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INTRODUC TION

Tests were recently performed at Naval Aeronautics and Space Administration's
(NASA) Marshall Space Flight Center, Huntsville, Alabama, to determine the per-
formance of seven types of candidate protective/ablative materials. The abla-
tive, erosive, and thermal responses of these materials were examined. These
properties are important in the selection of materials to protect a region where
direct impingement from rocket motors during restrained or normal firings are
of concern. Because of the variable conditions under which ablative materials
must perform, no single type of material is well suited for all applications.
Certain areas, such as launchers or areas over fuel tanks, require highly insu-
lative materials. Deck areas may require less thermal protection, but because
of heavy traffic may need a durable material. In addition, the type of motor
and the geometry of the plenum, deck, bulkhead, etc., govern the thickness and
dimensions of the material to be used.

Most ablative-material testing done by the Navy has been performed as needed
and has been directed towards a special application. This method of testing
provides the basic information required to solve the specific problem but does
little to provide data that can be extrapolated to fit varied classes of problems.
This work is an initial effort to screen and classify candidate ablative materials
for general use and to create a broad base of experimental data that can be
applied to a large category of applications.

DESCRIPTION OF TESTS

GENERAL

Five tests were conducted using two different test plenums. Each test
utilized two Thiokol TOMAHAWK motors*, designated L and R, to simulate, at re-
duced scale, the launch of the space-shuttle vehicle. One ablative material
sample was placed under each rocket motor. The distance and angle of the
samples with respect to the rocket motors were different in each plenum. These
dimensions are depicted in Figures 1 and 2. The two plenum configurations are
shown in Figures 3 and 4.

MATERIALS

Ten samples consisting of seven different ablative materials were tested
between December 1978 and April 1979. These materials were generally classified

* The Thiokol version of the TOMAHAWK motor was not selected in competition
for TOMAHAWK production missiles. Hence, the data in this report do not
apply to developmental or production TOMAHAWK missiles. Motor data are pro-
vided in Appendix A.
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Figure 1. Location of Ablative Sample with Respect
to Motors in Plenum Configuration A
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Figure 2. Location of Ablative Sample with Respect
to Motors in Plenum Configuration B
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Figure 3.

Test Plenum A




Figure 4. Test Plenum B
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into three categories: low thermal conductivity charring ablators, low thermal

conductivity melting ablators, and high thermal conductivity subliming ablators.

As shown in Table 1, the majority of the materials tested were the charring
Several of these materials have been tested many times in the

ablator types.

past and have been shown to be good thermal protection materials.
materials and Fiberite MXB-360 are excellent thermal protection materials and
are being used or being considered for use for naval shipboard applications.
The Fiber Materials (FR-1) and HDFG are relatively new and have not previously
The Fondu-Fyre WA-1 is an ablative concrete that has been used
by NASA for many years but has not been considered for naval applications.

been tested.

PROCEDURE

The Haveg

The material samples were cut and machined to 12 x 12 x 2 in., with a

0.5- x 0.5-in. groove around the top edge.
weighed and gauged to ensure that the proper dimensions had been obtained.

After machining, the samples were

The

samples were then bonded to 15- x 15- x 0.125-in. steel plates and bolted in

the plenum.

ablative concrete was placed around each sample.
placed in plenum B before testing.

In order to provide additional support, a mixture of Fondu-Fyre
Figure 5 shows the samples

Table 1. Summary of Materials Tested
Ablative Thermal Type of
Material Composition Manufacturer Characteristics Ablator
41 Asbestos Haveg Insulator Charring
Phenolic
41N Silica Haveg Insulator Charring
Phenolic
MXB-~-360 Glass Fiberite Insulator Charring
Phenolic
MXBE-350 Rubber-Modified Fiberite Insulator Charring
Glass Phenolic
Fire Retardant Silica and Fiber Materials Insulator Charring
(FR~-1) Organic Resin
Fondu~Fyre Ablative Designed Concretes Insulator Melting
WA-1 Concrete
HDFG Carbon Carbon-Carbon Fiber Materials Conductor Subliming
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Thermocouples were placed in the last four samples tested. Four 0.125-in.

