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ABSTRACT

Results are presented of a program to evaluate thermal insulations for use
under a radiative TPS of a shuttle orbiter vehicle. Evaluations were made for
survival under the multimission requirements of shuttle acoustic/vibration loads

and thermal profiles with peak temperatures of 1800°F and 2200°F. During the

first year of the program a total of 1100 specimen-cycles were completed using

metal foil packaged refractory fiber insulatiomns.

iv
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FOREWORD

This report was prepared by McDonunell Douglas Astronautics Company - East,
under Contract No. NAS8-26115, National Aeronautics and Space Administration,
Marshall Space Flight Center, Alabama. It was administered under the direction
of the Materials Division of the Astronautics Laboratory, with Mr. H. M. King
acting as the Contracting Officer's Representative. The valuable contributions
made te this program by the following people are gratefully acknowledged:

H. E. Christensen, Thermodynamics; J. R. Suhre, Dynamics; B. G. Cox, thermal test-
ing; and H. S. Bieniecke, acoustic and vibration testing.

This report covers the period 30 June 1970 to 29 June 1971.
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1.0 SUMMARY

The objective of this program is the development and evaluation of high
temperature insulations and packaging materials for use under the radiative metal
skin of a reusable shuttle vehicle. The insulation has to be capable of surviving
the thermal loads and the acoustic/vibration loads associated with launch and
reentry, for a minimum of 20 missions, and an ultimate goal of 100 missions., Mini-
mum weight and cost are also important criteria.

A total of 1100 specimen-cycle tests were conducted on 20" x 4" specimens
during the first year of this program, simulating mission launch acoustics/vibra-

T

foemd

tions, and reentry heating to peak temperatures of 1800° and 2200°F. As a resu
of those tests the following evaluations were made:

Packaging Materials: *Inconel 702, Inconel 601, or Hastelloy X, 0.00Z to

0.005 inch thick have demonstrated acceptability to 1800°F. At 2200°F peak temp-
erature only TD-NiCr (0.003 inch) of the foils tested has demonstrated accaptabi-
lity.

Insulations: Certain silica felts such as Astroquartz, Refrasil A~100, and Irish
Refrasil have performed satisfactorily. Dynaflex was unsatisfactory at less than
6 lb/ft3 density, borderline at 6 lb/ft3, and satisfactory at 12 lb/ftE& Micro-
quartz also demonstrated a deficienty, pronounced shrinkage, that creates reserva~-
tions about its use. Flexible Min-K demonstrated satisfactory performance to
2200°F, and would be a desirable material for volume limited applications.

This program has been extended for an additional year. Future work will
include studies of venting and moisture accumulation in packaged insulations,
evaluations of low weight insulations for 1000°F service, testing flight configu-
ration specimens at maximum temperatures, and some development of HCF block insula-

tion.,

* Trade name owners are identified in Appendix D.
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2,0 INTRODUCTION

The thermal protection system (TPS) is one of the most important space
shuttle systems, and has a large impact on weight, development cost, and operating
cost. It is also one of the major contributors to the uncertainties in weight and
reuse predictions. In a metallic radiative TPS approach, the high temperature
insulation, which must be placed between the metal heat shield panel and the
primary structure, is a most important item.

The study described herein was performed to compare insulation materials and
packaging techniques, and to provide information and data to assist the shuttle pro-
gram in the selection and design of thermal insulations. To accomplish this,
selected insulations were cyclically exposed to the shuttle environment cof acous-
tic/vibration loads and thermal exposure at reduced pressure. The peak tempera-
tures of primary interest in this program during the first year were 1800°F,
2200°F and 2500°F. A total of 400 specimen-cycles were completed in 1800°F tests
and 700 specimen-cycles in 2200°F tests. No tests have yet been run at 2500°F
because the packaging problems which arose at 2200°F were not resolved until late
in the report period.

The primary requirements for shuttle insulations as defined in the scope of
work for this contract are that it have the lowest density and thermal conductivirt
consistent with mechanical durability and thermal stability to withstand repetitive
exposure to the shuttle operating environments, including acoustic, vibrational
and thermal loads. Since the radiative skin will not be weathertight, the insuia-
tion must not absorb moisture, or it must be protected from it. The insulation
should be capable of withstanding at least 20 cycles of exposure to nominal ascent
and reentry loads, with an ultimate goal of withstanding 100 cycles of exposure.

The insulation concepts examined in this program were generally low density
refractory fiber felts (1 to 12 lb/ft3) enclosed or packaged in thin gage, oxida-
tion resistant metal foil; and rigid blocks, either in metal foil packages or
incorporating a water-resistant refractory coating. The metal foil packaging con-—
cept has many advantages, including effective support and containment of Iight,
nonrigid felts, protection from moisture, and versatile means of attachment to the
structure. An impermeable membrane, such as metal foil, however, must be vented

to accommodate the rapid pressure changes associated with launch and reentry.
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The evaluation program was conducted by mounting five specimens (20 x 4 in)
in a fixture, subjecting the assembly to either launch acoustics or vibration at
ambient room temperature, and then to a thermal cycle at 10 torr pressure. To
expedite testing, five cycles of each environment were run consecutively so that
in each sequence five simulated missions were completed. All specimens were
either 1.5 or 2.0 inches thick, and no attempt was made to optimize thicknesses as

PRV

this portion of the program was primarily for comparative evaluation.

environmental definition for establishing the test parameters initially

the then current primary interest in the low cross-range orbiter. As
the program progressed, however, the primary interest shifted to the high cross~
ange orbliter, and which would influence principally the thermal test profile. In
thermal profile we had given considerable weight to the possible

reentries, and therefore the change in emphasis did not cause any

the program.

In addition to the flight simulation testing of commercial insulations, an
investigation was also conducted on the rigidizing of prefelted insulations by
impregnation with ceramic binders. This investigation did not produce a2 useful

product and was suspended in favor of HCF block insulation which was at a more

jadd

advanced state of development.
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3.0 ENVIRONMENT SIMULATION AND TEST PROCEDURES

The insulation test specimens were subjected to a block of 5 cycles of launch
vibration/acoustic environment, followed by a block of 5 cycles of reentry thermal
exposure. The launch mechanical loads were applied by vibration in the initial
sequence, and following the subsequent thermal test, the next sequence employed
acoustic exposure, in lieu of vibration. This procedure was employed because of
some uncertainties in the internal environment and response of the insulation to
that environment.

The most severe acoustic loads occur during the ascent phase, in conjunction
with a very modest heating period. During reentry, the situation is reversed, a
severe thermal pulse of comsiderable duration, and with a moderate acoustic load.
To simulate these environments, the test specimens were subjected to acoustic/
vibration loads at ambient room temperature and pressure, and to thermal leads at
reduced atmospheric pressure, reflecting the low ambient pressures associated with
the high altitude of entry.

3.1 Acoustics

The major source of mechanical excitation on the shuttle vehicle is the
noise from the main propulsion engines, which results in an acoustic load on the
TPS skin. The acoustic environment experienced by the internal insulation is
modulated by the vehicle skin, though the degree of modulation is uncertain. In
addition, response of the skin to the acoustic excitation may be transmitted to the
insulation via the structural supports in the form of mechanical vibration.

Peak lift-off noise external to the aft portion of the booster was estimated
from empirical considerations to be 169 dB (0.82 lbf/inz), and the transonic
buffeting near the booster-orbiter interface, 155 dB (0.164 1bf/in2). The most
significant excitation ends before appreciable heating of the insulation ccuurs.
Peak noise external to the orbiter is estimated to be 0.33 lbf/in2 (161 4B), at
lift-off, decaying to 0.13 lbf/in2 (153 dB). Because use of internal insulation
is expected to be primarily in the orbiter, the maximum power available from the
test equipment (156 dB) was considered a reasonable average simulation for evalua-
tion purposes. It was assumed that the mated vehicles would pass through Mach 1.0
at about 30 seconds, after which time the vehicles would be essentially free of the

acoustic noise field.
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Reentry acoustic excitation for the orbiter is estimated to be 113 dB (0.0013
lbf/ingﬁy or less than 0.27 of that occurring during launch. This peak occurs
about 10 minutes after peak reentry heating (low cross-range) when the surface
temperature has cooled considerably. The estimate for noise level during reentry
was based on data from the ASSET reentry (Reference 1) and from the NASA-Langley wing
stall flutter and buffet response study (Reference 2).

The acoustic noise spectrum specified for test purposes is shown in the table

below, and was applied for 150 seconds in each test, representing 5 launch cycles.

