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ABSTRACT

Design concepts for high temperature flush mounted Space Shuttl> Orbiter
antenna systems are discussed. The design concepts include antenna systems for
VHF, L-band, S-band, C-band and Ku-band frequencies. The S-hand antenna systen
design was completed and test hardware fabricated. It was then sub jected to
electrical and thermal testing to establish design requirements and determine
reuse capabilities. The thermal tests consisted of applying ten high tempera-
ture cycles simulating the Orbiter entry heating environment in an arc tunne !
plasma facility and observing the temperature distributions. Radiation pattern
and impedance measurements before and after high temperature exposure tere used
to evaluate the antenna systems performance.

The design approach is based on combining an RF window, wnich provides
thermal protection, with a conventional antenna. The antenna window design is
based on using the Orbiter thermal protection system insulation as the basic
window material. Alternate window design concepts are considered.

Layout drawings, supported by thermal and strength analyses, are given for
each of the antenna system designs. Maximum accessibility and minimum integra-
tion impact were stressed.

The results of the electrical and thermal testing of the S-band anterna
system are given. The test data shows negligible change in electrical per-
formance, and establishes the validity and reuse capabilitv of the design
approach.
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SUMMARY

Design concepts for high temperature flush mounted Space Shutt?~ Orbiter
antenna systems are discussed. The design concepts include antenna systems for
VHF communications, L-band TACAN and air traffic control, S-band communicationms,
C-band radar altimeter, and C- and Ku-band microwave landing systems. The
S-band antenna system design was completed and test hardware fabricated. This
hardware was then subjected to electrical and thermal testing. A breadboard
unit was fabricated for preliminary tests and the results used to complete the
design of a prototype unit which was subjected to multiple electrical and
thermal tests to determine the reuse capability of the antenna system design.
In the thermzl tests, heat was applied to the test unit surface in an arc
tunnel plasma facility, which simulated the Orbiter thermal environment, and
the temperature distributions measured. Radiation pattern and impedance
measurements were used to evaluate the antenna systems performance.

The design approach was based on combining an RF window, which provides
thermal protection, with a conventional antenna. The antenna window design was
based on using the Orbiter thermal protection system insulation as the basic
window material. Window design concepts were considered which can accommodate
alternate thermal protection insulation materials or other high temperature
dielectric materials.

Each of the antenna system designs were integrated into the Orbiter
structure. Maximum accessibility and minimum impact on the surrounding
structure and thermal protection system were stressed. The structural integra-
tion studies were supported by thermal and strength analyses. Layout drawings
are given for each of the antenna systems.

The S-band antenna system design was supported by a detailed thermal and
strength analyses as required. A detailed thermal model was prepared to
predict temperatures throughout the antenna system for establishing design
parameters and comparison with test results.

The results of the electrical and thermal tests are given to demonstrate
the reuse capability of the S-band antenna system and validity of the design
concept. The test data shows that the change in electrical performance was
negligible. Measured temperatures are in excellent agreement with predicted
temperatures when actual test conditions are used in the thermal calculation.

The test model was also in excellent physical condition after completion of ten
entry cycles.
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CONCLUSIONS

A number of ‘onclusions can be reached from the results of tests and
analyses performed during this study. They are:

(a)

(b)

(c)

(d)

(e)

(£)

(g)

(h)

(1)
(3)

(k)
(D

(m)

(n)

(o)

Practical antenna systems consisting of conventional antennas ther-
nally protected by RF windows can be designed for Space Shuttle
Orbiter application.

The conventional antennas may well be of f-the-shelf, low cost air-
plane hardware with or without modification.

The configuration of these designs is flexible, and dependent to a
considerable degree upon the maintenance accessibility desired.

The antenna windows can be fabricated using standard HRSI tile sizes
in most cases.

The electrical and thermal test results verify the validity of the
design approach and establish the credibility of thermal reuse.

The high temperature entry environment has negligible effect on the
electrical performance of the antenna system, either during or after

high temperature exposure.

The thermal prediction techniques used for this study provide an
effective design tool to pre-evaluate production designs.

The antenna window attachment holes used did not result in a signifi-
cant increase in structural temperature.

The LI-1500 material characterization appears to be accurate.

The electrical charactevistics of LI-900 are slightly better than
LI-1500.

The basic t2st results are applicable to LI-900 as well as LI-1500.

The major hazard to the HRSI tiles appears to be handling because the
waterproof coating is fragile.

The LI-1500 rile fabrication techniques need development to control
shrinkage during firing of the waterproof coating.

The waterproof coating appears to become more brittle and may develop
microcracks with continued high temperature cycling.

The taterproofing silicone burns off the outer portion of the LI-1500
during the initial entry cycle and can continue to burn off additional
silicone which is wicked up during succeeding cycles.

2-1
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(p) The repair coating (emittance coating only) appears to be durable.

(q) The emittance coating on the FI-600 filler strip is fragile.

(r) The FI-600 Filler strip requires delicate handling to prevent damage
or loss of material during installation.

P T TR
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RECOMMENDATIONS

© s e . e

The work during this study leads to the following recommendatf-ns to com-
plete the development of the design approach:

= - r—

(a) The S-band antenna system should be subjected to orbital cold soak
fcllowed by entry heating to establish total mission capability. This
can be accomplished in a vacuum chamber using both radiating cooling
and heating (graphite heater), and will provide the data comparing the
arc tunnel plasma facility and the graphite radiant heater as test
tools. Once correlated, the graphite heater is much less expensive
to apply for further antenna thermal development work, and can accom=
modate larger area test specimens of particular significance at UHF.

(b) One or more of each of the aircraft of f-the-shelf antenna candidates
should be subjected to orbital cold soak followed by entry heating to
maximum temperature predicted for the antenna (i.e. essentially
Orbiter aluminum skin temperatures). This is necessary to determine
if antenna hardware already developed and of low unit cost is capable
of withstanding a cold space environment, or if practical modifica-
tions will enable these and similar units to survive the Shuttle
space environment.

(c) One or more of the candidate aircraft antenna system designs should
be fabricated and subjected to preliminary Orbiter launch environ-
mental tests, specifically mechanical and acoustical vibration.
Other than orbital cold soak and entry heating, these are considered
the most hostile environments to be accommodated.

R

M T
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INTRODUCTION

The purpose of this program was to develop an antenna design approach
having generic application to the baseline flush mounted high temperature
antenna systems for the Space Shuttle Orbiter. The objectives were to:

(1) prepare preliminary design concepts for each unique Orbiter antenna system;
(2) prepare a detailed design of an S-band antenna system, which emplovs
materials and design features most common to all the Orbiter antenna systems,
using Lockheed's LI-1500 insulation as the baseline thermal protection system;
(3) faoricate one breadboard S-band antenna system for preliminary electrical
and thermal tests and two prototype S-band antenna systenms for electrical and
thermal reuse tests; (4) perform electrical tests to establish performance
levels and evaluate the effects of exposure to entry heating; (5) perform
thermal tests which subject the antenna systems to predicted Orbicer entry
temperatures to aid in the antenna sy. tem design and determine reuse capabili-
ties; =nd (6) evaluate the test results relative to the objective goals. This
study extends and builds upon the results obtained under NASA contract

NAS 9-11273 performed for the Langley Research Center.

The design approach is based on the usc of conventional antennas thermally
protected by an RF transparent window. In some cases off-the-shelf antenna mav
be adequate, and in others minor design modifications may be required to obtain
optimum performance. Although most of the antenna system designs are based on
specific antenna hardware, minor dimensional changes can be made to easily
accommodate an alternate unit. The thermal, strength and structural require-
ments were determined at chosen nominal antenna locations on the underside of
the Orbiter. Throughout this report, the term "antenna systen'' means the
combination of antenna, antenna window and the immediate structural items
designed to integrate the antenna and window into the structure.

The requirements for the McDonnell Douglas Corporation (*MC) Orbiter (as
proposed for the Space Shuttle prime contract competition) were used for this
study, These requirements are not unique to the MDC Orbiter design; thus the
results of this study may be applied directly to the Rockwell Orbiter design
with only minor modification in certain design details. During this study the
VHF antenna system design was redirected to reflect Rockwell's baseline ViF
antenna requirement for a circularly polarized antenna 76.2 (30.0 in.) in
diameter.

The antenna window design approach is based on using the same insulation
as used in the Orbiter thermal protection systen for the principal anterna
window material. Lockheed's LI-1500 was specified as the baseline thermal
protection {nsulation for this study. Alternate window design concepts were
also considered which can accommodate other thermal protection insulation or
high temperature dielectric materials.

After establishing the basic desig. concepts under the Tasit 1.1 Concept
and Feasibility Studies, Task 1.2 S-band Antenna Systen Design was initiated
making use of the design features most common to all the flush mounted Orbiter
antennas. Electrical tests established the optimum performance configuration,
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after which this configuration was integrated into the simulated Orbiter
structure. The structural design efforts were supported by thermal and
strength analyses to ensure the integrity of local thermal protection system
and structural strength. The results of Task 1.2 provided the drawings for
Task 2 Test Hardware Fabrication. Electrical and Thermal Testing then followed
as Tasks 3 and 4, with the results assessed in the Task 5 Evaluation.

The test results demonstrate the validity and reuse capability of the
basic design concept. Changes in electrical performance after high temperature
exposure and cycling were negligible. Comparison of measured and predicted
temperature show that thermal models can provide a means for accurately pre-
dicting terperatures throughout an antenna system. Physical examination shows
the test model to be in excellent shape after completion of ten entry cycles.

Mr. E. A. Kuhlman, Study Manager, was responsible for overall technical
direction of this study. Other members of the McDonnell Douglas Astronautics
Company - East (MDAC-E) engineering staff who contributed to this study are
J. C. Blome, Wm. K. Gamble, V. M. Gerler, B. !M. Kavanaugh, J. B. Magyar,

3. C. Reeder, J. M. Romberg, and R. F. Sorensen. Test hardware fabrication
was supervised by E. F. Disser and B. J. Myers. Messrs. B. M. Kavanuagh and
~. I. Sorensen conducted and zvaluated the thermal and electrical tests at
{JASA-JSC.

yvr. J. S. Kelley of the Antenna System Section of the Telemetrv and
Communications Systems Division, Lyndon B. Johnson Space Center, Houston, Texas,
was the MNASA Technical Monitor for thi. study.

The units used for the physical quantities defined in this report are
given in both the International System of Units (SI) and tnhe U. S. customary
units in the text. U. S. customary units are used in the drawings and in some
of the graphs and tables.

This report is designated as Volume 1 in anticipation of additional work
related to this contract which will be reported in a subsequent volume.

The task numbers used in the text correspond to the tasks given in the
Prograr Plan, Report No. !DC L0663, dated 15 August 1973.
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DESIGN CONSIDERATIONS AND CONSTRAINTS

the Orbiter structural, thermal, and strength considerations and constraints
used in antenna designs developed during this study. They are based on the
requirements determined during the MDAC-E Space Shuttle Phase 3 and proposal i
studies. Although some changes in the Orbiter equipment and configuration
have occurred since the beginning of this study, the requirements used for
this study are still representative and, therefore, the study results are :
applicable to current design activities.

|

{

This section defines the Space Shuttle Orbiter antenna requirements and 1
\

|

Antenna Requirements

The Orbiter antenna system requirements are summarized in table T.
Although these antenna types and/or location are subject to change as the
Shuttle program progresses, there is sufficient variety to provide a range of
design features having wide applicability. The antenna types were determined
by radiation pattern and frequency requirements of the respective avionics
system functions. The interpretation of how best to satisfy these requirements
may also influence a particular selection. It may be noted that many of the
Orbiter avionics systems are like those used on commercial and military air-
planes rather than entry vehicles and are used when the Orbiter is in an aero-
flight mode. Consequently, most of the high temperature antennas developed
for entry vehicles are not directly applicable to the Orbiter avionics systems.
Further, these antennas were designed for "one shot' operatioa and, therefore,
will not, in general, meet the Space Shuttle requirements for reuse.

Figure 1 shows the locaticns for each of the Orbiter antennas. They were
selected to obtain the best radiation patterns from the particular antenna
: type. These locations may not always be ideal, since other Orbiter equipment
requirements as landing gear location, for example, may preempt the use of a
more preferred location. The respective locations also provide the basis for
determining the structural, thermal and strength requirements applicable to
the antenna system installation designs.

o

Structural Requirements

"% PRI AR P T D

¥ The Orbiter structural configuration consists of an all aluminum, semi-
monocoyue, stiffened skin structure covered with a reusable ¢ .rface insulation
(RSI) which serves as the thermal protection system (TPS). A rigid, low
density insulation is used for a high temperature RSI (HRSI) and an elasto-
meric ablator is used for a low temperature RSI (LRSI). The LRSI is used in
areas where the radiation equilibrium surface temperature is less than 616 K
(650°F) and serves as an insulator rather than an ablator.

v
¥
E
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} | TABLE 1
| ORBITER ANTENNA SYSTEM REQUIREMENTS

FREQUENCY RARGE ANTENRA
vswR nepower | ratvEms OPERATIONAL
ANTENNA Toaws] RECEWE | maximm | @sTWATe | covemace | SA | POLARIZATION) | TR LOCATION uSE
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(WM (WHzt
TacAN jom-im | wa-iea | 23 TRAsWT] ewwex | om ownt | VERTICAL | AMWULAR | BOTTONANO TOP | PRE ANO POST
100180 | ST m3 | SIRECEWE | PULSE DIRECTIONAL | TYPE st CEPTERUINE | ENTRY
N TRORST CASEY | IN PLANE OF
(R0-1220 TC ', RANGE) NEROFLIGHT
AIR TRAFFIC CONTROL | 108 10% 21 TRAMSMT| & KW PK O — OMNi | VERTICAL AKNULAR | BOTTOMAND TOP | PRE AND POST
TRANSPONDER SLREC.IVE | PULSE DIRECTIONAL | TYPE sLoT CENTERLINE | ENTRY
(WORST CASE) | 1N PLANE OF
AEROFLIGHT
RADAR ALTETER Qom0 | a-aw | i 10WATT CF | PATTERN Hem| LnEAR HORN 8aTTON POST ENTRY
(WORST CASE: | DIRECTED CENTERLINE
PERPENDICULAR
TO PLANE OF
AEROFLIGHT
VHF COMRNICATIONS | 118-13 ne-is% | 21 100 WATT v | OMNI- W | VERTICAL | WOCIFIED | BOTTONAND TOP | PRE AND POST
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oexim | maoan | IN PLANE OF SLEEVE | SIDES
' AEROFLIGHT
i
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O USAF RENDEZVOUS | 1750-1050 | 7200-200 | 1S TRANS | Z0WATTCH | JANTEWNAS | OMNI | RIGHT cavity | BorTom AN ToP | PRE AND POST
oNASARENDEZVOUS | 220-2120 | 2208-200 wT | (NORST CASE) | PROVIDE TveE | wano BACKED | CENTERLINE, | ENTRY
« USAF GROUND 200-200 | 17501080 SPHERICAL CRCULAR | Weux | SiDES |
COMNICATIONS COVERAGE ,
« NASA GROUND 200-000 | 2000-2120
COMMINICATIONS
WICROVAVE LANDING | W/A 15%0- 15701 RECEIVE VERTICAU | SURFACE | BOTTOM POST ENTRY
‘ SYSTEM (hu BAND) ONLY WAVE CENTERLINE
sLoT
20 1 RECEWE |———— —~ ;:c‘:con 4dB S
WICROWAVE LANOING | S000-5060 |  SOK4-5125 2w P VERTICRL | scor soTTON POST ENTRY
SYSTEN (C BAND) $190-52%0 IWORST CASE) CENTERLINE

NOTES | HIGH GAIN ANTENNA REQUIREMENTS NOT INCLUDED .
- 2 VERTICAL AND HORIZONTAL POLARIZATION IS REFERENCED TC ORBITER AEROFLIGHT ATTITUDE

: i RADAR ALTIMETER
(BOTTOM

: ATC TRANSPONDER
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{ $-BAND TACAN (BOTTOM)

¢ (BITTOM NICROWAVE LANDING SYSTEM (6) (8OTTOM)

&

¢

ORBITER ANTENNA LOCATIONS FIGURE 1
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A typical structural section through the bottom surface of the center
fuselage where HRSI is used, is shown in figure 2(a). It consists of 0.51 mm
(0.020 in.) thick aluminum skins riveted to fore and aft running stringers,
attached between bulkheads. Stringer and bulkhead spacing are 10.16 cm
(4.00 in.) and 50.80 cm (20.00 in.) respectively. The stringer thickness is
nominally 0.813 mm (0.032 in.). A different structural approach considered
for the forward fuselage section, which contains the pressurized cabin, is
shown in figure 2(b). In this area an integrally stiffened aluminum pressure
wall is submerged approximately 17.78 cm (7.00 in.) inside the aerodynamic
moldline. Frame members and stiffened panels (e.g. honeycomb) are then used
to support the TPS. Alternatively, honeycomb panels, appropriately attached
to frames, may be considered in place of the skin-stringer arrangement.

RSt
BONDLINE /—STRUCTURAL SKIN
y S STRAIN
—= 7 = ISOLATOR
——w

STRlNGER—/ peo——— BULKHEAD
AL
(a) CENTER FUSELAGE

RS

BONDLINE

STRAIN ISOLATOR

T I I T I I X I T XY I I T I I IR I I I I L X R LY T XX X

F ™ HoNEYCOMB PANEL

FRAME
A
INTEGRALLY STIFFENED
J [PRESSURE WALL
= -

(b) STIFFENED HONEYCOMB STANDOFF PANEL (FORWARD FUSELAGE)

PRIMARY STRUCTURE/TPS CONCEPTS FIGURE 2
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For all these approaches the HRSI, in the form of flat or contoured tiles,
is bonded to the structural skin or to the support panel together with an
intermediate silicone sponge. The thickness of the HRSI tiles vary as a
function of the local heat input. In the lower fuselage, where antennas are
located, the HRSI thickness is nominally 5.08 cm (2.00 in.). The HRSI tiles
are covered with a thin inorganic oxide based coating to obtain a waterproof
surface. The oxide pigment provides a high emittance surface in order to
minimize surface temperature during entry heating.

The silicone sponge, 6.35 mm (0.250 in.) average thickness, is used as a
mechanical strain isolator. This permits using buckling skins and protruding
head rivets for the primary structure, thereby minimizing structural weight
and fabrication costs. The silicone sponge and the HRSI tiles are bonded
together and attached to the skin with RTV 560 adhesive. The adhesive layer
between both the strain isolator and the HRSI tile, and the strain isolator
and the skin is approximately 0.25 mm (0.010 in.) thick.

Although bonding was selected for attaching the HRSI tiles, other
techniques have been considered. Mechanical fastener techniques for attach-
ing either individual HRSI tiles or large panels of RSI tiles have been
studied and tested by MDAC-E under contract to NASA-LaRC (NAS 9-12854) as an
alternative TPS attachment technique.

Thermal Requirements

The thermal requirements for the Space Shuttle Orbiter antenna systems
are influenced by the local TPS design and the local thermal environments.
The thermal environments are principally surface temperature, heat input and
pressure. The thermal conductivity of the HRSI material used in the TPS is
a function of both the local pressure and temperature.

The local thermal environment is defined by the Orbiter missions, vehicle
configuration and trajectories. and specific antenna locations. The most
severe thermal environment results from Orbiter Mission 3, a single-orbit

delivery or retrieval of an 18 000 kg (40 000 1b) payload. Characteristics
of Mission 3 include a south polar launch, a 187 km (100 n. mi.) circular
orbit and return to the Western Test Range.

The ascent trajectory for insertion into a 93 x 185 km (50 x 100 n. mi.)
polar transfer orbit is shown in figure 3. At 185 km (100 n. mi.), the Oorbit
‘fancuvering Subsvstem (OMS) is used to circularize the orbit. The external
surface temperature history for this ascent trajectory is shown in figure 4.
Interference heating induced by the mated external tank is included. The
local static surface pressure (at the edge of the boundary layer) for the
ascent trajectory is shown in figure 5.

5-4
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The entry trajectory is shown in figure 6. It causes more severe tem=
peratures (figure 7) and total heat loads than the ascent trajectory. Trajec-
tory shaping was used to minimize HRSI TPS thickness. This entry trajectory
provides maximum cross range of 2037 km (1100 n. mi.) and maximum downrange
; maneuvering margin of 370 km (200 n. mi.). Downrange maneuvering is used to
' compensate for deorbit, atmosphere, guidance and navigation, and wind disper-
sions. A final approach and landing trajectory was added to the entry tra-

. jectory shown in figure 6. Maximum entry temperature isotherms are shown in

; figure 8. The entry total heat distribution is shown in figure 9. The local

: thermal env.ronment for the rear L-band antenna was selected, since it has the
most severe thermal environment of the antenna locations on the fuselage bot-
tom. The rear n-band antenna is located off centerline within the 2.16 x 108
J/m< (19 000 Btu/ft2) region on the fuselage bottom. An external surface
temperature history for this location was used for all the antcana system
designs. The local static surface pressures (at edge of local boundary layer)
Jduring entrv are shown in figure 10.

Y™ TR

Orbital environments employed were 0.37 albedo (reflectivity), a solar
constant of 1395 W/m2 (444 Btu/hr-ft2) and an effective earth temperature of
j 252 K (-6°F). Surface free convection and sky radiation to 300 K (80°F) were
‘ nsed for the landed environment.
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Strength Requirements

The loads developed during the launch and entry phases of the Orbiter
mission are of primary interest in determining the strength design criteria and
requirements for the antenna system designs. The sources of these loads are
differential pressures, fuselage bending and thermal gradients. It is
important to use realistic design loads for this study because the thermal
heat sink is a function of the structural material gages established using
these design loads.

A minimum factor of safety of 1.4 was applied to the sum of the expected

loads. This product is related to the combined mechanical and thermally
induced loads to determine ultimate loads according to the expression given

i< ollows:

+ . X
KLy + KoLy > 1.40 (Z))
where
Kl = 1.4 for boost conditions when the term is additive to the algebraic
sum, O,
Kl = 1.5 for entry, atmospheric cruise, and landing when the term is
additive to the algebraic sum, Iy
K = 1.5 when the term is additive to the algebraic sum, iy

r~
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; Le = mechanical externally applied loads
? L, = thermally induced loads
; I, = algebraic sum of loads
| Design pressures for ascent and entry are shown in figures 11 and 12.
‘ The maximum ultimate pressures were used for design to ensure that the antennas
| will be structurally adequate for installation at any fuselage location and
| are summarized in table II. The entry pressure was assumed to act at
maximum thermal gradient and/or structural temperature.
|
, Ultimate tensile and compressive design loads for fuselage structure
resulting from Solid Rocket Motor (SRM) burn out and landing are shown in
figure 13 for various locations on the Shuttle. The ultimate loads chosen
for antenna system installation design are given in table III. These are
representative of loads on the bottom surface of the Shuttle in the region
of antenna locations and occur at low temperature (< 450 K (350°F)) .
Pressure lu.ds, Post SRM Burn Out and Main Gear Landing loads are condi-
tions which do not peak simultaneously, occurring respectively during ascent
| ; and landing. Material properties were either taken from MIL-Handbook-5B or
‘ : are shown in Appendix A.

) 0r 1 T 1
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TABLE III
ULTIMATE DESIGN LOADS

MISSION PHASE LOADS TYPE FACTOR
N/M (LB./IN.) OF SAFETY
P0ST SRM DURN OUT 175 000 (1000) TENSION 1.4
MAIN GEAR LANDING 43 700 (400) COMPRESSION 1.4
b
) )
4
' J
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CONCEPT AND FEASIBILITY STUDIES !

The objective of the Concept and Feasibility Studies (Task 1.1) was to
study and prepare preliminary design concepts for each Space Shuttle Orbiter
high temperature antenna installation. The designs are based on the require- i
ments given in the section on DESIGN CONSIDERATIONS AND CONSTRAINTS. Alternate i
installation concepts and thermal protection systems materials were considered |
and assessed.

B T S e e

The design approach used was that of a window covering a low temperature

conventional antenna, where the window provides both thermal protection for

the antenna and a means for transmitting RF energy through the thermal protec-

tion system. The designs developed for the L-band annular slot, C~band horn,
4 and C-band linear slot antennas under NASA contract, NAS1-11273, were based on
this approach and provided the basis for the detailed designs developed in this
study. Since this study did not uncover any new data which indicated that
design or design approach revisions were desirable, primary effort was directed
toward the S-band, Ku-band, and VHF antenna installation concepts.

The alternate approaches developed are primarily variations in assembly
and mounting, while the electrical and thermal configurations are essentially
unchanged. The use of alternate high temperature reusable surface insulation
(HRSI) materials for the antenna window and/or the Orbiter thermal protection
system (TPS) was also considered. The use of HRSI, identical or similar to
that used for the Orbirer TPS, for the antenna window material provides the
simplest and most direct approach. Alternate approaches for providing a window
over an antenna result in increased complexity and weight. An example is the
multiple-layer window design apporach (ref. 1) developed during the NASA-LaRC
high temperature antenna study (NAS1-11273).

s

et

Several factors cause the increase in complexity and weight:

(a) The materials other than HRSI considered for antenna windows (e.g.,
boron nitride, slip cast fused silica) are considerably more dense
(approximately eight times greater) and have higher thermal conduc-
tivities. Therefore, thicker windows would be required or a second
low density insulation material used with the high density material
to maintain both acceptable window thickness and weight.

P BT SR T e

(b) The high density window materials and the low density insulation
material cannot be readily bonded with RTV 560 or other adhesives.
Therefore, a refractory metal retaining fixture (increased complexity)
would be required to hold the window in place over the antenna.

¢
&
1

(c) The metal retaining fixture provides a heat short from the TPS sur-
face to the Orbiter structure. Therefore, a heat sink (increased
weight) or other means would be required to maintain the proper heat
transfer characteristics in the area around the antenna.

{
¥
Y
¢
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Electrical Studies

The electrical studies part of the concept and feasibility task included:
i (1) a survey of antenna suppliers to determine the status of candidate, con-

: ventional off-the-shelf antennas with regard to electrical characteristics and
operating temperature capabilities to 422 X (300°F); (2) plane wave transmis-
sion loss as a function of frequency and window configuration; (3) a comparison
of the plane wave transmission characteristic of alternate window materials;
(4) limited electrical design tests for the Ku-band antenna; and (5) considera-
tion of surface wave effects.

Antenna equiprient survey. - Electrical and mechanical information on
existing antennas, that best meet the requirements given in table IV, was
requested from twelve antenna suppliers. The information requested included:

(a) electricai properties
(b) form factor

= (¢) thermal properties

(d) materials list

(e) structural capabilities

(f) venting method

(g) RF power

; (h) altitude capabilities.

P

TABLE 1V

ANTENNA PERFORMANCE REQUIREMENTS

A s e T

—

{ FUNCTION FREQUENCY VSHR(ZQ-SOQ) POLARIZATION PATTERN GAIN SEAMWIOTH POWER
! §-BAND COMMUNICATION 1.75 - 2.3 GHz < 1.5:1 RIGHT CIRCULAR 0 dB AROVE ISOTROPIC 120° 20 WAYTS C, MAX
VHF COMMUNICATION 118 - 154 M2 < 2.0 L INEAR LIKE QUARTER | >0 d8 ABOVE [SOTROPIC S0 WATTS CU

WAVE STUB OVER 9u% OF VOLUME
ABOVE GROUND PLANE

AT - 1220 M < 2.00 LINEAR LIKE QUARTER | >3 oB DOWN FROM 4 K_WATTS PEAK T

TACANTATE %0 - 1220 Mz WAVE STUB QUARTER-WAVE STUB 10-3 DUTY CYCLE
IN HORIZONTAL PLANE

RADAR ALTIMETER 4.2) - 4.9 G| 1.3 LINEAR 11 dB MINIMUM 40 +5° | 10 WATTS AVERAGE

MICROWAVE LANDING 5.0 - 5.26 GHz | <2.0:1 LINEAR 2 K WATTS PEAK

SYSTEM (C BAND)

MICROWAVE LANDING 15.4 - 15.7 GHz| <2.0: LINEAR

SYSTEM (KU BAND)
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The applicable information received is summarized in table V. In some
cases it represents the suppliers' best estimates based on extrapolated test
data and therefore, does not necessarily represent actual test results.
However, this iu.ormation provides a good review of the existing antenna
equipment which can be considered applicable to the Space Shuttle Orbiter
antenna system.

The survey indicates that the basic fabrication techniques used for most
existing antennas is adequate. In some cases higher temperature (422-450 K
(300-350°F)) foams, adhesives and/or aperture covers must replace those
currently in use. The 7.31 x 104 N/m2 (10.6 psi) differential pressure
requirement does not appear to be a problem since most of the antennas were
designed for a differential pressure of 1.03 x 10° N /m? (15 psi) or greater.
The existing waterproofed antennas, that are completely foam-filled in place
(or bonded in place) with closed cell foam that adheres to the antenna struc-
tural wall, include L-band C-band TACAN, radar altimeter, and C-band slot

antennas.

During normal aircraft operation and short duration aircraft flights up to
80 000 ft altitude this fabrication approach has proven satisfactory for pre-
vention of water absorption and corona. However, operations with long dura-
tions at near vacuum conditions have not been determined. MDAC-E Skylab _tests
have shown that closed cell foam of very low density 32.0 kg/m3 (2 1b/ft3) and
low strength value may burst when transitioning from a standard atmosphere to a
vacuum environment. However, the density of many of the foams found in the
existing antennas was typically 96.1 kg/m3 (6 1b/ft3) or greater and therefore
bursting cells should not be a problem. The effects of breathing moist air
after entry, following long evposures to vacuum environments, low pressures
due to slow leakdown or out gassing after insertion in orbit, and slow repres-
surization after entry on the power handling capacity need to be determined.
Antenna power breakdowan or corona discharge, that could make the antenna
temporarily inoperatcive, could occur at low (critical) pressures.

The antenna connector thermal capabilities appear adequate for teflon
loaded connectors provided that a good grade of virgin teflon is used and that
the design is such that thermal expansion of the teflon does not break antenna
seals under elevated temperatures (422-450 K (300-350°F)).

The existing antennas typically have been qualified for low temperatures
of 219 to 208 K (-65 to -85°F). Therefore, the mechanical integrity of air-
craft antenrnas must be determined at orbital cold temperatures lower than

208 K (-85°F).

The S-band archimedes spiral antennas, of the survey, provide a larger
bandwidth capability than the S-band cavity backed helix antennas. The larger
bandwidth could cover USAF and Russian S-band frequencies in addition to the
NASA S-band frequencies. However, the beamwidth of the archimedes spirals are
smaller and, therefore, more antennas may be required for adequate Orbiter
antenna pattern coverage. Amecom, Division of Litton, has investigated a
larger diameter S-band cavity spiral antenna to cover the USAF and NASA frequen-
cies. This antenna was estimated at 7.87 cm (3.10 in.) in diameter as opposed
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to the 6.48 cm (2.55 in.) diameter for the improved Apollo S-band antenna used
in this development contract. The larger bandwidth antenna would use the same
basic design as the Apollo, and improved Apollo S-band antennas and, therefore,
would not result in any large new development effort. The apertures of the
Amecom and Watkins Johnson S-band antennas can be reused multiple times when
exposed to temperatures of 1255 K (1800°F) or less and therefore, may not have
to be covered with HRSI in the cooler areas of the Orbiter. However, the
effects of placing the S-band aperture above the metal ground plane and flush
with the HRSI on radiation patterns (see section on S-BAND ANTENNA SYSTEM
DESIGN) and antenna backside temperatures must be considered.

Both the VHF antennas surveyed require significant development effort to
meet Orbiter VHF antenna requirements. The small size of the Sanders Asso-
ciates antenna results in very low gain (-12 dB) compared to a normal 3 dB gain
for this type of antenna.

The L-band TACAN antenna surveyed revealed several with elecztrical and
high temperature capabilities necessary to meet the Orbiter requirements.
The antenna cavities for these antennas are waterproofed but not hermetically
sealed. However, the adequacy of the venting, waterproofing and cold soak
capability have not been determined.

The C-band microwave landing system antennas surveyed provide a slot
pattern and, therefore, must be mounted very near the forward end of the
Orbiter to obtain an accepted radiation pattern. The Transco antenna is
moisture sealed and the temperature capabilities meet Orbiter requirements.

