealed and

the specimens allowed to cool prior to weighing.
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RESULTS

Tests were performed at the conditions shown in table I. No test conditions

are specified in this table for specimens 13 and 16 because they experienced

various combinations of temperatures and pressures during the performance of

pretest calibrations.

The mass losses specified in table I are subject to errors due to erosion of

the back surfaces of the specimens, possibly through a reaction with the

zirconia insulators. Complete loss of coating was observed at 3400°F on test

specimens OT-5 and OT-6 within about 60 seconds. Although the facility

two-color pyrometer was not useful for determining RCC coating temperatures,

it did accurately indicate the temperatures of the exposed carbon substrates

after coating loss occurred. During both 3400°F tests the pyrometer readings

quickly rose to 3900°F when the carbon substrate was exposed as shown in

figure 6. Specimens OT-5 and OT-6 completed the 330-second exposure time

without breeching through to their back surfaces, but did undergo

approximately a 60% reduction in thickness.

Up to 3300°F the test specimens continued to provide oxidation protection for

the carbon substrate and did not undergo the dramatic mass loss reduction

observed at 3400°F. A hot spot that grew rapidly was observed at 3300°F on

specimen OT-2. This test was aborted at 180 seconds to preserve this specimen

for inspection. Another OT series specimen (OT-7) was run without any

anomalies at this condition to verify that this phenomenon was not "batch"

related.

The test articles and preliminary data were shipped to LTVMEG for evaluation

following these tests. Data sheets containing the weights and thickness

measurements are included in appendix A. Post-test photographs of the test

specimens are shown in figure 7.
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CONCLUSIONS

The objectives of this test program were fully satisfied. The test facility

was able to simulate peak reentry conditions that are predicted for a Trans-

atlantic Abort Landings. Test were performed over the required temperature

span from 3000°F to 3400°F while maintaining the test gas enthalpy near

10,000 BTU/Ib. and the stagnation pressure at or below 100 psf. E|even RCC

specimens were exposed to the full test time that was requested (300 sec.

exposure after initia] transient reaches 2600°F).

Maintenance of RCC coating integrity was demonstrated under these test

conditions up to and including 3300°F. Rapid coating degradation and

subsequent substrate erosion was observed at 3400°F.
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TABLE I

RCC OVERUTE_MPERA'I_JRE

TEST MATRIX

T_MPERAIIJRE,

OF

PRESSURE,

_F

ENTHALPY,

B_/LB

EXPOSURE

TIME, SEC.

SPECIMEN

#

MASS LOSS,

GR.

RUN

#

3000

3000

3000

60

65

65

10,000

9,500

9,400

330

330

330

OT-I

21

15"

0.49

0.22

0.08

628

650

651

3150

3150

3150

8O

73

8O

i0,000

10,200

I0,i00

330

330

330

Or-3

23

17"

0.68

0.55

0.38

634

652

653

3300

3300

3300

3300

90

85

86

85

I0,000

10,600

10,600

10,600

180

330

330

330

OT-2

18

19"

OT-7

0.82

0.75

0.74

1.17

631

654

655

657

3400

3400

I01

I01

10,300

10,300

330

330

21.1

19.6

656

658

* PRE-CONDITIONED
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Note on Figure 1 contents:

Pretest photographs were not available of the following:

(a) #13, calibration specimen
(b) #16, calibration specimen
(c) #OT-1, 3000 F specimen
(f) #OT-3, 3150 F specimen
(i) #OT-2, 3300 F specimen

Thus figure 1 begins with item (d). (See opposite page.)
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Figure 6.- Ratio Pyrometer Reading, showing rise to 3900°F when carbon

substrate is exposed.
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1.0

Reentry simulation testing of reinforced carbon-carbon (RCC) spec!mens was
performed between October 4,1989 and October 19, 1990 in the Structures and

Mechanics Division (SMD) arc jet facilities to support development of

transatlantic abort landings (TAL) RCC recession rate correlations.

Forty-one single mission simulation tests were performed on ENKA and AVTEX

based coated RCC for temperatures ranging from 3000 °F to 3350 °F and

pressures ranging from 100 to 350 psf. Initiation of rapid coating degradation

was observed for both materials at 3250 °F to 3300 °F as documented

previously for ENKA based RCC (JSC 22934). Results from these tests show

that no loss of performance has been induced by changing the RCC cloth

precursor from ENKA to AVTEX.

Verification that these single mission simulation tests are acceptable for

evaluation of RCC with multi-mission exposure was achieved by testing a

specimen up to 3250 °F after it was conditioned to have the equivalent of 10

nominal mission reentries and 5 heavy load mission reentries.

Thirteen tests were performed on uncoated RCC specimens over the same

pressure range from 1440 °F to 3330 °F to evaluate the performance of RCC

substrates after coating loss occurs.

At the conclusion of this test program, two coated ENKA RCC specimens were

evaluated under conditions that were estimated to be equivalent to a CAMA-6

TAL reentry (3340 °F peak temperature). These specimens survived without

breaching of the coating, since the CAMA-6 temperature prediction is within the

rapid degradation range for only a short pedod.
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2.0 INTRODUCTION

A desire for increasing orbiter contingency abort ranging capability was

identified in early 1989. The rationale for this stretch capability is to maximize

crew and vehicle survivability. Extending the orbiter ranging capabilities can be

accomplished by reducing the post main engine cut off (MECO) entry angle-of-

attack. The aerodynamics involved with these reduced angle-of-attack

trajectories cause a large initial decent of the orbiter. This rapid descent into the

denser lower atmosphere causes high aeroheating on the orbiter. Thermal

math model analysis of these trajectories have predicted surface temperatures

to 3350 °F range on the wing leading edge which is constructed from reinforced

carbon-carbon (RCC). A contingency abort trajectory was established for STS-

36 which results in a maximum surface temperature of 3343 °F. These

temperature levels exceed the RCC single mission design limits and the current

RCC data base.

The present orbiter Leading Edge Structure Subsystem (LESS) uses ENKA

rayon as the precursor in the fabrication of RCC (Vehicles OV102 - OV105

LESS). The ENKA rayon is no longer available for the fabrication of future

replacement parts of the RCC LESS. A replacement material is AVTEX rayon.

Test specimens were fabricated from the available ENKA rayon and AVTEX

rayon to obtain test data and establish a data base to be used in the

assessment of orbiter surface environments which would result in surface

temperatures that exceed the RCC design limits.

LTV was provided funding through Rockwell for fabrication of the test hardware.

Rockwell wrote a test request and analyzed the test results. The test request

was generated by Rockwell-Houston on June 14, 1989, and was identified as

TR # SE-TSAT-89-041. The test program was conducted in the JSC Structures

and Mechanics Division's 10 MW reentry simulation facility. Only AVTEX RCC

specimens were available during the early phase (from October 4, 1989 to

March 21, 1990) of this test program. When the ENKA RCC specimens became

available, the test was resumed on August 6, 1990 and was completed on

October 19, 1990. The purpose of this report is to document the results of this

test program.
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3.0 Q_J.EG.IJ_V_E_

The objective of this test program was to generate a data base for quantifying

coated and uncoated RCC surface recession as a function of temperature and

pressure in environment regimes representative of a stretched TAL abort.

4.0 TEST SPECIMENS

A total of 62 test specimens and 17 calibration models were available in this test

program. All 79 test specimens are 2.8 - inch diameter 19 - ply discs of

reinforced carbon-carbon. A schematic of a typical test specimen is shown in

figure 1-(a). There were four classes of specimens which were fabricated from

either AVTEX or ENKA RCC substrate:

Coated/TEOS/Type A specimens have been silicon carbide coated,

impregnated with Tetra-Ethyl Ortho-Silicate (TEOS) and

sealed with Type A surface enhancement.

Coated/TEOS/No Type A specimens have been silicon carbide coated,

impregnated with TEOS but have not been sealed with

Type A surface enhancement.

Coated/TEOS/Double Type A specimens have been silicon carbide coated,

impregnated with TEOS and sealed with double coated

Type A surface enhancement.

Uncoated/TEOS specimens only have RCC rayon, impregnated with TEOS.