RANDOM ACOQUSTIC NOISE SPECTRUM

Octave daB Tolerance
Band Re 0.002 dB
Hz dynes/cm2
rms
23.8 - 47.2 133.7 +6, -2
47.2 - 92 139.3 +6, -2
94 - 188 142.7 +5, -1
183 - 375 146.8 +4, -1
375 - 750 150.7 +4, -1
750 - 1500 144.0 +5, -1
1500 - 3000 139.7 +6, -2
3000 - 6000 133.2 +6, -2
Overall 154.0 +4, -0

The noise source consisted of a Wyle WAS-3000 airstream modulator coupled to
an exponential horn having a 50 Hz low frequency cut-off. The modulator was
rated at 10,000 acoustic watts. A general view of the acoustic test arrangement
is shown in Figure 1. The 20 inch dimension of the specimens was purposely placed
in the wvertical plane to simulate launch orientation and which provides for repre-
sentative excitation and resultant settling of the insulation.

The acoustic spectrum and power level achieved during testing was monitored
with a reference microphone. Representative data is shown in Figure 2 along with
the tolerance permitted under the approved plan. A traverse across the opening of
the exponential horn indicated that the spectrum-power level was uniform across
the face within the tolerance band.

3.2 Vibration

As stated previously, vibration response of the shuttle structure during

launch and reentry is primarily caused by the acoustic pressure acting on the
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external surface. Based on predicted acoustic loads the random vibration spectrum
shown in the table below was used in the program. The vibration load was applied

O

Ty
a1

150 seconds in each test, representing 5 launch cycles.

RANDOM VIBRATION SPECTRUM

20 - 200 cps +6 dB/octave
200 - 600 cps 0.25 g2/cps
600 - 2000 cps -6 dB/octave

The wvibration test equipment consisted of an MB/C25 HB electromagnetic
exciter powered by a 20 KVA Ling amplifier. The signal to the amplifier was wide
band random with the power spectrum shaped by a filter set (MB-388) having constant
bandwidths of 25 cps over the range of 20-2000 cps. In operation, the specimens
were oriented with their principal surfaces in the vertical plane, with the primary
axis of excitation at right angles to the surface of the insulation specimens as
shown in Figure 3. Accelerometers mounted at the fixture attachment face were used
to monitor excitation levels at wvarious locations on the test fixture.

The vibration spectrum (Figure 4) was within tolerance except for a resonance
at 1300 cps, and antiresonance at 1450 cps. Transmissibility plots indicated that
the response was fairly uniform across the face of the fixture, and thus each
specimen was subjected to essentially the same spectrum. It was not believed that
the resonance adversely affected the validity of the test results because the
motion was uniformly applied to all test specimens, and because of the design of
the test specimens, high frequency fesponse was expected to be drastically attenu-
ated. Cause of the resonance was traced to the shaker armature. It was impracti-
cal to change to another shaker or to remove the armature from service as
unacceptable delays would have been incurred in the test program.

3.3 Thermal

There is a wide range of time-temperature histories possible by virtue of the
various shuttle entry trajectories, vehicle stations and configurations. For the
purposes of this program, one general time-temperature profile was selected that
would adequately test the response of the insulation to its environment, be
reasonably representative of current and foreseeable heat pulses, and be economical

in time as many repetitive cycles were required in the test program.
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TEST SPECIMENS IN VIBRATION TEST
(AFTER 30 CYCLES) Figure 3
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From an insulation materials viewpoint, the precise shape of the thermal
pulse is not as important as the time at or above various temperatures. The
initial heating rate should also be representative of the actual thermal shock the
insulation will experience in service. By utilizing a generalized time-temperature

profile that is not unique to any specific trajectory or body station, insula-

An extensive analysis was made of the various heat pulses that would be
encountered by shuttle orbiters, and which provided a basis for a simplified thermal
profile for test purposes. This profile was most strongly influenced by the long
cross-range delta orbiter. Details of this analysis are reported in Appendix A,
Because of practical considerations, the resultant profile was shortened by about
400 seconds during the cool-down phase to provide the profile shown in Figure 5, and
which was used for testing. The reason for shortening the time was to reduce the
total time required for cycling. This also provided an additional dividend in that
the total heat input to the specimens was reduced at a noncritical temperature,
additionally reducing the necessary cooling time after the heat input is terminated.
The length of time required for the interior of the insulation to cool before it
can be recycled is a very significant portion of total test time. To recycle a
thermal test before the interior of the insulation had cooled sufficiently would
result in progressive buildup of temperature in the interior of the insulation,
distorting its thermal response.

It has not been possible to define closely the ambient pressure of the atmos-—
phere surrounding the insulation, due to lack of adequate data on heat shield air
leskage rates. Prior to entry into the atmosphere, the insulation will be in a

high vacuum environment, and the pressure environment external to the vehicle will

build up at a slower rate than the thermal pulse. However, the rate at which the
increased air density penetrates the interior of the vehicle cannot be predicted

accurately at this time. For test purposes, we have utilized a constant pressure

The test equipment for thermal testing was essentially a heated superalloy
metal paﬁel radiating to the test specimens within a vacuum chamber. The heater
consisted of 24 graphite strip heaters wired in series-parallel, radiating to an
Inconel plate which simulates the radiative TPS (a coated columbium plate was used
for 2200°F tests). The Inconel plate also closed off the graphite heater cavity

from the specimen area. The graphite heaters were bathed in nitrogen to prevent
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oxidation, while the specimens were in a positive flowing air atmosphere to permit
oxidation of the metal foil packaging. The interior of the heater cavity was
chrome plated to reduce losses, and also water cooled for protection. Figures 6
and 7 show the heater before the radiant susceptor plate was mounted. The suscep-
tor plate (simulated TPS metallic heat shield) was mounted in a water cooled pic-
ture frame with an area slightly larger than the test area exposed (Figure 8). 1In

operation, the specimens in the test fixture are suspended over the radiant panel.

Figure 9 shows the fixture and test specimens in place above the radiant panel with

b

some of the edge insulation removed.
The thermal test was run in a 5.5 ft. diameter vacuum chamber at 10 torr (air)

ressure. The time-temperature profile of the radiant panel was continuously con-

"

trolled by a function generator, with the temperature response cf the panel and of the
specimens sampled every 60 sec. and recorded on tape with a simultaneous digital
print-out. Automatic data plots were available for each cycle as desired. Views

of the chamber and instrumentation are shown in Figures 10 and 11.

It was recognized that the duration of the cool down portion of the thermal

o]

ycle would have an influence on the reproducibility of the thermal histories. If
the specimens were not sufficiently cool at the conclusion of one cycle, the suc-—
ceeding cycle would tend to "pump-up" the temperature of the insulation. To elimi-
nate preoblems of this nature, the internal temperature of the slowest cooling
specimen was monitored (in our first five specimens, this was the Flexible Min-K,
due to high density and low conductivity) and recycling was not initiated until

its temperature had fallen below 150°F. To expedite cooling during the temperature
decay period of the test, cooling air was introduced across the specimens. This
also resulted in a gradual buildup of air pressure within the chamber, which was
pumped out before the next cycle. A plot of the temperature history of Flexible
Min~K over the entire fifth cycle of the first sequence is shown in Figure 12. As
noted, the interior temperature of this specimen at initiation was just below 150°F.

other specimens at that time were about 70°F.

foet

B
ke

E

-~

3.4 Test Fixture

The test specimens were mounted in a test fixture and remained undisturbed
during testing. The test fixture with its five specimens was mounted on the
vibration table, acoustic horn, and on the heater in the vacuum chamber as an
assembly to avoid nontest damage. When mounted in the test fixture, the specimens

were held by both the upper and lower end tabs for the vibration and acoustic test,

11
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Insulation Materials
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but were held by only one set of tabs {(on the cool side) in the thermal test. The
test fixture, before mounting of the test specimens, is shown in Figure 13, and
after mounting the specimens, in Figure 14,

3.5 Test Specimens

The test specimens consisted of low densitv felts enclosed in thin gage metal
foil packages. The specimens were 3.85 inches wide, 20 inches long, and either
1.5 or 2.0 inches thick. The usual metal foil package was a simple box shape with
the hot and cool skins extended to provide tabs for mounting in the test fixture;

however, other package coufigurations were also tested, as described later. The

cool face of the box and the end closures were attached by spot welding. In many
cases the necessary widith of flat sheet for forming the boxes was obtained by seam
welding narrow strip. To permit the package to breathe during pressure changes in
the wvacuum chamber, holes, 1/16-1/8 inch diameter, were made in the cool face.
Initially four holes were used, later changed to 16. However, even the latter
number was not entirely adequate to prevent some bloating of the package during
pump down of the wvacuum chamber for thermal testing.

A photograph of representative packaged specimens is shown in Figure 15, and
the basic configuration in Figure 16.

Three thermocouples were installed in each specimen near the center. One was
about 0.1 inch from the hot surface, the second one at the center of the thickness,
and the third about 0.1 inch from the cool surface. The position of the thermo-—
couples has to be qualified because in inserting the thermocouples, there was no
assurance that they would not drift to one side or the other. After assembly,
the package was x-rayed to determine the final position of the junction.