The microwave landing system Ku-band antennas surveyad are surface wave
antennas. With the aperture mounted flush with the bottom of the Orbiter
the pattern will be pointed predominately forward toward the landing site.
These antennas are filled with a dielectric foam in the aperture area but not
in the connector area. The basic electrical characteristics are consistent
with the Orbiter requirements but the patterns may be affected by the TPS as
discussed later in this subsection. These antennas are not hermetically
sealed and may breath moist air after entry which could cause corrosion. This
antenna is used for receive only (as specified in the FAA/Defense Department
universal landing system) and, therefore, critical pressures due to leakage
is not a problem.

No information was obtained on microstrip antenna designs during the
antenna survey which specifically meets the Orbiter frequency and pattern
requirements. However, since these antennas (refs. 2 and 3) offer low profile,
low weight, low cost, simplicity of design, low impact on design for installa-
tion, and have been used in space application they should be considered for
applications where a new design is required to meet expanded requirements or
limited mounting space. One of the principal disadvantages is a narrow band-
width. Therefore, more than one element may be required to cover a particular
frequency band. The effect of HRSI over a microstrip antenna is not known, but
should not cause a major problem due to the low dielectric constant of the HRSI

materials.
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Photoetch printed circuit board technology is used to manufacture the
microstrip antennas. The microstrip antennas as manufactured by Ball Brothers
Research Corporation consists of a teflon fiberglass board that has a solid
copper backside for the ground plane and copper circuitry on the frontside.

The frontside circuitry includes the antenna radiation element, power dividers,
phasing networks and matching networks. The excess copper is photoetched away
to form the radiating and circuit elements. The antenna thickness (except for
the connector) typically varies from 0.81 to 3.18 mm (0.032 to 0.125 in.).
Electrical design and feasibility test cost for a specific antenna design is
relatively low due to the type of comstruction.

Ball Brothers Research Corporation and the Navy (Pt. Mugu) have extensive
experience in microstrip antenna designs and NASA-LaRC is currently investi-
gating several microstrip antenna configurations. Microstrip designs have been
successfully used in numerous space, missile and airplane applications.

The antenna survey indicated that exploratory simulation is necessary to

further evaluate the capability of the candidate aircraft antenna elements.

t should be determined if the existing candidate antennas can meet Orbiter
cold soak, vacuum soak, and thermal-pressure histories during launch and
entry. The results of the survey indicate that 422 K (300°F) is not a sig-
nificant problem. However, orbital cold and vacuum soak performance is
unknown. The required modifications to meet Orbiter electrical design require-
ment when covered with an antenna window should also be determined. The
following should be evaluated before, during and after multiple environmental
simulations:

(a) Reusability performance of antenna materials - investigate for bond
fractures, cracks, sarinkage and distortion of antenna materials.

(b) Electrical performance - impedance, radiation patterns before and
after tests.

(c) Power breakdown - determine if corona occurs during or following
vacuum soak due to out gassing or insufficient venting.

Antenna window transmission loss. - The plane wave transmission charac-
teristics of the antenna window design configuration considered in this study
were analyzed to obtain an estimate of expected losses, assuming normal
incidence. Each identifiable layer of material wvas considered as a section
of transmission line with the charactecistic impedance dependent on the
dielectric constant, loss tangent and angle of incidence to the layer. The
transmission line length corresponds to the layer thickness. The results
using this analysis are only an indication of the expected transmission loss,
since the antenna windows discussed in this report are normally in the near
field of the antenna.

The expressions for calculating transmission loss are given in Appendix B.
These expressions were programmed on a Hewlett-Packard 9100A calculator with a
1901A Extended Memory. The program can currently accommodate up to twenty (20)
layers of dielectric material. The program was validated by compaiing the
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results for a single layer of dielectric with the results obtained using
formulas given in Jasik (ref. 4). The results were in excellent agreement for
loss tangent magnitudes less than 0.2. For loss tangents greater than 0.2 the
results from the formulas given in Jasik are less exact because the squared
terms of lcss tangent are ignored. However, the programmed expressions used
for the transmission loss calculations discussed below are exact, within the
1imits of the theory, for large values of loss tangent since the squared loss
tangent terms are not ignore..

The details of the basic antenna window configurations which were analyzed
are given in table VI. Although these configurations are considered to be a
single layer window, there are eight (8) identifiable material layers. The
additional materials consist of LI-1500 waterproof coating, sponge rubber
strain isolator, fiberglass-phenolic honeycomb core and facesheets, and
RTV 560 bonding adhesive.

TABLE VI
ANTENNA WINDOW CONFIGURATIONS

THICKNESS [DIELECTRIC | LOSS
CONF 1GURATION LAYER | MATERIAL (IN.) | CONSTANT | TANGENT
— ——1 1 __{COATING 0.010 4.0 0.1000
)/ 2 {L1-1500 2.000 1.2 0.0016
3 [RTv-560 0.010 4.0 0.0050
/ 4 |SPONGE 0.080 1.3 0.0080
N / 5 IRTV-560 0.010 4.0 0.0050
7 A 6 lpace sueeT | 0.012 5.0 0.0200
—_—1 7 [CORE 0.146 1.1 0.0010
— 3 |rAcE swEET | 0.012 5.0 0.0200 )
—1 1 lcoATing 0.010 4.0 0.1000
A2 s 2.350 1.2 0.0016
3 [RTV-560 0.010 4.0 0.0050
NO. 2 / 4 [SPONGE 0.080 1.3 0.0080
/ 5  [RTV-560 0.010 4.0 0.0050
; 6  |FACE SHEET | 0.012 5.0 0.0200
—— 7 lcoRe 0.276 1.1 0.0010
—— g |FACE SHEET | 0.012 5.0 | 0.0200

The transmission loss for the respective configurations are shown in
figures 14, 15, and 16. For reference, transmission loss is also shown for a
panel of LI-1500 only, 5.08 cm (2.0 in.) thick. The transmission loss for a
gsimilar panel of LI-900 will be slightly lower, since LI-900 has both a lower
dielectric constant and loss tangent. The transmission loss over frequency
bands encompassing all the potential Orbiter frequencies are shown in figures
14, 15 and 16. The maximum transmission loss (figure 16) is less than 0.7 dB
at the Ku-band frequencies compared to 0.16 dB for just the LI-1500 panel.
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= 0.3
=
& )
T o0.2
\
0.11
15.3 15.4 15.5 15.6 15.7 15.8

FREQUEICY - Ghz

TRANSMISSION LOSS AT Ku-BAND FREQUENCIES
FIGURE 16

Above 200 MHz the material layers other than LI-1500 have the greatest influ-
ence on the transmission loss. At frequencies corresponding to Orbiter
requirements below 7.0 GHz (figures 14 and 15) the maximum transmission loss is
less than 0.4 dB. Calculations were also made to determine the change in
transmission loss due to an increase in the bond layer thickness; perhaps the
most difficult fabrication procass to accurately control. The RTV 560 adhesive
thickness was increased from 0.254 mm (0.010 in.) to 0.508 mm (0.020 in.).

The results at Ku-band, where the effects are greatest, are shown in figure 17.
The increased bond thickness increased the transmission loss about 0.15 dB.

The results at lower frequencies show an insignificant increase in transmission
loss for a 0.254 mm (0.10 in.) increase in adhesive thickness.

The results of transmission loss calculations for the VHF antenna window,
Configuration No. 2, table VI, (figure 14) show that the transmission loss is
insignificant at these frequencies. In this window configuration both the
LI-1500 and the fiberglass-phenolic honeycomb thickness are increased. The
transmission loss was calculated for both VHF and UHF frequencies.

Calculations were made to show the effect of using an alternate window
material. For the case where GE's Mod 1A REI was substituted for LI-1500. The
primary difference in the two materials is an increase in Mod 1A loss tangent
from 0.0016 to 0.006. The results (figure 18) show an increase in transmission
loss of less than 0.1 dB.
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(@ CONFIGURATION NO. 1 OF TABLE VI

0.5 @ CONFIGURATION NO. 1 OF TABLE VI
WITH DOUBLE BOND LAYER THICKNESS

0.4 P 1 | | | |
15.3 15.4 15.5 15.6 15.7 15.8

FREQUENCY - GHz

TRANSMISSION LOSS FOR THICK BONDLINES AT Ku-BAND FREQUENCIES
FIGURE 17

T T [ | | f |

@ CONFIGURATION NO. 1 OF TABLE VI
0.4 %g LI-1500 5.08 CM(2.0 IN.) THICK 1]
. GE MOD 1A REI 5.08 CM(2.0 IN.) THICK

0.3
©)
\L~
0.2. ”’//):;””’,7”+FE;—_~ “-~___§‘~
O']&fffff‘=""%f::::—”"’ @

0.0
1.5 2.0 2.5 3.0 3.5 4.0

FREQUENCY - GHz

TRANSMISSION LOSS FOR ALTERNATE HRSI MATERIAL
FIGURE 18
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The results of transmission loss calculations for other window configura-
tions are given in reference 1. These results also show that a single-layer
antenna window using LI-1500 hav

e low transmission losses at L-band and C-band
frequencies. Results for a multiple-layer antenna window (ref. 1) show that
the transmission loss is significantly higher unless the outer layer of dense

high temperature dielectric can be optimized (i.e., made equal to 0.5
wavelengths).

Design tests. - The antenna system design developed during the concept and
feasibility studies is supported by the results of electrical tests, except
for the VHF antenna system design. Test results of the L-band and C-band
antenna system designs are reported in reference 1. Test results of the S-band
antenna system are reported in the section on S-BAND ANTENNA SYSTEM DESIGN.

Electrical design test results for the Ku-band antenna system design are
described in this section.

Radiation pattern and impedance measurements were made using standard
measurement techniques. The radiation patterns were recorded on standard
40 dB polar grapi. paper. The coordinate system used for pattern identifica-

tion is shown in figure 19. A standard gain horn was used to establish the
isotropic gain level shown on each pattern.

g =0

\ Paint ($.6)

J +180°

ANTENNA COORDINATE SYSTEM FIGURE 19

Test results: The radiation patterns for the Ku-band antenna flush
mounted in the center of a 1.83 m (6.00 ft) diameter ground plane (reference
configuration) are shown in figure 20. These patterns are typical of a surface
wave antenna and are used for comparison with the patterns of other configura-
tions. The cross polarization magnitude is typically greater than 25 dB below
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the peak gain. Very little difference in pattern level and shape was noted
over the antenna frequency range. These patterns in general meet or exceed
the requirements for a Ku~band microwave landing system.

The effects of an anteana window and surrounding TPS on the radiation
patterns are shown in figure 21. In this configuration the TPS covers a 76.2
cm (30.0 in.) square area around the antenna window. The antenna window is
15.88 cm (6.25 in.) square and composed of the following layers: (1) sinulated
HRSI 5.08 cm (2.00 in.) thick; (2) silicone sponge (RL-524 Type S105) 2.03 mm
(0.080 in.) thick; and (3) fiberglass-pherolic honeycomb 4.32 mm (0.17 in.)
thick. The HRSI in both the TPS and antenna window was simulated with Emesson
& Cuming Inc. ECCOFOAM PS (Er = 1.2).

The patterns show significant degradation and an overall decrease in gain
of 5 to 10 dB. The main lobe of the E-plane pattern breaks up into a number
of minor lobes at about 6 = 60°. The H-plane pattern at S = 83° also breaks
up into several minor lobes. Cross polarization levels increased in both the
E- and H-planes. The most significant increase was measured in H-plane
patt.rn at ¢ = 40° and ¢ = 140°. These patterns show evidence of surface
wave excitation in the TPS.

To further assess the effects of surface wave excitation, a 30.48 x 76.20
cm (12.00 x 30.00 in.) section was added to the previous configuration in the
® = 90° direction. The radiation patterns (figure 22) show an increase in the
pattern degradation. The main lobe in the E-plane pattern is broken up more
and the largest lobe appears to be centered at 6 = 90°. The increase in
radiation at 9 = 90° can be attributed to surface wave excitation, since the
simulated TPS extended beyond the ground plane edge.

The transmission loss through the antenna window and TPS were calculated
as a function of incidence angle. The results showed the maximum variation
in transmission loss was less than 0.75 dB from 6 = 0 to & = 68°. Therefore,
the lobing below 6 = 70° cannot be attributed to transmission loss variations.

Subsequent testing showed the silicone sponge caused the most degradation.
Pattern improvement was obtained with the fiberglass honeycomb/sponge panel
diiectly over the antenna aperture removed. This testing led to a configura-
tion in which the fiberglass honeycomb/sponge panel was removed from directly
over the antenna and the remaining fiberglass honeycomb/sponge panel and sponge
in the direction of the main lobe were covered with a metallic ground plare as
shown in view E-E of figure 33 in the subsection on Structural Integration
studies of this section. The radiation patterns (figure 23) show considerable
improvement. The distortion obtained in previous patterns (figure 22) is
significantly reduced in both the E- and H-plane patterns. The ground plane
over the sponge pad, which has a higher dielectric constant than the sinulated
HRSI, tends to reduce the surface wave excitation and, therefore, the pattern
distortion. By optimizing the ground plane over the sponge strain isolation
pad in the local area around the antenna it appears that an acceptable pattern
can be obtained.

The results of impedance measurements (figure 24) show the Ku-band antenna
impedaace is well behaved for all configurations. The VSWR is less than 1.15:1
for all configurations as shown on expanded scale Smith charts.
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7 = 50 OHMS
9 = 15.0 GHz
£2 = 15.55 GHz
£3 = 15.7 GHz

REFERENCE CONFIGURATION

ANTENNA WINDOW AND TPS TPS AND AUXILIARY GROUND PLANE

Ku-BAND ANTENNA SYSTEM IMPEDANCE
FIGURE 24
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Materials Studies

Material studies were conducted to identify applicable material., and
determine the compatibility of candidate materials in support of the respective
antenna system design concepts. The materials study conducted under NASA
contract, NAS 1-11273 (ref. 1) served as a starting point for this study.

That information was reviewed and updated where new or better information
could be obtained. However, the revisions did not result in any changes in
trade study results or conclusions.

T R R e

The results of the trade study (ref. 1) indicated that LI-1500 is the best
antenna window material. LI-1500 was also a candidate HRSI material for the
Orbiter TPS. For an alternate window concept (discussed in the subsection on
Structural Integration Studies of this section, using a combination of high
and low density materials, the trade study identified hot pressed boron nitride
(BN) Union Carbide grade HD-0092, and Johns-Manville Dynaquartz (160 kg/m3
(10 lb/ft3) density). The results of tests (ref. 5) performed by the Geor:ia
Institute of Technology essentially agree with MDAC-E's trade study. The
properties of low and high density antenna window materials candidates are
given in tables VIT and VIII. The properties of auxiliary materials used in
antenna windows and TPS design employing HRST as the basic materials are given

in table IX.

. : Antenna window materials. - The low density HRSI materials considered for
‘ : both the Orbiter TPS and antenna windows were Lockheed's LI-1500, GE's MOD IA
' ; REL, and MDAC-E's MOD IIIA HCF. The properties of these materials are given in
table VII. Lockheed's LI-1500 was specified as the baseline TPS HRSI material

for this study.

. LI-1500 is a rigidized silica fiber matrix with an inorganic binder. It
: is normally cut into 15.24 x 15.24 cm (6.00 x 6.00 in.) tiles for TPS assembly.
The tile thickness is a function of the local thermal environment, but is
nominally no greater than 5.08 cm (2.00 in.). The tiles require a waterproo’
coating on five sides because of the hygroscopic nature of the silica fibers.
This coating, Lockheed's LI-0042, is basically silica with silicon carbide
added to provide a high emittance surface which minimizes surface temperatures
during entry heating. The tile is then impregnated with hydrolized silicone
to complete the waterproofing. The silicone burns off of the outer portion

of the tile during entry. That remaining in the inner portion of the tile
wicks to the outside and will continue to do so with each entry cycle until
the silicone is expended. The principal design properties used for LI-1500
are given in Appendix A.

———————
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The GE and MDAC-E HRSI materials employ mullite fibers instead of silica
fibers as the base constituent. Similar waterproof coatings, which are com-
patible with the base material, are also requiced.

B
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TABLE VII

ANTENNA WINDOW/THERMAL PROTECTION SYSTEM MATERIALS PROPERTIES

“‘"""‘"
i

| |
DIELECTRIC CONSTANT AND LOSS TANGENT |
DENSITY  |DIELECTRIC TEMPERATURE |FREQUENCY YOUNG'S MODULUS TENS!LEZSTRENGTH COMPRESSLVE STRENGTH | i - o o it .
MATERIAL XG/M CONSTANT | LOSS TANGENT X (°F) (Wz) N/ME (PSI) N/MZ (PSI) N/M< (PSL) \ No¥e |
8 4 (8) 5 (8) 6 [P TR
WALLITE-RST |260 +15  |1.20  Jo.002 ROOM 0000 5.1 x10° (7.4 x 105) 11 TEN 6.8 x 100 (98) 11 1.01 x 108 (186) 11 1 he s csTE
(MDC M0D 111A 1.28 0.062 7473 (2192) [ 10000 13.9 x 10§ (5.6 x 10%) (1 Cow 2.3 x 10° (33) 4 372 x 10° (58) 4 |
HCF) 9.7 x 10} (1.4 x 104) & TEN (STF = 0.142) (
8.3 x 107 (1.2 x 10%) 1 cowp i
WULLITE-RST  |240 +a8  |1.31 0.003 ROOM 9050 |7.1 x 105 (10.3 x 10%) 11 TEN 1.70 x 105 (247) 1 HD ‘ : €
(hoc WD ¥ T.42 0.085 T&73 (2192 | 9050 3.7 x 10° (2.6 x 108) 1 TEN 7.31 x 10° (106) L !
HEF
[
. -
WILLITE-RST 1185 119 0.0002 Room | 10000 | 3.0 x 108 (8.4 x 10 1 TEN ) 1a0x 102 (s8) 11 @ (779 %100 (n3) 11 ST
(G.E. HOD 1A 2 00066 1873 (2192) 110000 13.7 x 105 (5.4 x 107) 11 COMP 1.7 x 10° {25) 1 255 x10° (37) 1 |
RE1 i '
I
SILICA-RS] | 252 1.23 0.00024 ROOM 10000 [6.9 x 105 (10 x 10%),11 TEN (8 17.9 x 107 (115) 1) 8) 11,86 x 108 (270} 1. e i I ‘
(LOCKHEED 1.25 0.0011 1475 (21927 110000 {7.6 x 103 (11.1 x,10°) 11 COMP 12 x 10° (18) 1 328 105 87) L
£1-1500) 6.9 x 107 (i x 10%) LTEN {STF - 0.122) { ,
6.2 x 10° (0.9 x 10%) L COMP ‘ |
SILICA-RST 144 115 |1.13 .0012 ROOM 10000 |1.65 x 105 (2.6 x 10‘5 It TEN 1.19 x 108 (29) 11 (g) [1-72 % 10 (25) ' “ i
(LOCKHEED) 115 0.0008 1475 (21977 110000 2,18 x 10° (3.16 x 10%) 11 CowP | 0.53 x 107 (8) L 1.2 x 10° (25) 1 } i
L1-500) 4.1 x 107 (9.6 x 104) L TEN i I
4.1 x 107 (0.6 x 10%) L cowp i |
e
£1-600 96.5 1.06 (EsT) | 0.0001 (EST) ROOM 10 000 NA NA NA : 0
(LOCKHEED) T60 TEeTY 10,0002 (E3T) 4T3 (2192 | 10 000 : |
i |
DYNAQUARTZ | 160 11 0.0006 ROOM 10 000__|3.4 x 10° (50) (EST) 6.2 x 10° (90) 3.45 x 10° (50) (EST) I
|
{JOHNS - nY] 0003 {873 (1112 | 10 000 WITH DEFLECTION : .
MANVILLE) T3 0.007 1473 {2192) | 10 000 | !
i ]
|
O
MICROQUARTZ | 56 1.06 (uc) | 0.0027 (uc) ROOM 13 400 NA NA NA v "
{ JOHNS - :
MANVILLE) i
j
SLA-561 VIRGIN 232 1.30 9.0083 ROOM 10000 |1.896 x 107 (2750) 2.27 x 10% (329) NO ‘ “
(WRTIN) AT 133 X (-200°F) i i
1.86 x 10° (27) | [
AT 366 K {+200°F) \ |
CHAR 128 f 1
|
sz VIRGIN 250] 1.31 0.005 ROOM 1000 |2.027 x 10 (29%0) 5.46 x 10° (79.2) 7.58 x 10° (i10; ‘ : !
—— -y = — e e e e e i s e e i e e +
CHAR 188 |
9 6 'me~f”””—+
SILICA 830 1.50 0.0008 394 (250) 6500 | 4.8 x 10° (0.7 x 10°) ND 6.89 x 10° (1000) Co
FOAM (EST)
{aAsoc
R . S - 4
CARBORUNOUM) | 510 1.0 0.0006 394 (250) 8500 |2.1 x 109(égi? « 10%) ND 325 % 165 (560) \
NTES:
S b« NO DATA; ST = ESTIMATED; NA = NOT APPLICABLE; UC = UNCOMPRESSED; STF x STRAIN TO FAILURE.

2. ALL PROPERTIES AT ROOM TEMPERATURE UNLESS OTHERWISE NOTED.

3. MELTING TEMPERATURE DOES NOT IMPLY MAXIMUM USE TEMPERATURE. THE MAXIMUM USE TEMPERATURE WILL BE
LESS AND IS AFFECTED BY SEVERAL FACTORS SUCH AS PURITY, PROCESSING AND CONF IGURATION OF THE MATERIAL.

4. TEN = TENSION,

5. COMP = COMPRESSION.

6. 1l = PARALLEL (NOTED STRESS APPLIED PARALLEL TO THE LONG AXES OF THE FIBERS).

7. Ls PERPENDICULAR (NOTED STRESS APPLIED PERPENDICULAR TO THE LONG AXES OF THE F[BERS).

8. "EVALUATION OF NOMMETALLIC THERMAL PROTECTION MATERIALS FOR THE MANNED SPACE SHUTTLE," VOLUME V,
BATTELLE, MEMORIAL 'NST, 1 JUNE 1972.

9. iMSC - 0336595, VOLUME 1.
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(3)
COEFFICIENT OF THERMAL CONDUCTIVITY MELTING
<67 | MODULUS QF RUPTURE IHEKMAL EXPANSION W/M/X (BTU-IN/FT2- SPECIFIC HEAT EMITTANCE | TEMPERATURE
N/ME (PSI) M/M/K (IN/IN/OF) HR-°F) J/KG K (BTU/LB-°F) (NORMAL ) K (°F) REMARKS
., 8) |6 89 x 10° (100) (EST) |5 4 x 10® (3.0 x ]0-5) 0.384 {2.66) 1.05 x 10° (0.25) -0.8 1866 (2900) | PRODUCTION MATERIAL
L AT 1366 K (2000°F) | AT 1822 K (2120°F)
ND 5.4 x 1078 (3.0 x 1078 {0.303 (2.1) (EST) 9.63 x 10 (0.23) EST NO 1866 (2900) | IN PILOT PLANT PRODUCTION
(EST) AT 1366 K (2000°F)
TTBT 718 < 10° 160} (€5T) 152 x 107€ 2.9 x 1078 [0, 01 (0.7) 6.82 x 162 (0.163 2.65 70 0.75 ND
. AT 533 K (500°F) AT 225 K (0°F)
0.387 (2.7) 1.34 x 103 (0.32)
AT 1366 K (2000°F) | AT 922 K (1200°F)
. 6 3 3
o3 1793 x 16 (119 .55 £ 107 0.3 x 107°) 10.225 (1.56) 1.34 x 107 (0.32) 0.85 1978 (3100) | PRODUCTION MATERIAL
: AT 1366 K (2000°F) | AT 1366 K (2000°F) 0.95 AT
1366 K (2006°F))
BT PP LS 0.5 x 1075 (0.3 x 1078 {0.128 (0.4) 1.56 x 10° (0.35) 0.85 1978 (3170} | PRODUCTION MATERIAL
L AT 311 K (100°F) AT 1366 K (2000°F) 0.95 AT
0.228 (1.6) 1366 K (2000°F}
AT 1366 K (2000°F)
N 0.54 x 1078 (0.3 x 1078 {0.120 (0.83) 1.38 x 10° (0.32) 0.8 (EST) 1975 (3100) |A RESILENT FORM OF
(EST) AT 811 K (1000°F) | AT 1366 K (2000°F) L1-1500
o ND 0.54 x 1078 (0.3 x 107%) |0.095 (0.68) 1.3 x 10° (0.27) 0.84 1978 (3100) | SEMIRIGID 99% Si0; SHRINKAGE
(EST) AT 811 K (1000°F)  |AT 811 K (1000°F) 1% AT 1783 K (2750°F) FOR 28
HOURS DEFEECTIQN 8% AT
1.39 x 10> N/M¢ {20 +S1)
‘A NA 0.098 (0.68) 1.13 x 10% (0.27) (€ST) | 0.8 1978 (3100) | FLEXIBLE FELT MATERIAL
AT 811 K (1000°F)  |AT 811 K (1000°F) 98.5% 510,
SHRINKAGE 4% AT 1089 K (1500°F)
ND 29.5 x 1075 (16.4 x 10°) | 0.063 (0.44) 1.26 x 107 (0.30) 0.7 N A SILICONE BASED ABLATION
AT 484 K (340°F) MATERIAL .
o 1.55 x 10° (0.37) 0.9
W 21 % 1070 (11,7 x 10°) [0.679 (0.55) (£sT) [ 1.51 x 10° (0.36) (£sT) | 0.85 N A SILICONE BAS.U ABLATION
I U A0S T MATERIAL.
9.63 x 10° (0.23) 0.84
3.5) x 105 (520) 0.72 x 1078 (0.4 x 107%) {0.259 (1.8) 9.63 x 10° (0.27) »0.78 AT 1978 (3100) | ComERCIALLY AvAILABLE
AT 811 K (1000°F) AT 811 K (1000°F) 31 K (1000°F) PURITY 99.6% $i0; (MINIMUM)
POROSITY 754, OPEN CELL
JORED SR —— - - - e e o+ e e e s e m T - e e e e e el
3 807 0 100 11, 0.72 x |0'6 (u 4 x 10 6) 0.187 9.63 x 103 (0.27}) >0.78 AT 1978 (3100) | COMMERCIALLY AVAILASLE

( 3)
AT 811 K (1000°F)

AT 8'1 K (1000°F)

811 K (1000°F)

PURITY 99.6% Si0p (MINIMUM)
POROSITY 60%, OPEN CELL
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TABLE VIII
HIGH DENSITY ANTENNA WINDOW MATERIAL PROPERTIES
= ouriTy | pENsITY DIELECTRIC CONSTANT AND LOSS TANGENT COMPRESSIVE
YOUNG'SMODULUS | TENSILE STRENGTH STRENGTH MODULUS OF RUP
MATERIAL & | (KG M3 | DIELECTRIC| LOSS | TEMPERATURE | FREQUENCY NMW2 (PSh 2 G ¥ )
* CONSTANT | TANGENT | K (°P) (WH2) N (PSD VW (PS) NMC(PSh
ALUMINA 3 830 9.5 0.0002 ROOM 10 000 395 x 101050 x 108 | 2,41 x 108435 x103) | 2.07x109(300x1 ML
CARQ R 105 0.0006 [URKIER TV 10 000
AD-3% 338 x 1011749 x 1060 | 1.52x 108122 x 103) s
COURS: AT 810 K (1000°F » AT 1366 K (20000F) AT e R
BERYLLIA 98 2850 66 0.0006 ROOM 10000 340 x 1011045 x 106 | 117 x 308017 x 103 ] 155 %103 12251 S
 Be(: T6 0.9008 1573 10 o06 827 x105(1.2x 10D A
BD- & AT 1644 K (2500°F) AT 3R KX
COORS:
MAGNESIA a0-99 5| 3420 4.9 0.9001 ROOM 3375 207 x 10130 x 105 | 827 x 107 e12x 103 | 1.39x10% «200x} i
g0 103 a.oncl 1283 - 185¢ 375 L2 x 1011025 % 1060 | 7O 1089 K+ 15000F) S
AT 81C K- 10000F « 3.4 x 107 (5 x 103 LUK
AT 1644 K 25000F )
PYROCERAM NA hid 5% 200033 ROOM 3300 124 x 10117 x 105 2.07 %108 1300 %1 LRt
“GLASS 55 5.004 973 11292 A500 ND (EST) Gl
CERAMIC 2
SLIP CAST 9.5+ 1980 138 £.0006 ROOM 10 200 483101010 x 106 | 1.39x107 2x 103 | 1.39x108 (20 x 10° iyl
FUSED SILICA 99 354 0.003 478 2l 1" 600
CLEAR @s | 2xe 38 £.0002 " ROOM 6l0c 6.89 x 161010 x 106, 103x10% (150x1 ° | 43310
VITREOUS 100 £ 0003 1573 - 2552 8100 ND SEEEA
SILICA AT UK
ISOTROPIC 95 | 12 301 2001s ROOM 10 100 L2 1000257 168 | 758 x107 (11 x 1030 | 2.28 x 108 (33 x 10- Y
PYROLYTIC 301 0 2006 320 It 000 )
BORON AT 6% K
NITRIDE IPBN :
ANISOTROFIC 995 | 220 51 £.00015 Riduts w0r 207 x 16103 1 108 414x1076x 103 [ 4964107 72110 T B
PYRILYTIC 52 003 | s %2 T L 70 PD- (LTO P
BORIN BOTH ! Tr PY
NITRIDE 34 o RGO 100¢
BURALLDY TREART
BIRON SR BEER 103 RV ROOM W 183 x 16007 x 108 4145107 16 x1°3 .
NITRIDE LR 0 1143 %78 3 11 T0 PD NT0PD ‘
HON92 UNION 174 €903 ROOM 0 oor ND S0 10 750 10 o
CARBIDE 120 > 0003 1475 2192 10 666 LT0PD vk
SILCN LN BT 5% AR RooM ance LIt 20005 | w108 oz ai0d | a1ax108 60 x 10 Y
NITRIDE 2400 54 £ 0065 1295 1860 8000 ) A
REACTION PR
STEREL S
LA B EEhn b 23 o1 WAX ROOM 352, P2 29 d v
couid : ' 1451 10 ! 4
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During this study Lockheed's LI-900, which has lower density than LI-1500,
was selected for the Orbiter baseline TPS HRSI. The thermal conductivity is
higher and the strength lower. However, the use of LI-900 results in a sig-
nificant weight saving for the TPS. Although LI-1500 was considered as the
baseline HRSI material for the design concepts considered in this study, it
could be replaced with LI-900 without antenna system degradation because of the
similarity in electrical properties. The dielectric constant and loss tangent
of these and the GE and MDAC-E HRSI materials are given in table X. This data
was obtained from NASA-LaRC measurements (ref. 6). The dielectric comstant of
all the HRSI materials are comparable. However, the loss tangent of both
LI-1500 and LI-900 is considerably lower at elevated temperatures than that of
the other two HRSI candidates. Therefore, LI-1500 and LI-900 can be expected
to give the best RF transmission characteristics.

TABLE X
HRSI ELECTRICAL PROPERTIES

TEMPERATURE LSMC LSMC GE MDAC
K(°F) SILICA SILICA MULLITE MULLITE
LI-1500 LI-gn" M0D 1A MOD IIIA
€p tan 6 €p tan § € tan * € tan ¢

298(77) 1.2310.00025| 1.14] 0.0012 1.1910.0002} 1.28{ 0.003

473(392) 1.2310.00025| 1.14| 0.0012 1.19{ 0.0003 | 1.29| 0.004

673(752) 1.2310.00025| 1.15} 0.0010 1.191 0.0007 | 1.30| 0.008

873(1112) |1.24 10.00025 1.151 0.0005 | 1.20| 0.0015 | 1.32 0.015

1073(1472) |1.24 | 0.00035 1.15| 0.0004 | 1.20{ 0.0028 | 1.34 0.028

1273(1832) | 1.24 | 0.00060 1.151 0.0006 | 1.20{ 0.0045 | 1.37 0.049

1473(2192) {1.2510.00115 1.161 0.0008{ 1.21| 0.0066 | 1.40 0.076

NOTE: DATA FRO! RZFERENCE 6

The LI-1500 tile joint design has a recess around the inner edge of the
tile next to the bonded surface to permit inclusion of an FI-600 filler strip.
FI-600 is a resilient silica fiber mat insulation, which prevents a direct
view through the tile gaps to the structure. FI-600 is 96.1 kg/m3 (6 1b/ft3)
in density and is impregnated with hydrolized silicone for waterproofing. The
thermal properties of F1-600 are given in Appendix A. The dielectric constant
and loss tangent are somewhat lower than those of LI-1500 due to the lower
density. The estimated values are given in table VII.
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Orbiter structure, additional materials are required. They include an RF
transparent structural panel, a strain isolation sponge, and an adhesive. !
The properties of the materials considered for these functions are given in
table IX.