Each specimen has an identification number inscribed on the "bag side"

surface. Thirteen test specimens out of the 62 specimens were transferred from

the "Convective Mass Loss Characterization Test for AVTEX Based RCC" test

program. Thirty-one specimens and 7 calibration models were

AVTEX/coated/TEOS/Type A; two specimens were

AVTEX/coated/TEOS/Double Type A; 7 specimens and three calibration models

were ENKA/coated/TEOS/No Type A; 10 specimens and two calibration models

were ENKA/coated/TEOS/Type A; 8 specimens and two calibration models

were AVTEX/uncoated/TEOS; four specimens and three calibration models
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were ENKA/uncoated/TEOS. A summary of the model identification can be

found in table I.

Seventeen calibration models with type C tungsten thermocouples (5% - 26%

rhenium) were used to establish the test conditions. These calibration models

had two front surface thermocouples located as shown in figure 1-(b) to 1-(d).

Although some errors are induced by conduction down the thermocouple lead

wires, a thermal math model of this configuration indicates that the RCC surface

temperature should not be more than 15 °F higher than the measured values.

All test specimens and calibration models were fabricated by LTV Missiles and

Electronics Group (LTVMEG). Each specimen has four edge slots to accept the

pins that retain the specimen within the holder. Specimen holders were

machined from high density graphite and were coated with LTVMEG's type IV

coating. These holders were fitted with discs of zirconia insulation to reduce

heat losses from the back surfaces of the specimens as shown in figure 2. Poco

graphite pins with Vought type IV coating were used to retain the specimens as

shown in this figure.

5.0 TEST FACILITY

This test program was performed in test position #1 of the JSC Atmospheric

Reentry and Structures Evaluation Facility (ARMSEF). This test position is the

larger of the two shown in the artist's concept of the ARMSEF that is presented

in figure 3. Test gases (77% nitrogen and 23% oxygen) are heated by a

segmented constricted arc heater and injected into a vacuum chamber through

a water cooled 5-inch diameter nozzle that has a iS-degree half angle. To

maintain high stagnation pressures while achieving the lower temperatures

required to test the uncoated RCC, 25 % of the nitrogen gas was injected at the

plenum. When tests are in progress the facility vacuum is maintained below

200 microns of mercury. Test specimens are mounted on two water-cooled,

remotely actuated sting arms that allow them to be inserted after test conditions

are stabilized.
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6.0 TEST PROCEDURES

Test specimens were photographed, weighed, and measured prior to testing

and after testing. Specimens were handled with clean white gloves and

weighed to within 0.001 gram. Test specimens were stored in an evacuated

desiccator that was maintained under supervised control by EBASCO quality

personnel. All weights and measures were witnessed by EBASCO quality

assurance inspectors. Rigorous test management and control were

implemented by formal documentations (e.g. Discrepancy Reports, Anomaly

Logs, Standard Operating Procedures, and Test Plan Sheets).

Aluminum bags were used to prevent absorption of atmospheric moisture while

the specimens were being weighed. Prior to weighing, the specimens were

placed inside aluminum bags that were then placed inside a 300 °F oven for

four hours to remove water of hydration. The aluminum bags were then sealed

and the specimens allowed to cool prior to weighing.

After the specimens had been tested, the specimens were left in vacuum for 25

minutes so that the temperature of the specimens would fall below 500 °F to

minimize oxidation of the carbon substrate.

7.0 TEST CONDITIONS AND CALIBRATIONS

The test conditions in this test program were chosen to simulate the maximum

temperature and pressure of the TAL trajectories predictions. Several test

conditions at lower temperatures and pressure were also needed to provide

data for the thermal math model. Due to the complexities of the test matrix, the

surface temperature of the specimens was chosen to be the primary

requirement while the surface pressure was the secondary requirement. The

surface pressure of the test specimens range from 100 psf to 350 psf; the

surface temperature of the coated test specimens range from 3000 °F to 3350

°F and the surface temperature of the uncoated test specimens range from 1440

°F to 3330 °F. The exact test conditions in terms of RCC surface temperature

and surface pressure are summarized in Table I.
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The surface pressure of the test specimen was established using a pressure

model, as shown in figure 4, which had the same physical dimensions as the

test specimen installed in its holder. Three pressure ports on the front surface of

the pressure model recorded the surface pressure at different locations to give a

pressure distribution across the pressure model. The centerline pressure

measurement was then correlated to the 0.5-inch diameter water-cooled facility

pitot probe. The resultant correlation is shown in figure 5-(a). Figure 5-(b)

shows typical plots of the pressure profile at three different test conditions. Prior

to model insertion during test, a pitot probe measurement was taken to confirm

the surface pressure of the model.

A laser pyrometer was used to measure the surface temperature response of

the calibration models. A brief description on the theory and operation of the

laser pyrometer can be found in appendix A. The output of the laser pyrometer

was then correlated with the type C tungsten thermocouples of the calibration

models. An emissivity of 0.68 and a viewing angle of 35 o were used to

compensate for the emittance loss, and losses due to the optics. After the

emissivity correction was made, the corrected temperature was recorded and

designated as "L PYR X". The emissivity corrected temperature of the laser

pyrometer agreed with the reading of the center thermocouple (TC1) of the

calibration models to within 10 °F. The agreement of the L PYR X and the

thermocouple was checked and confirmed repeatedly throughout the test

program over a temperature range from 2700 °F to 3400 °F. Figure 6 shows a

schematic of the test setup with the laser pyrometer and figure 7 shows a typical

response of the surface thermocouples and the L PYR X. During test, the laser

pyrometer was the sole instrument used to monitor the surface temperature of

the test specimens.

Heating rate measurements were also taken to monitor the arc jet conditions

before inserting the test specimens. The heating rate sensor was a Gardon-

gage type calorimeter with a polished one inch diameter copper heat sink

surrounding a polished 0.1 inch diameter constantan disk. It was installed in a

four-inch diameter water cooled copper holder, as shown in figure 8, to match

the size of the specimen holder. Since the mechanism of the gas dissociation

in the arc jet is different from the flight environment, the heating rate

measurements should not be used to compare with the flight prediction.
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Since only a limited number of calibration models were available in this test

program, the calibration procedures employed in this test program deviated

slightly from common practice of the ARMSEF. Instead of homing in on each of

the surface temperatures listed in the test matrix by using a calibration model for

each test specimen, the calibration models were used to build up a family of

curves from 2800 °F up to 3350 °F. The arc jet operating conditions required to

achieve the test conditions in the test matrix were then extracted from these

curves. There was one curve for each type of test specimens at each pressure

range. Figure 9-(a) to (e) are the temperature versus heating rate curves, and

figure 10 is a composite plot of the curves at 100 psf and 300psf with some of

the coated specimens identified on the plot.

8.0 RESULTS

Tests were performed at the conditions shown in table I. Before any discussion

of the test results, a few terminologies will be defined here to facilitate

understanding the phenomena observed during tests.

Hot spot is referred to a rapid increase in temperature on the surface of the

model. This is a well defined transition at pressure below 200 psf but the

transition becomes less distinct at higher pressure. The onset of the hot spot

can be identified visually viewing through the television monitor or graphically

plotting the surface temperature response of the specimen as shown in figure 7.

Coating breach occurs when the silicon carbide (SIC) coating is eroded

away and carbon substrate is exposed. Coating breach occurred about 30

seconds to a minute after the hot spot is developed.

The test results documented in the following sections are grouped into five

categories: (1) test conditions under which no hot spot is developed; (2) test

conditions under which hot spot may be developed; (3) test conditions under

which hot spot is definitely developed; (4) miscellaneous tests on coated RCC;

(5) tests on the uncoated RCC. A test summary can be found in appendix B and
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the temperature response curves of the test specimens can be found in

appendix C.

8.1 Surface temperature below 3250 °F

All test specimens except IN09 tested below 3250 °F did not develop a hot spot.

Table II shows the test conditions and figure 11-(a) to (q) are the post test

photographs of the test specimens. Post test inspection indicated that the

coating at the back of specimens # IN09, IN21, IN25 had some reactions with

oxygen exposing the carbon substrate as shown in figure 11-(g), (j), (m). The

exact mechanism for this reaction is not well understood but the reaction seems

to be temperature and pressure sensitive since only a narrow strip of the

coating is being affected. The following paragraphs document the

abnormalities during testing.

Specimen # 2 was installed backward with the "bag side" being tested.

However, no abnormal degradation was observed due to this oversight.