The thermocouples were metal sheathed (Inconel), type K, 0.040 inch diameter
sheath with an exposed bead. During the course of the tests, the thermocouples
were a continuing problem. Frequent breakage of the exposed 0.005 inch diameter
wires at the bead occured, necessitating frequent removal and repair, and loss of
position information. Also, x~-rays at the conclusion of many cycles indicated
movement of the thermocouples away from their original location, even when not
disturbed by repairs. This negated much of the value of the temperature histories,
at least as far as making precise thermal efficiency comparisons.

The metal foil for packaging was in the range of 0.002 to 0.005 inches thick,
and was used as flat sheet, and also in texturized form for added rigidity. The
texturized form was achieved by passing it through corrugating rollers in two
passes, each pass at right angles to the other. The texturizing was performed by

15
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HITCO at Atlanta, Ga. Later in the program a dimpled form of foil was also used,

using a metal female mold and a rubber die,

18
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4.0 TEST RESULTS

4.1 Material Selection

For comparative evaluation of insulations the program was divided into three
temperature ranges, to evaluate those insulations and packaging materials believed
capable of satisfactory performance at temperatures up to 1800°F, 2200°F, and
2500°F. This division was the result of the characteristics of the materials and
of the temperatures encountered on the Shuttle vehicle. At 1800°F and below, the
silica and alumino-silica fiber based materials were expected to be usable for
long times without problems of devitrification. The 2200°F limit was expected to
be about the upper temperature capability of this same group of materials, depend-
ing on duration of exposure, and was also expected to be the upper limit for the
thin gage superalloy metal foil packaging. The 2500°F case was established by
vehicle peak temperature requirements.

Both flexible and rigid materials were to be evaluated. The flexible felts had
an inherent advantage, in that they were available at lower densities than the rigid
blocks and consequently may be more weight efficient, Whether this advantage would
continue to exist after exposure to the Shuttle enviromment was to be determined.
However, the potential weight advantage strongly influenced our selection of mater-
ials for testing. Initial selection also considered thermal conductivity, but unfor-
tunately, very little data was available (except for isolated examples) for conduc-
tivity at the reduced pressures and high temperatures at which Shuttle insulations
would operate. A technique was developed for estimating conductivity as a function
of pressure based on l-atmosphere data and has been issued as a separate report

(Ref. 3).

The insulations selected for the Initial Evaluation Tests were based on cur-
rent knowledge of available materials, coupled with results from a vendor survey.
Specific materials selected are listed in Table I.

The ultimate selection of insulations for Shuttle use will be based primarily
on minimum weight, of those shown capable of surviving the environment. During
this program, a study was conducted to determine the effects of insulation density
on the weight of insulation per unit surface area. As thermal conductivity usually
varies as an inverse function of insulation density (in this temperature and den-
sity range of interest), some potential tradeoffs were thought possible. This

study is described in Appendix B.
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TABLE I

INITTAL MATERIALS SELECTION

INSULATIONS
Fiberfrax paper 3 Carborundum Co.
Lo-Con Fiberfrax blanket, 6 1b/ft Carborundum Co.
¥-13 Fiberfrax block 3 Carborundum Co.

Thermoflex felt 3 lb/ft3
Thermoflex felt 6 1b/ft™
Dynaquartz block 4.5 lb/ft;
Dynaquartz block 6.2 1b/ft
Flexible Min-K

Min-K 2000 block 3
Microquartz felt 3.5 lb/gt
Microquartz felt 6 1b/ft
Dynaflex felt 3 1b/ft3
Dynaflex felt 6 1b/ft3
Dynaflex felt 12 1b/ft3
A-100 Refrasil Batt

Irish Refrasil Batt
Astroquartz Mat

HCF Block

Ceramic Fiber Block

Johns-~Manville
Johns-Manville
Johns-Manville
Johns~Manville
Johns~Manville
Johns-Manvilie
Johns~Manville
Johns-Manville
Johns-Manville
Johns-Manville
Johns-Manville
Hitco

Hitco

J. P. Stevens
MDAC-EAST
Eagle-Picher

The metal foils for packaging were selected on the basis of reported oxidation
resistance, and included Inconel 702, Inconel 601, Hastelloy X, and TD-NiCr.
Titanium A-70 was included as a package '"cool-side'" material, but was later dropped
due to problems associated with welding to the nickel base materials. For poten-
tial use above 2200°F, coated columbium was considered the primary (and possibly
sole) candidate, but has not yet been tested.

reliminary tests on' the candidate metal foils were conducted by exposing them
to cyclic temperatures to 2200°F at 5 Torr air pressure for 100 cycles. Results of
this test are described in Appendix C.

A summary of all test specimens, their cyclic exposure and reason for test ter—

mination is presented in Table II.

4,2 1800°F Tests - Five specimens completed 80 cycles of simulated Shuttle

missions, with peak temperatures to 1800°F. These specimens were:

20
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High Temperature REPORTYT MDC EQ44%

Insulation Materials Year End Summary 10 AUGUST 1571
As Tested
Insulation
Insulation Construction Thickness Density Packaging

@ nominal thickness 3
Astroquartz 11 layers 1.5 in. 1.57 1b/ft Inconel 702 - 0.002"
1 1b/£t3 @ 0.2 in. ea.
Flexible Min-K 3 layers @ 1.5 in. 14.8 lb/ft3 Rigidized Inconel
19.2 1b/ft3 0.375 in. ea. 702 - 0.005"
Microquartz 3 layers @ 1.5 in. 3.70 lb/ft3 Hastelloy X - 0,005"
3.5 1b/ft3 0.5 in. ea.
Dynaflex 1 layer @ 1.5 in. 2.82 lb/ft3 Inconel 702 - 0.005"
3 1b/ft3 1.5 in.
Refrasil A-100 12 layers @ 1.5 in. 5.46 lb/ft3 Hastelloy X - 0.002"
3 1b/ft3 0.19 in. ea.

From an external visual examination, the packages of the five 1800°F specimens
survived the 80 cycles of gimulated flight missions in good conditions. While
there was no severe wrinkling of the top surfaces (as occurred later in 2Z00°F
testing), there was frequent puckering at the side edges resulting in minocr rup-
turing of the foil. Details of the external appearance and the edge puckering are
shown in Figure 17. The rupturing or cracking of the foil always occurred at a
"pucker' and the crack was generally at right angles to the edge. The cracks wersa
most prevalent in Hastelloy X, especially the 2 mil thick foil. Inconel 702 had
fewer cracks, and the rigidized 5 mil Inconel 702 had none at all. Many of the
puckers/cracks were noted earlier in the testing, and while more occurred with sub-
sequent testing, the existing ones did not propagate in length. The cause of these
cracks is uncertain, but it is believed that they may be the result of fatigue
failures where response of the foil surface to acoustic loading is restrained by
the corner line of the package, combined with embrittlement due to heating and/or
internal oxidation. At this level of testing these effects do not appear to be
crippling defects.

The condition of the insulation material within the packages was cbserved by
cutting away one of the sides of the metal packages (Figure 18). The Refrasil A-100,
Astroquartz, and Flexible Min-K had not been significantly affected. However., the
3 lb/ft3 Dynaflex was found to have settled lengthwise, leaving a void cof about

3 inches of its 20 inch length, (the 20-inch dimension is vertical during

vibration testing), and with an increasingly dense felt at the other end of the

22
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SPECIMENS AFTER 80 CYCLES OF SIMULATED SHUTTLE ENVIRONMENT TO 1800°F
45711357 , Figure 17

23
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package. The appearance of the felt suggested that the settling of the Dynaflex
was primarily the result of vibration/acoustic exposure. This assumption was sup-
ported by results with Dynaflex at densities higher than 3 lb/ft3 in later tests at
2200°F, The settling was not detected during the course of the testing because the
thermocouples remained in the same relative position within the thickness of the
insulation.

The Microquartz had about a 1/4 inch void in its 20 inch length. 1In this
case, the void space was tapered with the maximum gap at the hot side of the insul-
ation. This would indicate shrinkage may have occurred as well as settling. A
closeup of the shrinkage/settling of Microquartz is shown in Figure 19.

The excessive settling exhibited by the low density Dynaflex was somewhat dis-
appointing as it had initially been considered a prime candidate due to its
expected temperature capability (2500°F) and low weight. However, the performance
of Astroquartz was encouraging in that such a low density material did not settle.
& thermal analysis (Appendix B) has indicated that within a single family of mater-
ials with varying densities, the lower densities provide the most weight effective
insulation. Should Astroquartz provide a density/thermal conductivity relationship
similar to Dynaflex or Refrasil, it will indeed be a strong candidate for a minimum
weight thermal insulation. Existing data on Astroquartz thermal conductivity was
limited to 3 1b/ft3 material, and it was comparable to 3-3.5 lb/ft3 Microquartz.