HIGH TEMPERATURE ANTENNA MDC E08%
DEVELOPMENT FOR SPACE SHUTTLE 30 JULY 1973 i i
VOLUME | d E
Attachment materials. — In order to attach the HRSI materials to the i

RF transparent structural panel: The basic structural member which |
provides the means for fastening the antenna window to the Orbiter is a
fiberglass-phenolic honeycomb sandwich. The face sheets and core are composed
of a fiberglass cloth impregnated with a heat resistant phenolic resin. The
facesheets consist of three layers of fiberglass cloth laminated with their
warp direction oriented at 0, 30, and 60 degrees to provide uniform strength
croperties in all directions. The honeycomb core is a 56.1 kg/m3 (3.5 lb/ft3),
6.35 mm (0.25 in.) hexagonal cell, manufactured by the Hexcel Company. The
facesheets are bonded to the core with HT-435 (American Cyanamid Co.) which
is specially formulated for RF transmission. Structural adhesives for
applications such as this are usually formulated with an aluminum powder
for high temperature strength; however, no aluminum is used in HT-435.

Both the facesheet thickness and the core density can be varied to obtain
a minimum weight panel as a function of panel stiffness requirements as
discussed in the subsection on Strength Studies in this section. Core sizes
are nominally 4.76 = 6.35 mm (0.188 - 0.250 in.). For thin facesheets, larger
core sizes could result in buckling between cell walls.

Strain isolator sponge: LI-1500 and the other candidate HRSI materials
are rigid and have relatively low strengths. Therefore, they must be isolated
from thermally and mechanically induced strains of the structure to which they
are attached. Two candidate silicone rubber sponges, RL-324 type $-105 and
RL-1973, both manufactured by Raybestos Manhattan, were evaluated. RL-524 was
selected primarily because of its low temperature stiffenirg point. Vendor
data indicated that RL-524 remained more flexible than RL-1973 at 117 K (-200°F) -
due to the methyl-phenol ratio in the silicone rubber formulation. The proper=
ties of both RL-524 and RL-1973 are given in table IX.

Adhesive: RIV-560, a General Electric silicone elastomeric adhesive, is
used to bond the HRSI to the strain isolator sponge, and the strain isolator
sponge to the fiberglass-phenolic window panel or the aluminum Orbiter struc-
tural skin. The RTV-560 silicone withstands both low and high temperatures
(158 to 561 K (-175 to 550°F)). Without loading, the low temperature can be
extended to 117 K (-250°F). A menthyl-phenyl silicone polymer provides the
low temperature flexibility and an iron oxide provides the high temperature
stability. The properties of RTV--560 are given in table 1X.

Antenna cavity foams. - Many of the commercial antennas listed in the
Antenna Survey subsection of this section use a rigid foam inside the antenna.
A list of the properties of some of these foams are shown in table XI. All of
these rigid foams withstand 394 K (250°F) but the lower density (320 - 640 kg/m3
(2 -4 lb/ft3)) closed cell urethane foam can rupture during vacuum exposure.
Urethane foams denser than 96.1 kg/m3 (6 1b/ft3) are rigid enough to withstand
vacuum conditions. If the rigid urethane foams are heated above 422 K (300°F)
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TABLE XI
THERMAL PROPERTIES OF ORGANIC MATERIALS

THERMAL SPECIFIC HEAT
DENSITY | CONDUCTIVITY WS/KG- k(6TU/ | MAXIMUM  (3)
KG/M3 W/MUK(BTU-IN./ | LB- F) AT TEMPERATURE
MATER AL (LE/FT3) FT2-HR- 'F) 15 K{-432°F) K( F)
CPR767-30 D a81(30) 0.075(0.52) 1800(0.23) 422(300)
{UPJOHN CU. }
CPR767-30 o) 961(%) 0.034(0.26} 1860(0.43) 394250}
(UPJOHN CU. )
CPR-17-3 ® 43(3) 0.035(0.24) 1717(0.41) 394(250)
(UPJOHN €O.)
CPR-17-4 w 514} 0.036{0.25) 175810.42; 3941250
(UPJOKN CO.
NOPCOFUAM A-206(101  96(6} 0.040(0.28) 1800(0.43) 394250}
(DIAMOND SHAMROCK
CHEMICAL C9.)
NOPCOF OAM 80211, 32{2) 0.019(0.13; 1675(%. 4] 4224300
(DTAMOND SHAMROCK
CHEMICAL (V. )
ECCOSPHERE FT-102 | 160(10) 3.058(0.40) 963(1.23) 5204480 L
{EMLRSON AND
CUMING)
TEFLON TFE 219501375 | 0.245(1.70) 1087(3.25) 533590
TEFLON FEP 21m137) | 0.245(1.70) 117210.28) 5051850,
f NOTES: Q RIGID URLTHANL

(T GLASS SPHERES - 10 70 250 MICRON DIAMETER
(5 MINIMUM TEMPERATUREL 15 LESS THAW 116 x
{(-250 F) FOR ALL MATERIALS

they start to soften slightly on the hot face. By special compounding, this
high temperature limitation can be increased. Urethane foams have been used

for cryogenic insulation to low temperatures of 20.4 K (-432°F). Therefore, the
use of the urethane foams to 117 K (-250°F) should not cause a problem. The
FT-102 eccosphere should be capable of stable performance at temperatures of

117 to 450 K (-250 to 350°F) and in a vacuum.

AP Nf e AT T STt

Material interfaces. - There do not appear to be any adverse reactions
possible between the basic materials used in the antenna system design concepts
considered in this study. In some cases it may be necessary to use a series of
metallic plating steps in order to prevent galvanic action due to an adverse
metal couple. An alodine coating, which is conductive, can be applied to alu-
minum mounting flanges to prevent corrosion due to oxidation.

Replacenent and repair. - The antenna system design concepts considered in
this study permit the antenna window to be removed easily for either replacement
of the window or access to the antenna. Minor chips in the LI-1500 coating can
be repaired w..h Lockheed's LI-0010 coating. LI-0010 is not waterproof, but
provides the proper surface emittance. It is unlikely that a single tile in a
large window could be replaced since the honeycomb panel which supports the
tiles over the antenna may not withstand the cleaning process required to renove
the old adhesive and sponge pad. In general the antenna window tiles are no
more susceptible to damage during Orbiter assembly or Orbiter mission than the
surrounding TPS tiles.
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Minor separations or unbonded areas around the HRSI tile edges can be

repaired by injecting catalyzed (RIV-560) into those areas. Major unbonded
areas should be refurbished using established techniques.

L i it

Damaged honeycomb structure can be evaluated by X-ray and ultrasonic
nondestructive examination evaluation (NDE) methods. X-ray NDE would be
used to determine the core integrity, and ultrasonic NDE would be used to
i determine the presence of unbonded areas between the facesheets and honeycomb
\
|

,‘: X xﬁ:x!,;‘i s

" core. Either of these conditions would require the replacement of the antenna
* window.

Thermal Studies

Thermal sizing analyses were conducted to determine thickness requirements
) when using silica HRSI's, mullite HRSI or ablative material as the antenna
4 window and surrounding TPS materials. Detailed thermal analysis was ~onducted

for only the S-band antenna system as discussed in the section on S-BAND
ANTENNA SYSTEM DESIGN.

Environmental factors. - The required thermal protection for the Shuttle

depends on the antenna system concept and a number of other factors. These
3 factors include: (1) the initial and maximum allowable temperature; (2) the
; local pressure environment of the insulation; (3) the mass or heat capacitance
of the antenna system concept; (4) the heat transfer boundary condition on the
inboard side of the antenna system; (5) the emittance, absorptance and view
factor of the antenna window surface material to space; and (6) the critical
temperature for the particular antenna system concept. The thermal sizing
analyses utilized the following environmental factors:

YR N v T

(a) The maximum preentry initial temperature design value was 311 K
(100°F) .

(b) The maximum allowable antenna/primary structure temperature was 422 K
(300°F) requirement for this contract.

(n) The local static surface pressure was used to determine insulation
thermal’ conductivity.

(d) The aluminum primary structure equivalent thickness was 1.525 mm
(0.06 in.).

(e) The backface boundary condition included heat transfer from primary
structure or antanna backcap to internal thermal control insulation

backed by an aluminum cabin wall equivalent thickness of 1.0 mm
(0.04 in.).

(f) The surtace emittance variation due to temperature was included.
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(g) The entry aerothermodynamic heat transfer coefficients and recovery
temperatures where used as surface heating boundary condifions.

(h) The external surface radiation sink temperatures were J K (-460°F)
during entry and 300 K (80°F) after 15.3 km (50 kft).

The critical thermal environment occurs during entry. However, launch
interference heating between the Orbiter and its external tank combined with
a cnce-around mission may increase initial entry temperatures and, therefore,
the required antenna window thicknesses. This problem is not peculiar to
antenna system design but is common to the adjacent TPS design as well. This
problem would be considered as a candidate design detail modification upon
integration into the Orbiter.

Thermal models. - One-dimensional thermal analyses and MDC's General Heat
Transfer Program (HEATRAN Code) were used to determine the thickness require-
ments of the antenna window and surrounding TPS materials. The computer pro-
gram is a "block type" thermal analyzer in which physical properties, geometry
and linkage relationships are input to the program which thern calculates lumrod
thermal capacitance and conductance terms. Backward finite difference techni-
ques were then used to obtain transient solutions.

Two one-dimensional antenna system thermal models and one one-dimensional
TPS model were used. The two antenna system thermal models shown in figure 25
include the S-band and VEF antennas behind the antenna windows. Of the
antennas under study, these represent the largest and smallest thermal capaci-
tances and, therefore, their use bounds the analysis results. Both thermal
models were divided into 35 nodes and included inboard radiation to thermal
control insulation. These thermal models were also modified for the multiple-
layer antenna window concept. The thermal model for the adjacent TPS (figurc
26) was also divided into 35 nodes to obtain a consistent level of detail.

Results. - One-dimensional thermal sizing resuits were obtained for LMSC
LI-1500, LMSC LI-900, GE MOD 1A and multiple-layar window thermal insulation
materials. Plots of maximun interface temperature versus the primary insula-
tion material thicknesses are shown in figures 27 through 30. From these
results the insulation thickness can be determined for specific interface

requirements. The results for three specific temperature constraints are
presented in table V in terms of thickness anc¢ unit weight.

The VHF antenna window thicknesses were sized to maintain the temperature
of the spiral radiating element below 422 K (300°F). The spiral is located on
the outer surface of a fiber-glass honeycomb structural panel at the top of the
antenna cavity. The results (table XI1) show that the antenna window thick=-
nesses can be 17 to 25% more than the adjacent TPS thickness if the same
thermal protection material is used for both. Larger differences in thickness
can occur with dissimilar materials.

The S-band antenna window thicknesse. were sized to limit the RTV adhesive
bondline between the HRSI and strain isolator pad to 533 K (500°F). The
critical temperature was determined by plotting the maximum tenperatures for
the bondline, the antenna aperture and the Kevar antenna backcap as a function
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HIGH TEMPERATURE ANTENNA
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S-BAND ANTENNA SYSTEM
MAXIMUM THERMAL CAPACITANCE

KOVAR ANTENNA BACKCAP —

FIBERGLASS HONEYCOMB CORE / / 0.31 CM
0.37 CM(0.146 IN.) L L LL .

SILICONE SPONGE
0.202 CM (0.08 IN.}

RTV 560 ADHESIVE
0.0254 CM (0.01 IN.)

ALUMINUM ALLOY

—
T6-15000 FOR INTERNAL . 0
THERMAL CONTROL :
RADIATION GAP —

1 CM (0.04 IN.)

0.32 M (0.13 IN.) A
/ /
/
ol
y SLIP CAST FUSED SILICA
;! " 8.6 CM (3.4 IN.)
/
/ ;o

MDC E08%
30 JuLY 1973
VOLUME |

VHF ANTENNA SYSTEM
MINIMUM THERMAL CAPACITANCE

\\a

A AT R L

PRIMAR™ ANTENNA
WINDOW MATERIAL

— SURFACE COATING
ENTRY HEAT 0.025 CM (0.01 IN.)

4%@_#
3 . 5 o

N Fa A
C 3% )
RADIATION GAP 3
~ & =~
T6Tis000

2

]
|
\

‘ /

ENTRY HEAT

TG-1500 FOR INTERNAL
THERMAL CONTROL

ANTENNA CAVITY
0.05 CM (0.02 IN.)

RADIATION GAP

FIBERGLASS FACESHEETS
0.045 CM (0.0175 IN.)

FIBERGLASS HONEYCOMB CORE
4.3 CM (1.70 IN.)

SILICONE SPONGE
0.202 CM (0.08 IN.)

ONE-DIMENSIONAL ANTENNA SYSTEM THERMAL MODELS
FIGURE 25

ALUM. ALLOY CA3IN WALL (.1 CM, .04 IN.)

»—KAPTON FILM PACKAGING

2024-T ALUM. ALLOY PRIMARY (.15 CM, .06 IN.)
RTV 560 ADHESIVE (.025 CM, .01 IN.)

Le— STt ICONE SPONGE (.635 CM, .25 IN.)

RTV 560 ADHESIVE (.025 CM, .01 IN.)

ke~ RS! OR ABLATOR

SURFACE COATING

ENTRY HEAT S
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O VHF NODE 17 ANTENNA SPIRAL
1400 OAN‘ACENT ITps NODE 27 ALUM PRIM. STR.
1000 — SYMBOLS INDICATE CALCULATED POINTS
1300 |
1200 |—
900 \ \ VHF ANTENNA SPIRAL
1100 J\ /
1000 |— \(
800
ALUM. STRUCTURE UNDER ADJACENT TPS
900
| i 800 Z‘(
' |
. 700 . -
2 =t \ R
= < 700 A
, & o \
; S & \\ \ BONDLINE LIMIT TEMP.
? = 600 - ¥ gq0 /
3 = x .
" = | £4 /
= Z 500
- = '
- 500 - \ LOWABLE MAXIMUM TEMP.7 l !
: 400 \
b L /
300
| 400 | N
. : 200 |- " S-BAND 1.C. PANEL BONDLINE
; Z‘ | ~b~ <" 5-BAND APERTURE FACE
i : oL 100} S-BAND KOVAR crsc
0 |
0 1.0 2.0 3.0 2.0
1 {-1500 INSULATION THICKNESS .~ IN,
o 1 2 3 4 5 & 7 8 9 10
L1-1500 INSULATION THICKNESS - CM
LI-1500 HRSI REQUIREMENTS
FIGURE 27 |
i
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st SYMBOLS INDICATE CALCULATED POINTS
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1000, T
1300
| A S-BAND
) \ O VHF NODE 17 ANTENNA SPIRAL
1200 b\ O ADJACENT TPS NODE 27 ALUM. PRIM. STR.
900} !
Vs VHF ANTENNA SPIRAL
1100 \
\ ‘
* 1000 |\
800}
ALUM. STRUCTURE UNDER ADJACENT TFS
900 } |
[V w *\
° \
' 700F' 800 \‘ Jk
g (g \
z |2 XA
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j W |w \ 1
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5 z |3 R
: £ g \ \
: = X 500 \
H = = \
i 500t \ \ \ ALLOWABLE MAXIMUM TEMP.—
- 400 N N /
; K\ I AN / :
: 300 > \\ 4
400l. T~<
200 |4 S-BAND H.C. PANEL BONDLINE ---
; /1
5 S-BAND KOVAR CASE
f 300t 100 v
;(
‘ 0
0 1.0 2.0 3.0 4.0
. {]-900. INSULATION THICKNESS - IN. .
st 3 & & ¢ 7 8 93 10 )
L1-500 INSULATION THICKNESS - M
; LI-900 HRS:i REQUIREMENTS
E. FIGURE 28
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\ A S-BAND
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TABLE XII
ONE-DIMENSIONAL THERMAL INSULATION SIZING RESULTS

THERMAL PROTZCTION MATERIAL
THERMAL MODEL CRITICAL LI-1500 LI-900 GE MOD 1A DYNAQUARTZ
TEMPERATURE HRST R :
AT ION st @ KRS1 BORON NITRIDE
THICK- WEIGHT/ THICK- WEIGHT/ THICK- WEIGHT/ THICK- WEIGHT/
NESS AREA NESS AREA NESS AREA NESS aFA @
CHUIN.) | k/M(PSF) | CMUIN.) | KG/ME(PSF; cn(IN.) | ka/M2(PSF) | CM(IN.) | KG/MZ(PSF)
VHF ANTENNA 422 K(300°F) | 5.97(2.35)| 4.35(2.94) | 7.29(2.85) [ 10.45(2.14) | 7.11(2.80) | 13.67(2.80) 6.65(2.62) | 29.44(6.03)
(MINIMUM THERMAL | (ANTENNA
MASS) SPIRAL)
S-BAND ANTENA | 533 K(500°F) | 2.36(0.93) | 5.66(1.16) [2.62(1.03) | 3.76(6.77) |2.87(1.13) | 5.52(1.13) |1.57(0.62) } 21.33(4.37)
(MAXIMUM THERMAL | (WINDOW 3
MASS) ADHESIVE)
ADJACENT TPS ?§EU:§:33°F) 5.08(2.00) | 12.21(2.50) |5.84(2.30) | 1.45(1.73) |6.02(2.37) | 11.57(2.37) | 5.08(2.00) | 12.21(2.50)
SKIN ®
STRUCTURE)

NOTES: (1)BASED N DENSITY CHANGE ONLY.
(2) INCLUDES BORON NITRIDE SURFACE LAYER.
(®)BASED IN 300°F TEMPERATURE LIMIT OF KOVAR BACKCAP.
@LI1-150 TPS

of LI-1500 insulation thickness as shown in figure 27. By definition the
maximum allowable temperatures for the S-band antenna aperture face is 422 K
(300°F). However, slip-cast fused silica in the S-band antenna can withstand
temperatures of 1255 K (1800°F) or greater. The maximum allowable temperature
for the Kovar antenna backcap is 422 K (300°F). An LI-1500 insulation thick-
ness of 5.08 mm (0.2 in.) is more than sufficient to protect the Kovar antenna
case; 1.52 cm (0.60 in.) is needed to limit the S-band antenna aperture to

422 K (300°F). However, a 2.36 cm (0.93 in.) thickness is required to limit -
the LI-1500 bondline to 533 K (500°F). Thus, the bondline is the critical
element in the S-band antenna window design. The results (table XII) also
show that the window thickness required for the S-band antenna system is sig-
nificantly less than that of the adjacent TPS. For LI-1500 thermal protection
material the required S-band window thickness is 2.36 cm (0.93 in.) compared
to 5.08 cm (2.0 in.) for the adjacent TPS. This is due to the greater thermal
mass of the S-band antenna.

Once the critical element for the S-band antenna system design was found
using LI-1500, plots were not made to find critical elements for other thermal
protection materials, except for the multiple-layer antenna window concept.
The thermai model was modified to include the 1.07 cm (0.42 in.) HD-0092 boron
nitride surface layer and eliminate the strain isolator pad. The critical
element was found to be the Kovar antenna backcap (figure 30). From a
weight per unit area basis, the multiple-layer antenna window is much heavier
than single-layer antenna window using HRSI thermal protection materials.
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Structural Integration Studies

Structural integration is one of the important considerations in achieving
a satisfactory high temperature antenna system design for the Orbiter. Not
only must the antenna system provide the required radiation pattern and
impedance characteristics, but it must do so in a structural environment which
includes TPS in addition to the load carrying members. It is also necessary
to preserve the TPS so that heat transfer through the antenna area is equal to
or less than that in the surrounding structure. Particular attention was
directed toward the installation attachment and removal factors to provide
maximum accessibility for installation and maintenance. At the expense of
accessibility the designs could be modified. The alternate approaches which

were considered are, in general, applicable to all the designs but result in
reduced accessibility.

Antenna installation concepts. - Six antenna system concepts were selected
as candidates for integration into the Space Shuttle Orbiter. The antenna
system concepts are based on the following antenna types:

(a) S-band cavity backed helix
(b) Ku-band surface wave slot
(¢c) VHF cavity backed spiral
(d) L-band annular slot

(e) C-band horn

(f) C-band linear slot

The L-band and C-band antenna system concepts were initially developed by
MDAC-E under NASA-LaRC contract NAS 1-11273 (ref. 1) and are essentially
unchanged, since chdnges were not indicated by the results of analyses
performed during this study. The basic description of these concepts are
repeated in this report. The S-band, Ku-band and VHF antenna system concepts
were developed during this study. Layout drawings were prepared for each
concept to she. .he principal design features.

The respective designs are based on the structural requirements given in
the section on DESIGN CONSIDERATIONS AND CONSTRAINTS and reflect the results
of the electrical, thermal and strength studies. Although the structural
designs are based on these requirements, the design can easily be adapted to
other bulkhead and stringer spacings. Stringer spacing (nominally 10.16 cm
(4.00 in.)) in the region of the antenna systems was allowed to vary locally
depending on the size of the antenna and antenna window. Structural members

were added as necessary to carry the structural loads around the antenna sys-
tem installation.
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The TPS thickness used for the antenna system design is 5.766 cm (2.270
in.); 5.08 cm (2.00 in.) for the HRSI tile thickness, 6.35 mm (0.250 in.) for
the strain isolation pad thickness, and 0.51 mm (0.020 in.) for the RTV-560
bonding thickness. The antenna window thickness used for the antenna system
designs, except for the VHF antenna system, is also 5.766 cm (2.270 in.);
5.08 cm (2.00 in.) for the HRSI thickness, 2.03 mm (0.080 in.) for the strain
isolator pad thickness, 4.3 mm (0.170 in.) for the fiberglass-phenolic honey-
comb subpanel, and 0.51 mm (0.020 in.) for the RIV-560 bonding thickness.

For the VHF antenna system both the HRSI and the honeycomb thickness are
increased. RIV-560 is used to bond the strain isolation pad to both the
HRSI and the fiberglass-phenolic honeycomb subpanel. High density laminated
phenolic inserts are provided where the fasteners attach the honeycomb panel
to the primary structure. The thermal expansion of these inserts and the
panel match.

The antenna window assembly is attached to primary structure with four or
more Allen head cap screws. Access to these fasteners, which are captive in
the window assembly, is obtained through holes in the HRSI. Measured data from
MDAC-E's Contract NAS 9-12854, Development and Design Application of Rigidized
Reusable Surface Insulation Thermal Protection System, has shown no increase in
local bondline temperature for dead—end holes with diameters of 0.475 cm
(0.1875 in.). Also, plasma arc tunnel testing of Gemini ablative heat shield
indicated no significant charring for heat shield holes of 0.635 cm (0.25 in.)
diameter. Therefore, 0.554 cm (0.218 in.) holes through the HRSI are con-
sidered acceptable. Experierce gained through the above contract also indi-
cated the HRSI tiles are less prone to damage and simpler to install using an
Allen head shaped tool instead of a screw driver. The shape of the screw head
keeps the tool end from slipping and damaging the fragile HRSI material.

Two of the antenna system concepts also have a super-alloy foil window
enclosure for radiation pattern control. This enclosure does not extend to
the outer surface of the HRSI, but stops at a level where the temperature
maximum is approximately 700 K (800°F) .

The basic geometric data agsociated with the various antenna configura-
tions considered are shown in figure 31. There is a large size variation
between the VHF antenna and the other antennas.

S-band antenna system installation: The S-band antenna system installa-
tion is shown in figure 32. The antenna window assembly is similar to the
C-band slot antenna configuration except that no window edge enclosure is

used. Modification to the primary structure and TPS of the Orbiter is minimal.

The cylindrical antenna is attached to an aluminum support housing, which in
turn is attached to the support bracket. This attachment arrangement allows
the antenna to be removed from either the outside or inside of the Orbiter.
The antenna support housing requires an increase in longitudinal stringer
spacing to 12.00 cm (4.72 in.). Two transverse stringers are required to
provide structural continuity around the skin cutout. The size and shape of
the LI-1500 antenna window is {dentical to the adjacent HRSI tiles.
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It may be noted that the antenna window size is slightly smaller (3.05 cm

% (1.20 in.)) on the side than that shown for the test model discussed in the

: section on S-BAND ANTENNA SYSTEM DESIGN. This design was completed after

1 fabrication of tbe test articles had started and could not be changed without
% serious schedule impact.

l;.

Ku-band antenna system installation: The Ku-band antenna system installa-
tion is shown in figure 33. Modification to the primary structure and TPS is
minimal. The size of the antenna is such that it can be positioned between the
10.6 cm (4.00 in.) spaced longitudinal stringers. The antenna is attached to a
mounting plate, which is also used to strengthen the structural skin around the
cutout. A cutout is provided in the mounting plate allowing the waveguide
attach flange to be passed through and mated with the waveguide. If access
from the interior of the Orbiter is not available, an access donr, adjacent to
the antenna, must be provided for making the waveguide flange interface connec-
tion. An alternate approach would bhe to modify the antenna attach flange. By
rearranging the attach hole pattern and machining access h~les in the attach
flange and the mounting plate, the waveguide attach fasteners could be
installed from outside the Orbiter.

The antenna window assembly consists of a LI-1500 tile (having the same
dimensions as the adjacent RSI tiles), a silicone sponge pad and a fiberglass
honeycomb subpanel. It is mechanically attached to the mounting plate with
four Allen head cap screw fasteners. In ordar to minimize and control the
pattern degradation due to surface wave excitation, as discussed ip the sub-
section on Electrical Studies of this section, a wire screen covering the strain
isolator in the immediate area around the antenna and extending some distance

i forward is required. Figure 33 shows a #20 mesh stainless steel screen
imbedded in the adhesive between the HRSI tile and the silicone sponge strain
isolator. The screen adjacent to the antenna has a triangular shape which
flares to a width of 15.24 cm (6.00 in.) in the primary direction of the
radiation pattern. The screen extends 30.50 cm (12.00 in.) forward of the
base of the triangular shaped screen. These dimensions correspond to a con=
figuration which was tested.

K
I
.
L3
i

VHF antenna system installation: The VHF antenna system installation is
shown in figure 34. The VHF antenna is much larger than the other antennas
considered in this study. However, the design approach used is generally the
same as used for the other designs. Since there is no of f-the-shelf flush
mounted antenna for the VHF frequency range, a cavity backed spiral antenna
with a 76.2 cm (30.0 in.) aperture diameter and a 30.48 cm (12.00 in.) cavity
depth was designed. Unlike the other antenna system installations, the VHF
installation included the desiga of the basic antenna structure.

The VHF antenna windcw assembly is 86.36 cm (34.00 in.) wide and 104,14 cm
(41.00 in.) long. The basic window construction i{s similar to that used for
the smaller antennas described previously. A total of 33 L1-1500 tiles are
used to cover the window area; 27 are the same size as the basic TPS tiles anu
6 are half size. Alternatively, 30 tiles, 24 regular size and 6 oversize,
could be used. Due tc the low thermal capacity of the antenra, the LI-1500
tiles for the antenna window were increased from 5.08 cm (2.00 in.) to 5.98 cm
(2.35 in.) as discussed in the subsection on Thermal Studies of this section. '

PAGE 6-44 INTENTIONALLY LEFT BLANK.

PRECEDING PAGE BLANK NOT FL'.p 6-%

MCOONNELL DOUGLAS ASTRONAUTICS COMPANY *» KAST




"o

[ I SR T W

—

S R R P WP R

g AT

1 TN R AR RO

po R

HIGH TEMPERATURE ANTENNA
DEVELOPMENT FOR SPACE SHUTTLE

SPONGE REF—

1

i = RSI REF

Ly

| / — FIBERGLAS - PHENOLIC
\ [ HONEYCOMB PANEL

— KU-BAND ANTENNA REF

ANTENNA MOUNTING PLATE —

|
~— RTV ADHESIVE

C

(2 x SIZE)

KU-BAND ANTENNA -~

o — 12,00 -—-

STRINGFR -~

SKIN . -

/A

MDC E08%
30 JuLyY 1973
VOLUNE !

_-=—B0OND LINE

b .218 DIA RE¥

~
T PHENOLIC INSERT

. . " OUTER M i
[ |
| PHENOLIC INSERT OUTER ®
g - FIBERGLAS - PHENOLIC
a HONEYCOMB PANEL REF \
.
f 2.00
ANTENKA MOUNTING PLATE ‘
ot
i i
.25
- STRINGER REF E

]
\ S KU-BAND ANTEWNA REF

— SCREEN

Ku-BAND ANTENNA SYSTEM INSTALLATION

PRECEDING PAGE BLANK NOT FITMFD

6-45
FOLDOUT FRAMgMCOPONNELL DOUGLAS ASTRONAUTICS COMPANY - KAST

FIGURE 33

PAGE 6-46 INTENTIONALLY LEFT BLANK.




e 20.00 (TYP FRAME SPACING) —~ - - e s

|

“— FIBERGLAS - PHENOLIC
HONEYCOMB SANDWICH

PHENOLIC INSERT —
(TYP & PLACES) N\

N

VIEW OF ORBITER-LOWER SURFACE

‘ !
M L \/_1‘4
M—’/\a«. .050 TYP \ ’]\

1

- .218 DIA
(4 HOLES) <RSI TILE (6.00 x 6.00)

A

COATED RSI TILE (L1-1500) 7
STRAIN ISOLATOR /

/’ FIBERGLAS - PHEMOLIC

SCREEN REF — HOMEYCOMB PANEL

/ ! \

\ TR / C B
A

[ ]

i [/

PR ERATIMC T . NP L. §

FILLER STRIP (F1-600)

RS1 REF —~

ANTENNA MOUNTING PLATE —
SKIN —/

ANTEMNA ATTACH FASTENER —— (.020 ALUmINUM)

FUSELAGE STATION KU-BAND ANTENRA - -

FUSELAGE STATION

<E B-B

DIMENSIONS GIVEN IN INCHES,

FoLbovy ;-




1
HIGH TEMPERATURE ANTENNA MDC E08%
DEVELOPMENT FOR SPACE SHUTTLE 30 JULY 1973
M VOLUME !
%: — ] T | ; -
v _ : . i
f 1 " Er—\] SN - 1 . Rt EERSE
< — T T ; e
!8 H - f /’/ ;%A I
bé : ! ‘ \
% - ston A e
! E 1 —: t )
% - S 1! 7
—T /- RSI TILE B l
i > | A A
- ey !
» 1 ' TN
34.00 B I
¥
b - P
RF ABSORBER e
i 3! = Y _
F— . PERS 3
ANTENNA WALL / ( S e [" v
\ »
suppoRT FRAMECT L 1
A
i
STRINGER — ! ‘ - !
|
P N R
N \
=== -t N
. — . 2rsu -
Ly R t
/ ;
t SUPPORT FRAME !E-T,;?TEBLV . e &
; ] — ,,\J{L_ |
: 160 U\ .
S 1L RSI PANEL ATTACH T
I 150 TP =] | - _—— SPONGE REF FASTENERS (13 REQ'D) ]
g :i SKIN RE‘F e PHENOLIC INSERT o S YT oioAMD O SPACING D -
: - STRAIN ISOLATOR
: L RSL SGPPURT
Ji
- JINT
; ) A U e
¥ 2.3 \ -
¢ l —.080 |RST suPporT paney \ T
\ I f.-300 ) .
: ‘1_*]' i F : (0 =
\ by 18 * VHF ANTENNA FuseG staTion
ALUMIMM SKIN (.020) ] . |

~ S
i /

ANTENNA WALL —

il T
AN ENNA AnAcn,' . ¥

FASTENERS ,/
L
PHENOLIC INSERT—

— RSI SUPPORT PANEL

(\ (ALUMTNUM)
ANTENNA ELEMENTS ANTENA PANEL 2 X sz ?::Dl;l: u‘mzm use —

AL
NO SCALE

VHF ANTENNA SYSTEM INSTALLATION FIGURE 34

PRECEDING PAGF, BIANK NOT FILMID PAGE 6-48 INTENTIONALLY LEFT BLANK.