The test on specimen # 16 was aborted after 800 seconds due to vacuum

fluctuation. No vacuum cooldown was performed on this specimen.

After testing specimen # 18 at 3200 °F for 330 seconds, there was a vacuum

abort at about five minutes into the vacuum cooldown cycle. The surface

temperature of the specimen at that time was estimated to be about 1000 °F.

The target test conditions of specimen # IN05 was 3200 °F, 100 psf but the

temperature stabilized at 3120°F. The test was terminated after 737 seconds of

testing. This test condition was repeated using specimen # IN09.

Specimen # IN09 was tested at 3200 °F, 100 psf test conditions. A hot spot was

observed at 58 minutes into the test and the hot spot did not propagate until 70

seconds later. Post test inspection revealed an indentation at the location of the

hot spot as shown in figure 11-(g). It is believed that the hot spot was due to a

coating flaw rather than coating failure.
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The test on specimen # IN14 was aborted after 223 seconds due to vacuum

fluctuation. No vacuum cooldown was performed on this specimen.

8.2 Surface temperature between 3250 °F and 3300 °F

Except specimens # 17 and IN23, all other specimens had developed a hot spot

in this temperature range. Since specimen # 17 was tested at 3300 °F and 187

psf for 170 seconds while specimen # IN23 was tested at 3250 °F and 313 psf

for 900 seconds without developing a hot spot, it is believed that the

temperature for the hot spot to develop lies within this temperature zone. Table

III shows the test conditions of these specimens, and figure 12-(a)to (o) are the

post test photographs of the specimens.

The test on specimen # 17 / 287 was aborted after 170 seconds due to vacuum

fluctuation. No vacuum cooldown was performed on this specimen.

Specimen IN18 was tested at 3300 °F and 325 psf for 330 seconds. Post test

inspections showed that the front surface silicon carbide (SIC) coating and all

the carbon substrate had been eroded, and only the coating on the back of the

specimen remained, as shown in figure 12-(n).

8.3 Surface temperature above 3300 °F

All test specimens tested above 3300 °F developed a hot spot. Table IV is a

summary of the test conditions and figure 13-(a) to (f) are post test photographs

of the models.

8.4 Miscellaneous tests on coated RCC

Specimen AC13/191 was exposed to 2770 °F, 150 psf for 3550 seconds to

simulate ten normal load orbiter reentry missions. It was then exposed to 2900

°F, 150 psf for 1850 seconds to simulate five heavy load orbiter reentry

missions. This specimen was tested again to search for the conditions that the

hot spot developed. The surface temperature of the specimen was allowed to

stabilized at 3000 °F and 200 psf, then increased slowly at 50 °F increment. Hot
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spot was observed at 3250 °F and the test was terminated 30 seconds after the

hot spot had developed.

Two specimens, AU05/180 and AU08/184, were tested to simulate the CAMA-6

trajectory. The peak temperature and pressure of the CAMA-6 trajectory were

3340 °F and 300 psf respectively. Both specimens were tested at constant

pressure of 300 psf and time-varying heating conditions.

Specimen AU05/180 was held at 3340 °F for ten seconds and a hot spot

developed at the same time the heat load on the specimen was reduced. The

hot spot disappeared 35 seconds after it had developed and the temperature

stabilized at 3200 °F for another 30 seconds. Figure 14-(a) shows the surface

temperature of the specimen with the CAMA-6 temperature prediction

superimposed for comparison. The total exposure time for AU05/180 was 154

seconds. Figure 14-(b) is the post test photograph of AU05/180 which showed

coating failure but did not show coating breach.

The surface temperature of specimen AU08/184 was held above 3300 °F for 25

seconds and the peak surface temperature was 3350 °F for six seconds. The

heat load on the specimen was then reduced at 45 seconds into test to lower

the surface temperature to 3200 °F for 30 seconds. Total exposure time for this

specimen was 80 seconds. Figure 15-(a) shows the surface temperature of the

specimen with the CAMA-6 temperature prediction superimposed for

comparison. Figure 15-(b) is the post test photograph of AU08/184 which did

not experience any coating failure.

8.5 Uncoated RCC

Twelve uncoated RCC specimens, eight AVTEX and four ENKA, were tested at

different combinations of surface temperature, pressure, and test duration so

that approximately 40 percent erosion of the RCC could occur. Table V shows

the conditions under which the specimens were tested, and figure 16-(a) to (m)

are the post test photographs of the uncoated specimens. Since the uncoated

RCC does not erode significantly in nitrogen rich environment, the uncoated test

specimens were pre-heated in a pure nitrogen environment before switching to
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air. This pre-heat cycle reduced the transient time that the specimens were

exposed to air and thus improved the data accuracy.

Specimen # 27 was tested twice, once on the front surface and once on the

back surface. Specimens tested below 2600 °F had a layer of white silica

formed on the surface as shown on figure 16. At higher temperature, the silica

was probably eroded away leaving the carbon substrate as shown in figure 16-

(I), and 16-(m).

8.6 Surface temperature responses of coated RCC specimens

During the early phase of the test program, only AVTEX based RCC specimens

were available for testing. Calibration curves from figure 9-(a), and 9-(c) were

able to predict the surface temperature of the TAL abort AVTEX RCC specimens

which had thicker SiC coating, and those specimens being transferred from the

AVTEX Mass Loss Characterization Test. These two curves were confirmed

again using an AVTEX calibration model and two ENKA coated/TEOS/Type A

RCC calibration models when the ENKA RCC test specimens became

available. Calibration curves from figure 9-(b), and 9-(d) were also established

using the appropriate ENKA RCC calibration models.

When all the tests at the 100 psf conditions had been completed, test data had

shown that the surface temperature responses of some test specimens deviated

from the calibration curves. An AVTEX RCC specimen # AU04 from the mass

loss program was used as a calibration model to check or to establish the

calibration curve at 300 psf conditions. The new calibration curve using

specimen # AU04 behaved significantly different from the calibration curve

using the ENKA calibration models as shown in figure 10. In order to deal with

the uncertainties in temperature responses, these tests at 3250 °F and 3300 °F

surface temperature conditions were performed first so that any higher or lower

surface temperature responses would fall back onto the test matrix. Figure 10

shows the composite plot of the calibration curves for 100 psf and 300 psf test

conditions with all the ENKA RCC and some AVTEX RCC test specimens

identified on the plot. Although no recognizable pattern can be established

among each type of test specimens, all the specimens tested at 300 psf in

general can be grouped into three curves as shown in figure 10. By
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extrapolating these three curves, they seem to converge into a single curve at

temperature below 2900 °F. The uncertainties in surface temperature

responses at elevated temperatures may be due to slight variation in emissivity

which was being amplified when the specimens were tested to their maximum

capabilities.
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9.0 CONCLUSIONS

9.1 Mass Loss Correlation Tests

After testing 17 calibration models and 59 test specimens, the primary test

findings can be summarized as follows: (1) hot spot (i.e. rapid coating

degradation) develops at temperatures between 3250 °F to 3300 °F; (2) for up

to 15 missions the temperature for onset of this phenomena is independent of

the number of missions flown; (3) there are no differences in thermal

performance between ENKA and AVTEX RCC at high temperatures; (4) the

onset of hot spots is independent of pressure within the pressure range from

100 psf to 350 psf; (5) coating thickness has no bearing on the onset of hot

spats; (6) test specimens tested under identical test conditions have markedly

different temperature responses at temperature above 3100 °F.