Temperature histories of the five materials at three thermocouple locations
within the insulation specimens during an early cycle are shown in Figure 20.

For purposes of detecting changes in thermal response, the temperatures at 15 minutes
into the thermal cycle were plotted as a function of number of cycles and are shown
in Figures 21, 22, 23, 24, and 25. On those occasions where a thermocouple failed
due to acoustic or vibration loads (usually fracture of the 36 ga wire extending
out of the metal sheath), the thermocouple was carefully extracted from the insula-
tion, the bead repaired, and reinserted. Slight differences in locations sometimes
occurred due to this procedure, as reflected by the temperature response. In those
cases, detailed examination was made of the temperature history of that thermo-
couple during the five preceding and subsequent individual cycles to determine the
temperature bilas caused by removal and reinsertion of the thermocouple. All sub-
sequent readings of that thermocouple were then corrected by adding or subtracting

the bias.
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At the conclusion of the 80 cycles, when the specimens were disassembled from

o+

N tes

he t fixture, it was noted that the leads of the cool side thermocouple of the
3 lbﬁftg Dynaflex had been bared by excessive heat (glass-insulated thermocouples
were used for the cool side) and shorted to the metal foil package. Examination of
thermocouple records indicated this occurred between the 15th and 16th cycles,

and subsequent data for that thermocouple were discarded as invalid.

The net temperature variations from the 5th and 80th cycles are tabulated

below.
TEMPERATURES AT 15 MINUTES INTO THERMAL CYCLE

Hot Side Cool Side AT
OF OF OF
Astroquartz 5th Cycle 1400 980 420
80th Cycle 1405 1090 315
Refrasil A~100 5th Cycle 1420 640 780
80th Cycle 1355 810 545
Microquartz 5th Cycle 1545 875 670
80th Cycle 1580 970 610
Dynaflex 5th Cycle 1560 1310% 250
80th Cycle 1545 1380%* 165
Flexible Min-K 5th Cycle 1390 320 1070
80th Cycle 1440 290 1150

*Center thermocouple (cool side thermocouple invalid after 15 cycles).

The location of the three thermocouples within each specimen was determined by
¥~ray prior to test, and after completion of the 80 cycles. However, it was not
possible to dimension the location of the measuring junctions with any great pre-
cision. Thermal analysis also indicated a considerable temperature variation with
changes of the order of several thousandths of an inch. The X-rays very clearly
showad a shift in the location of the thermocouples which could account for changes
noted above. It is for this reason that we are reluctant to ascribe the change in
AT to a change of the thermal properties of the insulation. The positions of the
thermocouples before the test and after 80 cycles, as noted from the X-rays are

shown in Figure 26,
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THERMOCOUPLE LOCATIONS

HOT SIDE
.
o @
b
T ¢
g
I 4 |
PRE TEST DIMENSIONS — | o cr TEST DIMENSIONS
INCHES REMARKS
a b c d b c d
DYNAFLEX 0 o074 | 074 ] 0.02 ] 05 | — | —  |HOT T/C SAWE POSITION

ASTROQUARTZ 0.22 { 049 | 0.75 | 0.04 | 0.6 0.45 | -0.4 |MIDDLE T/C STABLE PGSITION
FLEXIBLE MIN-K | 0.06 | 0.65 | 0.70 | 0.09 | NO CHANGE IN POSITION
MICROQUARTZ 0.02 | 0.65 | 0.58 | 0.25 | 1.0 -0.0 ALL T/C’S SHIFTED

REFRASIL A-100 | 0.15 | 0.60 | 0.72 | 0.03 0.60 0.34 HOT AND CENTER T/C SAME
POSITION COOL T/C SHIFTED.

NOTE: CHANGES IN T/C POSITIONS NOTED FROM SUPERPOSITION OF X-RAYS.

4571146
Figure 26
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4.3 2200°F Tests - The flight simulation tests with maximum temperatures of

2200°F were run in three major groups of specimens, and grossed 40, 55, and

5 cycles each. Within each group, individual specimens were occasionally substi-

3

tuted as defects became apparent.

.

4.3.1 First Group - The initial five test specimens for simulation with 2200°F

expsoure and two replacement specimens are listed below with pertinent details.

As Tested
Packaging
Insulation Construction Thickness Density Hot Side Cold Side
@ nominal thickness 3
Microgquartz Felt 3 layers @ 1.5 in. 6.25 1b/ft” Hastelloy Titanium
6 1b/ft3 0.5 in. ea X - 0.005" 0.005"
**Irish Refrasil 3 layers @ 1.5 in. 4.97 1b/ft3 Inconel Titanium
B-1376 - 3 1b/ft3 1.0 in. ea 601 - 0.005"
0.004"
Dynaquartz 1 layer @ 1.5 in. 6.14 lb/ft3 Inconel 601 - 0.004"
6.2 1b/ft3 1.5 in.
Dynaflex 1 layer @ 1.5 in. 5.61 lb/ft3 Inconel 702 - 0.005"
6 1b/ft~ 1.5 in.
*Thermoflex Felt 1 layer @ 1.5 in. 4.15 lb/ft3 Inconel Titanium
3 1n/£e3 2.0 in. ea. 702 -
0.002"
Dynaflex 1 layer @ 1.5 in. 9.60 lb/ft3 Rigidized Rigidized
12 1b/ft3 1.5 in. ea. Inconel Titanium
702 - 0.002"
0.002"
Fiverfrax F-13 3 2 layers @ 2.0 in. 17.5 lb/ft3 Hastelloy X - 0.002"
Block, 17 1b/ft 1.0 in. ea.
Note: *# Removed after 5 thermal cycles, package end plate burned out, replaced

with Dynaflex, 12 1b/ft3,

%% Separation of cold side (weld failure) at 20 cycles. Replaced with
Fiberfrax F-13 Block.

Failure of the package that contained the Thermoflex after the initial thermal
cycles was determined to be a fabrication error. Titanium was to be the cold side
only of this package, but was incorrectly used for the end plate‘also. The end

plates are spot welded to the lips of the hot side of the package where temperatures
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are in excess of the capabilities of titanium. Failure of the package containing
Irish Refrasil was caused by very poor spot weld quality in joining Inconel to
titanium, In this specific case, the greater thermal expansion at 2200°F was suffi-
cient to bow .the entire package, with subsequent failure of the weak spot welds on
the cold side. Future packages will not include titanium on the cold side,

At the end of 40 cycles with thermal exposure to 2200°F, serious degradation of
all the packages used in this test was apparent and testing was suspended. An
overall view of the test specimens at that time is shown in Figures 27 and 28. It
was thought from the condition of the specimens that the problem was the high thermal
expansion of the package at 2200°F, coupled with embrittlement of the metal foil at
that temperature. The interior of the specimens, with one side stripped away is
shown in Figure 29.

All of the metal foils had lost much of their flexibility, though the 5 mil
thick foils retained considerable toughness. The 2 mil foil, especially Hastelloy X,
was weak and fragile. While the transverse cracks at the edges were not as pro-
nounced as in the 1800°F test specimens, the foil surfaces had a very pronounced
hill and valley contour and a number of surface cracks occurred on the face. Peak-
to-valley depths ranged from 3/8 to 5/8 inches, and there was considerable differ-
ence in frequency of such deformation, texturized Inconel and plain Inconel having
less than Hastelloy X. Based on overall condition of the metal foils used, the
Inconel 702, 5 mils thick, displayed less damage than the other materials used.

This might have been the result of less embrittlement from internal oxidation, or
from other causes discussed in Appendix C,

The settling, previously noted on 3 lb/ft3 Dynaflex in the 1800°F test, was
much less with the higher density Dynaflex used in the 2200°F test. The 6 1b/ft3
Dynaflex settled about 0.5 inch out of the 20-inch length, and the 12 lb/fé:3 Dyna-
flex had only a negligible amount of settling. Some of the settling at these den-
sities was recovered as the materials apparently relaxed somewhat while awaiting
further examination. Microquartz felt at 6 lb/ft3 continued to exhibit lengthwise
shrinkage, and possibly a small amount of settling, The shrinkage amounted to
about 0.2 inch at each end of the specimen at the hot surface, and about ¢.2 inch
of settling over the 20-inch length. This 1s illustrated in Figure 19,

The Dynaquartz block had two major cracks completely through the block, and had
the block not been enclosed by the package, the insulation would have been completely

lost. This damage was undoubtedly due to acoustic/vibration loads. The Fiberfrax
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CONDITION OF INSULATION PACKAGES AT SUSPENSION OF TESTING
WITH THERMAL EXPOSURE TO 2200°F

4571147

Figure 27
37
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4571148 INSULATION PACKAGES AFTER 2200°F EXPOSURE

38

Figure 28
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INTERIOR OF INSULATION PACKAGES AFTER SIMULATED
FLIGHTS WITH 2200°F TEMPERATURE

457 1149

Figure 29
39
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F-13 block, which is a combination of refractory fibers and clay, appeared to lose
some of the clay filler in the hotter areas of the specimen, exposing some of the
fiber nodules. The Irish Refrasil was not affected by the test enviromment, and
as a result, may become the prime candidate for 2500°F service if its reputed tem=-
perature capability is confirmed.