6-47
B FOLDOUT FRAME  ycpownvaie povaras asrmonaurics commavy - zasy

|




- S S R R &1’

b

I

L

//

K
i
P

- ——
:

VIEW OF ORBITER-LOWcR SURFACE

RSI TILES

SPIRAL AREA

\ L

A ;
. .
el GIUN G SENIRR
N
1 i 4.00 (NOMINAL SPACING)

SYRINGERS (ALUMINUM)

_— h RST SUPPORT PANEL WUTLINE

, ] : BN
13- L ANTENMA 47 °H FASTENERS (8 REQ'D) | \
— S - 41.00 (SUPPORT PANE |
{ < - FIBERGLAS PHENOLIC HONEYCOMB

- - 20.00 (TYP FRAME SPACING) ;
ANTENNA PANEL

e — 32.00 0FA -~ --
! RSI SUPPORT PANEL

~ FILLER STRIP
o \ \-»musvco-s AN‘TENNA PANEL %%.5( oB?X TILES , // {F1-600)
- s
i ,{E | i/
Aﬂ_;@;,_ﬁm ‘ - — STRINGERS
\ Y !
é‘-m* \ FL \\ 1 J‘L l : l l"_,, - - ”Lﬂ
. : prrtrtpreerr et 1{ -
‘ N g T NIRRT R UMM SKIN | __l -
A P T T RN i .020) T 1]
T ' — —
~ 0=+ “ FUSELAGE STATION a _Mt e D
— b——
STATION ! 1 ’ -4 4 ! ;L i
: 12.00 — il -~
$.00 30.00 OIA i ] —— 4 1 /
- RN 1] S : OUTLINE OF RSI
! ~ - —{ \ B
| H S R L] - SUPPORT PANEL
| ‘ e S —_— o - — |
e NG 2 HH Hys
[_4;—#» — AL -;;‘ "'5—‘\’“*‘" X pr ABSORBER — 1 - ) - -
SO T feep Assy . UPPORT FRNE t
H-H 80 -A\- L ANTERNA PANEL OUTLINE
MO SCALE

DIMENSIONS GIVEN IN INCHES

FRy My

P4




HIGH TEMPERATURE ANTENNA MDC E089%
DEVELOPMENT FOR SPACE SHUTTLE 30 JuLy 19713
VOLUME |

The size of the fiberglass-phenolic honeycomb support panel was increased

from 4.32 mm (0.170 in.) to 7.5 mm (0.30 in.) to accommodate handling loads.
The increase in the LI-1500 thickness and the honeycomb thickness results in

a total window thickness of 6.98 cm (2.75 in.). Thirteen fasteners, one of
which is located in the center of the antenna window, are used to attach window
assembly to the primary structure and antenna.

The VHF antenna assembly consists of a cavity, dielectric cover, radiating
element (spiral), feed assembly, and RF absorber. The cavity is 76.7 cm
(30.0 in.) in diameter, 30.48 cm (12.00 in.) deep and made of 0.051 cm (0.02
in.) thick aluminum. Both the sides and bottom of the cavity are beaded to add
stiffness. The top 3.68 cm (1.45 in.) of the cavity is increased in diameter
to accommodate the dielectric cover. The flange created by the increased
cavity diameter also provides the primary means for mounting the antenna. The
dielectric cover is a basic element of the antenna design. It consists of a
3.68 cm (1.45 in.) thick double-faced fiberglass-phenolic honeycomb panel
which provides the support for the spiral radiating element and carries the
major portion of the external compression loads. The panel is octagonal in
shape and 1s attached to the upper flange of the cavity. The antenna assembly
is attached to the primary structure with eight fasteners.

The spiral radiating element is attached to the cuter surface of the thick
honeycomb panel. A dielectric tube containing the feed assembly is attached to
both the honeycomb panel and the cavity bottom. An RF absorber on the bottom
of the cavity (figure 34) is included to compensate for the shallow cavity
depth (< A/4) at the low VHF frequency.

Due to the large size of the VHF antenna, integration into the Orbiter
structure is considerably more difficult than for the smaller antennas. Seven
longitudinal stringers and one circumferential bulkhead were interrupted. The
large depth of the antenna cavity may also affect other subsystem arrangements.
A support frame was designed (see subsystem on Strength Studies) to compensate
for the large cut-out in primary structure. The support frame consists of two
heavy longitudinal channels, four diagonal members and two transverse members.
The frame design provides structural continuity and redistributes the pressure
loads to the primary structure.

L-band antenna system installation: The L-band antenna system installa-
tion is shown in figure 35. The airframe structure in this area consists of
0.081 cw (0.032 in.) thick aluminum sheet metal stringers running fore and aft.
The size of the antenna required interrupting one stringer and canting the
outer stringers, locally, by 2.24 cm (0.88 in.). A frame consistinc of two
transverse stringers and a sheet metal ring are added to provide structural
continuity in the area of the interrupted stringer. A machined aluminum ring
attached to the sheet metal ring, provides a sill for attaching the antenna
from the outside of the vehicle. The antenna window assembly, consisting of
four HRSI (LI-1500) tiles bonded to a strain isolator covered honeycomb sub-
panel, is attached with eight Allen head cap screw fasteners.

7‘;
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R C-band horn antenna system installation: The C-band horn antenna system
. installation (figure 36) is similar to the L-band antenna system installation 1
with the LI-1500 antenna window. However, instead of interrupting one of the '
stringers the sm.ller size antenna permits canting two adjacent stringers,
allowing the antenna to fit between them. The stringer spacing is increased
; from 10.16 cm (4.00 in.) to 15.49 cm (6.10 in.) in the area of the antenna. :
v Two transverse stringers are added to form a box frame that cradles the antenna %
mounting ring. The antenna is attached to the mounting ring with twelve flush ;
fasteners. The mounting ring, in turn, is attached with six flush fasteners.

The antenna window assembly consists of a circular LI-1500 tile, a strain
isolator, fiberglass honeycomb subpanel, antenna window edge enclosure, fibrous
insulation filler strips and an aluminum mounting ring. The aluminum mountir.g
ring, which is bonded to the tabs on the subpanel, retains the donut shaped
filler strip and the antenna window edge enclosure. This assembly is attached
to the support structure with six Allen head recessed cap screws. The four
HRSI tiles around the window require special corner cut-outs as shown in
figure 36.

C-band linear slot antenna system installation: The C-band linear slot
antenna system installation is shown in figure 37. Modification to the primary
Orbiter structure for this antenna installation is very minimal. The size of
this antenna permits installing it between adjacent stringers without changing
the nominal 10.16 cm (4.00 in.) spacing. An aluminum mounting ring is riveted
to the structural skin as shown in figure 37. This mounting ring is used for
supporting both the antenna and the antenna window assembly. A circular groove
is machined in the LI-1500 antenna window to allow the window edge enclosure to
: penetrate into the tile. A spacer is required to eliminate the wide area gap
i ‘ and to retain the shape of the thin enclosure member. This spacer, however,

; could be eliminated if vibration testing shows that a very narrow gap with

. 3 square corners is not detrimental to the tile. The antenna window assembly

i : is attached with four fasteners. Note that the size arJj shape of the LI-15C0
[ ¢ tile used for the antenna window is jdentical to the adjacent HRSI tiles.

Alternate antenna system integration concepts. - Alternate antenna systen
integration concepts were considered with respect to method, structural envi-
ronment, and TPS configuration.

g e T

Integration concepts: Three de=ign concepts for integrating antenna
systems into the Orbiter structure were considered in this study. In each,
TPS materials are used for the antenna window. They include componcnt,
modular, and integral concepts. The component cou-~cpt was applied to each
of the antenna system designs discussed above under 'Antenna installation
concepts.' Table XIII shows a comparison of each of the concepts as applied
to the VHF antenna. The electrical configuration is essentially the same for
all three concepts.

R

In the component concept, the antenna assembly and the antenna window are
fabricated and installed as individual units. In order to keep the antenna

i

? aperture (spiral plane) as close to the ground plane (primary skin) as pos-

; sible, the honeycomb panel which supports the antenna window HRSI tiles is

! ILME '

¥ PRECEDING PAGE BLANK NOT FILMED PAGE 6-54 INTENTIONALLY LEFT BLAIK. .
6-53

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY - EAST




HIGH TEMPERATURE ANTENNA MDC E0896

, DEVELOPMENT FOR SPACE SHUTTLE 30 JULY 1973
j VOLUME |
. 20.00 (TYP FRAME SPACING) -
H ;
S
£
3
3
i
f 6.00 x 6.00 RSI TILE .
- ~ -
N e STRINGER SPACING FOR ANT: %2
A R . ‘ \ 4.00
‘ . i NOMINAL SPACING
. :
] \ o
| /- : a0 . . { A
'\—,-z-a“ P - - - ‘Pn - : Y ): B -y ' ‘
i - 3 L T .
‘ _ \
‘ i STRINGER ¥
1 .+ - - b4
i R 3 - “ — P
PN o - _ |
. ~T— — - - T e
“ G - .050 - e
7 .218 DIA 16 HOVES)
‘ < "
‘ ( . STRAIN ISOLATOR - COATED RSI TILE
; ; {L1-1500)
h2i¢
& FIBERGLAS-PHENOLIC HONEYCOMB
i QUTER SURFACE - : SANDWICH PANEL
v FILLER STRIP
5 (F1-600) PHENOL 1 INSERT
. RSI REF — a0t
| %
ity o /. RSI IN 2370 %
T [ - | '
2.00 ‘ . .65 ’ ,/ ’
i / | ’
B ‘ T ”“l\ i h
, Vo m e P R S A - s
; i R ——— 7 S
.‘\ 1 > ¢"ﬁ‘:r‘" RN
. e R
3 -2 : - EDGE ENCLOSURE T
% L MOUNTING RING , ; N
R —
Pt i ;I‘_<__ N ALUMINGM N
3 BOND LINE i -
.4 L ANTENNA WINDOW i’
. E£DGE ENCLOSURE '
(.003 INCONEL FOIL) C-BAND ANTENNA b
FRAME STRUCTURE
ANTENNA MOUNT ING
5 FUSELAGE STATION ANTENNA. ATTACH QNG ’ FUSELAGE STATION
E FASTENERS (12 REQD) TILE ASSY ATTACHMENT
N A A FASTENER (4 REQD)
’ C-BAND HORN ANTENNA SYSTEM INSTALLATION FIGURE 3%

PRECEDING PAGE BLANK NOT FILMED
. 6-55
FOLDOUT FRAMp ™MCoONVELL DOUGLAS ASTRONAUTICS COMPANY * EAST

?

PAGE 6-56 INTENTIONALLY LEFT BLANK.




A -
- 1.60 ~ e UM S
N H I i
- .020 REF - / [
) 032 e RADAR ALTIMETER S
S CANTED _— STRUCTURAL SKIN {2 REQD) o
FRAME
[
.60 B
o - VIEW OF ORBITER-LOWER SURFACE
B §
4.00
BASIC STRINGER SPACING
STRINGER
FNNA
E-E x
(TPS OMITTED FOR CLARITY)
4
[
EF RSI TLE FILLER STRIP
) OMIT LOW TEMPERATURE ]
, ::rsnr(moorm IN THIS
EA (OVERHEATING WITH
e = , v CONSEQUENT BURNING COULD
i N s CAUSE CONTAMINATION OF WINDOW)
STRAIN ISOLATOR
.080
-170 - - ANTENNA ASSY ATTACHMENT :
HONEYCOMB PANEL REF - - . (TYP 6 PLACES) 3
RTY BOND -
! ANTENNA REF
NSULAT IOM

M SKIN {.020) 7 ii j

1.20 (HEIGHT OF WINDOW
EDGE ENCLOSURE)

t
1.60

1
TILE ASSY ATTACHMENT -4 .
032 STRINGER TQANSVERSE
FASTENER (2 REQD) 60— (ANTENNA SL7PORT)

D-D

DIMENSIONS GIVEN IN INCHES.




MIGH TEMPERATURE ANTENNA MDC E08%

: DEVELOPMENT FOR SPACE SHUTTLE 30 JULY 1973

4 VOLUME |

k

% - 20.00 -

' (TYP FRAME SPACING)

PHENOLIC INSERT ~ Soner '&,‘322%“‘5"’”"‘“

; | (TYP 4 PLACES) ¢ t

£ ! OUTER ML ANTENNA MOUNTING

¥ 3 Lo RING

¢ L N T T ,

£ TN T T 1T~ i \‘

i I b

§ S ) f N i/ v .

b e ik = ¢ ‘;.7.*.‘._ . S }3/ S e ~ STRINGER

; — e e - s

’3 —m {-v-h'r<~—* " Rinagms P i e TR I T e 7 L e - T .

i ] ! " by i, g

k‘ ) L Ty B FORLN . . - = . ~- x; i t

¥ T 0 ) | i

¢ B ! e | B : J, B

:; | L | } | lv .- SR 7;_7 — T_ e - ) — 3 ‘\‘ ’
L L S S A T : .

| | e T -

P 3 UK i A . ;‘_”:\;L_ R vy - - . u R

E N Lo e 4 X

& ! '! D— :

\ B b B e — — .
#
RSI TILE
{(6.00 x 6.00) A
< rwb
¥

r— FIBERGLAS-PHENOLIC HONEYCOMB
SANOWICH PANEL

STRAIN ISOLATOR —

— COAT -
08 —~—— COATED RSI TILE (LI-1500)
OUTER M. — / //

C HURRS
/ (F1-600)

SKIN

ANTENNA MOUNTING RING —— ——

/o
TILE ASSY ATTACHENT ————  /

s o L1 / FASTENER (4 REQD) / /
%} ; // - aNTEWA VINDOM £0E |
mm‘? STATION oA TTAGH ——— ENCLOSURE (0.003 INCONEL) PUSELAGE STATION
C-0AND TRANSPONDER ANTENA —4/ B-B l
C-BAND LINEAR SLOT ANTENNA SYSTEM INSTALLATION
- FIGURE ¥
M PAGE 6-58 INTENTIONALLY LEFT BLANK.
prFCENING PAGE BLANK NOT FILMED 6-57

MCDOONNELL DOUGLAS ASTRONAUTICS COMPANY » EAST

FOLDOUT FRAME




.218 REF———————r—I\ !
) N
} .~ ANTENNA WINDOW A /[—]
i \} / ENCLOSURE REF NS I
I . _ -
‘ { , ; €_ \X< - - }
T T
. ™. \1
020 SKIN REF —— ~'C-BAND ANTENMA REF \‘\
~ STRINGER REF
—y VIEW OF ORBITER-LOMER SURFACE
» ANTENKA MOUNTING RING REF —— -~
1
e mes PHENOLIC INSERT REF = ~ SKIN REF
: - — FIBERGLAS-PHENOLIC HONEYCOMB REF
5 /g" ANTENMA MOUNTING RING REF
————=— ANTENMA MOUNTING HOLES REF
‘ N S
- TILE ASSY MOUNTING HOLES REF
(ANTENA AND WINDOM EOGE ENCLOSURE RING
OMITTED FOR CLARITY)
FILLER STRIP
(F1-600)
ANTENWA MOUNTING =180 20 meF
) RING REF - SKIN REF 22—
i Y ' 'SKIN REF
/ " FIBERGLAS-PHENOLEC t
f .- SKIN (0.020 ALUWINUM) S HONEYCOMB PANEL REF .60 .
/ STRINGER
f .7
s . -,‘L S .__12
. pHENOLIC INSERT REF ‘

4.00
(BASIC STRINGER SPACING)

D-D

'
(TPS OWITTED FOR CLARITY)

-—-- STRINGER

c-C

(TPS OMITTED FOR CLARITY)

DIMENSIONS GIVEN IN INCHES.




HIGH TEMPERATURE ANTENNA MDC E089% i
. DEVELOPMENT FOR SPACE SHUTTLE 30 JULY 1973 '
: VOLUME | i
p < A
B (l
. TABLE XIII ;
? VHF ANTENNA SYSTEM INTEGRATION CONCEPTS 4
§ :
% DESIGN CONCEPT INTEGRAL MODULAR CUMPONENT :
¥ '
: ARSI | i l
e
7 7
]| ANTENNA/WINDOW :
ANTENNA / ; MODULE |
G i
CRITERIA
i
ANTENNA REPLACEMENT | DIFFICULT AND TIME ENTIRE MODULE CAN BE EITHER UNIT CAN BE
CONSUMING READILY REPLACED READILY REPLACED
. RELATIVE WEIGHT LIGHTER LIGHTER HEAVIER
; HRST VS ANTENNA WINUOW | ESSENTIALLY NG COORDI- | IN DEPTH COORDINATION IN DEPTH COORDINATION
i INTERFACE NATION REQUIRED REQUIRED FOR CONTROLLING | REQUIREL FOR CONTROLLING
; GAP WIDTH GAP W'DTH
)
: TOOLING MINIMAL GAP WIDTH CONTROL RE- GAP WIDTH CONTROL
! QUIRES TIGHT TOOLING REQUIRES VERY TIGHT
; TOOLIKG

sized to carry nandling loads only. The vertical loads are carried by the
antenna suppo!t panel (dielectric antenna cover). The component approach
‘ ailows the .atenna window assembly to be removed without removing the antenna.
: In addition, this approach allows the antenna to be removed, refurbished or
replaced without destroying the antenna window materials. In-plane loads are
R carried around the antenna by a support frame and skin-stringer shear panels
i which are compatible with the primary structure. Cross-plane (pressure) loads
; are carried by the honeycomb support panel (dielectric antenna cover).
i

A Ty Tt

In the modular concept the TPS (antenna window) is bonded directly to the
dielectric antenna cover (antenna support panel). This combination forms a
module which can be fastened to tlie primary Orbiter structure. In-plane and
cross-plane loads are treated in the same manner as described for the component
concept.

In the integral concept the antenna is mounted in the structure with the
outer surface of the dielectric cover (antenna support panel) flush with the
structural skin surface. The antenna is covered with the TPS as though it
were ordinary skin structure. This approach eliminates the requirement for
2 a special window, but makes replacement or maintenance of the antenna virtually

impossible without destroying the TPS over it, and possibly the antenna as
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well. Refurbishment of the TPS over the antenna will also likely damage the
antenna and require replacement. In the case of the VHF antenna, the TPS must
be thicker in the area around the antenna because of the low thermal mass (see
subsection on Thermal Studies in this section). In-plane and cross-plane loads
are treated in the same manner as described for the component coacept.

niig

Although the three integration concepts shown in table XIII are for a VHF
antenna system, with few exceptions they could be applied to antenna systems

at other frequencies. Figure 38 shows an example of the component and modular
concepts applied to a small antenna (e.g., C-band horn).

Alternate st-uctural environments: Installation of an antenna into a
stiffened honeycomb standoff panel (figure 2(b)) was also investigated.
Figure 39 shows an S-band antenna system installation. The antenna support
housing is mounted directly to a machined aluminum ring. The ring is set into
a cut—out in the honeycomb panel and bonded to the facesheets. The antenna
window is attached to the ring by four fasteners captived by standard inserts

molded in place. The structural ring carries the in-plane loads around the
antennd.
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For larger antennas, the same general configuration can be used. However,
a deeper ring may be required to obtain the proper ring stiffness.

Alternate TPS configurations: The impact of alternate TPS configurations
(figure 40) was considered using the S-band antenna system as a model. Three
conditions were considered: (1) the required antenna window thickness is less
than or equal to the surrounding TPS thickness; (2) the required antenna
window thickness is greater than the TPS thickness because the thermal mass
of the aatenna is low; and (3) the required antenna window thickness is greater
than the TPS thickness because the thickness of the strain isolation pad is
less than the window honeycomb panel and strain isolation pad.

The first condition (figure 40a), where the required antenna window thick-
ness is less than the surrounding TPS, the window thickness would be increased
to equal that of the adjacent TPS. The condition for equal thickness does not
require any compensating changes.

The second condition (figure 40b) can be handled by widening the stringer
spacing adjacent to the antenna mounting bracket by approximately 1.02 cm
(0.40 in.). This allows the antenna window assembly to fit between the
stringers. The antenna mounting bracket is moved inboard tc maintain a smooth
TPS surface over the installation area.

The third condition (figure 40c) reduces to the same design requirements
as the second condition. Therefore, this design requirement can be met using
the same changes used for the thicker antenna window design.

Although these alternate designs featured only the S-band antenna systemn,
the same basic approach can be adopted for the other antenna configurations.
1f the step formed by the depression affects the antenna radiation pattern,
the window could be made larger and the step made more remote from the antenna
aperture. The maximum step size can be determined by analyzing the one
dimensional thermal insulation sizing results given in table XIIL. Assuming
the TPS strain isolation pad is reduced to 1.52 mm (0.060 in.) and the antenna
has a low thermal mass, the maximum step size is 1.88 cm (0.74 in.) for LI-900
HRSI. Where the thermal mass of the antenna is not low and the raquired HRSI
thickness is the same for both antenna window and TPS, the step size would be
4.8 mm (0.190 in.) for a 1.52 mm (0.060 in.) thick strain isolation pad.

Alternate antenna window concept: An alternate antenna window design
based on an L-band annular slot antenna (figure 41) consists of two layers of
high temperature dielectric material. The outer layer is boron nitride
(HD-0092) and che inner layer is Dynaquartz. The two layers are positioned
over the antenna with a coated columbium window edge enclosure. The depth of
the edge enclosure and the Dynaquartz are designed to place the Dynaquartz
under a slight compression to prevent damage due to acoustical vibration. The
edge enclosure is attached with eight bolts and thermally isolated with load
bearing insulation. The boron nitride outer layer is held in place by a coated
columbium retainer with twelve columbium fasteners. A thick aluminum ring is
required to provide a heat gink to dissipate the heat conducted through the
window edge enclosure. A sheet metal ring, supported by four brackets and
attached to the heat sink is used to support the antenna behind the window.
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The structural modification consists of installing five off-set aluminum
stringers, 0.81 mm (0.032 in.) thick, beneath the antenna. The depth of the
adjacent interrupted stringers are increased locally to provide continuity with
the off-set stringers. The mounting structure (cxcluding the window material)
for this installation design is approximately sixteen times heavier than that
of LI-1500 window design for the L-band antenna system installatious discussed
previously in this subsection.
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Strength Studies

Strength analyses were performed to support the antenna system installation
designs in the preceding subsection on Structural Integration Studies. The
respective installations were designed to withstand the loads given in the
cection on DESIGN CONSIDERATIONS AND CONSTRAINTS under Strength Requiremencs.

In some instances tue design analysis was detailed, as in the case of the VHF
antenna system, and in others, little analysis was necessary since the Orbiter
structure was not significantly perturbed. In the latter case, only the pres-
sure loads are of significant concern. Standard strength analysis methods were
used to analyze and size components for the respective antenna designs.
Material properties were taken from MIL-HDBK-5B, or Appendix A.

Except for the VHF antenna system, the structural integration concept for
each antenna system considered is basically the same. The stringers are sta-
bilized locally by a transverse member which also frames the skin cut-out. The
box formed by this frame provides support for the antenna and the antenna
window. The frame also carries the pressure loads transmitted through the
window to the primary structure. The skin, which acts as shear panels, carrics
the fuselage loads around the skin cut-out.

The results of a thermal-stress analysis, performed for the C-band horn
antenna system design (figure 36) during the NASA-LaRC study (ref. 1), show
the maximum stress due to thermal gradients is well within the allowable for
each of the components used in the antenna window design. These results are
also applicable to all the antenna window designs considered in this study,
because the sizes of those antenna windows or the HRSI tile sizes used in the
large VHF antenna windows are comparable to the size of the C-band horn antenna

window.

5- and Ku-band antenna systems. -~ The analysis for the S~ and Ku-band
antenna systems (figures 32 and 33) was limited since the stringer spacing was
increased very little for these antenna system installations. In both cases
there was no stringer size increase required.

VHF antenna system. — The VHF antenna system (figure 34) presented a
significant structural problem. Seven lcngitudinal stringers and one circum-
ferential bulkhead were interrupted to accommodate the 76.2 cm (30.0 in.)
diameter antenna. The two areas of primar; concern were how to carry the
pressure loads through and the fuselage loads around the structural opening.

The pressure loads were accommodated by including a structural fiberglass-
phenolic honeycomb panel similar to that used for the antenna window. A study
was performed to optimize the dimensions in order to keep the deflection within
that required by the Li-1500 tile joint gup spacing considerations. The results
of this study chowed that a design deflection of 8.1 mm (0.32 in.), over a
76.2 cm (30.0 in.) span, provide for an edge clearance of approximately C.51 mm
(0.020 in.) for 5.08 cm (2.00 in.) thick HRSI tiles with a nominal spacing of
1.27 mm (0.050 in.). The parameters, facesheet thickness, core height, and
weight per square foot of panel area as a function of deflection are shown in

PRECEDING PAGE BLANK NOT FILMED 4,
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figure 42. Deflection of a minimum weight panel is 2.41 cm (0.95 in.). For
deflections less than 2.41 cm (0.95 in.), a combination of facesheet thickness
and core height was determined which defines a minimum weight configuration.
The facesheer and core stresses are below their respective allowable stresses.
For deflections greater than 2.41 cm (0.95 in.), the facesheet stress is con-
strained by the .ilowable stress (2.07 x 108 N/m2 (30 000 psi)). In this
region figure /2 shows a combination of facesheet thickness and core height,
which vields minimum weight and satisfies the allowable facesheet stress
limitation for a given deflection.

0.06 ~ 5.5 2.4 T T T T T T T
[ NOTES 0 2
i - “APPLIED AIRLUAD = 5.23 X 10% N/MS(7.57 PSI) ]
= (LIIT LOAD) ASCENT CONDITION
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005k a5k 2.0 HH-ADHESIVE WEIGHT = 0.65 KG/12(0.14 LB/FT2 |
=0 SR =TER | R ORI
(.
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HONEYCOMB PANEL DESIGN PARAMETERS FIGURE 42

Using a maximum allowable deflection of 8.1 mm (0.32 in.), figure 42 shows
an optimum structural panel configuration is:

(a) facesheet thickness = 0.61 mm (0.024 in.),

(b) core height = 3.56 cm (1.40 in.), and

(¢) weight = 4.10 kg/m2 (0.84 lb/ftz).

The channels wnd angles supporting the antenna installation were sized
using the ascent pressure loads, the most critical condition. The support

frame was designed to provide an octagonal cut-out in order to support the
antenna in at least eight places.
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For the VHF antenna installation seven Orbiter fuselage stringers were
disrupted. The ultimate load in each stringer away from the cut-out is
725.7 kg (1600 1bs) compression or 1814.4 kg (4000 1bs) tension. In the
region of the cut-out, loads in the discontinuous stringers are rediscributed
by the shear panels (fuselage skin) to the continuous stringers on both sides
of the antenna. To determine internal loads distribution, a finite element
model of the structure was constructed using a computer interactive graphics
terminal. Axial bars and shear panels were used to represent the structure as
shown in figure 43. Due to symmetry, only the structure on one side of the
antenna centerline was modeled. Internal loads were obtained using the MDC
finite element computer program, CASD. This computer program has the capa-
bility of resizing members to obtain a minimum weight configuration. The
process is iterative because a change in relative member sizes changes the
loads distribution. Three resizing iterations were performed for the condi-
tion where 725.7 kg (1600 1b) compressive load is applied at the extremities
of the stringers. Stringer loads are redistributed around the antenna
installation as shown in figure 44. Loads in the remaining stringers on
either side of the antenna are significantly higher than the 725.7 kg (1600 1b)
applied stringer load because they carry the loads applied to the discontinuous
stringers.

Vs
@ j ®
CENTER OF ANTENNA APPLIED LOAD PER STRINGER:

726 ¥G(1600 LB)
363 k(800 LB)

FINITE ELEMENT STRUCTURAL MODEL
FIGURE 43
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( 870 1916 LB)

KG(
854 KG(1881 LB)
862 K6(1899 LB)
932 KG(2052 LB)

726 KG

(1600 LB) 1020 KG(2247 LB)
PER

STRINGER 1132 KG(2472 LB)

1273 KG(2803 LB)
—- - 1420 KG(3128 LB)

k CENTER OF ANTENNA
363 KG(800 LB) | —-‘[‘

780 KG 368 KG 813 KG
(1719 LB) (810 LB) (1791 LB)

STRUCTURAL LOAD REDISTRIBUTION
FIGURE 44

Shear panels 5.10 mm (0.020 in.) thick have the capability to withstand
the shear loads developed in redistributing the stringer loads. Therefore, an
increase in skin thickness is not required.

The 1814.4 kg (4000 lb) tension stringer load condition is not critical
because the allowable tension stress is much higher than the allowable com-
pression stress. Load distributions would be proportionally the same for
both 725.7 kg (1600 1b) and 18l4.4 kg (4000 1b) stringer load conditions.

Structural weight penalties for the antenna installation are 2.73 kg
(6.03 1b) for the fiberglass honeycomb structural panel and typically 4.54 kg
(10.00 1b) for the cut-out in the fuselage ring. Weight penalty for cutting
the fuselage ring wculd vary appreciably depending on the ring location and
its specific configuration and function. The change in net stringer weight
caused by removing stringers at the antenna cut-out and beefing up others to
carry more load is negligible in this case, primarily because the net total
load is the same.
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S—BAND ANTENNA SYSTEM DESIGN

The objective of the S-band Antenna System Design (Task 1.2) was to
design a prototype antenna system compatible with the Orbiter TPS, which could
be subjected to simulated entry temperature to determine the effect of ten
entry cycles on the durability and performance of the antenna system. Insofar
as possible, the results of the Concept and Feasibility task were used in the
design effort to obtain an antenna system which had as many features common to
the other antenna design concepts as possible without compromising the S-band
antenna system performance. This approach provides thermal and electrical
test results which potentially have the broadest applicability to the other
antenna systems. Electrical design tests, radiation pattern and impedance
measurements were used to establish the physical configuration. These tests
were accompanied by detailed structural integration, material, thermal and
strength design analyses and studies.

Electrical Design

The design approach for the S-band antenna system was based on results
discussed in the section on CONCEPT AND FEASIBILITY STUDIES. This approach
consists of covering the S-band antenna aperture with a window of HRSI bonded
to a thin panel of fiberglass honeycomb. A thin layer of sponge rubber is
used between the HRSI and fiberglass honeycomb as a strain isolator. The
fiberglass honeycomb panel provides the means for holding the antenna window
in place.

The electrical performance goals for the S-band antonna system are given
in table XIV. These goals provide the design standard for comparison with
"design test results and prototype system performance.

An improved Apollo S-band antenna, a cavity backed helix, was selected for
the radiating element. To provide a more structurally sound attachment, the
backcap was modified to include a mounting flange. This antenna is mounted
with a friction fit graphite ring. The modified S-band antenna is shown in
figure 45, The Apollo S-band antenna was selected because: (1) it meets the
basic electrical performance goals for this study; (2) it will adequately
represent a reusable antenna of any temperature (1255 K (1800°F) or less);

(3) it can potentially be used in its present configuration in other low tein-
perature areas on the Orbiter; (4) it has been qualified for space flight; and
(5) it has the pctential for the lowest development costs.

The initial design concept considered the possibility for penetrating the
HRSI to a depth where the antenra aperture could reach a temperature of 1225 K
(1800°F). This approach provided the possibility for obtaining the best con-
figuration for radiation patterns and minimizing the winlow losses.
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TABLE XIV
S-BAND ANTENNA SYSTEM ELECTRIC..L PERFORMANCE GOALS

PARAMETER VALUE
OPERATING FREQUENCY BAND | 2.1 - 2.3 GHz
DESIGN FREQUENCY* 2.2875 GHz

GAIN-BEAMWIDTH

0 dB OVER 120° BEAMWIDTH

|v

AXIAL RATIO < 4 dB OVER BEAMWIDTH
VSWR < 1.5:1

EFFICIENCY _>79% (> - 1 dB)
POLARIZATION RIGHT CIRCULAR

MDC E0896
30 JuLY 1973
VOLUME |

*HELIX LENGTH ADJUSTED FOR LOWEST AXIAL RATIO AT THIS FREQUENCY

DAE-578964

S-BAND ANTENNA (AMECOM M46325)

7-2
MCDONNELL DOUGLAS ASTRONAUTICS COMPANY * EAST

FIGURE 45




. i o, Figinrak e
o b e SRR AL i

HIGH TEMPERATURE ANTENNA
DEVELOPMENT FOR SPACE SHUTTLE 30 JuLY 1973

MDC E0836

VOLUME 1

Radiation pattern and impedance measurements were also taken in the U.S.
Air Force and Russian frequency bands, 1.75-1,85 GHz and 3.4-3.5 Glz, respec-
tively, to evaluate the S-band antenna performance at these frequencies.