{ diameter holes were drilled in the back of each sample, and a 30-gauge chromel-
alumel thermocouple was placed in each hole in addition to one on the top surface
and one on the bottam surface of the samples. In order to minimize errors, the
holes were filled with materials whose thermal properties matched those of the
original material as closely as possible. The approximate depths, location of
the holes, and the dimensions of the samples are depicted in Figure 6.

After testing, the samples and all excess bonding material were removed
from the steel plate. The samples were then weighed and gauged on 1-in. grids
L to obtain maximum erosion depth and the data points necessary to draw erosion
contours. The average surface regression was estimated by placing the samples
in a calibrated water tank and measuring the total water displacement.

In addition to the temperature measurements made in the last four samples,
the chamber pressure was measured in each rocket motor during firing. Both
the pressure and thermocouple data were digitized at 40-ms intervals by NASA's
instrumentation group.

RESULTS

The experimental maximum erosion depths and total mass losses for each test
material are summarized in Table 2. Tests 1 and 2 were conducted in plenum
configuration A, while tests 3, 4, and 5 were conducted in plenum B. The two
motors used in each test are designated L and R. A comparison of the maximum
erosion depths and total mass losses of either Haveg 41 or 41N, which were tested
several times, shows that there was significant variation in the erosion of these
materials between plenum configurations A and B. This was expected since the
distance from the nozzle exit to the ablative sample, the angle of the sample
relative to the motor axis, and the side wall locations varied between the two
plenum configurations (see Figures 1 and 2). There was also significant variation
in maximum erosion depths and total mass losses between motors in the same plenum.
Upon examination of the plenum side walls, it was found that the exhaust plume
interacted with the side walls. Furthermore, the side walls on either side of
motors L and R were not identical in shape, thus causing a variation in the
exhaust flow between each motor.

The fact that Haveg 41 and Haveg 41N were tested several times allows
indirect comparisons to be made between all of the samples. These comparisons
are made easier by grouping the samples according to plenum and rocket motor
location as shown in Table 3. This table shows maximum erosion depth, percentage
mass loss, and the average surface regression for each material within the four
possible groups. The side walls of the plenums were refurbished between each
test; thus only small variations occurred within the same plenum between firings.
Comparisons can be made between each of the groups and thus a comparison of the
individual ablative materials. 1In addition, rocket motor chamber pressure data
were taken during each test and are shown in Appendix B. There was very little
variation in chamber pressure between motors.
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Table 3. Huntsville Data Grouped by Plenum and Motor

Maximum Average
Erosion Surface Mass
Plenum Ablative Depth Regression Loss
Confiquration Motor Group Test Material ~ (in.) (in.) (%)
L A L 1 1 41 0.879 0.356 16.0
2 MXB-360 0.807 0.397 16.8
R 2 1 41N 0.927 0.356 16.7
2 Fire Retardant 0.880 0.484 36.2
(FR-1)
B L 3 3 41N 1.399 ——— 24.5
4 Fondu-Fyre 1.435 0.768 28.9
WA-1
5 HDFG 0.425 0.230 8.0
Carbon
R 4 3 41 1.122 0.524 23.2
4 41N 1.122 0.548 21.6
5 MXBE-350 1.323 0.584 25.8

{ Furthermore, if it is assumed that the relative performance of each of the

' materials tested is independent of the test conditions (impingement distance,
angle, etc.), then a comparison of all of the materials can be made. For example,
Haveg 41 and 41N have the same maximum erosion depth for plenum configuration B,
motor R (group 4); therefore, their maximum erosion depth would be the equal if

(s they were both tested in plenum A, motor L, etc. With this assumption and the

‘ fact that 41 and 41N were both tested in group 4, the performance of all of the
ablative materials can be determined relative to either 41 or 41N. Table 4 shows
the relative erosion performance of each of the materials tested. The results
have been normalized with respect to the performance of Haveg 41N and are based
both on maximum erosion depth and total mass loss. The larger the value of the
ablative material's performance index, the less the material ablated. Based
on maximum erosion depth, the performance of the melting and charring ablators
is within 10 to 15 percent of that for Haveg 41N. Because of the vhcertainty
in the rocket motor exhaust environment, these differences are probably not
significant.

