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' THERMAL PERFORMANCE AND RADIO-FREQUENCY TRANSMISSIVITY
OF CANDIDATE ABIATION MATERIALS FOR S-BAND ANTENNA
WINDOW AFPLICATION ON MANNED SPACECRAFT

By Donald J. Tillian and H, Dean Cubley
SUMMARY

A test progrem was conducted in the MSC 1.5 MW arc-heated facili-
to evaluate the thermal performance of ablation materiels having pote:.
tial application as radio frequency (RF) windows. These tests were
conducted in support of Contract NAS 9-8334 with Litton Industries fo.
the improvement of omnidirectional antenna operating characteristics
during atmospheric reentry. Since a full scale model of the Apollo
Command Service Module (CSM) was available for antenna tests, this
mockup was used as & basis for the tests. Test models were subjected
to heating conditions simulating the nominal lunar return trajectory
(AS-501) and the design trajectories, high heat load (HL-1) and high
heating rate (HR-1). RF measurements were made before and after the
arc jJet tests to measure attenuation effects due to the thermal degre-
dation of the materials under consideration. The test program demon-
strated that additional development is required in materials technolo;

to achieve an ablative system with both good RF transmission characte:

istics and thermal-structural integrity.
INTRODUCTION

The Apollo Commend Module S~band omnidirectional antenna systen:
consists of an array of four cavity-backed helical antennas which p:-
vide coomumications to distances of 2500 nautical miles or for any p-
iod in the mission when the high gain antenna cannot be used. Thesc
tennas spaced at 90° positions from each other are mounted on the ma.
imum radius of the spacecraft toroid section, as shown in figure 1.
Two of the S-band antennas located on the leeward side of the space-
craft are directly exposed to reentry heating conditions. The other
tvo antennas located on the windward side of the spacecraft are mount
under 0.7-inch thick window covers of Avcoat 5026-39M ablation materi:
During reentry from a nominal lunar return mission, the Avcoat ablato:
material windows form a char layer approximately O.3-inch thick which
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results in RF transmission attenuation on the order of %30 dB. An S-band
antenna improvement program was undertaken through Contract NAS 9-8334
with the Amecon Division of the Litton Industries to provide better com-
munication covarage between spacecraft-to~-ground installations,

A ground test program was implemented in the MSC 1.9 MW arc-heated
facility to evaluate the thermal performance of candidate sblation mate-
rials having good RF transmission characteristics. During this test
program, 18 ablation models were subjected to heating rate and heat load
conditions experienced during atmospheric reentry from a lunar mission.
Radio frequency transmission loss tests were conducted in the MSC antenna
renge facilities vefore and after the arc jet tests. The arc jet and RF
transmission test results are presented in this report.

TEST MODELS

The materials evaluated during this test program were Avcoat X-9010
with a density of 112 1b/ft5, Avcoat 480-1B with a density of 17 lb/fti,

and GE 1004AP with a density of 35 lb/ftj. The Avcoat materials were
proprietary products developed by the Avco Space Systems Division. The
GE 1004AP materisl was developed by the General Electric Missiles and
Space Division. The ablation materials were machined as 2-inch diameter
cylinders which were mounted in & 4-inch diameter blunt hemisphere
shroud of the Apollo ablator, Avcoat 5026-39 HCG. The antenna window
ablation materials were closed out by a fiberglas edge member, and
0.50-inch thick phenolic linen was used as the bask-up structure. A
chromel-alumel thermocouple was mounted to a 0.062-inch thick stainless
steel (type 301) plate which was bonded with RTV 560 to the ablative an-
tenna window materials., The test models were designed to simulate the
terials and close out members in the area of the existing Apollo S~band
antenna window covers. The test model configuration is shown in figure 2.
The ablative models were fabricated by the Amecon organization, and final
assembly was completed by personnel of the MSC 1.5 MW arc-heated facility.
Test models of Avcoat 5026-39 HCG ablation materials were also fabricated
for testing as the reference Apollo thermal protection system.