4,3.2 Second Group 2200°F - Because of the wrinkling and cracking of the

metal foils experienced in the initial group of 2200°F specimens alternate design
approaches were prepared for the next group of specimens. These included:

o Heavier texturizing of the metal foil

o Use of dimpled foil

o Shingle construction of packages.

The texturized foil approach is similar to that previously used except the
corrugations in the foil are deeper. Dimpled foil was processed in our experimental
shop by milling spherical segment cavities in a metal block and using the block as a
die. The foil was pressed into the die by means of a rubber sheet in a press., In
indenting the foil, the metal is locally stretched and there is no reduction in
the overall length or width of the foil. The pattern of the‘dimples is shown in
Figure 30.

The third configuration was the shingle design shown in Figure 31. In this
design each individual section was 4.5 inches long, with a 0.5 inch overlap of
adjacent sections. The cool side panel was still a single piece, and adjacent
"roof sections" were spot welded together about one~third the height from the cool
side towards the hot side. Thus, the hot surface was relatively free to expand,
while a strong base was provided on the cool side.

The specimens included in the second test group were:

40

MCDORRNELL DOUGILAS ASTRORAUTICS CORMPARY «EAST



High Temperature REPORT MDC EO0449
Insuletion Materials Yeor End Summary 10 AUGUST 1971

N 0000000
0000000
D000 00 O
000000 PaL
D00 00 Yo

{
i

0.13"

—t 050"

0.25 RAD
/ P
N \', e Rz st R

DIMPLE PATTERN IN METAL FOIL

SPECIMEN
LENGTH

—

Figure 30

41

MCDONRNELE DOUGLAS ASTROMAUTICS COMPARY ~EAST



High Temperature . REPORT MDC E0449
Insulation Materials Year End Summary 10 AUGUST 1971

SHINGLE CONSTRUCTION

4571151 Figure 31
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Insulation

Refrasil A-100
3 1b/ft”

*Agtroquartz
1 1b/ft>

Dynaflex

2-2'" layers of

3 1b/ft3
compressed to 1.5"

Flexible Min-K
Microgquartz
3.5 1b/ft3

KEHCE 3
14,7 1b/ft

Irish Refrasil
A-100

Year End Summary

2200°F TEST SPECIMENS

Second Series

Installed
Densitz
3.56 lb/ft3

1.17 1b/ft>

6.8 1b/ft>

14.76 1b/ft>
3

3.61 1b/ft

17.7 1b/ft>

with coating

4.93 1b/ft>

% Removed after 20 cycles, replaced by HCF block

)

REPORT MDC E0449
10 AUGUST 1971

Packaging

Inconel 601, 4-mil
heavy texture

Hastelloy X, 2-mil
medium texture
shingle construction

TD-NiCr, 3-mil
shingle construction
(cold face Inconel 601)

Hastelloy X, 2-mil
shingle construction

Inconel 702, 5-mil
dimpled

M25A7 Coating

Inconel 601, 4-mil
dimpled

**Removed after 5 thermal cycles, replaced by Irish Refrasil A-100

At the end of 20 simulated flight cycles, the two mil Hastelloy X package

(shingle comstruction) containing Astroquartz, was removed from test due to deteri-

oration of the package and replaced with the coated HCF specimen. The shingle con-

struction had apparently performed its function in presenting lengthwise deforma-

tion of the Hastelloy X package; however, lateral expansion had occurred with the

rexturized foil and formed lengthwise creases.

the shingle segments to gap open.

This also caused the open ends of

Several holes appeared in the center roof segment,

and two sections of metal foil had been torn out, apparently by acoustic exposure

(Figure 32).

The HCF block which replaced the Hastelloy X - Astroquartz was installed prior

to the thermal test, and was removed immediately following that test due to three
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0.002 IN. HASTELLOY X-ASTROQUARTZ AFTER 20 CYCLES TO 2200°F

4571152 Figure 32

44

MCDORRNELL DOUGILAS ASTROMAUTICS COMPARY ~EAST



High Temperature REPORT MDC E0449
Insulation Materials Year End Summary 10 AUGUST 1971

cracks ccompletely through the block, from hot to cold side (Figure 33). Review of
the thermocouple data indicated that the failure occurred in the first thermal
cyele, It was also determined that the HCF had been improperly installed which may
have contributed to its failure. For mounting on the test fixture, 0.030 inch thick
stainless steel tabs had been bonded to the cool side of the block with a silicone
adhesive, To accommodate thermal expansion, the screws through the slotted holes

in the tab were to be loosened for thermal cycling. However, only the screws at one
end were loosened and there were indications that the expansion exceeded the move-
ment available. '

The HCF block was replaced with the Irish Refrasil A-100 packaged in dimpled
Inconel 601 (4 mil), and testing continued. At 55 cycles on this group, testing
was halted due to gemeral deterioration of the packages (Figure 34), with one sig-
nificant exception. The exception was the 3 mil TD-Ni-Cr package contalning Dyna-
flex, and which was retained for additional cycling with the next group. The
Inconel 601 was badly wrinkled, and in one specimen, a small section had been torn
out., The Hastelloy X was extremely weak and easy to tear.

The condition of the insulation within the packages is shown in Figure 35.

The Flexible Min-K, Refrasil A-100, Irish Refrasil A-100, and Astroquartz showed
no appreciable degradation. However, Microquartz at 3.5 lb/ft3 nominal density
ad shrunk 0.5 inch of its 20-~inch length.

4.,3.3 Third Group ~ 2200°F ~ Because restraint of the hot side of the pack-

age by the sides appeared to be contributing to the wrinkling and deformation of
the packages, two alternative designs were assembled for testing with the third
group of test specimens. These new designs incorporated a "floating'" top which
would be relatively free to expand and contract with minimum restraint. Sketches

of these degigns are shown below:

e ——— .
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25 CYCLES (EXCEPT HCF)
2200°F SECOND SERIES
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SECOND GROUP OF SPECIMENS EXPOSED TO PEAK TEMPERATURE OF 2200°F

DURING MISSION CYCLING. 55 CYCLES EXCEPT WHERE NOTED

457-1155 Figure 35
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Both of these packages contained Aétfoquartz Mat; however, one also included a

single sheet of 2 mil Hastelloy X about 0.3 inch from the hot side, sandwiched

between layers of Astroquartz.
would sharply reduce the conductance of this very lightweight insulation.

specimens (see table below) included:

The purpose was to determine if a radiation barrier

Other

a double width specimen to gain an early

indication of width effects in evaluation; an HCF specimen; and continuation of

testing of the TD-NiCr package.

Insulation

*Dynaflex

2 «~ 2 inch lavers
of 3 1b/ft3 com-
pressed to 1.5 in.

#**Coated HCF
14.9 1b/ft3

Astrogquartz
1.0 1b/£t3

Irish Refrasil A-100

Astroquartz

1.0 1b/ft3 with
Hastelloy X
Radiation Barrier

2200°F SERIES

THIRD GROUP

Thickness Density
1.5 in. 6.8 1b/ft>
2.0 in. 18.3 1b/ft>
with Coating
2.0 in. 1.13 1b/ft>
1.5 in. 7.53 1b/ft>
. 3
2.0 in. 1,69 1b/ft

®*Continued in test from second group.
#%Cracked into two pieces in first five thermal cycles.
Astroquartz with radiation barrier..

49

Packaging

TD-Ni-Cr, 3 mil
shingle construction
(cold face Inconel 601)

M25A7 Coating

Inconel 702, 5 mil
slide-on 1id

Inconel 601, 4 mil
dimpled

double width specimen
Inconel 702, 5 mil

dimpled
free box-1id

Replaced with
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In previous testing groups, vibration testing had been alternated with acou-
stic testing, In the third group at 2200°F, due to a planned shut-down ¢f the air
supply for the air stream modulator it was desired to obtain multiple acoustic tests
early, and vibration tests later in the sequences. As events turned out, the tests
were terminated prior to the shutdown of the acoustic facility, and all cvcleg were
with acoustics only.