These frequencies are above and below the NASA design frequency range (2.1-2.3
GHz) of the antenna.

Electrical design tests. — Radiation pattern and impedance measurements
were used to establish the best configuration for optimum electrical perfor-
mance within the constraints determined by the results of accompanying struc-
tural integration, materials, thermal, and strength analyses.

Test configurations: The radiation pattern and impedance measurements
were made with the antenna installation located in the center of a 76.2 cm
(30.0 in.) square ground plane. Figure 46 shows a sketch of the antenna
system installation and surrounding TIPS, with the antenna aperture shown flush
with the ground plane. The dashed lines indicate the maximum depth, 4.43 cm
(1.75 in.), to which the antenna was permitted to penetrate the antenna window
above the ground plane. An improved Apollo S-band antenna without a modified
backcap, but electrically equivalent to the antenna purchased for this study,
was used for these tests. The antenna connector was fixed in the 8§ = 90°
direction (figure 19) in order to maintain configuration uniformity between
patterns. In later tests, the ground plane size was increased to 86.4 cm
(34.0 in.) on a side to permit more direct comparison of test results with
those of the S-band antenra manufacture., A strip of Emerson & Cuming AN75
absorber 5.1 cm (2.0 in.) wide was placed at the ground plane edges to minimize
the grourd plane edge effects., The antenna window and TPS were simulated using
Emerson & Cuming Inc. ECCOFQAM PS (e, = 1.2) for the LI-1500 HRSI and RL-524
type S-105 elastomer for the strain isolator. A simulated HRSI thickness of
5.1 em (2.0 in.) was used for all the test configuratioms.

ECCOFOAM PS ANTENNA LIINDOi
5.08 CM (2.0 IN.) THICK ,////15.88 CH (6.25 IN.) SQUARE
)

' RTV-560 cOND
0.3 MM (0.01 Ii.)
THICK

SILICONE SPONGE
v.4 1M (0.25 IN.

THICK \\\ . R '
SILICONE SPONGE "/////" A e T ‘\\\\\~GROUHU PLANE

¢ "M (0.08 IN.) 76.2 CM (30.0 IN.)
TH. SQUARE

MOUNT ING
FIXTURE . N HONEYCOMB PANEL

4.3 MM (0.17 Il.)

//k/' Y THICK
AMECOM ANTENWA e

M 45672 S/H 1

DESIGN TEST CONFIGURATION
FIGURE 46 '
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Test techniques: Standard radiation pattern and impedance measurement
techniques were used to obtain the data given in this report. Figure 47 shows
a block diagram of a typical test setup used for measuring the radiation
patterns. The patterns were measured in an anechoic chamber with transmission
distances of approximately 13.7 m (45 ft). Figure 48 shows a photo of the
recording and control console. Impedance measurements were taken with a
Hewlett Packard Model 8410A Network Analyzer System., Figure 49 shows a block
diagram of a typical test setup for swept frequency impedance measurements.

TRANSMIT TEST
DIRECTIONAL ANTENNA ANTENNA ATTENUATOR
COUPLER 10-20 dB mxer (1)
- *
L /
/
5 y i
SIGNAL FREQ ‘
SOURCE METER POSITIONER RECEIVER jeg——d
NOTES: POSITIONER POLAR
(1) NOT USED BELOW 2000 MHz CONTROL ~®| RECORDER
RADIATION PATTERNS TEST SET-UP BLOCK DIAGRAM FIGURE 47

RF RECEIVER

CLOSED
CIRCUIT T

PATTERN
INTEGRATOR

POSITIONER

_ CONTROLS
s CHAR?
T~ RECORDER

RADIATION PATTERN RECORDING AND CONTROL CONSO!E FIGURE 48
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TEST ANTENNA

Y |

REFLECTION
L TEST UNIT HP 87424 SWEEP
UNKNOWN INPUTI@ OSCILLATOR
HP 8690A

TEST  REFERENCE
FREQUENCY NETWORK X~Y RECORDER
CONVERTER  |~——pp ANALYZER HP 136A
HP 8411A HP 8410A14A

IMPEDANCE 1EST SET-UP BLOCK DIAGRAM FIGURE 49

Rotating linear polarization was used to prcvide a continuous axial ratic
measurement. The linear field was obtained using a Scientific Atlanta SGH-1.7
horn. The radiation patterns are recorded on a standard 40 dB polar graph
paper. The linear isotropic gain level was measured using a standard gain
horn reference and recorded on each pattern. The coordinate system used for
the radiation patterns is shown in figure 19. Unless otherwise identified,
all radiation patterns presented for the S-band antenna system 4re oriented
with 6 = 0° toward the top of the page. For convenience, the principal plane
patterns, which are in orthogonal planes, are referred to as ¥-plane (4 = 0° -
on pattern left) and Y-plane (¢ = 90° on pattern right).

The circular gain may be derived from the rotating linear patterns by
adding the conversion gain factor (figure 50), which is a function of the
voltage axial ratio, to the peak linear gain. Botk% axial ratio and peak
linear are taken at a particular angle. The derivation of thfs tfunction is
discussed in Appendix C.

Test results (preliminary): The results of the radiation pattern
measurements show a definite change in pattern shape and axial ratio as the
S-band antenna aperturz is positioned at different heights above the ground
plane. Radiation patterns measured over the design frequency range (2.1 to
2.3 GHz) are shown in figures 51 through 53. The patterns generally show some
scalloping which can be attributed to ground plane edge effects. The addition
of the TPS appears to increase the scalloping. This increase can be attrib-
uted to increased edge radiation due to surface wave excitation. Similar
effects were found in the test results reported in reference 1, Patterns were
measured for each aperture height above the ground plane at 2.1, 2.2 and
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2,2875 GHz both with and without the antenna window and surruvunding TPS. The
configuration without the antenna window and TPS is considered a referernce
configuration. The upper test frequency of 2.2875 GHz, rather than 2.3 GHz,
was selected by MDAC-E because the S-band antenna is optimized for lowest

axial ratio at this frequency. The improved Apollo S-band antenna was
optimized for the Apollo CSM Unified S-band communications transmit frequency
(2.2875 GHz) by Amecom under NASA Contract NAS 9-8334, Therefore, the axial
ratio at the lower frequencies may be greater than the axial ratio values given
in the performance goals for the antenna.

“he results of pattern measurements at 2,2875 GHz are shown in figure 51
for all aperture heights tested. Both X- and Y-plane patterns are shown. The
best overall pattern characteristics were obtained for the aperture flush with
the ground plane. For this configuration the gain and axial ratio are more

i uniform over the desired beamwidth (8 = +60°). Positioning the aperture above
the ground plane tended to increase the axial ratio over the entire beamwidth
and particularly at angles above 6 = 50°, At aperture heights of 3.81 cm
(1.50 in.) and 4,45 cm (1,75 in.) the gain and axial ratio improved at angles
below 6 = 50°. The antenna system gain at 8§ = 0° decreased at the 1,91 (.75
in,) aperture level but increased at the 3.81 em (1.50 in.) level. In general
the addition of the antenna window and TPS appeared to increase the gain at

6 = 0°.
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FIGURE 50
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4.32 MM (0.17 IN.)
6.35 MM (0.25 IN.)

ANTENNA WINDOW AND TPS

Y-PLANE

REFERENCE

EFFECTS OF EXTENDING APERTURE ABOVE GROUND PLANE (2.2875 GHz)

FIGURE 51
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1.27 €M1 (0.50 IN.)

2.54 ¢M (1.0 IN.)

ANTENNA WINDOW AND TPS

Y-PLANE

REFERENCE

EFFECTS OF EXTENDING APERTURE ABOVE GROUND PLANE (2.2875 GHz)

FIGURE 51 (Continuved)
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4-45 CM (] . 75 IN. ) ‘.{‘~‘: ‘v _7 ..::"/ s

REFERENCE Y-PLANE ANTENNA WINDOW AND TPS

EFFECTS OF EXTENDTNG APERTURE ABOVE GROUND PLANE (2.2875 GHz)
FIGURE 51 (Continued)
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T FLUSH

e g (0028 N

REFERENCE X-PLANE ANTENNA WINDOW AND TPS

EFFECTS OF EXTENDING APERTURE ABOVE GROUND PLANE (2.2875 GHz)
FIGURE 51 (Continued)
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2.54 CM (1.0 IN.)

ANTENNA WINDOW AND TPS

REFERENCE X-PLANE

EFFECTS OF EXTENDING APERTURE ABOVE GROUND PLANE (2.2875 GHz)
FIGURE 51 (Continued)
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3.81 CM (1.50

aas On (L5 IN)

REFERENCE X-PLANE ANTENNA WINDOW AND TPS

EFFECTS OF EXTENDING APERTURE ABOVE GROUND PLANE (2.2875 GHz)

FIGURE 51 (Continued)
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| s 3.81 (M (1.50 IN.)

! REFERENCE Y-PLANE ANTENNA WINDOW AND TPS

EFFECTS OF EXTENDING APERTURE ABOVE GROUND PLANE (2.2 GHz)
FIGURE 52
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FLUSH

1.91 CM (0.75 IN.)

ANTENNA WINDOW AND TPS

X-PLANE

REFERENCE

EFFECTS OF EXTENDING APERTURE ABOVE GROUND PLANE (2.2 GHz)

FIGURE 52 (Continved)
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FLUSH

3.81 CM (1.50 IN.)

REFERENCE Y-PLANE ANTENNA WINDOW AND TPS

EFFECTS OF EXTENDING APERTURE ABOVE GROUND PLANE (2.1 GHz)
FIGURE 53
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.81 CM (1.50 IN.) - o

REFERENCE %-PLANE ANTENNA WINDOW AND TPS

EFFECTS OF EXTENDING APERTURE ABOVE GROUND PLANE (2.1 GHz)
FIGURE 53 (Continved)
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The results of pattern measurements at 2.1 and 2.2 GHz are shown in
figures 52 and 53 for antenna aperture heights of flush, 1.91 cm (.75 in,) and
3.8L cm (1.50 in.), respectively. The results are essentially the same as
observed at 2.2275 GHz.

To facilitate a more direct comparison of the pattern described above, the
circular gain was calculated at 6 = 0° and 6 = +60° for each configuration
tested, except for the antenna aperture heignts of 4.32 mm (0.17 in.) and
4.45 em (1.75 in.). The patterns for these aperture heights are nearly iden-
tical to the patterns for aperture heights of 6.35 mm \0.25 in.) and 3.81 cm
(1.50 in.), respectively, as shown by figure 51. The results of the circular
gain calculation and the measured axial ratios are shown in table XV. An

TABLE XV
DESIGN TEST CIRCULAR GAINS AND AXIAL RATIOS

FREQ | ANTENIA ] T REFERENCE CONFIGURATION T ATTENNA WINDOW ANL TPS
(Grzj | APLRIURE TRCUR GAIN (aB) | AXIAL RATIO (d8) [ CrRCLLAR GRIN (dB) PN PATIC (e3)
TMING) =0 R =-60 =0 260 ~=2-60 =0 =60 2-60° =0 =6C =-60
X Y A Y Y Y X Y X Y X Y ¥ Y v Y
Tt T s 95 5] 28] 73] a2 [es| aslzs[ 66 2.1 431 42125 771 38] 92| 1.2] 4.3
2 s3l08] a.7] 30 3] 66 30 [143] 53] 12.3] 5.0 1.1 3.9] 4.1] 285 ] 57012.0] 2.5] 7.
s T s 06| 28] 3.3| 29| 53] 36 [153] 70| 133[ 3.5] 0.4] 2.7] 37 30 145 4 (13.2, 46| 1.8
et T oo a6 37 4| 55| a0 [167] 61 o] esi-02| 07 23] 181 38) T 18" TSR
T T o 6] 53] 35| 33| 47| 75 |29 0.8] 17.9]10.2]-1.3/-06] 0.33-0.2 } 18163 10,0 16,5 15.7
Rz 59 o2 18] 13| 23] 321130 |2v8fi62| 20 5[ 106y -01]-0.6] 1.0 0.3 129 9.2]13.2]15.4]13.0
s e al 03] 0] 09| 30]2ve 25|27 [z ios] 18] 0.1 1.4) 03128 1) 16.019.4 12.3
oo | s8] 21| a0 23] 27| 40| a5 | 9.4 s8] 9.4] 7.5] 35) 37] 351 3 RN EE
Teae T35 28] 37] 6] 26| 35| 7.3 | 8.8 85| 7.0] 6.6] 291 35, 3.3} 24 TS T 83| A.6] 7.1
ot 3T 56 41| 28] 28| 50 | 941 9.8 sef 57] 23] e8] 34 LTS 72 [10.0] 7.8] 131
l STy T a E] 32| 451 3] 240 [ A[iiz| 9266 04[05] 20} 03 102 6.7 117.018.0] 16.0
| St e e 21 37| 18] 15[ 150 [15.0]i33] a0] 90f-05 02} 1.2} 02 |1 4]15) 18.013.9 16.4
' e 69T Gl 04| 03] 05| 06|26 [19.0] 0] v7e[100] 08] 0.6} 051024115 140 116.3(15.5] 6.4
e sy 82 2] 0] 0.6107] 1.0]230 [z3.1]204]204fr08] 151 1,24 1010213 15.7 |16.0 18.017.4
T oo o e [ 7] 23] 22| 14| 22| 90 | 60 88| sefes[1.2]-04}19]00 18 47| 58] 3.7] .3
. S 5o 29 24] 26| 12| 20]02 | 64| 96| 55)61]00[00}01}-07 196183 70l 0| €9
' st et el 26| 35 193] 26128 | 78| 16] esla7|-18-1.00-14313 32 10 9.9 1176105
3107511 6] 31 2.2] 3.6] 1.0] 301165 [ 9.6j15.0] 9.1]5.5]-06 72 0527 [32]®2}18.0]10.9417.0
e oo 52| 4] 0| 1.9] 0.8] 31leva [132l9ol12.3] 7.0]-071-2.01.2:2.5 |32 1107 6.2 11.2] 9.6
e s T oo 02 -0a] 28161 | 154 19.e] 152 7.7]-0.61-1.4]-08]-14 |30 I8IH9BLI € 4
3811 507 8.3]1.9]1.4]-1.6]-1.6] 2.0]17.0 | '6.6{20.0] 16,4} 7.7 0.2]-0.8]-04 -0 |25 |135]19.3]17.0]136

evaluation of these results confirms the conclusion reached from the visual
comparison, that the antenna aperture flush with the ground plane gives the
best overall pattern coverage.

Radiation patterns were measured at 1.75 GHz to determine the antenna
system performance in the U.S. Air Force frequency band of 1.75 to 1.85 GHz.
The results (figure 54) indicate acceptable pattern shape but very poor axial
ratios and reduced gain. Axial ratios vary from 12 to 8 dB over angles up to
g = +60° for the antenna aperture flush with the ground plane, but improve 3 to
4 dB with the antenna window and TPS. Over the desired beamwidth, the circular
gain is marginal at 6 = +32° and is -1 dB at @ = +60° wichout the antenna
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window and TPS. With the antenna window and TPS the gain drops from about

5 dB at 8 = 0° to about -1.7 dB at 6 = +44° and increases to about 2.5 dB at
8 = +60°. Except for the two 10° segments centered at 6 = +44° the circular
gain is above 0 dB over the desired beamwidth (8 = +60°) .

Radiation patterns were also measured at 3.45 GHz to determine the antenna
system performance in the Russian frequency band of 3.4 to 3.5 GHz. The
results (figure 55) show both pattern shape and axial ratios are poor. This
is not unexpected since the antennas were designed for opcration from 2.1 to
2.3 GHz. Figure 55 shows that a deep null exists in the X-plane patterns.

This null does not appear in the Y-plane although there is a reduction of gain
at or near § = 0°. This results in flat and square looking Y-plane patterns.
The patterns are also unsymmetrical and the gain is less than 0 dB over 50% of
the beamwidth.

The results of impedance measurements (figures 56 through 58) show that
the antenna window and TPS have only minor effects on the input impedance of
the S-band antenna. The impedance was measured within three separate frequency
bands, 1.77 to 1.85 GHz, 2.02 to 2.3 GHz, and 3.4 to 3.5 GHz. ~The impedance
over these three frequency bands is shown in figures 56, 57 and 58 for the
antenna aperture height of flush, 1.91 cm (.75 in.) and 3.81 cm (1.50 in.),
respectively, with and without the antenna window and TPS. With the antenna
window and TPS in place, the impedance over each frequency band tends to group
closer together.

The VSWR over the design frequency range (2.1 to 2.3 GHz) is less than
1.5:1 for all conditions. The VSWR's for other frequencies and for all con-
figurations are: (1) less than 4.5:1 for the 1.7 to 1.85 GHz frequency band;
(2) less than 2.2:1 for the 3.4 to 3.5 GHz frequency band; and (3) less than
3.4:1 for the 2.02 to 2.1 GHz band. Due to equipment limitations, 1.77 GHz
was used as the lower end of the U.S. Air Force frequency band instead of
1.75 GHz.

Test results (antenna tuning): Radiation measurements were conducted at
Amecom's facility during the final assembly of the antennas. These tests were
made to determine if the antenna window and TPS affected the axial ratioc, and
if the axial ratio could be improved by tuning the antenna with the antenna
window over the antenna. The antenna window and TPS were the same as used in
the electrical design tests, and the tests were witnessed by an MDAC-E repre-
sentative. Two antennas were tested, one with a 4-5/16 turn helix and the
other with a 4=1/2 turn helix. The test configuration differed from MDAC-E's
in three respects: (1) the ground plane size was increased by 5.1 cm (2.0 in.)
on a side; (2) the antenna was mounted to the grcund plane with 4 long bolts;
and (3) the antenna was surrounded with RF absorber behind the ground plane.
The antenna aperturc was mounted flush with the 3round plane surface. The
results of the pattern measurements (figure 59) show the 4-1/2 turn helix has
slightly lower axial ratios both with and withoit the antenna window and TPS.
In both cases the antenna window tends to reduce the axial ratio only slightlyv.
Therefore, it does not appear that significant improvement can be made in the
axial racio by tuning the antennas with the antenna window and TPS present.
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EFFECTS OF EXTENDING APERTURE ABOVE GROUNL PLANE (3.45 GHz)
FIGURE 55 (Continued)
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2. = 50 OHMS
] = 1.77 6Hz
£2 = 1.85 GHz
£3 = 2.02 GHz
£4 = 2.1 GHz
£5 = 2.2 GHz
£6 = 2.3 GHz
£7 = 3.4 GHz
£8 = 3.45 GHz
f9 = 3.5 GHz

ANTENNA WINDOW AND TPS

IMPEDANCE - APERTURE 1.91 CM (0.75 IN.) ABOVE GROUND PLANE
FIGURE 57
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Z. = 50 OHMS
9 = 1.77 6Hz
f2 = 1.85 GHz
£3 = 2.02 GHz
f4 = 2.1 GHz
l f5 = 2.2 GHz
; f6 = 2.3 GHz
: £7 = 3.4 GHz
: £8 = 3.45 GHz
: f9 = 3.5 GHz
§
L

ANTENNA WINDOW AND TPS

IMPEDANCE - APERTURE 3.81 CM (1.50 IN.) ABOVE GROUND PLANE
FIGURE 58
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The patterns show some scalloping accompanied by increased axial ratio
which can be attributed to edge effects. To reduce these effects, a 5.1 cm
(2.0 in,) wide border of AN-75 absorber was added to the edges of the ground
plane as shown in figure 60. The tape which was used to hold the simulated
TPS and absorber in place over the ground plane is clearly visible. The
effect of the absorber is shown in figure 61. The axial ratio is significantly
reduced at the beam edges (6 = i§0°). However, the axial ratio tended to
increase slightly at other angles, indicating the edge effects were not com=

pletely eliminated.

AN-75
ABSORBER

TRANSMITTING
ANTENNA

ANTENNA TUNING TEST CONFIGURATION WITH AN-75 BORDER
FIGURE 69
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Test results (antenna mounting effects): Radiation pattern measurements
were made to assess the effects of a cylindrical cavity 1.27 mm (0.05 in.)
wide around the antenna aperture and 7.9 cm (3.1 in.) deep. The cavity is
between the antcina support housing which holds the antenna in position behind
the antenna window and the antenna, as shown by figure 32. A prototype antenna
(S/N 101) was used for these tests. The cavity depths tested were: (1) zero
cavity depth (i.e., antenna aperture terminated in ground plane); (2) 3.3 cm
(1.3 in.) (one quarter wavelength at 2.2875 GHz); (3) 5.1 cm (2.0 in.); and
(4) 7.9 cm (3.1 in.) (maximum cavity depth). The test results (figure 62)
show that the cavity depth does not have a significant effect on any of the
pattern shapes or axial rario. The worst axial ratios occurred for a cavity
depth of 3.3 cm (1.3 in.) where the axial ratio at the beam edges (6 = +60°)
is 0.5 to 2 dB higher than for the other test configurations. The results for
the zero and maximum cavity depths are essentially the same. Therefore, design

changes in the antenna support housing are not required for improved radiation
patterns or axial ratio.

Test results (antenna system mockup): Radiation patterns were measured
with a prototype antenna (S/N 101) mounted in a mockup of the S-band antenna
system. That is, the antenna was mounted to the ground plane with a cylindri-
cal antenna support housing instead of the graphite ring holder used for the
preliminary electrical design tests. The patterns (figure 63) are similar to
those given in the preliminary test results (figures 51, 52 and 53).

Comparison of the impedance measurements (figure 64) with those of the
S-band antenna (figure 98) (discussed in the section on ELECTRICAL TESTING
under Component Testing) shows that the addition of the antenna window over
the antenna reduces the VSWR. The VSWR of the S-band antenna system mockup is
1.3:1 or less compared to 1.5:1 or less for the S-band anteuna alone.

Transmission loss. - The plane wave transmission characteristics of the
S-band antenna window were calculated using the expressions given in
Appendix B. The window configuration is identified by Configuration No. 1 in
table VI. The results for this window configuration (figure 65) show the
maxinmum transmission loss is about 0.22 dB at 3.25 Gz, which is near the
Russian frequency band. The transmission loss in the NASA frequency band, 2.1
to 2.3 GHz, is only about 0.15 dB. The transmission loss of a 5.08 cm (2.00
in.) thick layer of LI-1500 is also shown for reference. Calculations were
made to determine the effect of doubling the two RIV-560 bond layer thick-
nesses, probably the most difficult dimension to control. The results
(figure 65) show an increase in transmission loss of less than 0.1 dB. There=

fore, a small increase in bondline thickness is not expected to increase the
transmission loss significantly.

The results of these calculations indicate that the antenna window con-

figuration used in the S-band antenna system design has very low transmission
loss.
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FIGURE 62
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Structural Design

The S-band antenna system structural design is based on the results of the i
Electrical Design, Material Evaluation, Thermal Analyses, and Strengtn Analyses
tasks. The basic design (figure 66) is based on the component integration
concept. It was adapted to the area requirements of a thermal test fixture !
which supports the antenna system in either channel nozzle or wedge mount !
fixtures designed for the NASA-JSC 10 megawatt ARMSEF facility. A breadboard
unit was first designed for preliminary electrical and thermal testing, as
described in the sections on ELECTRICAL TESTING and THERMAL TESTING, to verify
the design approach and analyses. The results of the breadboard unit tests
were used to complete the design of the prototype unit. Since no design
changes were necessary as a result of the breadboard tests, the breadboard and
prototype units are essentially identical, except for the number and location

i of the thermocouples.

Breadboard unit design. - A sketch of the breadboard S-band antenna system
is shown in figure 66. It includes the S-band antenna, antenna support, 4
antenna window assembly, panel assembly, and surrounding TPS. The S-band i
antenna (figure 67), Amecom M46325, is attached to a machined, aluminum antenna
support with four #10 bolts. The antenna support (figure 68) is attached to
the panel assembly with four #10 flush screws, and holds the antenna aperture |
flush with the outer skin surface. It is removed or replaced along with the |
antenna from the external side of the panel support assembly.

ANTENNA WINDOW ASSEMBLY

R e L

i
c‘))

PANEL ASSEMBLY \ ANTENNA SUPPORT

S-BAND ANTENNA

S-BAND ANTENNA SYSTEM FIGURE 66
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The antenna window assembly, identified as -1003 in figure 69, consists of
a 5.08 cm (2.00 in.) thick by 18.29 cm (7.20 in.) square tile of LI-1500 HRSI,
a 0.203 cm (0.080 in.) thick pad of silicone sponge (RL-1973) and a 0.43 cm
(0.17 in.) thick double-faced fiberglass-phenolic honeycomb panel, all bonded
together with RTV-560 adhesive. The antenna window is attached to the panel
support assembly with four #10 Allen head cap screw fasteners which are trapped
in the window assembly. Access for turning the fasteners is provided for by
5.54 mm (0.218 in.) diameter holes extending through the L1-1500 window tile.
The window is surrounded by four LI-1500 guard tiles which form the TPS around
the antenna window. The joint design between window and guard tiles and ]
between guard tiles is based on an overlap concept developed by Lockheed. The
LI-1500 tile edges are under cut and overlap a nonrigid fibrous insulation
filler strip (FI-600). The filler strip is compressed approximately 1.02 mm
(0.040 in.). The gap width is nominally 1.27 mm (0.050 in.) and may vary from
0.76 mm (0.030 in.) minimum to 1.78 mm (0.070 in.) maximum.

Provisions were made for 2.45 cm (1.00 in.) diameter plugs in the window
tile and one guard tile to permit indepth temperature measurements. Shallow
grooves were machined in the outer surface of the window and guard tiles (see
saction B-B of figure 70) for surface thermocouples pricr to application of
the waterproof coating. This was done to minimize mizrocracking which may
occur if a thin cut is made in the brittle surface coat to keep the the:mo-
couple leads flush with its surface. The detail drawings defining the LI-1500
: tiles, the FI-600 filler strips, and the silicone sponge pads are shown in
! figures 70, 71 and 72.

The panel assembly, identified as -1007 in figure 69, includes: (1) the
TPS surrounding the antenna window; (2) the filler strips between the LI-1500
HRSI tiles; (3) the silicone sponge pads; and (4) the metallic support struc-
ture simulating the Orbiter structure. The panel support assembly (figure 73)
consists of an aluminum skin-stringer structure with additional transverse
stringers on the leading and trailing ends of the panel for stiffness. A 0.31
mm (0.020 in.) thick skin is spot welded to four 4.40 cm (1.73 in.) high
stringers, 0.81 mm (0.032 in.) thick. The inboard side of the panel support
structure is painted with a high emittance paint to obtain the proper internal
heat radiation characteristics. A 6.35 mm (0.250 in.) thick silicone sponge
strain isolation pad is bonded to the aluminum skin with RTV-560 adhesive
around the antenna window area. Subsequently, the four guard tiles are bonded
to the sponge pad with the filler strips in place to complete the TPS surround-
ing the antenna window. The guard tiles and the antenna window provide a
31.20 cm (12.68 in.) square surface area.

 vroama w7

P

- Ry

The complete test assembly (figure 74) shows the relationship of the
S-band antenna system to the test container and cover assemblies and the
channel nozzle.

Prototype unit design. - The prototype unit design is essentially the same
as the breadboard unit except fur the thermocouple arrangement. The plugs for
indepth thermocouples and the grooves for surface thermocouples were elimi-
nated. The thermocouple locations were revised to reduce the number of thermo-
couples and eliminate the thermocouple locations in the antenra windcw. The
thermocouple locations and the LI-1500 tile configurations unique to the proto-
type unit are de¢fined as the -1001 and -1005 assemblies in figure 69.
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Test container assembly. - The test container assembly was designed as the

interface link between the antenna test hardware and previously fabricated test
support equipment. It was designed to be compatible with both channel nozzle
and wedge mount test configurations as shown in figures 75 and 76. For the
channel nozzle mount (figure 75), the container is placed within and attached
to a water cooled cover assembly which is attached to the channel nozzle. The
test container is supported by angle brackets with slotted holes which allow
the outer surface of the antenna window and TPS to be mounted flush with the
interior wall of the channel nozzle. For the wedge mount (figure 76), the con-
tainer is positioned aft of a simulated leading edge and rests upon and is
attached to the test mount support assembly.

The test container (figure 77) ic a welded assembly fabricated from
3.18 mm (0.125 in.) thick, 321 stainless steel. The top of the container was
held to 30.48 cm (12.00 in.) square, while its height was 7.98 cm (3.14 in.).
Since the sides of the container would be exposed to the air flow in the wedge
mount test arrangement, strips of ablator 9.9 mm (0.39 in.) thick were bonded
to the container with DC 3145 adhesive. Two handles were attached to the
bottom of the test container for safe handling during installation or removal.

Cover assembly. - The water cooled cover assembly (figure 78) supports the
antenna test assembly in one wall of the ch. :nel nozzle. It remains attached
to the channel nozzle during a test series. The hinged door provides quick
access for installation and removal of the antenna test assembly. Four check
valves in the walls and the hinged door eliminate any appreciable pressure
differential between the interior of the cover assembly and the tunnel chamber.
It was originally designed and fabricated by MDAC-E for use during the test
phase of the "Development and Design Application of Rigidized Reusable Surface
Insulation Thermal Protection Systems' study under NASA-JSC Contract NAS
9-12854, reference 7. In addition to supporting the test hardware, this cover
assembly was designed to:

(a) Prevent leakage of the plasma stream through the cover assembly.

(b) Provide electrical interface (quick disconnects) for the thermo-
couples leads.

(c) Water cool the cover assembly to minimize heat transfer between
the cover assembly and the test container assembly and to prevent
abnormal heat buildup in the test hardware.

(d) Provide for air cooling the back side of the test hardware to
reduce cooling time and subsequent down time between test runs.

Wedge mount assembly. - The wedge mount assembly (figure 76) holds the
antenna test configuration in a free plasma stream near the exit nozzle. It is
composed of leading edge and test mount assemblies which provide support for
the test container assembly. The wedge mount assembly was furnished by MDAC-E
for the "Supplementary Structural Test Program' study under NASA Contract
NAS 8-26016 (ref. 8).
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Materials Evaluation

Materials evaluation for the S-band antenna system design was < .nfined
to the specific materials problems arising during design, fabrication, and
testing.

S-band antenna. - The initial S-band antenna back cap design specified a
nickel plate with a rhodium flash coat over a base metal of Kovar. However,
neither the rhodium nor the nickel plating form a metal couple (ref. 9)
within the 0.25 volt potential limit when mated with aluminum. This problem
was solved by plating the Kovar with copper, and then a 60/40 tin-lead alloy.
This alloy withstands 456 K (361°F) and the finish has a good appearance.

Thermocouple installation. - An attempt was made to eliminate or minimize
microcracking caused by thin slc:s in the LI-1500 coating for surface thermo-
couples. Small grooves were added to the breadboard unit LI-.500 tiles before
coating to permit location of the thermocouples just below the surface contour.
The grooves were 1.3 mm (0.05 in.) deep and 2.54 cm (1.00 in.) long. Holes
for the thermocouple leads were drilled in the surface coats at each end of the
groove with a dental drill. It was necessary to burn away the silicone on the
waterproof coating to obtain adequate adhesion between the surface and a high
temperature adhesive. The surface thermocouples were held in place as near
the surface as possible with AREMCO 505 cement. The grooves were completely
filled with cement to provide a smooth surface contour. The curved cement
surface was then coated with Lockheed's LI-0010 repair coating to obtain the
proper surface emittance. A posttest examination of the breadboard unit did
not show any loss of adhesion between the cement and the waterproof surface
coating.