TEST APPARATUS AND CONDITIONS

Arc Jet Faclility Test Apparatus

The test program was conducted in the 1.5 MW arc-heated tunnel at
the NASA Manned Spacecraft Center. The tests were conducted with the
6-inch diameter conical nozzle of the 1.0 MW segmented constricted arc .
heater described in reference 1. Figure 3 shows the arc heater and asso-
ciated tunnel system of the MSC 1.5 MW arc-heated facility.
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Test Conditions

The predicted cold wall heating rate for a nominal lunar return
trajectory (501) is shown in figure 4. The step heating vulse con-
ditions selected to simulate the trajectory heating conditions for the
nominal lunar return tre.jectory (501} are also shown in figure 4. The
step heating pulse conditions for the design trajectories, HL-1 and
HR-1, ard the 501 simulation are tabulated in table I.

The heat transfer rates were measured Ly a Gardon gauge type sene
sor which was mounted in a graphite shroud having the same configura-
tion as the test model. Heat transfer rates are obtained from & meas-
urement of the temperature differential between the center and periph-
ery of the thin constantan sensor element. The heat transfer rate ca-
be calculated by the following v.q.ation:

. Lig KAT
=
R
vhere K = thermal conductivity of constantan (Btu/ft-°F-sec),

é = incident heat transfer rate (Btu/ft -sec), R = radius of the con-
stantan disc (ft), AT = temperature differential betweer canter and
periphery of the constantan disc (°F), and £ = thickness {ft) of con-
stantan disc.

.These instruments ar. normally calibrated by rs’ient erergy
sources in terms of millivoit output versus heat transfer rate.

The energy balance technique was applied in determining the mean
enthalpy level of the arc-heated stream during the model tests. Thise
technique requires the measurement of the puver into the arc heater,
the cooling water flow rates, water temperature rise through the arc
heater, and total gas flow rate. This process can be descr.ved by the
equation: : ’

.9h§ VI-m cp“‘am;
E, - :
: g

vhere C, = specific heat of wate {Btu/1b-°F), H, = average total

v
enthalpy of gas stream (Btu/lb), I = current (amperage), mg = cas flow

rate (1b/sec), ﬁv = wvater flw rate (1b/sec), V = voltage (volts),
AT, = wvater temperature rise (°F).
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Surface temperatures of the models were measured by en sutomatic \
optical pyrometer operating at a wavelength of 0.65 microns. These data
are presented in table I with the model test condition data. Impact
pressure measurements taken at the centerline of the arc-heated stream
with a pitot pressure probe are presented in table I.

TEST PROCEDURE

Arc Jet Test Procedure .

RF transmission tests of the model were conducted by Telecommunicéa-
tion Systems Division (TCSD) personnel prior to the arc jet tests. Upon
completion of the RF tests, weight and dimensional measurements were
taken of each model. The models were then installed on the insertion
arms in the 1.5 MW arc-heated tunnel. The test procedure followed dur-
ing the trajectory simulation tests was to start the arc heater, estab- ‘
lish the desired test conditions by insertion of the heat transfer rate
calibration model and pitot probe, and then insert the test model at the
required time sequence. Upon completion of the arc jet tests, - <t test
weights, dimensional measurements, and photographs were taken o. each
test model. RF transmission measurements were taken of all the test
models upon completion of the arc jet tests. The models were cross-
sectioned to determine the char thermal degradation depths upon comple-
tion of the RF tests,

RF Transmission Test Configuration

RF transmission attenuation tests were conducted on the 15 window

materials samples described in the preceding section. These tests were *
conducted by the TCSD in the MSC antenna range test facilitie's. The A
purpose of these RF transmission attenuation tests was to evaluate the -

performance of Avcoat X-9010, Avcoat 480-1B, and GE 1COMAP material as
possible CSM omnidirectional antenna covering material. The suitable
performance of one or more of these materials would allow a considerabhle
improvement in communications curing future space migsions.