9.2 Survivability Tests

No coating breach was observed during the CAMA-6 simulation tests, thereby

demonstrating the survivability of coated RCC under predicted TAL Abort

reentry conditions.
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TABLE I

MODEL IDENTIFICATION

AVTEX / COATED / TEOS / TYPE A

LTV ID JSC ID

1 2 274

2 3 275

3 4 276

4 5 277

5 6 278

6 7 279
i

7 8 280

8 9 281

9 10 282

10 13 283

11 14 284

12 15 285

13 16 286

14 17 287

15 18 288

16 1 301

17 19 294

18 20 295

19 21 296

20 31 297

21 35 298

22 36 299

23 AB-12 171

24 AB-13 173

25 AB-14 175

26 AB-15 177

27 AB-16 179

28 AU-01 172

TEST

CONDITIONS

3200 °F, 103 psf

3000 °F, 160 psf

3060 °F, 320 psf

3200 °F, 320 psf

3250 °F, 320 psf

3250 °F, 320 psf

3300 °F, 104 psf

3300 °F, 105 psf

3300 °F, 353 psf

3300 °F, 188 psf

3200 °F, 178 psf

3280 °F, 186 psf

3000 °F, 160 psf

3300 °F, 187 psf

3200 °F, 176 psf

3300 °F, 107 psf

2975 °F, 95 psf

3300 °F, 104 psf

3100 °F, 90 psf

3200 °F, 103 psf

3300 °F, 183 psf

REMARKS

calibr_ion model

calibrmion model

calibr=ion model

calibrmion model

calibration model

calibration model

calibrmion model

mass loss transfer

mass loss transfer

mass loss transfer

mass loss transfer

mass loss transfer

mass loss transfer
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29

30

31

32

33

34

35

36

37

38

AU-02 174 calibrations mass loss transfer

AU-04 178 calibrations mass loss transfer

AU-05 180 CAMA-6 mass loss transfer

AU-08 184 CAMA-6 mass loss transfer

AC-13 191 simulate 15 missions mass Iosstransfer

AC-22 207 3100°F, 100 psf mass loss transfer

mass loss transferAT-15 183 3350 °F, 338

IN-25 394 3200 °F, 105

IN-26 395 3350 OF, 338

IN-28 396 3225 OF, 312

ENKA / COATED / TEOS

psf

psf

psf

psf

/ TYPE A

39

40

41

42

43

44

45

46

47

48

49

5O

IN-04 384 3340 °F,

IN-06 385 3350 °F,

IN-08 386 3300 °F,

IN-12 387 3250°F,

IN-14 388 3230 °F,

IN-18 389 3300°F,

IN-20 390 3320 °F,

IN-21 391 3200 °F,

337 psf

101 psf

325 psf

317 psf

309 psf

325 psf

338 psf

293 psf

IN-22

IN-33

IN-10

392

393

369

3180 OF, 303 psf

did not test

calibration model

IN-16 372 calibration model

ENKA / COATED / TEOS / NO TYPE A

51

52

53

54

55

56

57

58

59

60

IN-05 373

IN-09

IN-11

IN-17

IN-19

IN-23

IN-29

374

375

376

377

378

379

3120 °F, 97 psf

3200 °F, 97 psf

various

3200 °F, 293 psf

3230 °F, 301 psf

3250 °F, 313 psf

3350 °F, 325 psf

test not valid

IN-07 368 calibr_ion model

IN-13 370 calibr_ion model

IN-15 371 calibr_ion model

2-15



AVTEX / UNCOATED / TEOS

61

62

63

64

65

66

67

68

69

7O

23

24

25

26

27

28

29

32

266

267

268

269

2850 °F, 59 psf

2400 °F, 215 psf

1800 °F, 193 psf

2140 °F, 207 psf

270

271

272

273

1800 °F, 100 psf

1440 °F, 75 psf

2900 °F, 100 psf

2500 °F, 100 psf

3100 °F, 60 psf

33 291 calibration model

34 292 calibration model

ENKA / UNCOATED / TEOS

71

72

73

74

75

76

77

IN-24 380

IN-30 381

IN-31 382

IN-34 383

3330 °F, 312 psf

3160 °F, 300 psf

2620 °F, 180 psf

2200 °F, 105 psf

IN-01 365 calibration model

IN-02 366 calibration model

IN-03 367 calibration model

AVTEX / COATED / TEOS / DOUBLE A

11 289 did not test

12 290 did not test

78

79
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TABLE II

SPECIMENS TESTED BELOW 3250 OF

LTV ID I JSC ID TEMPERATURE PRESSURE TEST TIME HOT SPOT

noAB13 / 173 2975 °F

3 / 275 3000 °F

16 / 286 3000 °F

4 / 276 3060 °F

AB15/177 3100 OF

AC22 / 207 3100 OF

IN05 / 373 3120 OF

IN22 / 392 3180 °F

IN09 / 374 3200 OF

2 / 274 3200 OF

AB16 / 179 3200 OF 103

IN25 / 394 3200 OF 105

18 / 288 3200 OF 176

14 / 284 3200 OF 178

95 psf

160 psf

160 psf

320 psf

90 psf

100 psf

97 psf

303 psf

97 psf

103 psf

353 s

330 s no

800 s no

330 s no

330 s

3300 s

770 s

330 s

3600 s

330 s

330 s

3600 s

330 s

600 s

no

no

no

no

coating flaw

no

no

no

no

no

IN21 / 391 3200 OF 293

5 / 277 3200 °F 320

IN28 / 396 3225 OF 312

IN19 / 377 3230 OF 301

IN14 / 388 3230 °F 309

psf

psf

psf

psf

psf

psf

psf

psf

psf

120o s no

330 s no

900 s no

3600 s no

223 s no
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TABLE III

SPECIMENS TESTED BETWEEN 3250 OF AND 3300 °1=

LTV ID / JSC ID TEMPERATURE PRESSURE TEST TIME HOT SPOT

IN23 / 378 3250 OF

IN12 / 387 3250 OF

6 / 278 3250 °F

7 / 279 3250 OF

15 / 285 3280 OF

AB14 / 175 3300 OF

8 / 280 3300 °F

9 / 281 3300 °F

AB12 / 171 3300 °F

AU01 / 172 3300 °F

17 / 287 3300 OF

13 / 283 3300 °F

IN08 / 386 3300 °F

IN18 / 389 3300 OF

10 / 282 3300 OF

313 psf

317 psf

320 psf

320 psf

186 psf

104 psf

104 psf

105 psf

107 psf

183 psf

187 psf

188 psf

325 psf

325 psf

353 psf

900 s

330 s

127 s

187 s

67 s

105 s

78 s

63 s

58 s

158 s

170 s

45 s

110s

330 s

103 s

no

yes @150 s

yes @ 95 s

yes @ 55 s

yes @ 63 s

yes @ 45 s

yes @ 48 s

yes @ 60 s

yes @ 53 s

yes @ 103 s

no

yes @ 43 s

yes @ 80 s

yes @ 73 s

yes @ 58 s
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TABLE IV

SPECIMENS TESTED ABOVE 3300 OF

LTV ID I JSC ID TEMPERATURE PRESSURE TEST TIME

3320 °F 94 sIN20 / 390

IN04 / 384 3340 °F

IN06 / 385 3350 °F

AT15 / 183 3350 OF

IN29 / 379 3350 OF

IN26 / 395 3350 OF

338 psf

337 psf

101 psf

338 psf

325 psf

338 psf

70 s

73 s

87 s

133 s

64 s

HOT SPOT

yes @ 44s

yes @ 45 s

yes @ 43 s

yes @ 52 s

yes @ 103 s

yes@20 s
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TABLE V

TEST CONDITIONS FOR UNCOATED RCC

LTV ID I JSC ID TEMPERATURE

28 / 271 1440 °F

27 / 270 1800 °F

25 / 268

26 / 269

IN34 / 383

24 / 267

32 / 273

IN31 /-382

1800 OF

2140 °F

2200 OF

2400 OF

2500 °F

2620 °F

23/266 2850 OF

29/272 2900 OF

27/270 3100 OF

IN30/381 3160 OF

IN24/380 3330 °F

PRESSURE TEST TIME

75 psf

100 psf

193 psf

207 psf

105 psf

215 psf

100 psf

120 s pre-heat + 4500 s air

120 s pre-heat + 525 s air

600 s air

500 s air

70 s pre-heat + 600 s air

300 s air

120 s pre-heat + 400 s air

180 psf

59 psf

1oo psf

60 psf

300 psf

312 psf

120 s pre-heat + 330 s air

225 s pre-heat + 180 s air

120 s pre-heat + 200 s air

320 s air / retest on the back

120 s pre-heat + 153 s air

120 s pre-heat + 150 s air

2-20



19 PLY, RCC DISK
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Figure 1-(a). Schematic of the RCC test specimen.
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19 PLY, RCC DISK
+ 0.000"

2.810" _ 0.005"

(after coating)

p 1.5,,__1

TC #3
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JTC #2

BAG SIDE

(WITH IO #)

0.250"

NOTE: 1. INSTRUMENT THE RCC DISK WITH THREE (3)
TUNGSTEN 5% RHENIUM /TUNGSTEN 26% RHENIUM

(TYPE C) THERMOCOUPLES.
2. FOR THERMOCOUPLES #1 AND #3, DRILL HOLES THROUGH

BACK FACE (BAG SIDE) COATING FOR 1/16" DIAoALUMINA
INSULATORS. THERMOCOUPLES ARE TO BE INSTALLED
AGAINST THE BACK OF THE FRONT FACE COATING.