Strain isolator. - Problems were experienced in slicing the RL-524 sili-
cone sponge rubber purchased for the breadboard and prototype S-band antenna
systems. The finished sheets were uneven and rough in places and, therefore,
were not considered satisfactory for use in the antenna systems. Subsequent
discussions with the manufacturer (Raybestos Manhattan) indicated that develop-
ment to alleviate the slicing problems had not proceeded due to lack of
customer interest. Further, the technical literature indicates that the
methyl-phenyl silicone elastomers are subject to stiffening when stored for a
time below 200 K (-100°F). Although MDAC-E short term test results iudicate
RL-524 has superior cold temperature performance, the basis for originally
selecting this material, additional tests would have to be performed to
adequately show a long term superiority of the methyl-phenyl silicone formula-
tion of RL-524 over that of RL-1973. Therefore, RL-~1973, which is also thne
same sponge rubber used in Lockheed's TPS design, was substituted.

Bonding. - The procedure used for bonding the LI-1500 tiles to the sili-
cone sponge pads or the silicone sponge pads to the fiberglass-phenolic
honeycomb or aluminum skin is given in Appendix D. This procedure is a
combination of both MDAC-E and Lockheed procedures. To ensure successful
bonding during fabrication of the breadboard and prototype antennas, tests were
performed to check out the bonding procedure. Three tensile tests were
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conducted to evaluate the strength of the RTV-560 bond to both LI-1500 and
aluminum. Each test specimen included two aluminum pull pads, one LI-1500
sample, two layers of silicone sponge, and four bondlines. Fl gure 79 shows a
typical specimen after testing. The failure occurred in the LI-1500, the
weakest material, and verified that the bonding procedure is satisfactory.

L1-1500

TYPICAL TPS PULL-TEST SPECIMEN FIGURE 79

Thermal Anclyses

Temperature distributions were calculated for the S-band antenna system.
The data obtained was used for: (1) confirming anternna window materials
selection, (2) determining antenna window thickness, (3) establishing antenna
temperature requirements, and (4) providing data for thermal stress calcula-
tion.

Two approaches were considered. One approach was to demonstrate with
conservative analysis that the design was adequate. As long as the measured
test data did not exceed that predicted by conservative analysis, the design
would be confirmed. The other approach was to demonstrate with a detailed
analysis that an antenna system can be analytically modeled to accurately
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predict the test results. Thus, the methods and assumptions used can be
related to other antenna system installations in other locations, with confi-
dence. The second approach was selected.

TG R e

e

S

Two thermal modeling methods were also considered. One was a two-
dimensional radial model in cylindrical coordinates; the other was a three-
dimensional model in rectangular coordinates. The two-dimensional radial model
which correctly simulated the thermal mass effect of the S-band antenna, yet
had fewer nodes and lower computer costs per run, was selected for analyses.

ey

S-band antenna system tnermal model. - The S-band antenna system is shown
in figure 32. Important thermal aspects include: (1) a square LI-1500 tile
centered over the S-band antenna aperture; (2) double-lap strip joints between
tiles; (3) FI-600 silica insulation strips under the joint gaps prevent
boundary layer gas heating from reaching the bondline; (4) a high emittance
coating covers the FI-600 strips in the region under the joint; and
(5) fastener access holes through the tile with captive cap screws for antenna
window assembly attachment and removal.

The thermal model for S-band antenna system including the cover assembly
and test container assembly is shown in figure 80 and has 117 nodes and 213
connectors. The surface coating on the top and sides of the tile, the bondline
adhesive, strain isolator pad, and honeycomb facesheets were included in the
thermal model. Convactive gap heating distributions for butt joints (ref. 7)
were used.

Thermal response results. - Using the above thermal model and MDC's
General Heat Transfer Program (HEATRAN Code), the following results were
obtained. Maximum temperatures fo- the S-band antenna system for the Orbiter
entry environment are shown in figure 81. Typical temperature histories
associated with some of these maxinum temperatures are shown in figure 82. As

expected, maximum backface temperat.ures are between the one-dimensional results -
: obtained for the S-band antenna backzap and the aluminum skin, given in
{ , figure 27 in the section on CONCEPT AMND FEASIBILITY STUDIES under Thermal

Studies. The aluminum structure under adjacent TPS, for a 5.08 cm (2.0 in.)
LI-1500 insulation thickness, is about 62 K (111°F) cooler than the 422 K
(300°F) maximum design temperature due to tlow of heat to the antenna support
and relatively massive test container assembly. In contrast, the maximum
temperature of the S-band antenna backcap is somewhat higher than the one-
dimensional results because of the heat conducted down the sheath-1like
cylindrical antenna support.

Maximum temperatures for the Orbiter entry heating environment and typical
test local static pressure environment are shown in figure 83. The input gap
heating in the tile joints was assumed to be more severe than expected on the
fabricated test unit in this computation. However, the backface temperatures

were 16.7 K (30°F) lower than those given in figure 8l. The lower temperatures
h are due to lower test pressure and lower initial temperature (300 K (80°F)).
The entry heated surfaces radiate to cold surroundings, and the back surfaces
were assumed perfectly insulated for the two cases given in {igures 81 and 83.
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NOTES:
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TEMP.

3. 0.15 IN. GAP
HEATING

4, TEST PRESSURE

MAXIMUM TEMPERATURES FOR ENTRY HEATING/TEST PRESSURES

FIGURE 83

Maximum temperatures for typical breadboard and prototype test runs are

shown in figures 84 and 85, respectively.
used as input for these two cases; the cover assembly in back

Measured surface temperatures were
of the antenna

model was assumed to rediate to 300 K (80°F) test chamber walls. The backface
temperatures for the breadboard unit (figure 84) are 14 to 17 K (25 to 30°F)
lower than predicted (figure 83) because of the lower test surface temperature

and higher heat loss to the cover assembly.
for the prototype unit (figure 8&5)

The higher backface temperatures
are comparable with predicted temperatures

(figure 8l) because of a longer heating time which compensated for the lower

test pressures and surface temperatures.

considered representative of entry flight.

Strength Analyses

Therefore, the prototype testing is

The S-band antenna system was designed to withstand the loads given in
the section on DESIGN CONSIDERATIONS AND CONSTRAINTS under Strength Require-

ments. Conventional analysis procedures were used.
stringer analysis showed that the small inc
require an increase in stringer thickness.

The results of the
rease in stringer spacing did not
A thermal-stress analysis was not

required for the antenna window because it is comparable in size to the C-band

horn antenna system window (figure 36).
window (ref. 1) show that the maximum stress

well within the allowables for the window materials.
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During early design studies, where the S-band antenna extended into the
LI-1500 HRSI tile, a strength analysis was made to determine the limitations
on penetration as a function of recess diameter. The assumptions used were:

(a) The allowable stress is equal to typical failing stress for LI-1500,
7.93 x 10° N/m2 (115 psi).

(b) The LI-1500 tiles are large enough compared to the recess diameter
so that the reduced thickness portion acts as a fixed edge plate.

4

(c) The ascent pressure, 7.31 x 10 N/m2 (10.6 psi), is the most

critical condition.

(d) The reduced thickness portion is not supported by direct contact
with the antenna aperture.

The results (figure 86) show that the minimum thickness for the S-band
antenna, which is 6.48 cm (2.55 in.) in diameter, is about 0.86 cm (0.34 in.).
However, the stresses should be recalculated for a specific design configura-
tion. The 0.86 cm (0.34 in.) thickness exceeds the LI-1500 thickness required
for thermal protection of the S-band antenna as discussed in the section on
CONCEPT AND FEASIBILITY STUDIES under Thermal Studies.
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Quality Assurance

The Quality Assurance effort was directed primarily to the devclopment of
quality criteria, the review of technical documentation for incorporation of i
quality requirements and appropriate in-process inspection to ensure prototype ;
hardware was fabricated and tested in accordance with engineering requirements.

Appropriate quality criteria was developed and coordinated with Design 1
Engineering. The S~band antenna system drawings were reviewed by Quality
Assurance to ensure the incorporation of quality criteria and that provisions
for production process controls were included. The procurement and inspection
of purchased items was accomplished in accordance with established procedures.

The LI-1500 tile was fabricated and controlled by Lockheed. The basic
antenna was fabricated by Amecon in accordance with the improved Apollo S-band
antenna specification M45672 developed under Contract NAS 9-8334, except for .
revision to the backcap mounting flange and finish revisions required to avoid
a metal coupling problem. Purchased items were accepted based on supplier 4
certification and visual inspection az to condition of the item on receipt.
X-rays of each LI-1500 tile were furnished by Lockheed and were reviewed by
Materials and Processes (M&P) engineering specialists to ensure that the
material was free of significant voids and delaminations.

Documentation for the progressive fabrication and testing of the antenna
components and assemblies, including the bonding and attachment of the LI-1500
material and the component and end item testing results, was initiated and is
on file. Progressive in-house inspections were performed primarily by cogni-
zant engineering personnel because of the experimental nature of this study.
Fabrication operations were perfcrmed by personnel experienced in the fabrica-
tion of HCF materials in the Advanced Materials Fabrication facility due to the
limited number of units and the complex process operations involved.

The bonding process procedures, Appendix D, were reviewed by the M&P
engineering specialists and coordinated with Lockheed bonding procedures.
The implementation of these bonding procedures on the initial breadboard
unit was observed by the M&P engineering specialists and a representative
from Lockheed. Material testing was performed and is discussed in the
subsection on Materials Evaluation of this section.

The S-band antenna component testing is discussed and the measured elec-
trical performance data is provided in the section on ELECTRICAL TESTING, under
Component Testing. This performance data was used as a baseline for acceptance
of the final hardware in conjunction with the engineering evaluation of radia-
tion patterns and impedance measurements, physical examination and radiographic ‘

inspection. The final configuration and performance is considered to meet the
overall objectives of this study.

-»
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Reliability

The objective of the reliability effort on the S~band antenna system was
to review the design to uncover any design weakness and provide or recommend
appropriate corrective action which may impact the reliability of the system.
Figure 87 shows the components of the antenna system considered in the
reliability analysis. The results of the reliability analysis (table XvD)
indicate a reliable system providing that adequate controls are initiated to
' assure repeatability of parts and material characteristics and the system is
; used within the design environment. The tabulated results of table XVI define
§ the parts or material, the most likely failure mode, possible causes that
: could initiate that failure mode, and reliability assurance status. The
¢ reliability assurance status is based on test results and is indicative of
¢ MDAC-E's confidence in the system reliability potential. There are no single
failure points if this antenna system is properly installed and checked out.
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; TABLE XVI
: QUANTITATIVE RELIABILITY EVALUATION
% RELIABILITY

%
Y

e S

PART
MATERTAL

DESCRIPTION

FAILURE MONES

FATLURL MODE CAUSES

ASSURANCE STATUS

HIGH TEMPERATURE
INSULATION

EXTERNAL COATING
L1-1500
F1-600

COATING 1S SILICA
WITH SILICA CARBIDE.
LI1-1500 1S RIGIDIZED
COMPACTED FIBROUS
SILICA. FI-600 IS

A RESILIENT FIBROUS
SILICA. BOTH ARE
IMPREGNATED WITH
SILICONE.

BREAKAGE AND/OR SEPARA-
TION OF EXTERNAL COAT
FROM L1-1500.

CHANGE IN RF TRANSMISS-
10N CHARACTERISTICS.

CHANGE IN THERMAL CHAR-
ACTERISTICS.

MISHANDL ING DURING IN-
STALLATION AND FLUCTUA-
TING PRESSURE IN TURB-
ULENT BOUNDARY LAYERS
(LAUNCH AND ENTRY).

MOISTURE PENETRATION OF
INSULATION. AGING
DEGRADAT ION BY REUSE.

CAUTION IN HANDLING
1S A MAJOR REQUIRE-
MENT. SURFACE COAT-
ING CAN BE CHIPPED
OR CRACKED.

TEST SHOWS ADEQUATE
WATERPROOF ING WITH
NO STRENGTH DEGRADA-
TION AND NEGLIGIBLE
CHANGE IN RF CHAR-
ACTERISTICS.

RTV-560

A METHYL-PHENYL RTV
ADHESIVE. TEMPERATURE
RANGE 144 to 561 K
(-200°F TO 550°F).

L0SS OF ADHESIVE CHAR-
ACTERISTICS.

CHANGE RF OR THERMAL
CHARACTERISTICS.

REPEATED HIGH TEMP-
ERATURE CYCLING AU/
OR EXCEED DESIGN
TEMPERATURE AND STRESS
LIMITS,

TEST RESULTS SHOW
ADEQUATE ADHESION
STRENGTH AND NEGLI-
GIBLE CHANGE IN RF
CHARACTERISTICS OVER
TEMPERATURE RANGE.

STRAIN ISOLATOR
RL-1973

A METHYL-PHENYL SILI-
CONE MATERIAL WITH A
SPONGE CONSTSTENCY.
TEMPERATURE RANGE

144 T0 477 K (-200°F
TO 400°F)

POSSIBLE STIFFENING AND
FRACTURE UNDER EXTREME
COLD CONDITIONS AND
STRESS.

ORBITAL COLD SCA¥

FOLLOWED BY ENTRY TEF-

ERATURE AND DYNAMIC
STRESS.

NOT TESTED. RECOM-
MEND A SIMULATED
TEST.

HONEYCOMS

FACE SHEETS AND CORE
ARE A GLASS FABRIC
REINFORCED PLASTIC
WITH HEAT RESISTANT
PHENOLIC RESIN. TEMP-
ERATURE RANGE 116 T0
533°K (-250°F TO
500°F).

CHANGE IN Rf CHARACTER-
ISTICS.

REDUCTION IN MECHANICAL
STRENGTH.

REPEATED HIGH TE™P-
ERATURE AND DYNAMIC
STRESSING OF THE
MATERIAL.

HEGI 12IBLE CHANGE

IN STRPENGTH AND

Rf CHARACTERISTICS
ESTABLISHED ©Y TEST.

MOUNTING HARDWARE FOR
THERMAL PROTECTION/RF
WINDOW

ALLOY STEEL SOCKET HEAD
CAP SCREW WITH A CARBON
STEEL WASHMER. SECUPED

BY SELF LOCKING 505 K
(450°F) PLATENUT MOUNTFD
TO A STRUCTURE WITH
ALUMINUM ALLOY RIVETS.

LCOSENING OF SCREWS OR
FAILURE FROM FATIGUE DUE
TO THERMAL AND DYNAMIC
STRESS.

REPEATED DYNA"IC AND

HIGH TEMPERATURE STRESS.

SELF LOCKING "ZATURE
MEETS PEUSE REQUIRE-
MENTS.

ANTENNA SUPPQRT AND
MOUNTING HARCWARE
70 VEHICLE STRUCTURE

MACHINED ALUMINUM (2024-
T3411) MOUNTED BY HEAT
TREATED ALLOY STEEL
SCREW. SECURED BY A

505 K (850°F) SELF LOCK-
ING PLATENLT, MOUNTED TO
STRUCTURE WITH ALUMINUM
ALLOY RIVETS.

LOOSENING OF SCREWS OR
FATLURE FROM FATIGUE DUE
TG THERMAL AND DYNAMIC
STRESS.

REPEATED DYNAMIC AND

HIGH TE*'PERAT''PE STRESS.

SEL7 LOCKING FEATURE
MEETS REUSE REQUIRE-
MENTS.

ANTENNA AND MCUNTING
HARDWARE “C ANTE'NA
SLPPORT

IMPROVED APOLLO S-BAND
ARTENNA CAPABLE OF
REYSE AFTER SUBJECTEU
TO TEMPERATURES NF 450 K
(350°F). TEMPERATURE
LIMITED BY TEFLON IN
CONNECTOR, ANTENNA SUP-
PCRTED BY FOUR BOLTS
WITH SELF LOCKING NUT.
TWO FLAT TREATED AL'M-
INUM WASHERS PER BOLT-
N.T COMBINATION,

LOOSENING OF SCREWS.
FRACTURE OF ANTENNA.

REPEATED CYNAIC STRESS.
DYNAMIC SHOCK OR VIERATION,

SELF LOCKING FLATURE
WEETS PE ST FITVIPE-
SENTS. ANTENIA PROVEY

BY APQLL( APPLICATION.

AR CONNECTOR

THC COAXTAL CONNECTOR
WiTH TEFLON INSERT.

SHORT QR OPE".

LSS OF TEFLON CIELECTRIC
BY EXCEEDING TEMPERATURE

LIMITS.

TEST ESTABLISHES THAT
TEMPERAT!IRE LIM[TS
wilL NOT BE E<CEEDED

WiTh RF WINDOW INTACT.
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TEST HARDWARE FABRICATION

The objective of the Test Hardware Fabrication task (Task 2) w3 to
fabricate the S-band antenna system designed in Task 1.2 for electrical and
thermal testing. This included fabrication of the various compoaents,
assembly of these components into the breadboard and prototype units and
fabrication of auxiliary test fixtures.

Component Fabrication

The components of the breadboard and prototype units were fabricated by
both subcontractors and the MDC Advanced Material Fabrication Facility.

S-band antenna. - The S-band antenna (figure 45) was manufactured by
Amecom Division, Litton Systems, Inc. under subcontract to MDAC-E. It is
basically an improved Apollo S-band antenna (Amecom Part No. M45672) with
the backcap modified to include the mounting flange.

The Apollo S-band antenna is a cavity backed helix. The helix is
imbedded in a cylinder of slip cast fused silica (Corning Code 794). The
cylinder is coated with platinum except for the two ends. One end is fitted
with a backcap which has electrical continuity with the platinum coating and
contains the TNC input connector. The other end, the radiating aperture, is
left open. The antenna may be tuned to optimize the axial ratio at a specified

frequency within the nominal frequency range by adjusting the length of the
helix.

The nominal finish of the backcap, a nickel plate with a rhodium flash
coat, was changed to meet the Space Shuttle equipment metal couples require-
ment for a mounting interface of alodined aluminum. This was accomplished by
first copper plating the Kovar backcap followed by a 60/40 tin-lead alloy
electroplate per MIL-F-14072 finish M222.

Visual inspection and electrical testing were performed to show compliance
with drawing and electrical performance requirements.

LI-1500 antenna window and guard tiles. - The LI-1500 antenna window,
guard tiles and the FI-600 filler strips were fabricated by the Lockheed
Missile and Space Company, Inc. (LMSC) under subcontract to MDAC-E. The tiles
and filler strips were manufactured to the drawings shown in figures 70 and 71l
respectively. The LI-1300 was first shaped to the drawing requirements and
then coated on five wid.s with LI-0042 gray waterproof coating, which includes
an emittance pigmen*. The coating was omitted from the four attachment holes
in the antenna window tile. The waterproofing process was completed bv
impregnating the tiles with hydrolized silicone. The FI-600 filler strip
was painted with an emittance coat on part of one side (figure 71) and impreg-
nated with hydrolized silicone for waterproofing. X-rays of the finished
parts were taken (figure 88) to detect any voids or delamination within the
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materials. The X-rays showed the finished parts to be satisfactory.

The results of a dimensional inspection of the finished tiles (figure 89)
shows that during the firing of the waterproof coating, the tiles shrink more
at the corners than at the center of the sides. Further, the shrinkage is

greater wnere the top coated surface meets the sides than where the bottom
uncoated surface meets the sides.

Silicone sponge. - RL-524 (type §-105) silicone sponge was purchased
from Raybeston Manhattan in 1.27 cm (0.50 in.) thick sheets. It was sent
to a local material processor (Crown Products) for slicing into 2.03 mm
(0.080 in.) and 6.35 mm (0.250 in.) thick sheets. Problems were experienced
in slicing, and the finished sheets were not satisfactory for use in the bread-
board and prototype units. Subsequent stady of the problem, as discussed in
the preceding section on S—-BAND ANTENNA SYSTEM DESIGN under Material Evalua-
tion, lead to the decision to replace the RL-524 with RL-1973, the same sili-
cone sponge used in Lockheeds TPS design. The RL-1973 sponge was sliced by
Crown Products and cut into the required shapes (figure 72) by MDC.

Fiberglass—-phenolic honeycomb panel. - The fiberglass-phenolic honeycomb
panels (figure 69) were fabricated at MDC using standard vacuum bag techniques.
The core, a hexagonal cell, honeycomb was manufactured by the Hexcel Company.
The face sheets (fabricated at MDC) consisted of three layers of 1.02 mm
(0.004 in.) thick fiberglass cloth impregnated with a phenolic binder. The
warp direction was oriented at 30 and 60° to provide uniform strength proper-
ties in all directions. The facesheets were bonded to the core using HT-435
adhesive manufactured by the American Cynanamid Company.

Panel support assembly. - The components of panel support assembly (figure
73) were fabricated from sheet aluminum. The stringers and cross braces were
riveted together and the skin spot welded to the stringers. The holes in a
completed fiberglass honeycomb panel were used to locate the attachment holes
to ensure a good fit. After completion of the panel support assembly, the
inboard side was painted with a high emittance paint per MDC process specifi-
cation (PS 13645).

Antenna support. - The antenna support (figure 68) was machined from
aluminum bar stock. The finished part was alodined per MIL-C-5541 require-
ments. The part was made slightly long and machined to lenzth after receiving
the S-band antennas from Amecom to ensure proper mating of the aperture with
the panel support assembly outboard skin surface. After trimming, the exposed
surface was ! :ish alodined per MIL-C-5541.

Breadboard Unit Assembly

The breadboard unit assembly includes: (1) installation of the thermo-
couples; (2) bonding the silicone sponge pads to the fiberglass honeycomb
panel and the LI-1500 antenna window tile; (3) bondirg the silicone sponge to
the guard tiles and the panel support assembly around the antenna window;

(4) installation of the antenna support in the panel assembly; and (5) instal-
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lation of the antenna.

Thermocouple installation. - The thermocouples were installed in the
antenna window and guard tiles prior to assembly. Small holes were drilled
in each end of the grooves provided for the surface thermocouples in order
to bring the thermocouple leads directly to the back side of the tile. The
grooves were then filled with AREMCO 505 cement to hold the thermocouple in
place to provide a smooth surface. To make the cement adhere to the LI-1500
waterproof coating, it was necessary to burn off the silicone resin in the
local area. The indepth thermocouples were placed in the LI-1500 plugs and
pressed into place.

Figure 90 shows the components of the antenna window before assembly with
the thermocouples installed. Figure 91 shows the top and bottom surfaces of
the antenna window and the surrounding guard tiles with the thermocouples
installed. The cement covering the surface thermocouples was subsequently
covered with Lockheed's LI-0010 emittance repair coating to obtain the proper
surface emittance. Platinum-platinum-rhodium thermocouples were used for
surface installation and Chromel-Alumel thermocouples were used for the indepth
and bondline installations.

-

HONEYCOMB 3y
PANEL  pigs

-

BREADBOARD UNIT ANTENNA WINDOW COMPONENTS FIGURE 90

Antenna window assembly. - The components of the antenna window, consisting
of the window tile, silicone sponge pad and fiberzlass-phenolic honeycomb
support panel,were bonded together with RTV-560 adhesive using the procedures
and materials specified in Appendix D. A simple bonding fixture was used to
hold the component parts in proper alignment. Bonding was accomplished in
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BREADBOARD UNIT ANTENNA WINDOW AN 7UARD TILES
FIGURE 91
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one operation using the following sequence of events:

(a)
(b)
(c)
(d)
(e)

(£)
(8)
(h)
(1)
(1)
(k)
(1)

(m)

The

humidity.

Clean and prime honeycomb panel.

Clean silicone sponge pad.

Apply adhesive to honeycomb panel.

Apply adhesive to one side of the sponge.

Position sponge pad on honeycomb panel with adhesive covered sides
together.

Apply adhesive to other side of sponge pad.

Apply adhesive to LI-1500 antenna window tile.

Install attachment washers and screws.

Position window tile on adhesive covered sponge pad.

Place thin silicone rubber pad on coated surface of window tile.
Place weighted plate (6895 N/m2 (1.0 psi)) on top of rubber pad.
Place weight elbows around weighted plate to prevent lateral motion,
which will result in misalignment between window tile, sponge pad,
and honeycomb panel.

Allow assembly to cure at ambient room temperature and humidity.

curing time for the RTV-560 was sixteen hours due to the low local
After curing, the excess adhesive was removed and the assembly

inspected for compliance with applicable drawings.

Panel assembly. - The components of the panel assembly, consisting of the

LI-1500 guard tiles, FI-600 filler strips, silicone sponge pads, and panel
support assembly, were bonded together with R1V-560 adhesive in two operations
using the procedures and specified materials in Appendix D. The completed
antenna window assembly and rubber spacer strips were used as a tool to obtain
the proper joint gap spacing around the window. A bonding fixture was used

to hold the guard tiles in place around the antenna window during the bonding
curing period. Figure 92 shows the panel assembly with the antenna window

and joint gap spacers in the bonding fixture. The fixture sides, covered

with Teflon tape, prevent any lateral motion of the guard tiles.

The

(a)
(b)

first sequence of events was as follows:
Clean and prime aluminum panel.

Place and secure panel in bonding fixture.

8-7
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JOINT GAP
SPACERS

.~ BONDING
FIXTURE

BREADBOARD PANEL ASSEMBLY IN BONDING FIXTURE FIGURE 92

(c) Clean silicone sponge pads.

(d) 1Install antenna window assembly.

(e) Apply adbesive to aluminum panel.

(f) Apply adhesive to one side of sponge pad.

(g) Position sponge pad on aluminum panel around the antenna window
with the adhesive covered side against the aluminum panel.

(h) Remove the antenna window.

8-8
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(i) Place weighted plate (6895 N/m2 (1.0 psi)) on sponge pad.

(j) Allow assembly to cure at ambient room temperature and humidity.
The second sequence of events was as follows:

(a) Install bondline thermocouples.

(b) Install antenna window assemblv and FI-600 filler strips.

(c) Apply adhesive to sponge pad.

(d) Apply adhesive to LI-1500 guard tiles.

(e) Place guard tiles around antenna window.

(f) Insert silicone rubber spacers to control joint gap widths.

(g) Place thin silicone rubber pad on coated surface of antenna window
and guard tiles.

(h) Place weighted plate (6895 N/m2 (1.0 psi)) on top of rubber pad.
(1) Allow assembly to cure at ambient room temperature and humidity.

The curing time in both bonding opurations was sixteen hours due to the
low local humidity. After removal from the bonding fixture, the excess
adhesive was trimmed away and the assembly inspected for compliance with
applicable drawings.

Final assembly. - Following the bonding operations the antenna window
was removed, the antenna support attached and the antenna window replaced.
The thermocouples were than installed on the panel structure and antenna

support and all the thermocouple leads attached to connectors. The completed
assembly is shown in figure 93.

Prototype Unit Assembly

Two prototype units were assembled in the same manner as the breadboard
unit with several minor exceptions. The exceptions were primarily in the

method of surface thermocouple installation and procedure for assembling
the antenna window.

In the prototype unit, all thermocouples were eliminated from the antenna
window. Grooves were not provided in the guard tiles for surface thermocouples
as was the case for the breadboard unit. Instead, narrow slits about 2.54 cm
(1.00 in.) long were cut in the waterproof coating. After installing the
thermocouples flush with the tile surface, the small voids around the thermo-
couple and its leads were filled with Lockheed's LI-0010 re rair coating and
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TOP VIEW

e — e

i BOTTOM VIEW

BREADBOARD UNIT ASSEMBLY
FIGURE 93
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permitting to cure at ambient room temperature.

The antenna window was assembled in two bonding operations rather than
the one used for the breadboard unit. The silicone sponge pad was first
bonded to the fiberglass support panel and cured. The antenna window tile
was then bonded to the sponge pad. A bonding fixture was used to hold the
components in position during the cure cycle.

The other steps in the assembly of the prototype unit were the same as
the breadboard unit. However, after removal from the bonding fixture the joint
gap width at the surface appeared to be larger than experienced with the
breadboard unit. The increase in gap width is due to the pressure from the
compressed FI-600 filler strips acting along one side of a long narrow tile.
It is unlikely that such a condition would occur on an actual Orbiter instal-
lation since both sides of a tile would normally be subjected to the same
force from filler strips. This could be compensated for by reducing the
filler strip thickness. However, this must be done with caution. Too little
pressure or a gap between the tile shoulder and the filler strips could allow B
hot gases to flow around the filler strips causing increased structural heat-
ing. Final assembly of the prototype was completed in the same manner as
the breadboard unit. After thermocouple installation, all penetrations through
the aluminum skin for thermocouple leads and antenna window attachment screws
were sealed with either metallic tape or RTV-560 adhesive (figure 94). These
holes were sealed, because there was evidence of heat flow through a large
unsealed hole in the breadboard unit, which were used to pass the antenna
window thermocouples leads through to the backside of the unit. Prototype
Unit No. 1 is shown in figure 95.

FIGURE 94
SKIN PENETRATION SEALS
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Test Fixture Fabrication

The test c.ntainer assembly (figure 77) was fabricated in the MDC
Laboratory Shop. Following the completion of welding, the surface mating
with the breadboard and prototype units was machined to provide a flat sur-
face. Sheets of ablator were then bonded to the sides of the test container.

The water cooled cover and the wedge mount assemblies were available
from earlier programs as previously discussed.
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ELECTRICAL TESTING

The Electrical Testing task (Task 3) consists of component, breadboard
unit, prototype unit and thermal test support testing. The objectives of tnis
task was to verify compliance of component performance with design goals
(Task 3.1), establish performance levels for the breadboard unit (Task 3.2)
and prototype units (Task 3.3), and monitor the electrical performance, before
and after the breadboard unit thermal tests and the prototype unit thermal
reuse tests, to determine changes in performance attributable to the applied
entry temperature eavironment (Task 3.4).

Component Testing

The S-band antennas were tested to verify compliance with component
performance goals, Task 3.1, as defined in table XIV. Three antennas
(S/N 101, 102 and 105) were tested. Radiation patterns were measured in both
right (RHC) and left hand circular (LHC) polarization and rotating linear
polarization. The axial ratio was derived from the rotating linear polariza-
tion patterns. A standard gain horn was used to obtain a 0 dB gain reference.
The VSWR was derived from impedance measurement. The efficiency of only one
antenna was measured.

Test configurations. - The -adiation patterns and impedance measurements
were made with the antenna aperture flush mounted in the center of an 86.4 cm
(34.0 in.) square ground plane. A S.1 cm (2.0 in.) wide border of Emerson &
Cuming Inc. AN-75 absorber was placed around the ground plane edge to reduce
pattern scalloping due to edge radiation effects. The antenna feed was
pointed toward ¢ = 270° relative to the cocrdinate system (figure 19). The
pattern orientation is ¢ = 0° on pattern right for the X-plane patterns and
$ = 90° on pattern right for the Y-plane patterns.

Test techniques. - The test techniques used for the component tests are
essentially the same as those described in the section on S-BAND ANTENNA
SYSTEM DESIGN, under Electrical Design. The RF fields used for measuring the
RHC and LHC patterns were probed to establish a circularity of less than 0.5
dB for RHC polarization and 1.0 dB for LHC polarization.

Test results. - Typical results of radiation pattern measurements for the
S-band antennas are shown in figure 96, using antenna S/N 101. The patterns
for S/N 102 ard 105 anterras are given in Appendix E. The patterns shown in
figure 96 have good symmetry except at 2.1 GHz where the pattern appears to
be tilted about 20°. The axial ratio distribution is also unsymmetrical.
Since tnese conditions occur in both planes, the reasons for the dissymetry is
not apparent.