A total of 45 cycles were completed on this group when it was deemed unproduc-
tive to continue testing (Figure 36). The TD-NiCr package at this time had accumu-
lated a total of 100 cycles and was still in excellent condition (Figure 37). It
did not have the severe wrinkling and deformation of the hot surface which was
characteristic of the Inconels and Hastelloy X at this temperature. The metal foil
also remained flexible after exposure. On one roof section there were two compres-—
sion scallops, the cause of which is uncertain. The packages with "free-floating”
tops successfully eliminated the severe creasing that had normally occurred with the
particular metal foil in 2200°F testing. However, package integrity suffered. The
slide-on 1id permitted the sides of the box to be deformed inwardly at the top during
the thermal test as much as 3/8 inch on a side. This was believed caused by repres-
surization of the vacuum chamber after each thermal cycle. The box type 1id on the
other specimen, however, did not exhibit a similar characteristic. Its problem was
frequent failure of the spot welds that joined the bottom of the hold-dowyn tabs to
the box.

The double-width specimens had the characteristic creases and folds that
Inconel 601 had displayed in earlier tests of this temperature. There appeared
to be no aggravation of the problem by the larger size, nor any relief.

The Dynaflex used in the TD-NiCr package was 3 1b/ft3 material compressed to
6.8 1b/ft3 (it had been intended to provide an 8-9 1b/ft3 insulation - as an inter—
mediate range between the previously tested 6 1b/ft3 and 12 1b/ft3), and which was
found to have compacted about 0.75 inch (of the 20-inch length) at one end. As in
previous cases with Dynaflex, this was due to vibration/acoustics. The Irish
Refrasil A-100, and Astroquartz insulations were not affected.

The effectiveness of the Hastelloy X radiation barrier in the Astroguartz
specimens was evaluated by comparison of the temperature difference between the
hot and cold thermocouples at the time the respective hot thermocouples reached
their peak, and again when the cool thermocouples peaked out. For both specimens
(one with the radiation barrier, one without), these times were identical. Because

the thermocouples were in the same relative positions within the specimens and
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Year End Summary

ASTROQUARTZ WITH o
RADIATION BARRIER. IRISH REFRASIL A-100

INCONEL 702-5 ML
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6.8 PCF DYNAFLEX

3 ML TD-NiCr

Specimew

-5

THIRD GROUP OF 2200°F MISSION SIMULATION AFTER 45 CYCLES

45711456

(100 CYCLES FOR TD-NiCr)
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F

AK TEMPERATURES OF 2200°

| =

TD-NiCr PACKAGE AFTER 100 CYCLES OF SIMULATED MISSION CYCLING WITH
PE

457~1157 Figure 37
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identical distances apart, a reasonable assessment can be made. Data were taken at
the fifth cycle of the first thermal exposure of each specimen. Because neither

specimen had been exposed to acoustic or vibration exposure at this time there was
good assurance that the thermocouples had not shifted position since original mea-

surement by X-ray. The data from this comparison are:

Hot-Side Peak Cool-Side Peak
Astroquartz without Shield
Hot T/C 1952°F 1941°F
Cool T/C 1357°F 1366°F
Temperature Difference 595°F 575°F
Astroquarts with Shield
Hotr T/C 1974°F 1965°F
Cool T/C 1311°F 1334°F
Temperature Difference 633°F 631°F

The Astroquartz with the radiation shield showed an average of 62°F greater
temperature drop at these two times, demonstrating that the radiation shield was
effective, However, it is questionable whether the weight penalty justifies the

difference. A single sheet of Hastelloy X, 2 mil thick, is essentially equivalent

in weight to an additional thickness of 1.0 inch of Astroquartz.
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5.0 RIGIDIZING OF FELTED INSULATIONS

An exploratory development was conducted on the rigidizing of prefelted fibhrous
insulations as an alternative approach to rigid blocks. The development of block
insulation by wet mixing loose fibers and binders (such as tlhie HCF process) was
covered by a separate contract (NAS 9-11221), and duplication of that effort was
intentionally avoided.

The process studied here was to impregnate a felted insulation with a refrac-
tory binder, and dry to a rigid block. For convenience, the felt used was Dynaflex,
partly because of the high temperature éapabilities of its fibers, and also becaise
it was available in a wide range of densities.

The following binder systems were studied:

Ludox - Colloidal silica sol

Syton - Colloidal silica sol

Ethyl silicate P-40

Ethyl silicate P-20 (alcohol stabilized)

Positive Sol - colloidal silica, A1203 stabilized

Alon - colloidal A1203

Aluminum phosphate

Lithium polysilicate
In order for the binders to wet the felt it was necegssary to add a small amount of
wetting agent to the binder. Triton X-100 was used for this purpose. The wetting
agent was necessary whether or not the original binder in the Dynaflex had been
burned out.

Felts of 3 1b/ft3 density, after soaking in binder collapsed on removal. Blocks
formed from felts of 8 - 12 lb/ft3 density, allowed to gravity drain and oven dried,
were more substantial. However, difficulty was encountered in securing uniform

blocks; binder gradients and nonwetted areas were persistent problems.
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Vacuum—assisted drainage of binder (from bottom side) was unsuccessful with
low density felts (3 lb/ft3) as the pressure gradient collapsed the feit. TFelts
of 8 1%/ft3 were slightly compressed, and 12 lb/ft3 was dimensionally stable.
The latter could be dried to provide final densities of 15 +2 lb/ft3. However,
uaiformity of impregnation was poor, resulting in highly variable properties through

the thickness of the felt.

3

All of the silica binders produced fairly strong felts. The Ludox, Syton and
Positive 5ol were easy to process and could be recycled. The ethyl silicate
required more complicated processing and was not reuseable. Positive Sol provided
good strength and powdered less than the other binders when dried. The colleidal
alumina (Alon) provided no significant strength, and blocks impregnated with Alon
were very soft and friable. Both aluminum phosphate and lithium polysilicate
attacked the fibers chemically.

To the extent that the process was studied here, this approach to make rigid
blocks from prefelted blankets or matts, does not appear promising, and at this
point in development, is several years behind the development of HCF. Because of
the more advanced state of development of HCF, the approach described herein to
make rigid blocks was suspended. The development of HCF, however, is continuing

under separate contracts.

55

AMICIDONNELL DOUGILAS ASTRORMNAUTICS COMPARY «EAST



High Temperature REPORT MDC ECA449
Insulation Materials Year End Summary 10 AUGUST 1971

6.0 FOLLOW-ON PROGRAM

The basic program has been extended for an additional 12 months studv. Prin-
cipal subjects to be investigated are:

Vent requirements for packaged insulations;

Moisture accumulation and means of preventing it in packaged insulations;

Evaluation of insulations for 1000°F peak temperatures;

Testing of large flight configuration specimens;

Limited development on HCF block insulations as an internal insulation.
In addition, further preliminary evaluation tests (such as those described Iin this

report) will be conducted at 2200°F and 2500°F.
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7.0 CONCLUSIONS

Based on the tests conducted to date, the following observations can be made
as to the utility of these materials in Shuttle service.

7.1 Metal Foil Packaging

For service to 1800°F, the Inconel 702, Incomel 601, or Hastelloy X may be
used, with a slight preference for Inconel 702. The 2 mil foil appears adequate
and is desirable from a weight standpoint. Small cracks and puckers at edges of
the hot side occurred for all alloys; however, there was no compromise of structu-
ral integrity and only waterproofing was affected.

For service to 2200°F, TD-Ni-Cr is the only metal of those tested which pro-
vided adequate service beyond 10 reuses. All the other superalloys tested exhibi-
ted excessive wrinkling and oxidation embrittlement.

7.2 TInsulations

Astroquartz - Capable of 2200°F service. Very lightweight, may require exces-
sive thickness. Data not available on conductivity at high temperatures at 1
lb/ft3.

Microquartz - At 1800°F a small amount of shrinkage occurred which is probably
tolerable. At 2200°F, the shrinkage/settling increased to what may be a critical
amount.

Dynaflex ~ Disappointing performance, as it was expected to be a prime candi-~
data due to its temperature capabilities. Unsatisfactory at 3 1b/ft3 due to exces-
sive settling; 6 1b/ft3 is borderline; 12 lb/ft3, satisfactory. Latter could pos-
sibly be used at 2500°F with only a slight weight penalty.

Dynaquartz - Unable to withstand mechanical loads without cracking.

Refrasil A-100 - Satisfactory for use to 2200°F. However, difficult to achieve

nominal density in practical use. Could lead to problems in estimating total weight.

Irish Refrasil A-100, Irish Refrasil B-1576 - Satisfactory for use to Z200°F.

May become principal candidates for low density 2500°F service.

Flexible Min-K - Satisfactory for use to 2200°F. Low conductivity, excellent

for volume~limited applications.