3. THERMOCOUPLE #2 IS TO BE BONDED TO THE BACK
FACE OF THE DISK.

4. BOND THE INSULATOR FOR TC #2 TO THE INSULATOR
FOR TC#1.

5. ALUMINA INSULATORS ARE TO EXTEND 1.5"FROM THE
BACK FACE.

6. THE TOTAL LENGTH OF THERMOCOUPLE WIRE PLUS THE
COMPENSATING LEAD WIRES IS TO 31/2 FEET.

Figure 1-(b). Schematic of the calibration model.
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Figure 1-(c). Pre-test photograph of a coated calibration model.
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Figure 1-(d). Pre-test photograph of an uncoated calibration model.
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TEST SPECIMEN

,_ETENTION PIN
3.95" O.D., 2.830 I.D.
SPECIMEN HOLDER

ZIRCONIA

INSULATOR DISK

0.5 "THICK

ZlRCONIA INSULATOR

0.1 "THICK

Figure 2. Test configuration with the RCC test specimen installed in the model

holder.
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Figure 3. Artist's Concept of ARMSEF, depicting test chambers, vacuum

system, and control room.
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Figure 4-(a). Schematic of the pressure model.
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Figure 4-(b). Photograph of the pressure model.
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Figure 5-(a). Pressure correlation between the pressure port, P1, and the pitot

probe.
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Figure 5-(b). Pressure distribution on the surface of the RCC model at three

different pressure ranges.
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TEST r_

CHAMBER

LASER
PYROMETER

QUARTZ
WINDOW

RCC

I SPECIMEN

GOLD SURFACE
MIRROR

ARC
HEATER

Figure 6. Test setup with the laser pyrometer.
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Figure 7-(a). Temperature responses of the surface thermocouples and the

laser pyrometer on an AVTEX Coated/TEOSFFype A specimen.
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Figure 7-(b). Temperature responses of the surface thermocouples and the

laser pyrometer on an ENKA Coated/TEOS/No Type A specimen.
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Figure 8. Photograph of the calorimeter installed in a 4.0" diameter water

cooled copper holder.
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Figure 9-(a). Temperature versus heating rate curve for Coated/TEOS/Type A

RCC specimen at 100 psf pressure range.
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Figure 9-(b). Temperature versus heating rate curve for Coated/TEOS/No Type

A RCC specimen at 100 psf range.
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Figure 9-(c). Temperature versus heating rate curve for Coated/TEOS/Type A

RCC specimen at 200 psf pressure range.
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Figure 9-(d). Temperature versus heating rate curve for Coated/TEOS/Type A

and No Type A RCC specimen at 300 psf pressure range.
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Figure 9-(e). Temperature versus heating rate curves for Uncoated/TEOS RCC

specimen.
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Figure 10. Composite plot of the temperature versus heating rate curves at 100

psf and 300 psf with some coated specimens identified on the plot•
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Figure 11-(a). Post test photograph of specimen #AB13 at 2975 °F, 95 psf for

353 s.
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Figure 11-(b). Post test photograph of specimen #3 at 3000 °F, 160 psf for

330s.
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Figure 11-(c). Post test photograph of specimen #16 at 3000 °F, 160 psf for

800s.
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Figure 11-(d). Post test photograph of specimen #4 at 3060 °F, 320 psf for

330s.
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Figure 11-(e). Post test photograph of specimen #AB15 at 3100 °F, 90 psf for

330 s.
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Figure 11-(f). Post test photograph of specimen #1N22 at 3180 °F, 303 psf for

330 s.
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Figure 11-(g). Post test photograph of specimen #IN09 at 3200 °F, 97 psf for

3600 s.
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Figure 11-(h). Post test photograph of specimen #2 at 3200 °F, 103 psf for

330s.
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Figure 11-(i). Post test photograph of specimen #AB16 at 3200 °F, 103 psf for

330 s.
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Figure 11-(j). Post test photograph of specimen #1N25 at 3200 °F, 105 psf for

3600 s.
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Figure 11-(k). Post test photograph of specimen #18 at 3200 °F, 176 psf for

330s.
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Figure 11-(I). Post test photograph of specimen #14 at 3200 °F, 178 psf f¢

600s.
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Figure 11-(m). Post test photograph of specimen #1N21 at 3200 °F, 293 psf for

1200 s.
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Figure 11-(n). Post test photograph of specimen #5 at 3200 °F, 320 psf for

330s.
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Figure 11-(o). Post test photograph of specimen #1N28 at 3225 °F, 312 psf for

900 s.
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Figure 11-(p). Post test photograph of specimen #1N19 at 3230 °F, 301 psf for

3600 s.
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Figure 11-(q). Post test photograph of specimen #1N14 at 3230 °F, 309 psf for

223 s.
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Figure 12-(a). Post test photograph of specimen #1N23at 3250 °F, 313 psf for
900 s.

;_-- 2-57



0

!

O

Figure 12-(b). Post test photograph of specimen #1N12 at 3250 °F, 317 psf for

330 s.
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Figure 12-(c). Post test photograph of specimen #6 at 3250 °F, 320 psf for 127s.
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Figure 12-(d). Post test photograph of specimen #7 at 3250 °F, 320 psf for

187s.
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Figure 12-(e). Post test photograph of specimen #15 at 3280 °F, 186 psf for

67s.
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Figure 12-(f). Post test photograph of specimen #AB14 at 3300 °F, 104 psf for

105 s.
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Figure 12-(g). Post test photograph of specimen #8 at 3300 °F, 104 psf for 78 s.
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Figure 12-(h). Post test photograph of specimen #9 at 3300 °F, 105 psf for 63 s.
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Figure 12-(i). Post test photograph of specimen #AB12 at 3300 °F, 107 psf for

58 s.
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Figure 12-(j). Post test photograph of specimen #AU01 at 3300 °F, 183 psf for

158 s.
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Figure 12-(k). Post test photograph of specimen #17 at 3300 °F, 187 psf for

17.0s.
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Figure 12-(I). Post test photograph of specimen #13 at 3300 °F, 188 psf for 45 s.
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Figure 12-(m). Post test photograph of specimen #1NO8 at 3300 °F, 325 psf for

110s.

- 269



J
C
O

o
O

i,

I

Q

!

O

Figure 12-(n). Post test photograph of specimen #1N18 at 3300 °F, 325 psf for

330 s.
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Figure 12-(o). Post test photograph of specimen #10 at 3300 °F, 353 psf for

103s.
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Figure 13-(a). Post test photograph of specimen #IN20 at 3320 °F, 338 psf for
94 s.
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Figure 13-(b). Post test photograph of specimen #1NO4 at 3340 °F, 337 psf for

70 s
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Figure 13-(c). Post test photograph of specimen #1NO6at 3350 °F, 101 psf for

73 s.

_--- 2-74



Figure 13-(d). Post test photograph of specimen #AT15 at 3350 °F, 338 psf for

87 s.
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Figure 13-(e). Post test photograph of specimen #1N29 at 3350 °F, 325 psf for

133 s.
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Figure 13-(f). Post test photograph of specimen #1N26at 3350 °F, 338 psf for
64s.
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Figure 14-(a). Surface temperature response of specimen #AU05 superimpose=[.

with the CAMA-6 flight trajectory.
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Figure 14-(b). Photograph of specimen #AU05 after the CAMA-6 simulation.
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Figure 15-(a). Surface temperature response of specimen #AU08 superimposed/`

with the CAMA-6 flight trajectory.
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Figure 15-(b). Photograph of specimen #AU08 after the CAMA-6 simulation.
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Figure 16-(a). Post test photograph of specimen #28 at 1440 °F, 75 psf for

4500s.
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Figure 16-(b). Post test photograph of specimen #27 at 1800 °F, 100 psf for

525s.
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Figure 16-(c). Post test photograph of specimen #25 at 1800 °F, 193 psf for

600s.

_-_" - 2-84



tO

Izl

I-..
z
0
n"
LI.