The procedure followed in the test of these samples consisted of .
performing RF transmission attenuation and voltage standing wave ratio
(VSWR) tests before and after the exposure of these samples to the
various thermal environments. In order to make these tests as realistic
as possible, each test sample was mounted over an actual CSM antenna
mounted in a partial mockup of the command module. This test configura-
tion provided a sufficiently realistic environment for the test such
that the antenna patterns were almost identical to those on an actual :
spacecraft. Using this test configuration, a complete set of principal: '
plane antenna patterns was taken at the test frequency of 2287.5 MHz
prior to the exposure of the samples to the thermal environment. At the
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end of the recording of antenna patterns for each sample, a VSWR reading

was taken for each sample while the sample was still mounted in the test t
mockup. At the completion of this test, a reference set of patterns was

taken for an antenna mounted in the same test configuration but with the
covering material over the antenna removed, Following the completion of

the thermal tests on the samples, the entire test sequence was repeated

on all but three of the test samples. These three test samples were

composed of Avcoat X-9010 material which distorted during thermal tests

to the point where pattern and VSWR tests woul® have been meaningless.

TEST RESULTS AND DISCUSSION

Arc Jet Test Results

Jhe results from the arc jet tests are summarized in tables I end
II. Table I is a tabulation of the environmental conditions; table II
contains the model ablation data. Appearance of the materials before
and after testing is shown in figures 5 to 26. A convenient parameter
for evaluating the relative ablative efficiency of materials can be
evaluated from the experimental date in the following marner:

X
3 (£
o e|d

*

Q =

cw

DSV TIVRTGING (IR SV LV BRReIps PP ST

vhere ch* is defined as the cold wall heat of ablation (Btu/1b),
écw is the cold wall heat transfer rate (Btu/fta-Sec), and m is the
mass loss rate (lb/fta-sec).

The thermal effectivencss of the three candidate S-band window
materials for two steady-state heating conditions is presented in
figure 27. The thermal effectiveness of all three materials increased
with increased heat transfer rate conditions. The best thermal perform-
o i ance was exhibited by the GE 1004AP and Avcoat 480-1B low density abla-
Ce : tors. Similar performance can also be observed in figure 28 in which
- . the maximum backface temperature for the materials is presented for
‘ three test conditions. The backface temperature-time histories for all
of the test models are presented in figures 29 to 43. Over the range
of test conditions, the GE 1004AP and Avcoat 480-1B materials, which
were elastomers, formed comparatively strong and symmetrical char layers
with the Apollo ablator shrouds.

" E Considerable difficulvy was experienced in testing the Avcoat
R 3 X-9010,which was a celcon quartz material. Considerable thermal expan-
‘ sion of the Avcoat X-9010 material occurred during the arc jet tests,
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which resulted in several model failures. This problem may result from
the quartz fiber layout in the celcon quartz meterial.. It is possible
that significant improvement could be obtained by a random quartz fiber
orientation. .

Satisfectory thermal performance was demonstrated by all of the
materials for the high heating rate/short test time HR-1 simulstion.-
The performance of all of the materials with the present O.7-inch thick
ablator requirement appears marginal for the high heat load (HI~1l) tra-
jectory as ewvidenced by the high backface temperatures in figures 30,
38, and 41. urther investigations and analyses would have io be con-
ducted with a thermal model of the S-band antenna assenbly to fully
define this problem.

Based on the temperature measurements and model ablation perform-
ance, satisfactory thermal performance was exhibited by all three mate-
rials for the nominal lunar return trajectory (501). However, improve-
ment in the Avcoat X-9010 material is considered desirable, based on
the extensive warpage observed on the test models and feilures at the
higher heat load test condltlons

RF Test Results

[

The results of all of the RF tests were recorded either in the form
of antenna patterns on polar plots or VSWR readings. The RF test data
was reduced to the form of graphs as shown in figures 44 through 59.

RF tests before theirmal testing.- Figures 4% through 46 show the
relative gain of a CSM omniantenna versus the angle from the antenna
boresight. These graphs show gain for each of the three materials under

test relative to the same CSM antenna with the covering material revoved.