Coated HCF - Failure of coated HCF specimens was due to high thermal gradients
through the thickness. Thermal stresses in the coating on the specimen sides were
analytically determined to be on the order of four times allowable strength. Coat-

ing failure appeared to induce cracks in the HCF which resulted in complete failure
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of the specimens. The existing coating (M25A7) has an allowable tensile strain of
approximately 144 p in/in. A major objective of current HCF programs is to reduce
the modulus and increase the allowable strain of the coating.

Use of HCF as an internal insulation would most logically be in areas seeing
peak temperatures of 2200-2500°F, where its conductivity is competitive to soft
felts, and where its integral waterproof coating (when successfully modified) may
be more advantageous than the projected coated columbium packaging for soft felts.

7.3 Rigidizing of Felted Insulations - Rigidizing of prefelted insulation by

impregnation with a ceramic binder is not a satisfactory process at present. Non-
uniformity of wetting and distribution of binder in the final dried product are the
principal problems. The slurry method of forming blocks (such as HCF) is at a more
advanced state of development and is preferred.

7.4 Test Procedures - The test procedures employed in this program are

effective, economical means of evaluating insulations for Shuttle service.

Areas of possible improvement are: thermocouple measuring junctions which are
less susceptible to failure, and means to measure more accurately the position of
the thermocouples within the insulation, as well as to prevent theilr movement.
Future work will use sheathed thermocouples with measuring junctions enclosed

within the sheath.
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Appendix A

Entry Thermal Environment for

Shuttle TPS High Temperature Insulations
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Entry Thermal Enviromment for

Shuttle TPS High Temperature Insulations

The thermal environments for eight Shuttle Orbiter entries have been analyzed,
and simplified temperature-time histories derived for the purpose of environmental
testing of high temperature insulations. The procedure used to obtain this data is
containad herein,

2, Thermal Environment

Analysis of entry trajectories investigated in previous Shuttle studies, and in

our current Phase B study, reveals that many different types of heat pulses are pos-—

[}
Bt
o
b

o

e with approximately the same peak radiation equilibrium temperature. Not only

ations in vehicle flight parameters and cross-range maneuver capabilities

heat pulse shape, but also vehicle angle of attack, flow field divergence,

station, and boundary layer turbulence. Figure A-1 summarizes the entry
trajectories currently probable for Shuttle Orbiters. Trajectory cross range is
the dominant characteristic which distinguishes the trajectories and is related
directly to duration of entry. The higher cross range missions are more severe on

the insulation due to higher total heat and longer time at temperature. Also

n Figure A~1 are aerodynamic heating parameters and heat pulse character-
istics which are discussed in succeeding paragraphs. Because trajectory evolution

~inue throughout the various phases of Shuttle development, it appears

I

extremely practical to deduce a simplified temperature-~time curve which is not
unique to a specific entry trajectory, but encompasses the severe elements of

any reasonable trajectory. The degree of simplification should be minimal so as to

uirements. With this as an objective, representative temperature-time curves

rime curves., These temperature-time histories (Figures A-2, -3, and -4) were

derermined in such a way that all local aerodynamic heating 1s rejected at each
instant during entry from the vehicle outer mold line by thermal radiation. All

remperatures were obtained considering 0.8 surface emittance and radiating to a

A-2
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cold sink. Trajectory "tailoring or shaping” was employed to restrilct vehicle sur-
face temperatures below a design temperature of 2000°F and 2400°F. This "tailoring"
is accomplished by banking the vehicle's 1ift vector. All of these temperafture-time
curves consist of an initial heat-up followed by an interval of modulating heating
prior to heating drop~off during latter stages of entry. The degree of heating mod-
ulation distinguishes the thermal histories. As can be seen from Figures &2, -3,
and -4, these histories fall into three categories:

(a) Surface temperature which peaks early during entry.

(b) Surface temperatuyre with two peaks - early and late.

(¢) Surface temperature which peaks late in {light.
The double peak has the greatest time at elevated temperature and correspondingly,
the greatest total heat for the same maximum temperature.

4, Method for Simplifying Heat Pulse

The "heat~up” for these three trajectories nominally takes 300 to 350 seconds.
In order to evaluate materials for thermal shock, the shorter "heat-up” time was
selected, This may be a little more severe thermal shock than may be flown; however,
the high cross-range trajectory (Figure A-1, column 1) has a 270 second heat-up.

First, the high cross-range entry (Figure A-1, column 6) was analyzed for a ch

o

rac
teristic 2000°F thermal history. The "time after heat-up" was tabulated from

Figure A-2 for the four vehicle statiomns (X/L = 0.1, 0.25, 0.5, and 0.75). The times
at, or above, a temperature were averaged for the four (X/L) stations to derive the
simplified temperature-time curve (Figure A-5). The heating rate corresponding to
this simplified temperature time integrated over the entry is 17000 Btu/fﬁzg which
compares favorably with the average of 16000 Btu/ft2 for Figure A-3. Also shown in
Figure A-5 is the envelope of most severe time at temperature (which would be at
most an additional 100 seconds).

The general aptness of Figure A-5 was tested by a comparison with the high
cross-range drawbridge entry. This is accomplished by working at a 2200°F maximum
surface temperature by adjusting aerodynamic heating factors for the Drawbridge
Orbiter. 1In addition, an all-laminar heating condition was imposed on the X/L =
0.75 vehicle station which produced a category (a) shape heat pulse necessary for
the comparison. The modified temperature-time curves for the "Drawbridge’ Orbiter
are shown in Figure A-6, and the corresponding times at temperature are shown in
Figure A-7. The data points in Figure A-7 suggest that the variation in time-at-

temperature diminishes at lower temperatures. The "average" simplified thermal

A-7
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histories for the Mark 1 and Drawbridge as shown in Figure A-8 are in close proximity
to one another. The heating factor for Mark 1 was increased to obtain 2200°F neces~
sary for the comparison. The close proximity of these twe curves further suggests
that adjusting the heating factor can describe thermal conditions for similar entries.
This is most likely restricted to entriee of approximately the same duration.

An interesting point, seen in Figure A-1, is a spread in total heat from 3340
to 44,400 Btu/ft2 for the entries investigafed. This factor of (8+) in total heat
correspondingly imposes a large variation inm wehicle insulation weight reculrements,
Also tabulated in Filgure A-1 are the time at maximum temperature, which shows that
high cross-range vehicles used to obtain the composite heat pulse have more time at
temperature during entry.

The net result from this comparison is a "composite temperature~time history,"
which is suitable for testing and general analysis. Figure A-9 is the culmination
of this heating pulse modeling and employs the composite curve with appropriate
design heating factors to achieve peak temperature of 2500°F, 2200°F, and 1800°F
which are suitable for evaluating performance of high temperature insulations.
Figure A-10 shows an expanded graph of the initial 300 seconds of heating. These
curves have the actual entry durations and simulate the time at temperature along
the lower surfaces of two Orbiters during entry. As additional Shuttle entries are
evolved, it would be advantageous to compare the time at temperature with the com-
posite curves. If significant changes are evident, the composite curves should be

updated.

A-T1
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Appendix B

‘Density-Conductivity Tradeoff Study
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Density-Conductivity Tradeoff Study

In a steady-state heat flow case, minimum weight occurs at minimum ko. For

most insulations that are available in a range of densities, while the conductiv-—

ty decreases with increase in density {(in the temperature range of interest), the
minimum kp occurs at minimum available densities using atmospheric pressure data.,
It has been shown however, (Reference 4) that when determining ko as a function of
ambient air pressure, the curves approach each other in value, and in some cases,
cross. This would indicate that higher densities might have more favorable kp
values under vacuum conditions than low density materials. This could alsoc be
advantageous in that higher density products usually have more desirable physical
properties,

Because of the general lack of thermal conductivity data as a function of
ambient pressure for most products of interest, we have developed a technique for
calculating such data. In comparing calculated results with the limited experi-
mental data available, agreement is excellent. This has also provided a valuable
tool to calculate the net heat transfer in Shuttle vehicle insulations with much
greater accuracy than previously, in that we can now include conductivity as a
function of altitude (pressure) as well as of temperature. It was the purpose of
this calculation to provide better guidance in the selection of insulations for
test purposes, and to determine whether emphasis should be placed on low density
or high density insulations.

In modeling the Shuttle heat transfer, a long cross-range delta Orbiter tra-
jectory was assumed, with a temperature peak of 2200°F. For calculation purposes,
Dynaflex felt was assumed to be the insulation, with densities of 3, 6, and 12 1bs/
fr”, The limiting factor was the resultant temperature of the cryogenic propellant
tank, and the data are plotted as weight of insulation per unit area for various
tank temperatures.

It is apparent from Figure B-1 that low density insulations will provide the

lowest weight insulation, though the density effect is not great.