The axial ratios are higher than expected and higher than measured by
Amecom. Attempts to obtain patterns witn lower axial ratios by duplicating
Amecom's test conditions at MDAC-E failed. Therefore, an S-band antenna
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RADIATION PATTERNS - ANTENNA S/N 101

FIGURE 9%
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~ Y-PLANE T

-

X-PLANE

RIGHT CIRCULAR 2.2875 GHz LEFT CIRCULAR

RADIATION PATTERNS - ANTENNA S/N 101
FIGURE 96 (Continued)

(S/N 101) was returned to Amicom for test. Their test results (figure 97)
wich the antenna aperture seiled to the ground plane with copper tape show
that the axial ratio is about the same as that measured by MDAC-E. With the
antenna not sealed to the ground plane (Amecom's standard test setup) and the
antenna attached to the ground plane with long bolts, the axial ratio decreases
1 to 1.5 dB over the 120° beamwidth as shown in figure 97. Sealing the
antenna to the ground plane is a close simulation of the mounting technique
used in the S-band antenna system design. The antenna pattern orientation
used by Amecom is 180° from that used at MDAC-E. This should be considered
when comparing the patterns in figure 97 with those in figure 96. These
results show that the axial ratio is sensitive to the mounting configuration,
and that considerable care in the test setup 1s required to obtain repeatable
results.
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The results of impedance measurements are shown in figures 98, 99 and 100,
for S-band antennas S/N 101, 102 and 105, respectively. The VSWR's are less
than 1.5:1 for S/N 101, 1.5:1 for S/N 102, and 1.9:1 for S/N 105. The VSWR
for S/N 105 is less than 1.5:1 above 2.15 GHz. The VSHR data supplied by
Amecom using a reflectometer measurement technique shows the VSWR is less than
1.5:1 in all cases and generally about 1.25 to 1.35:1. The Amecom measurements
were performed without the antenna mounted in a ground plane.

7. = 50 OHMS
£ = 2.1 GHz
f2 = 2.2 GHz
f3 = 2.3 GHz
IMPEDANCE - ANTENNA S/N 101 FIGURE 98

The S-band antenra efficiency was determined from measurements of direc-
tivity and antenna gain. Total directivity was obtained using the pattern
integration method (ref. 10). Total gain was measured by comparison to a
standard gain horn. Using these values and the relationship that gain is equal
to the product of directivity and efficiency (i.e., gain = (efficizncy) x
(directivity)) the efficiency was found to be 91%. This is over 10%Z greater
than the design goal. For high efficiency antennas such as this, considerable
care is required to avoid measured efficienci=s greater than 100%.

Breadboard Unit Testing

The breadboard S-band antenna system electricali tesis were rerformed to
verify electrical performance and establish a standard for comparing with
thermal test data. However, the thermocouple wires used to instrument the
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2. = 50 OHMS
£ = 2.1 GHz
£2 = 2.2 GHz
£3 = 2.3 GHz
r FIGURE 99

2, = 50 OHMS
£ = 2.1 GHz
£2 = 2.2 GHz
£3 = 2.3 GHz

IMPEDANCE - ANTENNA S/N 105 FIGURE 100
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breadboard unit resulted in a gain reduction and degraded radiation patterns.
The impedance of the antenna system was affected by the thermocouple leads to i
a much lesser degree.

Test configuration. - The breadboard S-band antenna system was instclled
in the test container assembly (figure 77). The antenna system and the test
container assembly were installed in the center of an 86.4 cm (34.0 in.) square
. ground plane. The antenna aperture and surrounding structural skin were
A positioned flush with the ground plane surface, leaving the TPS extending above
the ground plane. A border of AN-75 absorber was piaced around the ground
plane edges to reduce edge effects. Front and back views of a typical test
installation are shown in figure 101. The orientation of the antenna in the
coordinate system was identical to that used for the component tests.

e < e

I S

Test techniques. - The test techniques used for the breadboard unit
radiation patterns are the same as those used for the component tests. A

photo of the test setup used for the impedance measurements is shown in figure
102.

Test results. - The results of radiation pattern measurements for the
breadboard unit are shown in figure 103. A comparison of these patterns with
the patterns from the component tests (figure 96) shows lower gain, pattern
distortion, higher LHC polarization levels, and higher axial ratios. The
degraded performance is attributed to the thermocouple wires (figures 90 and
91) required for temperature measurements during the breadboard unit thermal
tests. Since thermocouple installation was necessary during fabrication,

electrical measurements on a 'clean" breadboard unit were not possible.

| f The results of breadboard unit impedance tests are shown in figure 104.

The impedance is shifted to the right on the Smith Chart plot. The impedance

; shift increases the maximum VSWR to about 1.8:1, somewhat higher tha~ the

i : 1.3:1 measured for the antenna system mockup tests (figure 64). -

Prototype Unit Testing

; The prototype S-band system electrical tests were performed to verify

: electrical performance and establish reference parameters prior to the thermal
rouse tests. A revision of the rumber and plac-ment of the thermocouples
significantly improved the electrical performance. The test configuration and
technique used tor the prototype unit tests were the same as used for the
breadboard unit tests.

' Test results. - The results of radiation pattern measurements for the
Prototvpe Unit No. 1 are shown in figure 105. A comparison of these patterns
with those of the antenna system mockup (tigure 03) Siww Lial the prototype
unit patterns are essentially equivalent. The circular gain at ; = 0° is about
1 dB lower and the axial ratio about 1.5 dB higher than that obtained tor the
antenna system mockup patterns (figure 63). The LHC polarization patterns

have increased magnitudes, due to the thermocouple wires, which are accompanied
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TEST

REFLECTION
TEST UNIT

SWEEP NETWORK FREQUENCY
OSCILLATOR ANALYZER CONVERTER X-Y RECORDER

by /
—

SWEP™ FREQUENCY IMPEDANCE MEASUREMENT TEST SET-UP
! FIGURE 102

by the increase in axial ratio. Radiation patterns for Prototype Unit No. 2
are given in Appendix F.

The results of the prototype unit impedance test are shown in figure 106.
The impedance is shifted slightly at the low frequency end of the band but the
VSWR is still less than 1.35:1, as obtained in antenna system mockup tests.

Thermal Test Support

Thermal Test Support (Task 3.4) electrical tests were performed before
and after the thermal test of the breadboard and prototype S-band antenna
system to detect changes in electrical performance resulting from expcsure to
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entry temperatures. The tests consisted of radiation pattern, axial ratio and
impedance measurements. The tests were performed at both NASA-JSC and MDAC-E.

Test configuration. - For the tests at NASA-JSC, the S-band antenna
system, mounted in the test container assembly, was installed on a rotator unit
as shown in figure 107. A Scientific Atlanta SGH-1.7 standard gain horn wis
mounted to the rear of the test unit. The test unit and the transmitting
antennas were placed inside a small anechoic chamber with a transmission
distance of 9.1 m (30 ft). For the test at MDAC-E, the test configuration
used for the breadboard and prototype unit postthermal tests were the same
as used for the breadboard unit tests.

i S s e AN S i

The impedance measurements were made with the antenna system and test
container assembly placed above the measurement equipment as shown in figure
102. The same test configuration was used at both NASA-JSC and MDAC-E.

B T = & T i o A hi s Sl SR

Test techniques. - Standard radiation pattern and impedance measuring
techniques were used for the thermal support. For the test at NASA-JSC a
standard gain horn was used to set and record a reference level at 15 dB on
the polar pattern paper. The test unit patterns were then taken with the
same equipment settings. To obtain better pattern resolution, the receiver
attenuation was decreased 18 to 20 dB and the patterns were retaken. Only
X-plane patterns (RHC and LHC polarization) were measured. 1he axial ratio
was measured only at & = 0°., For the tests at MDAC-E, the test technique used
for the breadboard and prototype unit postthermal tests were tne same as used
for the breadboard unit tests.

L Y R SR
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PROTOTYPE UNIT NO. 1 IMPEDANCE
FIGURE 106
Test results - breadboard unit. - The results of the radiation pattern

measurements taken before and after the thermal tests are shown in figure 108.
Comparison of the pre and postthermal patterns show magnitude variations of
1.0 to 5.0 dB, but that basic pattern characteristics are unchanged. The
maximum change occurred at 2.1 GHz over a secter of 6 = +50°. At 2.2875 GHz,
. the maximum change was only about 1.0 dB over a smaller sector.

The results of the axial ratio measurements are shown in table XVII. The
axial ratio decreased 15.2 dB at 2.1 GHz and 2.4 and 3.7 dB at 2.2 and 2.2875
GHz respectively. Subsequent testing reported in the section on EVALUATION
shows that the placement of the thermocouple wire bundle behind the test
article is sufficient to cause the changes discussed above. Therefore, these
data should not be taken too seriously in arriving at conclusions regarding
antenna performance.

The results of impedance measurements are shown in figure 109. There is
only a slight change in the postthermal impedance, and no significant change
in VSWR.

PR
e e m e e ——— o © ———————— — "

Postthermal electrical performance tests were conducted at MDAC-E
following the thermal test at NASA-JSC. These tests were performed using the
> same test configuration and techniques used for the breadboard electrical
tests. The results of postthermal radiation pattern measurements are shown in
ot figure 110. The changes in pattern magnitude are smaller than those obtained

% 9-17
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TABLE XVII

BREADBOARD UNIT AXIAL RATIOS - EFFECTS OF HIGH TEMPERATURE

AXIAL RATIO (dB) AT 6=0°

FREQ (GHz) 2.1 2.2 2.2875
PRETEST 25.0 |12.6 |14.2
POSTTEST 9.5 [10.0 [11.4
ANTENNA ONLY 12.5 3.2 1.0

in the tests at NASA-JSC. However, there was a general increase in both the
axial ratios and linear gain. The results of postthermal impedance measure-
ments are shown in figure 111. Comparing these results with those obtained

in the breadboard unit test, shows more change in the impedance plot than that
observed in the results obtained immediately following the thermal tests
(figure 109).

Test results - prototype unit. - The results of radiation pattern measure-
ments taken before and after the first, fifth, and tenth thermal cycles is
shown in figure 112. The results after the second cycle are not shown because
the difference between the first and second results were insignificant. The most
significant change in gain (RHC polarization) occurred after the first cycle
where the circular gain decreased about 1.0 dB at 2.1 GHz and increased about
0.5 dB at 2.2875 GHz. The change in circular gain at 2.2 GHz was somewhere
between these values. The results of the axial ratio measurements are shown
in table XVIII. The axial ratio tends to increase at 2.1 GHz and decrease at
2.2875 GHz. The changes in LHC polarization levels are consistent with the
changes in axial ratio.

The results of the impedance measurements (figure 113) show an insignifi-
cant change in the character of the impedance plot. The results of measure-
ments after the first, second and fifth thermal cycles were omitted because
they were essentially identical to the impedance measured before the first
thermal test.

Postthermal electrical performance tests were also conducted at MDAC-E
following the completion of thermal test at NASA-JSC. These tests were
performed using the same test configuration and technique used for the proto-
type electrical tests. The results of the postthermal radiation pattern
measurements are shown in figure 114. Compared to the prethermal patterns
(figure 105) the change is very small. Small differences, less than 1.0 dB,
can be found at discrete points. The LHC polarization patterns, however, show
some increase in level after the thermal tests. However, the LHC polarization
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BREADBOARD UNIT IMPEDANCE - POSTTHERMAL TEST
FIGURE 111

patterns are about 10 dB and 15 dB below the RHC polarization pattern peaks at
2.1 and 2.2875 Ghz respectively. Comparison of the rotating linear polariza-
tion patterns shows small changes in the axial ratio.

The results of the impedance measurements are shown in figure 115. The
shift in the position of the point for 2.1 GHz (£f2) is partially due to
repeatability limitations of the swept frequency generator. In the region
between fl and f3, the impedance changes very rapidly as a function of
frequency. Therefore, a minor error in setting f2 could result in a signifi-
cant change in the f2 marker position on the Smith Chart plot.
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TABLE XVIII
PROTOTYPE UNIT NO. 1 AXIAL RATIOS - EFFECTS OF HIGH TE!'PERATURE CYCLING

THERMAL CYCLE
FREQUENCY
GHz PRE. FIRST SECOND FIFTH TENTH
2.1 10.1 dB | 12.6 d8 | 13.5 dB|12.2 dB | 11.1 dB
2.2 6.8 dB 6.0 dB 5.9 dB| 5.7 dB 4.2 dB
2.2875 4.0 dB 3.9 dB 3.7 d8| 3.0 dB 3.0 d8
Z, = 50 OHMS
BEFORE TEST f? = 2.0 GHz
\ f2 = 2.1 GHz
f3 = 2.2 GHz
f4 = 2.3 GHz

PROTOTYPE UNIT NO. 1 IMPEDANCE - EFFECTS OF HIGH TEMPERATURE CYCLING
FIGURE 113
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FIGURE 114
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PROTOTYPE UNIT NO. 1 RADIATION PATTERNS - POSTTHERMAL REUSE TEST
FIGURE 114 (Continued)

9-33
‘ MCOONNELL DOUGLAS ASTRONAUTICS COMPANY - BAST



MDC E089%
30 JuLyY 1973
VOLUME |

HIGH TEMPERATURE ANTENNA
DEVELOPMENT FOR SPACE SHUTTLE

T LINEAR e e

RIGHT

LEFT
CIRCULAR

Y-PLANE 2.1 GHz X-PLANE

PROTOTYPE UNIT NO. 1 RADIATION PATTERNS - POSTTHERMAL REUSE TEST
FIGURE 114 (Continved)
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Zn = 50 OHMS
fl = 2.0 GHz
f2 = 2.1 GHz
f3 = 2.2 GHz
f4 = 2.3 GHz
PROTOTYPE UNIT NO. 1 IMPEDANCE - POST THERMAL REUSE TEST
FIGURE 115
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THERMAL TESTING

The Therma. Testing task (Task 4) consists of design temperature verifica-
tion and reuse tests. The objective of this task was to validate the design
approach and reuse capabilities of the S-band antenna system designed in the
S—BAND ANTENNA SYSTEM DESIGN task (Task 1.2). Thermal performance was verified
by exposure to a simulated entry environment with appropriate instrumentation
and auxiliary physical tests. These tests were accompanied by electrical tests
described in the previous section on ELECTRICAL TESTING.

The thermal testing was performed in two phases: one with a breadboard
S-band antenna system and the other with a prototype S-band antenna system.
The breadboard unit thermal tests were used to validate the design approach,
verify temperature predictions, and contribute to the final design of the
prototype unit. The prototype unit thermal tests, consisting of ten simulated
high temperature entries, were used to determine the reuse capability of the
prototype unit.

Facility Description

All thermal tests were conductew in the NASA-JSC 10 megawatt Atmospheric
Reentry Materials and Structures Evaluation Facilitv (ARMSEF) . ARMSEF is an
arc heated continuous flow tunnel. Oxygen and nitrogen at high pressure is
nixed and heated by a direct current arc. The resulting two gas (air) plasma
is then expanded through a flow nozzle to the vacuum chamber. After passing
through the nozzle and over the test model surface, the air plasma is cooled
and pumped out of the tunnel by a four stage steam ejector vacuum pumping
system supplied by a 454 g/sec (36 000 1lb/hr) steam boiler. The tunnel chamber
will acconmodate several arc heater and nozzle configurations.

The ARMSEF capabilities that are ideally suited for the antenna system
tests include: (1) large model size permitting full scale antenna and adjacent
TPS hardware; (2) demonstrated capability to provide convective heating and
flow shear environment for testing Orbiter thermal protection materials;

(3) capability to determine influence of joint gap size and surface discontinu-
ities with adjacent TPS; and (4) capability to sustain entry heating environ-
ments for long time periods.

The arc tunnel configuration selected for the antenna tests consists oL a
five megawatt multirange arc heater and a supersonic channzl flow nozzle as
shown in figure lle, The calibration plate has been removed to show the antenna
svstem test unit in place. The channel flow nozzle expands from throat dimen-
sions of 2.94% x 3.08 em (1,00 x 2,00 in.) to accommodate a 32,2 x 32,2 ¢cm (2.7

17,7 in.) st sample surface arca. Two walls are 5.08 on o 200 ing) apart
and are parallel; the other two walls have a total divergence angle of 20°.
: An opening on each parallel side wall is provided; one for the test model
* and tie other for a calibration plate. The walls are made of chromium copper
alloy 182 and are water cooled. The reflection off a mirror on top of the
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Abrocko ik &

‘ NASA-JSC 10 MEGAWATT ARMSEF ARC TUNNEL FIGURE 116

test chamber (figure 116) and TV cameras were used to monitor the unitormity of
plasma flow from the channel flow nozzle exit. The model surtace could nou o be
viewed during testing because of the poor view angle through the narrow noz.iv
exit to the model.
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Test Installation

The channel nozzle test configuration (figure 75) was used for both the
breadboard and prototype unit thermal tests. The water cooled cover assembly
is mounted to the side of the channel flow nozzle and normally remains in
place through a test series. The hinged door on the backside of the cover
assembly provides quick access for both installaticn and removal of the test
model. The test model consists of a breadboard or prototype test unit
installed in tbe test container assembly. The test container assembly:

(1) provides a mounting fixture; (2) provides thermal isolation; and (3) facil-
itates handling. The test model, mounting brackets and cover assembly are
shown in figure 117. The test model is positioned in the cover assembly sc

the surface of the test model is flush with the inner wall of the channel flow
nozzle. The final installation into the channel nozzle is shown in figures 118,
119, and 120. Fiberfrax fibrous insulation was packed between the edges of the

test unit surface and channel wall opening to prevent leakage of the hot plasma
to the back of the test model.

TG-15000 insulation (figure 120) was placed behind the aluminum skin
stringer structure to simulate the internal Orbiter thermal control insulation.

Series D Cannon copper connectors (figure 120) were used to interface the
test unit thermocouple leads with a cable which was connected to the facility
thermocouple reference junction box. This rermitted the test article to be
removed from the cover ass-mbly without disturbing the facility test model
instrumentation setup. The copper connectors were considered adequate because
of the constant temperature environment immediately around the connectors.

TEST MODEL

TEST COMPONENTS FIGURE 117
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% THERMOCOUPLE LEADS
= i)
|
|
—=— PLASMA
TEST INSTALLATION - SIDE VIEW THROUGH CALIBRATION PORT 1
FIGURE 118

\

4 CALIBRATION PLATE

TEST INSTALLATION - END VIEW FIGURE 119
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TEST CONTAINER ASSEMP'Y

TEST INSTALLATION - BACK VIEW FIGURE 120

Test Environment

The test environment was based on a design entry trajectory for the Space
Shuttle Orbiter. 3Selection of this entry crajectory and associated thermal
eavironment is duscussed in the section on DESIGN CONSIDERATIONS AND CON-
STRAINTS under Thermal Requirements. Since the heating calculated by the
MDAC-E MINIVER aerodynamic heating program is insignificant before 200 seconds
flight entry time, the "arc on" condition and start of test time was considered
to corresponc¢ to 200 seconds flight entry time. The surface temperatur-, hot
wall convective heating rate, and enthalpy environment exnerienced by the
antenna window surface for the selected trajectory are shewn in figure 121.
The local static surface pressure and the aerodynamic flow parameters (i.e.,
Mach number and boundary layer displacement thickness are shown in figures 122

10-5
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and 123 respectively). The breadboard unit test conditions are superimposed on
figures 121, 122 and 123 for comparison with entry conditions.

The test environment for the prototype tests was similar to that used for
the breadboard tests except the arc heater run times were extended to bring
maximum bondline temperatures closer to 422 K (300°F).

Test environment control. - Programmed arc heater operation was used for
the entry heating simulation. A Data Trak control curve was constructed from
calibration test points obtained prior to the breadboard unit test runs. Daca
Trak curves for thie breadboard and prototype tests are shown in figures 124 and
125,
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Breadboard Unit Testing

The breadboard unit tests were conducted on 28 March 1973. Four test
cycles were run, starting with low heating and increasi.g to higher heating.
The breadboard unit used for test is shown in figure 93. The test plan for
the breadboard unit testing is given in Appendix G.

Instrumentation. - Thirty thermocouples were used to record breadboard
unit temperature distributions. Thermocouple locations shown in figure 126
were based on the thermocouple layout shown in figure 69. Thermocouples were
jocated on the surface of the HRSI, indepth in the HRSI, on the backside
aluminum skin adjacent to window attachment holes, on the bondline and in back
of the honeycomb support panel over the antenna, on the antenna backcap, and on
the bottom and downstream-end of a tile joint gap parallel to plasma flow
direction. Plan and side view X-rays of the breadboard unit (figures 127 and
128) show the thermocouple installation. Platinum - 107 rhodium (+) /platinum
(-) thermocouples (ISA type S, 30 gage wire) were used for the surface tem-
perature measurements. Chromel (+)/Alumel (-) thermocouples (Isa type K, 30
gage wire) were used for the indepth, bondline and backside temperature mea-
surements. The thermoccuple instailation is discussed ia the section on TEST
HARDWARE FABRICATION.

A calibration plate mounted on the opposite side of the nozzle from the
test model was usea during each test to measure the nozzle heating and pressure
environment. The calibration plate contained 13 heat calorimeters, one ot which
was a 2.54 cm (1 in.) water cooled model, and 3 pressure transducers.

Test results. - The first test cycle of the breadboard unit was conducted
with a 1200 K (1700°F) peak surface temperature intended to check out instru-
mentation with the test unit. The Data Trak (figure 124) was followed until
surface thermocouples indicated 1200 K (170C°F), and then the arc heater was
switched to manual control, holding at peak temperature for 640 seconds. The
arc heater was then allowed to follow the Data Trak down slope. The arc heater
operated longer than intended at the bottom of the Data Trak curve. The total
heating time was 1696 seconds. Posttest inspection of the breadbroad unit,
seen through the end of the channel flow nozzle, did not show any adverse
effect. The strip chart responses from the thermocouples, one calorimeter and
two local static pressure transducers were visually monitore” and indicated
satisfactory results.

A short term temperature peak, coincident with tunnel repressurization,
occurred during the first breadboard test for thermocouples (IC's) 13, 14, 15
and 16. These thermocouples were located on or near an FI-600 filler strip at
the bottom of a tile joint gap parallel to plasma flow. The measured tempera-
ture response is shown in figures 129 and 130. On top of the filler strip,
iC's 15 and 16 reached long term maximum temperatures of 644 K (700°F) and
714 K (825°F) respectively; TC 16 was downstream from TC 15. Short term
temperature peaks of 722 K (840°F) and 833 K (1040°F) were recorded by TC 15
ard 16 respectively. Similar results occurred for TC's 13 and 14 on the
window tile adjacent to the sides and top of the filler strip.
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The second breadboard test was run with the Data Trak as constructed
during the calibration tests. The measured control parameters are shown in
figure 131. The heating time for this test was 1215 seconds. The surface
temperatures reached their peak values after 300 seconds heating time as shown
in figure 132. These were the highest surface temperatures obtained during
both breadboard and prototype tests. Since the facility was being operated at
the limit of its capability, the surface temperatures for the third run could
not be raised to the 1517 K (2270°F) temperature predicted for the Orbiter
(figure 121). Therefore, it was decided to subject the breadboard unit to the
same total heat predicted for the Orbiter in order to obtain expected backside
temperatures.

The extension time at the test peak temperature to obtain the approximate
total heat predicted for the urbiter entry was estimated using two approaches.
The first approach,based on Mezines' method (ref. 11), yielded a test exten-
sion time of 86 seconds. The second approach, based on obtaining an integrated
area equal to the integrated area of the Orbiter entry heating curve using
Simpson's Rule, yielded an extension time of 250 seconds. Since the extension
time from the two methods did not agree, both were used. The heating time for
the third and fourth breadboard tests were 1391 and 1504 seconds, respectively,
compared to 1215 seconds for the second run.

The measured data from the third test run is shown in a set of sirteen
plot frames (figures 133 through 148). Eleven of these show temperature
histories selected to present the temperature distribution in various regions.
For example, the temperature distribution through the antenna window (figure
134) and on the antenna window surface (figure 136) are given. Pressure
distributions are shown in figures 144 and 145. Heating rate is shown in
figures 146, 147 and 148. These data are also typical of the other breadboard
test runs.

Examination of the test data from the third and fourth test runs did not
show the desired increase in backside temperature for either of the test exten-
sion times given above.
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GAP (DOWNSTREAM END), FILLER STRIP AND SKIN (TEST B-3)
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HEATING RATE - CALIBRATION PLATE WATER COOLED CALORIMETER (TEST B-3)
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Prototype Unit Tests

The prototype unit was subjected to ten thermal cycles during the period
24 to 31 May 1973. The prototype unit used for the thermal tests is shown in
figure 95. The test plan for the prototype unit tests is given in Appendix H.
The joint gap space at the surface between the antcnna window and one of the
transverse (i.e. to plasma flow) guard tiles was greater than 1.778 mm
(0.070 in.) as discussed in the section on TEST HARDWARE FABRICATION. The gaps
were reduced as much as possible by increasing the Fibreirax insulation thick-
ness between the edges of the guard tiles and the opening in the channel nozzle
vall.

The calibration test indicated the peak attainable surface temperature
for the prototype test series was about 1311 K (1900°F). Therefore, to obtain
the desired backside heating, an increased heating time was required. Since
the extended test times calculated for the breadboard unit did nct produce the
estimated backside temperature levels, a third approach was used. The bread-
board unit bondline thermal response rise slope was extrapolated to roughly
estimate the increased heating time required to obtain a bondline temperature
of at least 422 K (300°F). This required a test time of approximately 2352
seconds, 848 seconds longer than the fourth breadboard test run. The increase
run times were implemented by stopping the Data Trak 180 seconds after reach-
ing peak current and controlling the test manually. The Data Trek was then
restarted after a predetermined pause to complete the test run.

TG-15000 insulation was placed behind the antenna, which protruded from
the test container assembly, to prevent heat loss to the cooled cover assembly
(figure 149). The prototype unit was removed from the thermal test installa-
tion to perform electrical tests after the first, second, fiftl, and tenth
thermal test cycles. After removal, wet film acetaldehyde NDE cests were
performed to detect cracks in the LI-1500 coating. The medel was then trans-
ported to the NASA-JSC Anechoic Chamber Test Facility for electrical tests.
Ater the electrical tests were completed, emittance and water absorption tests
were periormed. The water absorption test was periormed after electrical test-
{ng Lo ensure that «bsorped moisture would not aftect electrical test results,

Instrumentation. - The thermocouples located in the breadboard antenna
window and indepth in the LI-1500 around the window were eliminated in the
prototvpe unit to obtain improved electrical performance. Twenty=-one thermo-
couples (figure 150) were used to record temperature distributions. Only two
surface thermocouples were used; one each in the leading and trailing guard
tiles. Two were located on top of the FI-600 filler strip at the leading and
trailing ends of a parallel gap. Four were placed in LI-1500/SPONGE bondiine
directly under the above four thermocouples. The remaining thermocouples were
located on the backside structure. A plan view X-ray of the prototype unit
(figure 151) shows the thermocouple installations. P'atinum - 10 rhodium
(+)/platinunm (-) thermocouples (ISA type S, 30 gage wire) were used for the
surface temperature measurements. Chromel (+)/Alumel (-) therwocouples (ISA
tvpe K, 30 gage wire) were used for the bondline and backside temperature
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measurements. The thermocouple installation is discussed in the section on
TEST HARDWARE FABRICATION.

The calibration plate (figure 152) on the opposite side of the 2r0zzle from
the taest model, contained 14 calorimeters, one of which was a 2.54 cm (1.00 in.)
water cooled model, and 6 pressure transducers. A new set of calorimeters were
used for the prototype tests.

TOP (REAR VIEW)

HRS 7 P6

) O

S/N 90 (C03077

O

HRS 4 P5

O

HRS 12 <7 80 03073

HRS P3 S/N HRS 5 po

HRS 13 <j::>

P4 HRS]

HRS 10 S/N:;;%19<fi:>

S/N 52

s/N 04 Pi HRS 2
QO
HRS 11

c P11589
S/N 91 04362 s/N g3 C04360 P S/N
(:::) COOLED 3599
HRS 9 HRS 6 COULED
S/N 103 S/N 95
e e i
PLASHA FLOW
S/N 93 S/N 84 HRS 3
b - PRESSURE TRANSDUCER

HRS

HEATING RATE SENSOR

CALIBRATION PLATE MAP

FIGURE 152

Test results. - The peak surface temperature achieved on the first test of
the prototype unit was about 1258 K (1805°F).
measured by the two surface thermocouples was 44 K (80°F). The arc heater run
The maximum bondline temperatures for bondline TC 17
monitored on the strip chart recorders was 402 K (265°F).

time was 2352 seconds.

A short term temperature peak coincident
measured by TC 15 on top of the FI-600 filler
shown in figure 153. This result was similar
However, a temperature peak did not occur for
located, as shown in figure 154.

Based on the results of the first prototype test, the run time for the
second test was extended 614 seconds for an arc heater run ~ime of 2966 sec-
onds. [he maximum bondline temperature measured by TC 17 increased 23 K (41°F)
to 425 K(306°F)., However, the aluminum-skin temperatures measured by [C's 10
.wl 11 decreased about 3.3 K (6°F).
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On the third test, the bcndline and aluminum skin thermocouples were
monitored and the test was to be terminated when thce bondline temperaturecs were
within about 28 K (50°F) of the desired maximum. The arc heater run time for
the third test was 3927 seconds. Further time extension was deemed to have

diminishing returns, and tests four through ten were run with the same test
time as the third test run.

On the fourth test, the thermal response for TC 20 located under a filler
strip was as shown in figure 155. The shape of the short term temperature
spike is analogous to the first test exothermic reaction of silicone resin.

The measured control parameters for the tenth test run are shown in
figure 156. The dara from the tenth test run is shown in a set of three plot
frames (figures 157 thro.gh 169). Nine show temperature histories selected
to present the temperature distribution in various regicns. Heating rate is
shown in figures 166 through 169. These curves show uniform heating over the
calibration plate for the water cooled calorimeter and thirteen heat rate
sensors (HRS), where similar data for the breadboard test did net. This may

- be due to a new set of calorimeters and a flat black, high emittance, paint
added to the calibration plate prior to these tests.
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EVALUATION

The Evaluation task (Task 5) determines: (1) compliance with ~lectrical
performance goals; (2) validity of the design approach; (3) reuse capability
based on thermal and electrical performance and physical examination; and
(4) agreement between predicted and measured temperatures.

The results show good electrical and thermal performance, and no physical
changes or failures limiting reuse capability.

Electrical Test Data Evaluation

This section gives an evaluation of the electrical test results described
in the section on ELECTRICAL TESTING. Comparisons are made to show changes
resulting from the Orbiter entry environment.

Component test. - The component test results were analyzed to evaluate
the S-band antenna performance and compliance with design goals. In general
the axial ratios were somewhat higher than expected at the beam edges (9 = +60)
at the design frequency (2.2875 GHz). However, the circular gain at the beam
edges is greater than O dB over most of the frequency band. The VSWR is well
withiu the 1.5:1 goal except at the very low end of the band where VSWR is
slightly greater.

The axial ratios for each of the S-band antennas tested are given in
table XIX. At low frequencies the axial ratios are generally greater than the
4 dB goal. This was expected, since the antennas are tuned for the lowest
axial ratio at 2.2875 GHz. The axial ratios at the beam edges, however, are
affected by the ground plane edge effects to some degree as shown by comparison
of figures 59 and 61 in the section on S-BAND ANTENNA SYSTEM DESIGN. There-
fore, the axial ratios at the beam edges of the patterns at 2.2875 GHz, for
example, can be expected to vary to some degree as the ground plane size
varies. The average axial ratio around the beam center is more indicative of
the true axial ratio of the antenna. At angles greater than 9 = 60°, the axial
ratio can always be expected to increase, since the ground plane begins to
attect the parallel component of the RF field.

The circular gain for each of the S-band antennas is given in table XX.
The gain is generally higher than the 0 dB goal over the 120° beamwidth. The
LHC polarization gain levels range from 7 to 17 dB below the peak RHC gain.
'he higher LHC levels occur at the lower frequencies as shown by the patterns
in figure 96 in the section on ELECTRICAL TESTING.