10




Table 4. Relative Performance of Ablative

Materials Based on Maximum Erosion
Depth and on Total Mass Loss

Relative Performance

Ablative Maximum Total Mass
Material Erosion Loss
HDFG Carbon 3.29 3.06
MXB-360 1.09 0.89
Fire Retardant 1.05 0.46
(FR-1)
41N ' 1.00 1.00
41 1.00 0.93
Fondu-Fyre 0.97 0.85
WA-1
MXBE-350 0.85 0.84

As shown in Table 4, the subliming ablator, HDFG carbon, erodes considerably
less than the other types of ablators and is approximately three times better
than Haveg 41N.

The performance of the ablative materials based on total mass loss in
general follows the same trends as that based on maximum erosion depth. An ex-
ception is the Fiber Material (FR-1) ablative. This material has a very high
total mass loss (relative performance 0.46), while its maximum erosion depth
(relative performance 1.05) is better than that of Haveg 4IN. This is caused
by a more even erosion pattern and partial decomposition of the FR-1.

This phenomenon can be explained by examining the average surface regres-
sion (total volume of material lost divided by the surface area) for the materials.
Using the average surface regression, the total mass loss can be computed based
on the virgin material density. For FR-1, the measured total mass loss was 5.69 lb;
the computed mass loss based on the average surface regression is 3.80 1lb. This
indicates that the remaining FR-1 material must have undergone partial pyrolysis
causing a decrease in density in some of the remaining material. All of the
other materials showed good agreement between the measured total mass loss and
the computed value based on the average surface regression.

11
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Erosion patterns for each sample were generated by a general-purpose
CalComp* contouring program using either 121 or 132 grid points. The results
of the calculations are shown in Figures 7 through 16. These figures are
oriented as they were in the plenum; i.e., top edge of the contour was nearest
the nozzle exit. Note that maximum depths in general occur on the side of the
sample nearest to the plenum side wall.

The temperature profiles for the last four samples tested are shown in
Figures 17 and 18. Only the profiles for the 0.125- and 0.50-in. depths are
shown in Figure 17. The exact depths of the thermocouples are shown on their
respective plots. Both materials in Figure 17 are excellent insulators; there-
fore, the temperature rise precedes the pyrolysis interface by only very small
times. Figure 18 depicts the results of the last tests in which one insulative
material, MXBE-350, and one high thermal conductivity material, HDFG carbon,
were tested. The results for the MXBE-350 curve are similar to those in
Figure 17; however, the HDFG carbon material exhibits a much different behavior.
Because of the high thermal conductivity of the HDFG, the heat is diffused
through the material at a much higher rate; therefore, temperature curves from
four in-depth thermocouples are plotted in order to show the temperature dis-
tribution in the material.

Average local ablative rates were obtained for plenum configuration B by
dividing the distance (AX) between the in-depth thermocouples by the time (At)
required for the point to reach the given temperature. This was done for Fondu-
Fyre WA-1, Haveg 41N, and MXBE-350. Since the temperature rise in these materials
occurs over a very short time (good thermal insulators), this value is very near
the material ablation rate. The HDFG did not ablate sufficiently to reach the
first thermocouple and the time rise time is a function of the depth at the
thermocouple; therefore, no ablation rate could be calculated. The ablative
rates between the first and second thermocouple for MXBE-350 and 41N were approx-
imately the same (0.071 in./sec) whereas the corresponding ablative rate for
WA-1 was 0.192 in./sec, approximately three times greater.

The ablative rates measured between thermocouples two and three were 0.085
in./sec for MXBE-350, 0.073 in./sec for Haveg 41N, and 0.119 in./sec for WA-l.
The results of the measured ablation rates are summarized in Table 5.

* California Computer Products, Anaheim, CA
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Figure 9. MXB-360 Contours from Plenum A, Test 2, Motor L
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Figure 12. Haveg 41 Contours from Plenum B, Test 3, Motor R
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Figure 13.