Figure 16-(d). Post test photograph of specimen #26 at 2140 °F, 207 psf for

500so
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Figure 16-(e). Post test photograph of specimen #1N34 at 2200 °F, 105 psf for

600 s.
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Figure 16-(f). Post test photograph of specimen #24 at 2400 °F, 215 psf for

300s.
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Figure 16-(g). Post test photograph of specimen #32 at 2500 °F, 100 psf for

400s.
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Figure 16-(h). Post test photograph of specimen #1N31 at 2620 °F, 180 psf for

330 s.
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Figure 16-(i). Post test photograph of specimen #23 at 2850 °F, 59 psf for 180 s.
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Figure 16-(j). Post test photograph of specimen #29 at 2900 °F, 100 psf for

200s.
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Figure 16-(k). Post test photograph of specimen #27 at 3100 °F, 60 psf for 320s.
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Figure 16-(I). Post test photograph of specimen #IN30 at 3160 °F, 300 psf for

153 s.
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Figure 16-(m). Post test photograph of specimen #1N24 at 3330 °F, 312 psf for

150 s.
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The laser pyrometer by The Pyrometer Instrument Co., Inc. is a self-contained

hand-held device which permits measurement of temperature from a remote

position. This section will present the technique of using the laser pyrometer to

measure the surface temperature of the coated RCC during the TAL Abort test

program.

An object will radiate electromagnetic energy when the temperature of the

object rises above absolute zero. The distribution of the electromagnetic

energy as a function of wavelength, the spectral distribution, depends on

temperature and the surface characteristic of the object. At low temperature, the

object radiates more energy at long wavelength in the form of infra-red

radiation. As the temperature of the object increases, more energy will be

radiated at shorter wavelength and may eventually become visible light. The

spectral distribution of the electromagnetic energy at a fixed temperature is

given by the Planck's distribution law. The surface characteristic of the object

such as texture, or color can also affect the amount of energy radiated by the

object. In order to quantify the effectiveness of a surface to radiate energy, the

nature of the surface is represented by emissivity, _. The emissivity for a perfect

radiator is unity while the emissivity for a perfect reflector is zero. When the

object is in thermal equilibrium with its surroundings, it radiates and absorbs the

same amount of energy i.e. the emissivity of an object is the same as its

absorptivity. Since an opaque object either absorbs or reflects energy,

therefore, the sum of the emissivity, _, and reflectivity, r, of an object must be

equal to unity.

In order to measure the temperature of a specimen, it is necessary to measure

the energy radiates by the object and its emissivity. Since the intensity of the

radiation decreases as the square of the distance, it is necessary to know the

distance between the laser pyrometer and the test specimen. The laser

pyrometer has a Linear Variable Distance Transducer attached to the ojective

lens to measure the target distance. By measuring the radiation from 835 nm to

895 nm with a 1/3 ° solid angle and assuming a Lambertian surface, the total

hemispherical radiation is calculated. The reflectivity is obtained by sending a

laser pulse to the target and monitoring the fraction of laser light being reflected.

The emissivity can then be calculated by the expression _ = 1.0 - r.



The laser pyrometer used in this test program operares at a temperature range
from 1832 °F to 4532 °F with 1 °F resolution and 5 °F accuracy. The laser is a

mutiheterostructure Gallium Aluminum Arsenide injection laser diode lasing at a

wavelength of 865 nm. The laser pyrometer is capable of sending high level

output of the temperature measurement to external instruments. Throughout
this test program, the uncorrected temperature, i.e. assuming _ = 1.0, is

recorded by the data acquisition system. Most of the measurements were taken

using 10 ms data acquisition time to minimize the temperature transient effect
when the hot spot occurs (the laser pyrometer cannot make measurement when

there is rapid temperature fluctuation).

The laser pyrometer had to view through a half inch thick quatz window and a

gold surface mirror in order to reach the test specimen. A schematic of the

optical layout can be found in figure 6. Several calibration runs were performed
to establish a correlation of the laser pyrometer reading and the type C tungsten

thermocouples of the calibration models. A emissivity of 0.68 and a viewing

angle of 35 ° were used to compensate for the emittance loss, and losses due to

the optics. After the emissivity correction was made, the corrected temperature

was recorded and designated as "L PYR X".

Since the high level analog output is reconstructed from the digital
measurements, therefore, the temperature versus time plots have the typical

"sample and hold" feature of the digital measurements. In other words, the

output will not be updated until a new good measurement is made. However,

the complete temperature history of the specimen can be obtained by

connecting the outer corners on the rising slope and connecting the inner

corners on the falling slope as shown in figure 17.
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Figure 17. A typical temperature versus time plot from the laser pyrometer.
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1-3L::_-IX) _SSIt'G DATE _g/'18/'9_
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1-$27-'_ : I:_ZESSIIXl3 Cf:ITE IEO/1B4'O0
I_ITE = 9/18/00 _ ]N'IEKN_ 0.1 EEC TIlE = 3:_#: t4.0 TO 3:$2:1u_.0
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I-_8-C0 PRf3q=_IN3 DATE e9/19/9_)
DATE = 9/19/9_) _ INIEIKNI::L0.1 SEC TII_E= 0:11:18.0 TO O:L:_:2.0

L P'( X CHIqlINEL NO. SS
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I-:_:x9-I_0 PI:;_E:I::IESSrl'¢_ DAlE lag/19/9_
DC:ITE= _/19,,"_ I:::f,,tERg:IS_EI_ @.I :EIEO TIVE = 2:3'7:13.@ TO 2:_;180

L PYR x _]-_AN_EL NO. 55
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1-s09-C0 PRC_SSIN9 _rE _,,'19,,'90
E_'[E = 9/19/90 _ I_ 0.1 SEC TIME = 14:6:34.0 TO 14: 7:3.0

L PYR X CHANNEL NO. 55
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0.1 SIEC T]t'E = g: 0:6"7.1a TO 5:L:::_:_a.ia

L PVf X (,t-!_NNEL NO. 5S

ROO-DIglTIZI::I_RTIESI"ERL, i::_ 1N19/3-/7 3L::_CEGF :3_I:_JF_RC[::_
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1-339-00 PKQ3E_TNG 13::I'TE_9/_/_
OqTE = 9,"28/93 AVE)_E INTERV_ 9.1 SEC TI_E = O:L_:lO.9 TO O:LI_:12.0

L DyI:_ _ ;HANNEL NO. 5S

....... :_=:=:::
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4(_0 500 800 iOeO
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l-3U_-OD F£Q:ESS]NO DqTE e9/28/9_
13¢:1]E= 9/28/'9_ _ I_ e.1 _EC T]I'E = 2:58:38.1 TO 3: e:Sl.e

L pVF,_ X CHANNEL NO, SS
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Test Series 3

Conducted from

January 30, 1992 to March 5, 1992





1.0 SUMMARY

An arc jet test of non-sealed Reinforced Carbon-Carbon (RCC) was performed in the

Johnson Space Center's (JSC) Atmospheric Reentry Material & Structures Evaluation

Facility (ARMSEF) from 1/30/1992 through 3/05/1992. The test was needed to expand

the current data base for quantifying coated and uncoated non-sealed RCC surface

recession as a function of temperature and pressure in environment regimes

representative of a Transatlantic Abort Landing (TAL) trajectory. Eight test specimens

(6 coated and 2 uncoated) were subjected to temperatures ranging from 1477°C

(2690°F) to 1893°C (3440°F) and pressures ranging from 14.988 KPa (313 psf) to

19.154 KPa (400 psf). For the coated specimens, silicon carbide coating failure

occurred at a temperature as low as 1824°C (3315°F), which is approximately 10°C

(50°F) higher than RCC with sealants. Test data were transferred to the test requester

for surface recession rate determination.

2.0 INTRODUCTION

In the early part of 1987, a concem was expressed that the Orbiter's wing leading edge

temperatures predicted for a Transatlantic Abort Landing (TAL) would exceed the

upper temperature range of the RCC ground test data base. A series of three test

programs were performed in December 1987 (ref. 1), November 1989 (ref. 2), and

August 1990 (ref. 2) to extend the ground test data base for RCC up to 1871°C

(3400°F). Data from these tests helped establish mass loss correlations for the silicon

carbide coating and the carbon substrate. During the development of these

correlations, it became apparent that the surface sealants (Tetraethyl Orthosilicate

(TEOS) and Type A enhancement) may play a significant role in the performance of

RCC in this temperature range. Rockwell Test Request number SE-PSE-91-031 was

developed to investigate the role of surface sealants in RCC performance through the

testing of unsealed test specimens.