Figure 44 shows that the gain of the CSM ommiantenna covered with GE
1004AP material is greater near the antenna boresight angle than for the
uncovered antenna. The reason for this effect is that the covering
material exhibits & lens effect and tends to focus the pattern of the
omniantenna as compared to the gain of the uncovered antenna. This
effect is also evident in figure 45 end figure 46 for the Avcoat X-9010
material and the Avcoat 480-1B materisl, respectively. The results of
this focus effect can also be seen for the angles neer the plane of the
antenna tor all three samples. In the region near ‘90° from boresight,
the gain or the antenna under the sample is considerable less than that
for the uncovered antenns. The results of the VSWR tests on the three
different materials prior to the thermal tests indicated little if any
degradation ir. antenna performance as a result of the covering meterial.
In summary, the test results prior to thermal testing indicated that
any one of the three candidate materials would be equally acceptable
from an RF standpoint. :
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RF tests after thermal testing.- Figures 47 through 59 show the \
results of the RF tesling after the test samples were subjected to the
verious thermal environments described in the other portions of this
report. The gains given in these figures are also with respect to the
CsM omnipattern without a covering materisl.

Upon examination of the date displayed in figures 47 through 51.
for the GE 1lOOUAP material, one can see that a considerable deteriora-
tion in performence resulted from exposure to the thermal environment.
In general, the RF insertion loss of the material is in the range of
15 to 20 dB for all of the GE 1OOLAP test samples.

As mentioned previously, there was & problem with the Avcoat X-9010
material because of mechanical distortion during the thermal tests. Be-
cause of this distortion, only two of the five test samples were suit-
ble for RF testing following the thermal tests. Data from the two
Avecoat X~9010 test samples that did undergo RF testing following thermal
exposure are displayed in figures 52 and 53 for test models 7 and 8,
respectively. These figures show that the Avcoat ¥-9010 does in fact
exhibit very favorable electrical performance following thermel exposure.
The average insertion loss for both of these test samples is shown to
be only 2 to 3 dB over the portion of the antenna pattern that is of
ma jor interest.

. Figures 54 through 58 show the RF test date for the Avcoat 480-1B
material after therml exposure. These data indicate that the Avcoat
480-1B material performance is very similar to the GE 1O0MAP performance.
RF transmission attenuation for the Avcoat 480-13 is consistently in the
range of 15 to 20 d4B.

Figure 59 shows the VSWR readings for all of the three materials
by sample number fcllowing the thermal exposure. These data indicate
that acceptable VSWR recordings were obtained only for the Avcoat
X-9010 material. The VSWR recordings for this material were limited,
however, to samples 7 and 8 because of the mechanical failure ‘of the
other samples of this material during thermsl testing.

CONCLUDING REMARKS

Arc Jet trajectory simulation tests were conducted on three abla-
tors having potential application as S-band antenna window covers on
the Apollo Command Module. The elastomeric materials exhibited the
best thermal performance over the range of anticipated heating condi-
tions expected on the Se~band antenna windows during atmospheric reentry.
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The Avcoat X~-9010 was the only material which was acceptable from an

RF standpoint. However, structural instabilities which occurred during o\
the arc jet tests indicate that improvements in the Avcoat X-9010 mate-

rial are necessary. The test program demonstrated that additional de-

velopment is required in materials technology to achieve an ablative

system with both good RF transmission characteristics and thermel-

structural integrity. )
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TABLE 1.- MODEL TEST CONDITIONS

" -

Model
Test Heet Pitot surface
Model | Test |\ 4o.1a) i““i" Heat £13%) | tize, | load, Egt*"}}{,’y’ pressure, | tempera-
pumber | number tion Btu/rto-sec| sec 2 u atm ture, °F,
. Btu/ft ¢ = 1.0
1 51k ‘ GE 100% 501 5 50 3750 7900 0.0067 2890
0 300
' 35 100 3500 6400 .0060
. 2 515 GE 1004 | HL-1 75 120 9000 7900 0067 2950
k) 0 0 :

§ i 150 | 6150 | 6koo 0060 2770
i‘ 3 516 GE 1004 T 120 9240 7900 .0068 3020
’ 4 517 GZ 1004 | HR-1 245 ko 9800 | 11350 .0087
5 5 521 GE 1004 501 ™ 50 3750 7900 . 0067 3000
$ 30 100 3000 6200 .0059 )

% 6 | 512 Aveo 501 75 50 | 3750 | 7900 .0067 2750

i X-9010 0 300
% ks 100 4500 6400 . 0060

L 7 | 523 Aveo | mR-1 246 ko | oo | 11350 .0087 -

% X-9010 . '