Fondu-Fyre WA-1 Contours from Plenum B, Test 4, Motor L
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Figure 14. Haveg 41N Contours from Plenum B, Test 4, Motor R
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Figure 15. HDFG Carbon Contours from Plenum B, Test 5, Motor L
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Table 5. Local Ablation Rates for 41N, WA-1, and
MXBE-350, Plenum Configuration B

Average
Ablation
Ablative Thermocouple Depth Time Ax At Rate
’ Material (in.) (sec) (in.) (sec) (in./sec)
- Fondu~Fyre
WA-1 Surface 0
0.319 1.66 0.192
0.319 1.66
0.249 2.10 0.119
0.568 3.76
41N Surface 0
0.220 3.11 0.071
0.220 3.11
0.290 4.00 0.073
0.510 7.11
MXBE-350 Surface 0
0.163 2.30 0.071
0.163 2.30
0.349 4.12 0.085
0.512 6.42
24




CONCLUSIONS

Although the test conditions could not be controlled as accurately as de-
sired, several useful comparisons and conclusions can be made from the re-
sults. HDFG carbon was the least eroded of the materials tested. Its mass loss
and maximum erosion depth were less than one~third of the next best material
tested. The HDFG is, however, a poor insulator and therefore may not be useful
in areas where maximum thermal protection is required.

MXB-360, Haveg 41, Haveg 41N, and Fondu~-Fyre WA-1l were approximately equal
in maximum erosion depth and total mass loss (within 15 percent). MXBE-350 was
slightly less effective. The FR-1 ablative compared equally well with the other

charring materials where ranked by maximum erosion depth. However, FR-1 lost
twice the total mass (percent) compared with Haveg 41N.

RECOMMENDATIONS

Although the results obtained in these tests were satisfactory, certain
changes should be made before the next series of tests.

The thermocouples were positioned so that only the 0.125~ and 0.50-in.
depths experienced a temperature rise. 1In the next series of tests, five
thermocouples should be located at 0.125-in. intervals to a depth of 0.625-in.

With the closer spacing, more accurate temperature profile measurements and
ablation rates will be possible.

In addition to relocation, the thermocouple type should be changed from
chromel-alumel to tungsten-rhenium. This change will allow the measurements

of material temperatures to be increased from a maximum of 2400°F to over
5000°F.

Heat flux transducers and radiometers should be used in the next series of
tests to obtain the heat transfer to the surface of the material.

These changes will yield more accurate data, thus increasing the accuracy
of the resulting calculations. The addition of the heat flux transducers will

allow the calculation of ablation rates as a function of the heat flux for all
the materials tested.
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THIOKOL TOMAHAWK

MODEL TE-M-416

MOTOR PERFORMANCE*

Burn Time**/Action Time, sec
Burn Time Avg. Cham. Press., psia
Action Time Avg. Cham. Press., psia
Maximum Chamber Pressure, psia
Total Impulse, lbf-sec
Burn Time Impulse, lbf-sec
Burn Time Average Thrust, lbf
Action Time Average Thrust, lbf
Maximum Thrust, lbf
NOZZLE
Initial Throat Area, in.?
Exit Area, in.?2
Expansion Ratio
Expansion Cone Half Angle, degrees
PRO PELLANT
Propellant Designation
Propellant Weight, lbm
Propellant Type

PRO PELLANT CHARACTERISTICS

Adiabatic Flame Temperature, °F

Effective Ratio of Specific Heats

* 60‘?, Sea Level
** Determined by the two-tangent method
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8.31/8.85

920

880

1,210
93,800
91,100
11,000
10,600

15,000

8.56
57.01
6.66

15

TP-H-3095

387.06

Aluminized Amonium Perchlorate
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5,953

1.16
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APPENDIX B
CHAMBER PRESSURE DATA

FOR TOMAHAWK TESTS
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Figure B~1. Comparison of Chamber Pressures, |
Motors L and R, Plenum A, Test 1
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! Figure B-2. Comparison of Chamber Pressures,
i Motors L and R, Plenum A, Test 2 {
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Figure B-3. Comparison of Chamber Pressures,
Motors L and R, Plenum B, Test 3
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Figure B-4. Comparison of Chamber Pressures,
Motors L and R, Plenum B, Test 4
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Figure B-5. Comparison of Chamber Pressures, Motors L

and R, Plenum B, Test 5
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