3.0 D._ME.GELV_E

The objective of the Non-sealed RCC Test Program is to develop a data base for

assessing the influence of TEOS and Type A enhancement surface sealants on



surfaceheatingand chemistryand to empirically determine the surface recession rate

of non-sealed RCC at the predicted TAL temperature and pressure levels.

4.0 TEST SPECIMENS

A total of 8 test specimens (6 coated and 2 uncoated) and one calibration specimen of

each type were fabricated by LTV Aerospace and Defense Company for this test

program. AI! ten specimens are 7.11 cm (2.8") in diameter and have a 19-ply thickness

of ENKA based RCC.

The calibration specimens have three type C (tungsten - 5% rhenium vs. tungsten -

26% rhenium) thermocouples installed as shown in Figure 1. TC1 and TC3 sense front

surface temperatures and TC2 senses the back surface temperature. Although there

was a conduction heat loss through the thermocouple lead wires, thermal analysis from

previous RCC test programs indicated that the actual surface temperature should not

be more than 8.3°C (15°F) higher than the measured values.

The coated specimens have the outer surface layers converted to silicon carbide in a

diffusion coating process for oxidation protection. Except for the absence of TEOS and

Type A sealants, these specimens are representative of RCC in the stagnation region

of Orbiter panel #9. The uncoated specimens were used to evaluate substrate erosion

that would occur following silicon carbide coating failure at high temperatures.

All specimens have four slots on the edge at 90 ° apart to accept the pins which hold

the specimens in the siliconized graphite holders (see Figure 2). The pre-test

photographs of a holder and the test specimens are shown in Figures A-1 through A-9

in Appendix A.

5.0 TEST FACILITy

The test program was performed in test position #1 (TP1) of the ARMSEF. Test gases

(23% 02 and 77 % N2 by mass) are heated by a segmented, constdcted arc heater

and injected in a vacuum chamber through a water-cooled 12.7 cm (5") diameter

conical nozzle that has a 15 ° half angle. During testing, the chamber static pressure



was kept below 40 Pa (0.3 millimeter of mercury). Desired test pressure were

generated by the impact pressure of the hypervelocity flow field as determined by a

water-cooled Pitot probe.

Two different heater configurations were set up to achieve all eight test points. The arc

heater configuration for all but one test point is shown in Figure 3. To maintain the high

stagnation pressure while achieving the low temperature for an uncoated specimen

(NH7), the same archeater configuration was used with an addition of four 9.53 mm

(3/8") N2 gas lines to the plenum (see Figure 4).

A test specimen and its holder were mounted on the left water-cooled, remotely

actuated sting arm while a calorimeter (Medtherm # 620834) was mounted on the right.

The target distance, distance from the nozzle's exit plane to the test specimen or to the

calorimeter or to the Pitot probe, was set at 26.67 cm (10.5").

6.0 TEST PROCEDURES

Test specimens were photographed, weighted, and measured before and after testing

unless waived by the Rockwell Test Article Engineer or the NASA Test Director.

Specimens were handled with clean white gloves and weighted within 0.001 gram.

Test specimens were stored in a desiccator that was maintained under supervised

control by EBASCO Quality personnel.

Aluminum bags were used to prevent the absorption of atmospheric moisture while

specimens were being weighted. Prior to weighing, the specimens were placed inside

opened aluminum bags and then both specimens and bags were placed inside a

112°C (233°F) oven for four hours to remove water of hydration. The aluminum bags

were sealed and the specimens were allowed to cool prior to weighing. All weights

and measures were witnessed by EBASCO quality assurance inspectors.

After each test run, the specimen was left in vacuum for 20 minutes so that the

temperature of the specimen would fall below 260°C (500°F) to eliminate extraneous

oxidation of the carbon substrate.



For uncoated test specimens, nitrogen preheat was performed by operating the arc

heater on 100% Nitrogen for 120 seconds following specimen insertion. This action

minimized oxidation of the substrate while the specimen temperature was increasing

rapidly.

Rigorous test management and control were implemented by formal documentations

(e.g., Discrepancy Reports, Anomaly Logs, Standard Operating Procedures, and Test

Preparation Sheet). Quality assurance representatives witnessed all pre-test and post-

test measurements, monitored test systems configurations, insured metrology

requirements were met, and participated as test observers.

7.0 TEST CONDITIONS AND CALIBRATIONS

The desired test temperatures ranged from 1760°C (3200°F) to 1871 °C (3400°F) at a

desired pressure of 14.366 KPa (300 psf). Experience from previous test programs has

shown that the test pressure on the 10.16-cm (4-inch) model face is uniform to within

about 14% and is 1.33 times the value measured with the 1.27cm (0.5") diameter Pitot

probe. The requested test conditions are summarized in Table 1. The facility test

parameters are presented in Appendix B.

Due to the limited number of calibration specimens, the primary purpose of the

specimens was to reestablish the validity of the laser pyrometer (NASA G22618) and

the surface thermocouples relationship that was utilized successfully during the earlier

test programs. Actual test points were then identified with the laser pyrometer. Thus,

achieving the requested surface temperatures for the specimens was chosen to be the

primary requirement while meeting the requested surface pressure was the secondary.

The laser pyrometer operates in a narrow wavelength band centered on 0.865 micron.

When commanded, it sends a modulated laser light beam to the target and measures

the power level of the fraction of the beam that has returned after reflection from the

target. It performs the appropriate computations to infer the emissivity of the target from

these data and automatically displays the corrected temperature readings.

Although the automatic emittance measuring feature was found to be unusable due to

fluctuations in the boundary layer emissions, this instrument still provides accurate

3-4



RCCtemperaturemeasurementssincethe specimenoptical propertiesproved to be

very stable at 0.865 micron. An emittance/window correction of 0.68 was found to

correlate within 5.6°C (10°F) with coated and uncoated RCC over the complete range

of temperatures under investigation.

8.0 RESULTS & DISCUSSION

Test results are summarized in Table 2. The term "hot spot" refers to the surface

condition of the test specimen at which the coating failure occurred. This phenomenon

can be visually observed through a television monitor or graphically seen as a rapid

increase in the surface temperature plots.

Transient surface temperature plots are presented in Figures 5 through 16. The laser

pyrometer analog output is programmed not to update if the radiant level is out of

range. Therefore, the initial values shown on these temperature plots are not valid until

the test specimen temperature has risen to approximately 815°C (1500°F).

During the first and second run of NH2 specimen and during the first run of NH3

specimen (run identification # 1-403-DD, # 1-410-DD, and # 1-404-DD), a vacuum

abort occurred. These test runs were resumed quickly. Therefore, there was a short

discontinuity in the transient temperature curve on each of the plots (see Figures 5, 6,

and 9).

During the second run of the NH3 specimen (run # 1-411-DD), the data acquisition

system stopped updating 434 seconds after the specimen had been inserted in the

flow. Because the test specimen has already reached a steady state temperature and

the flow conditions were kept constant, a decision was made to continue the test.

However, the test was later aborted due to a hydraulic system failure 918 seconds after

specimen insertion. Thus, the transient temperature plot for this run stops at 434

seconds (see Figure 10), and the post test specimen's measurements are for a 918

seconds duration run.

For specimens NH5, NH9, and NH10 which were tested at 1871°C, 1843°C, and

1824°C (3400°F, 3350°F, and 3315°F), respectively, a hot spot was developed

3-5



approximately27, 100, and 132 seconds after specimen insertion (see Figures 8, 13,

and 14).

For the uncoated specimens (NH7 and NH8), there were 120 seconds of nitrogen

preheat to reduce extraneous oxidation before steady state temperatures were

achieved. After the nitrogen preheat, oxygen was injected into the heater to simulate

an oxygen level of 23%. The injection of oxygen resulted in increasing total gas

enthalpy. Therefore, there was a sudden increase in surface temperature at 120

seconds after specimen insertion (see Figures 15 and 16).