- )

25 8 |.524 Aveo 76 120 9120 7900 0067 2800

X-9010
9 525 Aveo 501 > 50 3650 T900 0067 2880
X-9010 0 300

& ' 32 100 3200 6200 .0059
4 0 | 526 Aveo | H-1 M 120 | geko | 7900 .0068 279

X-9010 0 300

& 3 100 3400 6200 .0059
% n | 5135 |aveo | saa | 76 so | 3800 | 7900 0068 2040
$ 480-1B 0 300
s 200 4500 6400 . 0060

. "2 | 18 | Aveo 501 80 5o | booo | eooo .0069 2950
3 Leo-18 0 300 .

33 100 3300 6200 +0059
13 | 519 Aveo H-1 ™ 120 9000 7900 0067 2900
480-1B 0 365
33 150 bgso 6200 .0059
1% 520 Aveo . 78 120 9360 .| 7900 .0068 2920
480-18 I
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TABLE I.- MODEL TEST CONDITIONS - Concluded.
Model
Test | Heat Pitot surface
Model Test Simu- |Heat flux, Enthalpy
umber | mumber Material 1ation > time, | load, Btu/1b ’ Ipressure, tempen;;-
Btu/ft“-sec| sec 2 atm ture, °F
Btu/ft 2
e =1.0
15 521 Avco HR-1 24k bo 9760 | 11350 0.0087 3280
' 480-1B
16 509 Avco - 501 ™ 50 3750 T900 0067 2800
5026-39 45 100 ksoo 6400 . 0060 | —
HCG ) .
18 511 Avco 501 78 50 3900 T900 0068 2800
5026-39 0 300
HCG Ly 100 khoo 6400 .0060 —_—
]
19 522 Aveo HR-1 238 ko %20 | 11300 .0084 3510
o 5026-39 -
HCG
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TABLE II.~- MODEL ABLATION DATA

1l

number

Model

Materilal

~ Recession

(4n.)

Char
(in.)

Char plus
recession

(in.)

Weight
loss

()

VW O N9 NV W e

E 5

b

15
16

. ' 19

GE 1004
GE'lOOh
GE 1004
GE 1004
GE 100k
Avco X-9010
Avco X-9010
Aveo X-9010
Aveo X-9010
Aveo X-9010
Avco 480-1B
Avco 480-1B
Avco 480-1B
Avco 480-1B.
Avco 480-1B
Aveo 5026-39
Avco 5026-39
Avco 5026-39

0.045
.170
.oko
ATh
.025

+.02
.025

+.023
.00k
0
.09
.101
.162
121

+030
015
023

0.2k
Sk

0.285
.T10
330
.270
316
136
.182
.216
.2L8

10.6
23.5
9.6
7.6
10.4
20.1
11.3
19.8
3.3
2.9
9.9
1.2
9.9
9.6
6.1
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Figure 6.~ Photographs of Model 2 before and after arc Jet test.

%
S whapd na t Py o s LS LA SR % ST
fﬁﬁﬁ\#}ﬁ..ﬁ.&iﬁr%ﬂc&rﬁ F'_““‘Aﬁf%xiwmﬁ.&yfAu}\-&}#&igq:r gk i
LR . MR e g . R & O
R . .




[P
CRL s o MR e,

e R

erie

< d
i,

ERFENEE Y 4

P m

sy

R | OV PLTROr TR ORIGTE »

18
‘ < e g
D R atais o o r*f(
} et ‘%._m\ ;
l ).a"' L\ ,
\:', / - ? k S ’ jr
. C 8

g * g} »

N

L ' s I
1 ‘ N .
i . ’ 1 .'
o ] |
\& ¥ "
! -~ K4
, "
'!,!:!‘cl'l"‘.'z,':.'.x.:,‘ o 3! N I 4 :|A Vv ':"t,‘l‘ T ! .'1" "."“ . ‘l"‘-i"'
N A R R T R R R PR TR
(a) Before
L]
L]
fox . ST a0, , i i

. (b) .fter

Figure 7.- Photographs of Model 3 before and after arc jet test.
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Figure 21.- Cross-sectioned views of models 1, 2, and 3
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