B-2
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Appendix C

Oxidation Resistance of Metal Foils
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Oxidation Resistance of Metal Foils

Candidate metal foils were examined for oxidation resistance under the reduced

ressure they would experience in Shuttle reentries. The evaluation was performed

2yeiing specimens 1.5 inches wide by 4 inches long in an Astro Industries

©0-280 furnace at 5 Torr air pressure. Variable temperature as a function of

obtained by positioning of the specimens within the furnace and was pro-

 a programmed controller. The thermal profile used was that of the short
crosg vange Orbiter with a peak temperature of 2200°F. At the time of this test,
the short cross range Orbiter was the vehicle of primary interest.

At the conclusion of 10, 25, 50, and 100 cycles, the specimens were removed

and examined as follows:

(a) Photographs made of each specimen;
(b) Each specimen weighed to +0.1 mg;
{c) Each specimen was bent 180° around a 1,0 inch diameter mandrel to

evaluate ductility and note cracking or flaking c¢f surface oxide film;

(d) A 1/4 x 1/2 inch specimen was cut from each specimen for metallographic

examination,

{e) Specimens reweighed,

The alloys examined were:

Inconel 601 - 4 mil

Inconel 702 - 5 mil

Hastelloy X = 2 mil

TD-NiCy - 11 mil
Data from these examinations are presented in Table C-1.

Each of the specimens experienced weight gains as surface oxide films formed
during the reentry cycling. The TD-NiCr exhibited the lowest total weight gain
and the thinnest oxide film buildup of the four alloys. Substrate thickness
remained nearly constant through 100 cycles on the TD~NiCr and Hastelloy X, but
receded in excess of 1 mil on the Inconel 702 specimens. The latter also had the
thickest oxide film buildup. Internal oxidation was present in all the specimens
axcept Inconel 702, and was most severe in the Inconel 601.

Photomicrographs of these specimens are shown in Figures C-1, -2, -3, and -4,

All of these superalloys, with the exception of the TD-NiCr, displayed various

amounts of curling during the 100 cycles. However, as long as they remained

C-2
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ductile they were readily straightened and continued in test. 1In retrospect, this
may have been a key to theilr later unsatisfactory performance as packaging materials
for 2200°F service. The cause of the curling in the astro furnace tests could have
been due to: grain growth, residual stresses, preferential oxidation on cne side,
alloy depletion, incipient melting, or even thermal stresses.

The curling of the flat specimens was not restrained by specimen configuration.
However, when shaped into packages later, the restraint imposed by the specimen
geometry might have caused the considerable deformation that occurred in the packages
in the 2200°F evaluation tests.

Photographs of the furnace coupon specimens at the four stages at which they
were examined are shown in Figures C-5, -6, -7, and -8, It is interesting tc note
that curling was first noted in the following sequence:

Hastelloy X after 10 cycles

Inconel 601 after 25 cycles

Inconel 702 after 50 cycles

TD-NiCr No curling occurred
The notches in the specimens shown in Figures C-5, -6, ~7, and -8 were sections

removed for metallographic examination.

c-3.

MCDORNRELEL DOUGILAS ASTRORAUTICS CORMPARY ~EAST



*S9TIBPUNOQ
urexd sya ae 3snl q0u ‘TBIISqBU

a4 NnoYINOJIYY PIIINDD0 Y2 TUM
quasaxd sBM UOTABPIXC TRUIIIUT SWOG

*POIINOD0
UOT3BPIXO TeuIslul ou Lrruageddy

*SOTJIEPUNOg UlweIs
2y ul ATUTsWl PaJinod0 UOIYBPIXD

* 88 TJIBPUNOQ
urTeId ayg UT PIIINOI0 UOTLEBPTXO

UOTAePIXO TBUISIUT

gt 9%e WL

g0

(sTTW) WTTJ
SPTIXO 9o'Iang

SIDUNDTYT, °XBH

cTo’o
Zrto’o
¢to*o
ALY

¢h00°0
94000
#G00°0
95000

9£00°0
000" 0
2h00°0
ghoo "0

Q1000
gTo0"0
6T00°0
61000

ydea8oTTBIsH JI378WOID I

SEOUNDTYT, 91.I180NS

o

02000

Ammgogﬂv

ASTVF = ARVAAIOD STILNUROHALESY SYTDNOT TIFRIRNOTIN

passed
passed
passed

A@wvmmmwm
A@N@mmmwm

passed
passed

A@N@mmmmm

AMV@MMM@m
poassed
possed

passed
passed
passed

Amwvwmmdm

uoTenTeAl
£TTTATXSTA

LL61 15090V 01

°

*TTIOJ J0 Jafel opIXO JO JUTHOBID STQTISTA OU SUBSW Passed

26200
18200
L720°0
6020°0

LEROO
2700
TEHO "0
2420°0

€EIT 0
GHOT"0
¢eloo
90500

HHOT "0
£9L0°0
2660°0
GTHO 0

(sweasd)

uted 1yITepm
SATIBRTNIND

&vy0d DOW 1380434

=0

6911 - LGy

*qenp usaaf Jo L1Tauend TTeUg
*pPoUaLYITRBILS USUM POSEII)

‘qgnp Aexd jo Lq1quendb TTBUG

(uaBuaT ut ,G2T°0) 98pe 3' 2an3oBI] TTBUS

*pPauLlUITRILIS UM DPOSBII)

g g4 ¢

*SHL
- 00T SWoAYD~TaHOIN AL
- 06 SMOIYD-TIHOIN UL
- ¢z SWOIYD-TSMOTN AL

0T SWOIYD-TSNOIN AL

awoayud-TaYOIN AL
- 00T 20). Tsuoour
- 04 20L Teuoourl
- 6z 20, Tsuoour

0T 20/, Tsuooux

20, Tsuooul
- 00T TO9 Tauooul
- 06 TO9 Tsuodul
- G2 T09 Tauodul

0T T09 Tsuodul

T09 Tsuoodul
- 00T X KoTTo9s®H
- 06 X AoTToasBH
- ¢z ¥ LoTTeoas®BH
- 0T ¥ KoTToas®H
€lna- T 0 X Ko1Teg3seH
(sweal) goT04LD
1y3Tap JOo *oN LotTy
TeT3TUl

$T04 TYLIW NO ONITOAD AMINIIY 40 SLT1NS3Y 10 3718VL

\AgUEFSW %CW Lmu.wxw m.;u.:.wtuE :O:HQD,@:N

aangpiedus | ybiy



High Temperature REPORT MDC E(449
Insulation Materials Year End Summary 10 AUGUST 1971

10 CYCLES

25 CYCLES

50 CYCLES

100 CYCLES
500X
METALLOGRAPHIC SECTIONS OF HASTELLOY X Figure C-1

C-5

457 -1170

MCDORNRNELL DOUGLAS ASTRORAUTICS COMPARY »EAST




High Temperature REPORT MDC E0449
Insulation Morerials Year End Summary 10 AUGUST 1971

25 CYCLES
100 CYCLES

500X
METALLOGRAPHIC SECTIONS OF INCONEL 601

10 CYCLES
50 CYCLES

457 1171 Figure C-2
C-6

MCDONRELL DOUGLAS ASTRORAUTICS CORMPARY =EAST



High Temperature REPORT MDC E0449
Insulation Materials Year End Summary 10 AUGUST 1971

10 CYCLES 25 CYCLES

50 CYCLES 100 CYCLES
500X
METALLOGRAPHIC SECTIONS OF INCONEL 702 Figure C3
c-7

MCDORNRNELL DOUGILAS ASTRORAUTICS COMPARY » EAST



High Tempercture REPORT MDC E0449
Insulation Materials Year End Summary 10 AUGUST 1971

10 CYCLES 25 CYCLES

50 CYCLES 100 CYCLES
250X
METALLOGRAPHIC SECTIONS OF TD NICKEL-CHROME Figure C—4
c-8

PAICIDDORRELL DOUGLAS ASTRONAUTICS CORMPARY sEAST



High Temperature REPORT MDC E0449
Insulation Materials Year End Summary 10 AUGUST 1971
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APPENDIX D
TRADE NAMES

The trade names for many of the products referred to in this report are

identified below with their respective owners.

Dynaflex Triton

Dynaquartz Rohm and Haas
Microquartz Philadelphia, Pa.
Min-K

Thermoflex

Johns-Manville Corp.
New York, N.Y.
Astroquartz
J. P. Stevens
New York, N.Y.
Refrasil
Irish Refrasil
HITCO
Gardena, California
Fiberfrax
Carborumdum Co.
Niagra Falls, N.Y.
Inconel
International Nickel Co
New York, N.Y.
Syton
Hastelloy
Union Carbide
New York, N.Y.
Ludox
Positive Sol
E. I. duPont de Namours
Wilmington, Del.
Alon
Cabot Corp.

D-1
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