Pre and post-test thickness and weight measurements for all test specimens are

summarized in Appendix C. On the third run of specimens NH2 and NH3 (run # 1-412-

DD and 1-413-DD), the surface recessed so much into the carbon that the post-test

measurements were waived.

Post-test photographs of the specimens are shown in Figures A-10 through A-17 in

Appendix A. For the multiple run specimens (NH2 and NH3), there were no

photographs taken prior to their last runs (1-412-DD and 1-413-DD) because the

photographs were taken at the end of the test program.

9.0 OQNCLUSIONS

The test objective of developing a data base for assessing the influence of TEOS and

Type A enhancement surface sealants on surface heating and chemistry at the

predicted TAL temperature and pressure levels was achieved.

The test results indicated that RCC coating failure occurred between 1816°C (3300°F)

and 1824°C (3315°F). Compared to the previous test program with sealed RCC, this is

about 28°C (50°F) higher. Thus, the thermal effect of the sealants on coated RCC is

negligible under a TAL condition. All test data were transferred to the test requester for

surface recession rate determination.



COATED SPECIMENS

Specimen Pressure Temper_ure Duration

ID (psf) (°F) (sec)

NH2 300 3200 1200

300 3200 1200

300 3200 1200

NH3 300 3250 1200

300 3250 1200

300 3250 1200

NH4 300 3300 600

NH5 300 3400 #

NH9 300 3350 #

NH10 300 3325 #

# Test for 40 seconds after coating failure "hot spot" occurred.

UNCOATED SPECIMENS

Specimen Pressure Temperature Duration

ID (psf) (°F) (sec)

NH7 300 2650 300*

N H8 300 3400 120*

* Excluding 120 seconds of nitrogen preheat.

Table 1: Requested Test Conditions
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COATED SPECIMENS

Specimen Pressure Temperature Duration Run ID

ID (psf) (°F) (sec) #

NH2 338 3170 1200 1-403-DD

348 3150 1200 1-410-DD

348 3150 1200 1-413-DD

NH3 345 3235 750 1-404-DD

354 3220 918 1-411-DD

354 3210 1200 1-412-DD

NH4 373 3238 600 1-408-DD

NH5 400 3440 83# 1-409-DD

N H9 377 3340 143# 1-414-DD

NH10 369 3315 165# 1-416-DD

# Hot spot occurred.

UNCOATED SPECIMENS

Specimen Pressure Temperature Duration Run ID

ID (psf) (°F) (sec) #

NH7 313 2690 300* 1-419-DD

NH8 316 3275 120" 1-420-DD

* Excluding 120 seconds of nitrogen preheat.

Table 2: Actual Test Conditions

5_
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19 Ply, RCC Disk

2.810" + 0.000"
- 0.005"

(after coating)

0.75"

1.5"

f TC #3 _

TC #2

Bag Side
(with ID #)

0.25"

NOTE: 1. TC #1, TC #2, and TC #3 are type C thermocouples
(Tungsten 5% Rhenium /Tungsten 26% Rhenium).

2. TC #1 and TC #3 are inserted from the back face

(bag side) to the back of the front face coating
through 1/16" diameter alumina insulators.

3. TC #2 is bonded to the back face.
4. Alumina isolators for both TC #1 and TC #2 are

bonded together.
5. All alumina insulators are extended 1.5" from the

back face.

6. Total length of thermocouple wire and the compensating
lead wires is 42".

Figure 1" Calibration Specimen
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DUAL DIAMETER
CONFIGURATION RECORD

TEST NO: 1-403-DD
NOZZLE: 5" CONICAL NOZZLE MOUNTED

OUTSIDE; ADAPTER PLATE MOUNTED
INSIDE

COOLANT MANIFOLD: SINGLE PASS,

#1-2

PAGE 2 OF 2 TPS AK9220002
NON-SEALED RCC TAL TEST
DATE:02-05-92
CATHODE: TUNGSTEN
COLUMN LENGTH: 10 PACKS
TYPE PACKS: 1.25" -0-

1.50" 2
1.50/2.36" 1

2.36" 7
COOLANT INLET SET @ 580 PSIG OR MAX OUTPUT

THROAT DIAMETER: 2.25"

_CATHODE PACK,SIZE: 1.50

-COLUMN PACK,SIZE: 1.50

-'TRANSITION PACK, SIZE: 1.50/2.36

i

-" I-

1
-- I.

I

|

i I

I

I

, -,, -,

COLUMN PACt<
SIZE: 2.36

--ANO[
PACK
SIZE:
2.36

COLUMN GAS INJECTION CONFIGURATION
GAS PACK SEGMENTS
N2 1
N2 4
N2 5

214,6
3_ 13
3

N2 10 17, 18, 19
02 6 3, 8, 13, 18
02 7 3, 8

PRESSURE TRANSDUCER LOCATIONS: N2 MANIFOLD; PACK 1/SEG 10; PACK 5/SEG 8;
PACK 10/SEG 16; ANODE PLENUM; 02 MANIFOLD.

5.0 OHM RIBBON WIRE RESISTOR BETWEEN ORIFICES IN ANODE PLENUM.
COMMENTS: EIGHT (8) 0.0635" DIAMETER ORIFICES IN ANODE PLENUM.
1.50" DIA. TO 2.36" DIA. TRANSITION AT SEGMENTS 4, 5 & 6 IN PACK 3.
VENT ORIFICES: GN2=0.3750" DIA. ; GO2=0.4375"DIA.

Figure 3: Heater Configuration for Test Points above 3200°F

t_ 3-11



DUAL DIAMETER
CONFIGURATION RECORD #1-4

TEST NO: 1-418-DD
NOZZLE: 5" CONICAL NOZZLE MOUNTED

OUTSIDE; ADAPTER PLATE MOUNTED
INSIDE

COOLANT MANIFOLD: SINGLE PASS,
COOLANT INLET SET @ 580 PSIG OR MAX OUTPUT

THROAT DIAMETER: 2.25"

_CA'I=HODE PACK,SIZE: 1.50

--COLUMN PACK,SIZE: 1.50

"--TRANSITION PACK, SIZE: 1.50/2.36

d r -
3

m

PAGE 2 OF 2 TPS AK9220004
NON-SEALED RCC TAL TEST
DATE: 03-02-92
CATHODE: TUNGSTEN
COLUMN LENGTH: 10 PACKS
TYPE PACKS: 1.25" -0-

1.50" 2
130/2.36" 1

2.36" 7

COLUMN PACK,(
SIZE: 2.36

--ANODI
PACK,
SIZE:
2.36

COLUMN GAS INJECTION CONFIGURATION
GAS PACK SEGMENTS
N2 1
N2 4
N2 5
N2 10
02 6
02 7

2,4,6

3_ 13
3

17_ 18, 19
3, 8, 13 r 18
3,8

N2 Four 3/8" OD lines to Anode Plenum

PRESSURE TRANSDUCER LOCATIONS: N2 MANIFOLD; PACK 1/SEG 10; PACK 5/SEG 8;
PACK 10/SEG 16; ANODE PLENUM; 02 MANIFOLD.

5.0 OHM RIBBON WIRE RESISTOR BETWEEN ORIFICES IN ANODE PLENUM.
COMMENTS: EIGHT (8) 0.1085" DIAMETER ORIFICES IN ANODE PLENUM.
1.50" DIA. TO 2.36" DIA. TRANSITION AT SEGMENTS 4, 5 & 6 IN PACK 3.
VENT ORIFICES: GN2=0.3750" DIA. ; GO2=0.2187" DIA.

Figure 4: Heater Configuration for NH7 Specimen
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Figure 5: First Run of NH2 (Run ID # 1-403-DD)
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Figure 6: First Run of NH3 (Run ID # 1-404-DD)
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Figure 7: First and Final Run of NH4 (Run ID # 1-408-DD)
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Figure 8: First and Final Run of NH5 (Run ID # 1-409-DD)
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Figure 9: Second Run of NH2 (Run ID # 1-410-DD)
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Figure 10: Second Run of NH3
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Figure 11- Third Run of NH3 (Run ID # 1-412-DD)
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Figure 12: Third Run of NH2 (Run ID # 1-413-DD)
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Figure 13: First and Final Run of NH9 (Run ID # 1-414-DD)
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Figure 14: First and Final Run of NH10 (Run ID # 1-416-DD)
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Figure 15: First and Final Run of NH7 (Run ID # 1-419-DD)
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