Table XXI gives the design pertormance parameters and the corresponding
seasured results for each of the S-band antennas. This data shows reasonable
compliance with the design goals except for the axial ratio at the lower
frequencies. The impact of the higher axial ratios is an increase in

=1
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TABLE XIX

COMPONENT TEST AXIAL RATIOS

AXIAL RATIO (dB)

AATERNA S/ 101 102 105

FREQ (GHz) 2.11 2.21 2.2875{ 2.2875 | 2.1 |2.2 |2.2875

2=0° 11.81 5.0} 2.2 1.6 6.2 13.6{2.0

=+60° (Dile.s 9.9 8.0 6.8 15.4 1 8.6 | 8.0

(D MAXIMUM AYIAL RATIO ON X OR Y PLANE

TABLE XX
COMPONENT TEST CIRCULAR GAINS

CIRCULAR GAIN (db)

ANTENMA S/N 101 102 105

FREQ (GHz) 2.1 2.2 | 2.2875 | 2.2875 | 2.1]2.2|2.2875

6=0° 2.0 5.8 | 7.0 6.2 5.6|5.8]6.8
a=+60° D | -1n.0 2.8 ] 2.3 1.0 -0.7{1.9} 1.0

(DuAIU GAIN Uil X OR Y PLANE

TABLE XXI
DESIGN GOAL AND MEASURED ANTENNA PARAMETERS

PARAMETER DESIGN MEASURED

e

ANTENNA S/N 101 ANTENMA S/N 108
g

2.1 GHz 2.2 GHz | 2.2875 GHz 2.1 2.2 GHz | 2.287% &b

BEAMWIDTH | 120 (0 dB Gair) | -817,+19° -120° -120° +65°,-75 | [12%- 121

ORI & o s e enniin g sihbod LVTTEATINIIUR 8- L

\ SWR 1,511 1.35:1 1.07:1 1.28:1 1.8:1 (O [ 1.26:0 | 1.aan

D - 1.5:1 ABOVE 2.15 GHz

11=2
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transmission loss due to polarization loss. A 6 dB increase in axial ratio
above the &4 dB nominal value results in an increase of about 1 dB in trans-

mission loss.

Breadboard tests. - The breadboard test results were analyzed to evaluate
the S—band antenna system performance relative to design goals. The presence
of the thermocouple wires, particularly in the antenna window area, precluded
using the test results as a model to show compliance with design goals. How-
ever, the test results of the S-band antenna system mockup essentially show
compliance with the design goals. The model used for this test contained the
essential features of the final S-band antenna system except for minor differ-
ences. ECCOFOAM dielectric material was used in place of the LI-1500 HRSI and
a simpler joint design was used around the antenna window. Therefore, the
prethermal breadboard unit tests were considered primarily as standard for
comparison with postthermal test data.

Table XXII shows a comparison of the prethermal and postthermal axial
ratio and linear gain data (figures 103 and 110) from the Breadboard Unit Test
at MDAC-E. The changes in these parameters are not as great as measured during
the thermal support tests (figure 108) and appear somewhat random in character.

TABLE XXII
BREADBOARD UNIT AXIAL RATIOS AND PEAK LINEAR GAINS

AXIAL RATIO (dB)

FREQ (GHz) 2.1 2.2 2.2875

= (DEGREES) 0° +60° | -60° | 0° +60° | -60° | 0° +60° | -60° A

13.6 | 15.8112.01{9.5 |17.2110.8

t PRETHERMAL 11.2 | 19.0} 3.5
12.5 |1 19.0 | 6.0 20.0 | 13.0119.2112.6|18.5} 9.7

PUST ThE RinAL
- CHANGE +1.3 0.0 | +2.5 | +6.4 | -1.2|+7.0|+3.1 +13. -1.1

o

PEAK LINEAR GAIN (dB)

T
PRETHFRMAL 1.9 -2.1 0.5 3.7 -0.411.8 13.9 |-1.710.0

-C.813.8

[82]
w
B3
E ey
O

POSTTHERMAL 4.6 -0.5 |-0.4 4.9 -4.
- CHAIIGE +2.7 | 1.6 |-0.7 |+1.2 4.1 +1.6 +1.01+0.9(+3.8

Since the changes observed in the radiation pattern were greater than
expected, somewhat random in character and, therefore, not establishing a clear
trend, additional tests and analyses were performed. The primary items con-
sidered for investigation were: (1) thermocouple lead wire bundle position; '




HIGH TEMPERATURE ANTENNA MDC E0896

DEVELOPMENT FOR SPACE SHUTTLE 30 JuLy 1973
VOLUME | ‘

()i thermecouple position chonge inside HRSIG and (3) copper deposition on the
surtace of the antenna window.

Radiation pattern measurements were made to assess the effects ol the
thermocouple lead wire bundle position. Figure 170 shows the typical effects
of two different wire bundle positions, one with the wire bundles coiled and
tihe other with the wire bundles held straight behind the test unit. Therc are
(hanges in both pattern shape and axial ratio. The smaller changes in radia-
tion pattern shape compared to those observed in tests at NASA-JSC (figure
108) . are due in part to the larger ground plane used in the tests at HMDAC-L

Changes in thermocouple position were evaluated bv comparing an X-rav of

|
\
|
|
|
|
|
the breadboard unit taken after the thermal test with one taken before. Lo
changes were detected.

An atomic absorption test was performed to determine if copper from thwe
arc tunnel electrodes was deposited on the breadboard unit surface. Surface
coating samples of equal areas were taken from the side and top of the forward
TPS tile. The side sample was not subjected to the plasma stream and, there-
fore, served as a control sample. The results showed 0.C6 = 10-6 gr/cn©
(3.8 = 10-10 lb/in.z) of copper on the top sample and less than 0.03 x 107°
vm/em= (4.4 x 1010 Ib/in.2) cn the side sample. The sensitivity of the atemic
wsorption test instrument is 0.03 x 1076 gm/cm2 (4.4 x 10710 11 /ia.2).
fnerefore, it is possible that no copper is present on the side sample. 171
the copper was considered to be evenly distributed, which is unlikelv, the
equivalent thickness would be about 0.0055 micron. The skin thickness for
copper is 1.4 microns at 2.2 GHz. Further, a significant part of the ccoper
is prcbably in an oxide form. Therefore, it does not appear that the copper
depusit is sufficient to cause any significant effect on tue S-band antenna
performance.

trom these results it was concluded that the changes in radiation patterns _
of the breadboard thermal tests could be attributed primarily to changes in
Lie pusition of the thermocouple leads from test run to test run.

The changes in the impedance measurement results (figure 109) are minor.
It appears that the S-band antenna impedance is not affected by the surround-
ing environment as much as the radiation patterns. Since the changes in
impedance were small and there was 1o increase in VSWR, speciric tests were oot
Conducted to evaluate the effects of the wire bundle. fiowever, since the
chanyes in vesults of the radiation pattern measurenents can bu attributea o
changes in wire bundle position, it appears reasonable te also attribute the
(hanges in impedance to wire bundle position changes.

The above evaluation of the breadboard unit electrical test data lesds ot
thhe conclusion that the entry environment did not cause a signiticant change
in the S-band antenna svsten performance. Therefore, no electrical desiyn
chances were made in the prototvpe S-band antenna svstens. However, changes
in the number and position of the thermocouples were nade in order to obtain
adequate electrical performance for comparison with the electrical desian

=
E
=
>
§
g
E
E
4
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Prototype tests. - The prototype test results were analyzed to evaluate
the S-band anteana system performance relative to the design goals and to
establish reference parameters for evaluation of the thermal reuse test
results.

The results of the prototype electrical tests and the design goals are
shown in table XXIII. The desired VSWR of 1.5:1 is exceeded only slightly
(1.6:1) at the low end of the frequency range. The axial ratio exceeds the
design goal by 3 dB near the beam edges and 1 dB at about 8 = 45° at 2.2875
GHz. The axial ratio is within the design goal at 2.2 GHz and increases to as
much as 10 dB on the beam edge at 2.1 GHz. The lower axial ratio at 2.2 GHz
was unexpected since the results of the electrical design and component tests
show the axial ratio was usually slightly higher at 2.2 GHz than at 2.2875
GHz. This reversal may be due in part to the thermocouples which extend into
the TPS abcve the ground plane. The thermocouples form loops above the
ground plane and could be excited sufficiently to result in small changes in
axial ratio.

TABLE XXIIT
DESIGN GOAL AND MEASURED PROTOTYPE UNIT PERFORMANCE PARAMETERS

VALUE

PARAMETER DESIGH MEASURED
OPERATING FREQUEMCY | 2.1 - 2.3 Gliz 2.1 - 2.3 6z
BEAMIDTH 2120°(>0.0 dB GAIN) | -120°(>0.0 ¢B GAIN)
AXIAL RATIO <4 dB OVER +60° <7 db OVER +60°
Vsin 1.5:1 1.6:1

Alternatively, the change in axial ratio may be due to differences in
characteristics between the simulated and actual antenna window materials.
However, the latter notion seems remote since the dielectric constant and loss
tangent of the simulated and actual materals are low and small changes in
them should not be significant. For example, the transmission loss change
with a small change in loss tangent, dielectric constant, or an increase in
bondline thickness is less than 0.15 dB as shown by figure 65 in the section
on S-BAND ANTENNA SYSTEM DESIGN, under Electrical Design.

The results of the radiation pattern measurements (figure 112Z) in support
of the thermal reuse tests at NASA-JSC are compared in figure 171. The RHC
polarization patterns measured for reference prior to the first thermal cvcles
are compared wirth the patterns taken after each thermal cycle, or greup of
cycles, at 2.1 and 2.2875 GHz. The greatest changes occurred after the first
thermal cycle. This is attributed to burn-off of the silicone resin in the

11=6

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY *» EAST




MDC E08% ]
30JULY 1973
VOLUME |

HIGH TEMPERATURE ANTENNA
DEVELOPMENT FOR SPACE SHUTTLE

X-PLANE

R RIGHT o
FIFTH CYCLE CIRCULAR TENTH CYCLE

2.2875 GHz

———- REFERENCE PATTERN BEFORE THERMAL TEST
— — — PATTERN AFTER THERMAL TEST CYCLE NOTED

EFFECT OF HIGH TEMPERATURE ON RADIATION PATTERNS - PROTOTYPE UNIT
FIGURE 171
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! FIFTH CYCLE CIRCULAR TENTH CYCLE
3

{ 2.1 GHz

~—— RFFERENCE PATTERN BEFORE THERMAL TEST
—— = PATTERN AFTER THERMAL TEST CYCLE NOTED

EFFECT OF HIGH TEMPERATURE ON RADIATION PATTERNS - PROTOTYPE UNIT
FIGURE 171 (Continued)
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LI-1500 which occurs during the first thermal cycle. Burn-off occurs in the
outer half of the LI-1500 where the temperature exceeds approximately 811 K
(1000°). Subsequent test results did not reveal an accumulative trend in
system performance which would support another conclusion. The radiation
pattern comparisons shown in figure 171 also show a decrease in gain at 2.1
GHz and a contrasting increase in gain at 2.2875 GHz. The magnitude of change
is relatively small in both cases, averaging about 1.0 dB at the low frequency !
and 0.5 dB at the high frequency. ]

The LHC polarization patterns (figure 112) also show minor changes after
the first thermal cycle. Small chaages in the backlobe levels and nulls were
also observed, but the retention of general pattern characteristics was
excellent. After the first thermal cycle, the observed changes in the radia-
tion patterns are insignificant, since the accuracy of the measuring equipment
is of the order of +0.25 dB. The 3 dB change observed in the RHC pattern at
2.1 GHz measured after the tenth thermal cycle may be due in part to small
changes in the test setup, siuce the equipment was used for other tests between
the fifth and tenth cycles.

A comparison of the peak linear gain and axial ratio of the prethermal and
postthermal prototype radiation pattern measurements, figures 105 and 114,
respectively, is given in table XXIV. The changes are, in general, smaller than
observed in the test performed at NASA-JSC as described above. The decrease in
gain at 2.1 GHz and an increase in gain at 2.2875 GHz was also observed. The
change in axial ratio is cpposite that measured at NASA-JSC where the axial
ratio increased at 2.1 GHz and decreased at 2.2 and 2.2875 GHz. However, the
changes in both gain and axial ratio are not sufficient to cause any signifi-
cant change in the S-band antenna system performance.

TABLE XXIV
PROTOTYPE UNIT NO. 1 GAIN AND AXIAL RATIO COMPARISONS

PEAK LIMEAR GAIN (dB)

FREQ (GHz) 2.1 2.2875

6 (DEGREES) 0° +60° | -60° | 0° +60° | -60°

PRETHERMAL | 2.2 | -2.6 (0.0 | 2.5 | 1.4 |-0.5

PCSTTHERMALY 1.9 | -2.0 (0.5 | 3.2 | 2.2 }0.1

> CHANGE -0.3 | +0.6 | +0.5| +0.7| +0.8 | +0.6

AXIAL RATIO (dB)

PRETHERMAL 4.0 [ 5.1 |4.5 |3.0 7.

(o)

4.0

POSTTHERMAL | 3.1 | 6.9 |5.2 | 3.5 | 6.6 |3.5

» CHANGE -0.9| +1.81+0.7| +0.5] -0.4] -0.5

11-9
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The results of the impedance measurements (figure 113) show that the
change in impedance after ten thermal cycles is insignificant. This result
parallels the result of the breadboard thermal test which showed a very minor
difference in impedance after exp -e to er vy temperature.

Comparison of the Prototype Unit ... 1 prethermal and postthermal test
impedance measurements, figures 106 and 115, respectively, shows a small trans-
formation in the impedance plot after ten thermai test cycles. The result is a
slight increase in VSWR below 2.11 GHz and a slight decrease in VSWR at
frequencies above 2.11 GHe. The ciiange, however, is insignificant and the
results generally agree with those obtained during the tests at NASA-JSC. The
evaluation of the prototype unit electrical te-t data leads to the conclusion
that the thermal enviromment will not significar tly affect the antenna window
characteristics and/or the performance of the S-band antenna system. This
conclusion is also supported by test results obtained bv Bassett and Bomar
(ref. 5), where the dielectric constant and loss tangent was measurzd,
using transmission techniques, during ten cycles with simulated Orbiter entry
temperature conditions. The changes i radiation pattern and impedance
measured before, between and after comp ~tion of thermal tests were very small
and could be caused by the local environ 1t as much as by the effects of the
thermal environment. The most significai effect detected appears to result
from tihe burnoff of the silicone resi- impregnation. Therefore, the design
approach used for the S-band antenna - _stem and presented as a concept appli-
cable to other Space sShutt!l=2 0° "ter aatenna systems, is considered valid.
Further, no significant changes are req .ired for implementation. How~aver, the
manner in wkich a particular installatiocn is implemented is flexilile, so long
as the essential electrical configuration is maintained.

Thermal Tes ~-ta Evaluation

The evaluation of the thermal test data was condacted ro detect anv iudi-
cation of progressive deterioration in ih.rmal periormance with reuase and to
show the adequacy of the thermal nodel used to predict thernmal periormaiice
lne wcope of tue . valuation precluded generati of design data ccncerniny
heating distribuiions in joints, etc.

Test heating time. - Measured rface temperature histories ior the
prototype and breadboard antenna un 3 are compar.d with the stuldy bascline
shuttle entry temperature environmen. in figure 172. The initial rise siopes
.re comparable. Note that the prototvpe and breadboard temperature histori.-
Gad o more prounounced peak than the domed shuttle entry cuive. Sfter roa -
ing the peak temperature, the prototvpe and breadboard surfacce temperatares
drifted downward 110 K (200°F), althougn the arc heater narameters Welv o -

stant, [f the shuttle entry curve was transformed 200 secends to the Jeit,

tite breadbuard and shuttle entry curves would match veiv well. Note that

Lionificantly longer heating times were used for protlotype uni® testinc. fh

corresponding LI-1500 bondline temperatures are shown ia figure 173 t1or

comparison. Lo this tigure, the time scales were lengthened to G000 e ol

¢ :h 4 tae bondline response data. The bondline temperatures pessed closey
110
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to 322 K (300°F) for the prototype tests. The total heating exposure time for
thie prototype unit was 36 720 sec (10.2 hrs) compared with 5760 sec (1.6 hrs)
for the breadboard unit, totaling all the test cycles.

Thermal performance. - The thermal test results were basically repeatable
for the same facility test conditions. There was no progressive deterioration
in thermal performance. The test approach for the breadboard unit was that cf
increasing severity with peak surface temperatures increasing from 1200 K
(1706G°F), then 1367 K (2000°F) and firally 1533 ¥ (2300°TF). However, the peak
cemperature achieved was only 1422 K (2100°F). For the prototvpe thermal
tests the peak temperature achieved was only 1311 K (1900°F). The test
approach for subsequent testing, therefore, was to lengthen heating time to
produce expected temperatures at the bondline.

Maximum temperatures measured by selected thernocouples on the breadboard
and prototvpe antenna system models for each thermal cycle are shown in
figure 174. Arc heater "on times' for each test cycle are also indicated.
The crossover in prototype unit surface temperatures between the fifth and
sixth test ccle is due to a 180”7 rotation cf the test model to minimize poten-
tial disturbance to plasma flow by an ERSI tile chipped during electrical
tests. The higher temperatures on cne of the two thermocouples on the top of
the filler strip are attributed to a larger locdl gap width. Gap width appears
to be more significant than gap running length or variation in surface heating
distribution. For example, TC 15 located at the bottom of a nominal width gap
intersection, L.143 mm (0.045 in.) transverse gap and 0.762 mm (0.030 in.)
parallel gap, on the prototype unit showed no sensitivity to channel surface
heating distributions, whether it was located at the upstream or downstream
end of the gap parallel to the plusma stream (i.e., before and after the 180°
rotation). Temperatures indicated by TC 16, which, coincidently, was at the
bottom of a 2.794 mm (0.110 in.) gap for both the breadboard and prototvpe
unit, were about 56-139 K (100-250°F) higher than TC 15. The temperatures
neasured by TC 16 were about 83 K (150°F) higher on the downstrean end than at
the upstream end.

fhermal conductivity. - 1he maximum bondline temperature rise versus test
evoele number Tor both the breadboard and prototype unit tests are shown in
figure 175. 7The average initial bondline temperatures are also indicated as
woell as arc heater run duration for each test cycle. The lower temperatures
wcacured by TC 12 of the breadboard unit demonstrate the effect of the
proximity to the large thermal mass of the S-band antenna. In general, Ui
remperature at the interface between the tiller strip and sponge pad was higher
chan at the bondline between the 1LI-150C tile and sponge pad. The results are
within the data scatter expected, except the fourth cycle prototype response
“or TC 20 tocated under a filler strip. No trend of increasing or devreasing
Chermal oosductivity relative to number of test cyceles was indicated by the
test data,

Lerral conductivite verification: [nougi terperature response data s
aoaital e Juring the first 300 seconds of hcatang tire Lo oset therral condiiee
tivity chesis using a NASA-ISC computer prograr. .\ comparison of the thrnoal

- I.A\-A PR

it vesults ith L9C thermal conductivity desipn data (ref. Throis
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shown in figure 176. The local static surface pressure varied from zeroc to the
maximums shown in figure 176 during the 300 second period.

Channel flow nozzle heating. - Outer surface thermocouples indicated a
fairly uniform maximum temperature response on the breadboard unit. The
average of the peak measured temperatures and the temperature range between
the highest and lowest of six surface thermocouple readings are given in table
XXV. With exception of the first test, TC 27 read the highest surface tempera-

ture; instead of being flush, this installation formed a slight hump in the
surface.

5\ L;S _J
S &
S O
S o ]
>/ S |
< H
) NS
Qo ’ N
: % &N 1
(=4 H 1
x i
N / j
t: [ TR .
2 4 l
:I)
5 NOTE. SYMBOLS REPRESENT
. CALCULATED DATA
= . FROM NASA-JSC
= THERMAL CONDUCT IVITY
= COMPUTER PROGRAM
S | J
2 T !
z NO. 4 (0.0081 ATM MAX) 4]
- L
§ .
£ b | i
= ADBOARD TEST NO. 3 (0.00B03 ATM MAX)
T | l

0 1000 2000 3¢CH
TEMPERATURE, °R

LI-1500 THERMAL CONDUCTIVITY VERIFICATION £ IGURE 176

TABLE XXV
AVERAGE PEAK SURFACE TEMPERATURES

TEST | 95C NO. | PEAX TE“PERATURE | TENPERATURE PANGE
10 K (°F) K (F°)
—-1 S-404 1223 (1741) 39 (79)
2 $-405 1397 (2055) 56 (100)
3 5-406 1352 (1974) 53 (95)
4 S-497 1349 (1968) £3 (95)
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Attachment hole heating. - Holes through the LI-1500 antenna window tile

permit outside access to the window attachment screws.

The maximum skin

temperature near the attachment holes was about 6 K (10°F) higher than in other

areas of the b. kside aluminum skin structure.

Thus, attachment hole heating

was essentially no more severe than conduction heat transfer through the

L1-1500.

Bondline thermal response. - The prototype bondline temperatures decreased
after the arc heater was turned off and increased again when the tunnel was
repressurized to make a curve with a double peak as shown in figures 173 and
177. This contrasts with the breadboard unit tests where the temperatures con-

tinued to rise.

The double peak response was typical of all the prototype unit

bondline thermocouples as well as those at the interface between the lower

density flexible filler strip and sponge pad.

The peak temperature following

tunnel repressurization is attributed to a sharp increase in thermal conduc—
tivity due to an almost instantaneous change to atmospheric pressure.
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DOUBLE PEAK TEMPERATURE RESPONSE - PROTOTYPE (TEST P-10)
FIGURE 177

Silicon resin esothermic reaction. - A short term temperature peak
(tigure 178) was measured by TC 15 on the filler strip coincident witn tunnel
repressurization during the first thermal test of both the breadboard and
prototype units. These sharp temperature rises are attributed to an exothermic
reaction associated with the silicone resin, which appavently consunes the
volatile constituents of the resin. The reasons for this conclusion are:
(1) the short term temperature peaks did not occur on succeeding tests;
(2) they occurred on the initial test of both the breadboard unit and protctype
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_~—— SHORT TE®“ 'E“PEDATUQE PEAK
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TICT TIME - SECONDS

FI-600 FILLER STRIP SURFACE TEMPERATURE BEHAVIOR ON FIRST TEST
FIGURE 178

unit; (3) they coincided with the opening of the tunnel chamber to an anbient
pressure environment and thus to a higher partial pressure of oxygen; (4) the
termperatures prior to the short term peaks were near the ignition temperature
of silicone resing and (5) the filler strip was scorched and the tile coating
on the gap sides was darkened.

(omparison of calculated and measured data. - Measured surface temperature
4ud pressure histories were used as the boundary condition for the thermal

~ gl deseribed in the section cn S=BAND ANTENNA SYSTEM DESIGN. A comparison

© prodivted and measured histories through the LI-1300 antenna window tor
Breadboard Test Cyvele No. 2 is shown in figure 179. The corresponding maxinun
temperature distribution through the antenna window is shown in figure 18&0.
Prodicted and meesured data for the anteana backcap and antenna support for the
e breadbodrd test is shown in figure 18l. A similar comparison for Proto-
Sooe dest Cvele No. 10 with longer heating time is shown in fipure 18..

Phvsical Uxamination

S0t the breadboard and prototvpe units weve subjecied Lo a aurber of
ciLiary tests to determine performance characteristics as well as reuse

w o lite in conjunction with electrical end thermal tests. Taese auxiliary
temte in.iuded: (1) visual inspection: (2) cvating crack detectiony (3) water
Sveorrt oy and (X)) emittance.  Some were conducted before and arfter breadboar:

Lortal testing, and some before and after the first, second, tfifth and tenth

1S
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thermal test cycles of the prototype thermal tests. Other tests were conducted
only once or as needed.

Visual inspection. - No obvious physical changes or failures i» antenna
assembly materials occurred due to thermal testing. However, some handling
damage, scorching and surface streaks happened to the test model coating
surface or filler strips.

Suriace coating: The appearance of the surface coating of the breadboard
unit after four thermal cycles is shown in figure 183. The coating generally
remained a bluish-grey color. Harmless streak discolorations, about 7.62 cm
(3.00 in.) long in the downstream direction from the attachment holes, were
noted. These streaks are believed due to silicone resin volatiles, which
cooked out during the first cycle. The repair coating over the surface thermo-
couples had a flaky appearance, but it appeared to be excess coating since the
underneath surface was still adequately coated after the final thermal cycle.
The long narrow upstream guard tile had a small chip removed from the coating
during arc tunnel installation. The damaged area was coated wich repair coat-
ing and did not cause any apparent problem.

The appearance of the surface coatin, .of the prototype unit after 10
thermal cycles is shown in figure 184. The most noticeable feature is the chip
damaged area which occurred during electrical testing after the fifth thermal
cycle. A thin 5.08 cm (2.00 in.) diameter chip was knocked from the surface
of the upstream guard tile during removal from the electrical test fixture.
Before succeeding thermal testing, a repair coating was painted on the damaged
area. It was also rotated 180° in the test fixture to place the chipped,
damaged area in a downstream position and minimize potential disturbance to
plasma flow over the antenna window. The repair coating survived the next five
thermal cycles, as can be seen in figure 184. No adverse effects from the
chipped area or new surface streaks from the attachment holes were noted. Some
minor speckling (figure 184) attributed to copper deposition from the arc
tunnel electrodes appeared after the fifth cycle. The spots appeared to be a
shiny metallic copper color at first, but rapidly oxidized. The tips of tiny
protrusions in the natural texture of the surface coating appeared slightly
whitened or abraided after the fifth cvcle. After completion of thermal test-
ing, the surface coating seemed more brittle and the surface texture felt
slightly dryer and rougher than before testing.

Antenna window: The antenna window was detached from the breadboard unit
as shown in figure 185. The inboard edge of the downstream corner of the
window tile was scorched. The side of the tile was darkened near the scorch-
ing. There was also evidence of soot deposit near a thermocouple lead cutout.
The teflon insulation on some of the thermocouple leads was slightly melted
indicating local temperatures of about 433 K (500°F). The increased tempera-
ture at the thermocouple insulation is attributed to the silicone resin
exothermic reaction.

The uncoated antenna window attachment holes, originally all
white, were totally black after the initial thermal cycle. After additional
thermai cveles, a 7.62 mm (0.30 in.) wide white band appeared at 2.54 mn
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HIGH TEMPERATURE EFFECT ON ANTENNA WINDOW - BREADBOARD UNIT
F'SURE 185
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(0.10 in.) depth below the surface. The dark soot deposit appeared to have

been burnec away by the high surface temperatures. A closeup of an attachment
hole is shown in figure 186.

BLACK INTERIOR UHITE BAND

PLAS™A FLOW DIRECTION
$'*A FLOY DIRECTION DARK BAND

PLASMA FLOW EFFECT ON ATTACHMENT HOLE
FIGURE 186
Tile joints: The gaps between the LI-1500 tiles on the breadboard unit
were measured with a feeler gauge prior to channel flow nczzle installation.
The results of these measurements are shown in iigure 187. The antenna window
LI-1500 tile was slightly larger in the middle than at the coraer, and slightly

larger at the bottom tlan at the top surface as discussed in the section on
TEST HARDWARE FABRICATION. The largest gap between tiles was 2.79 mm

(0.11 in.) in a gap parallel to plasma flow at one downstream corner of the
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antenna window. This is the same corner where scorching of the bottom edge was
noted above (figure 185). The scorching of the filler strip at this corner is
shown in figure 188. The smallest gap was 0.432 mm (0.017 in.) on the bottom
of the downstream transverse gap. The largest aft facing step in a transverse
gap was 0.64 mm (0.25 in.) and the largest forward facing step due to surface
mismatch between tiles was 0.51 mm (0.020 in.). A 1.04 mm (0.041 in.) gap
between the tile lap and top of the FI-600 filler strip was noted; the top of
the filler strip was locally scorched due to plasma flow down the gap and under
the tile lap. A closeup of this area is shown in figure 159, After the tests,
the antenna window was removed for visual inspections before yap measurements
were made. However, no significant charges in gap dimensicns were noticed
during visual inspection.

SCORCHED FILLER STRIP

MIGH 1“MPERATURE EFFECTS Oi FILLER STRIP - BREADBOARD UNIT  giguRre 183

: The prototype unit exhibited a yellowish flow-pattern deposit on the side
of the guard tiles near the FI-600 filler strips. The top exposed surface of
the filler strips was unchanged for gap widths less than 2.281 mm (0.090 in.);
slight scorching was observed under one long transverse gap ranging from 2.36
mm (0.093 in.) to 2.79 mm (0.1.0 in.). Thinner gaps experience less heating.
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o SCORCHED FILLER STRIP
' o3
g UNDER TILE LAP

1.04 MM (.041 IN) GAP

FILLER STRIP CLOSEUP - GUARD TILE
FIGURE 187
The outer edges of the sponge pad under the filler strips appeared somewhat
lighter in color and felt slightly stiffer and dryer to the touch after the
tests of the prototype unit.

Coating cracks. - Wet film acetaldehyde NDE tests for coating cracks were
performed before and after the thermal tests. No coating cracks were found
before the thermal test.s; some pin holes and porosity were found. Several
fine, hairline microcracks, which were mostl invisible to the naked eye, were
detected after the thermal tests.

The coating crack pattern detected on the breadboard unit after the tests
is shown in figure 190. These microcracks are believed to be caused by stress
concentration due to the small holes drilled in the surface for the thermo-
couple leads; or the differential expansion of the AREMCO 505 cement that was
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used to hold the surface thermocou .:s in place, which way have penetrated the
thermocouple lead holes. Only one crack (figure 190) goes to an at cachment
hole in the antenna window. However, this crack appears to emanate from TC 29.

Although cracks pass near the other three attachment holes, none pass through
them.

Wet film acetaldehyde NDE tests on the LI-1500 coating were performed each
time the prototype unit was vremoved for electrical testing. Pin holes, but nn
microcracks, were found in i1» coating before thermai testing. The sequence of
coating crack patterns after each thermal cycle (figure 191) shows the cracks
lengthen with each cycle. No microcracks were detecteld on the center antenna
window tile until after the tenth thermal cycle, when a 1.27 ¢m (€.50 in.)
microcrack appeared at the edge of the tile. No microcracks were detected
arow or rhrough the window attachment holes. Microcracks occurred at one
surface thermocouple installation on the guard tiles after the rirst thermal
¢ycle. One microcrack appeared on each of the other guard tiles later during

the test series and p-ogressively lengthened with each subsequent thermal
cycle.

Water absorptio. - The prototype unit was checked for moisture resistance
integrity by water bead testing (absorption). The surface coating on LI-1500
romained resistant to water absorption except at surface thermocouple installa-
tion, at pin ! ‘'es and microcracks, ind at the 5.08 cm (2.0 in.) diameter
chip-damaged area. The LI-0010 repair coating was not water resistant.
Although the surface  oating was initially nonwetting to water, after thermal
cycling, water tended to wet rather than bead on the coating surface. On the
sides of the guard tiles, unexposed to direct plasma heating, water tended to
wet the upper half nearest the heated surface and bead on the lower halr.

Surface emittance. - Surface coating emittance at room temperature was
measurcd on the prototype unit by a reflectometer after the second thermal test
cvele. [t remained constant at 0.845 thi. :h the ten thermal cvaeles.
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APPENDIX A

MATERIAL DESIGN PROPERTIES

The material properties given in tables XXVI througn XXIX were used in
analyses performed or. this program.

TABLE XXVI
LI-1500 THERMAL PROPERTIES

DENSITY: 15.0 LB/FT3
THERMAL CONDUCTIVITY

(BTU,HR FT °R)

SPECIFIC HEAT

TEMPERATURE PRESSURE (L8 FT2) TEMPERATURE (°R) SPECIFIC HEAT
(OR) 2.785 | 27.85 | 218.5 | 2116. | 9000. (BTU LB OR)
460 0.0142 | 0.0234 | 0.0267 | 0.0292 | 0.0292 3 0.0716
760 0.0175 | 0.0258 | 0.0283 | 0.0308 | 0.0308 540 0.1510
1160 0.0225 | 0.0292 | 0.0392 | 0.0433 | 0.0433 720 0.1980
1860 0.0375 | 0.0500 | 0.0750 | 0.0834 | 0.0834 506 1 0.2349
2460 0.0558 | 0.0850 | C.1167 | 0.1300 | 0.0130 1060 f 0.2630
2960 0.0765 | 0.1125 | 0.1%5 | 0.1740 | 0.1740 1260 ! 0.2800

' 3460 0.1050 | 0.1470 | 0.2000 | 0.2220 | 0.2220 1440 0.2870

1800 0.2340

EMITTANCE: 2160 0.3060

TEMPERATURE (°R) | EMTTANCE 2520 0.3150
532 0.9 2960 | 0.3200

TABLE XXVII
FI-600 THERMAL PROPERTIES

DENSITY: 6.00 LB FT3

THERMAL CONDUCTIVITY (BTUMR FT °R) SPECIFIC HEAT:

TEMPERATURE PRESSURE (LB FT) TEMPEKATURE (°R) | SPECIFIC HEAT (BTU LB °Ri

0R: 0278 | 21.8 2116. | 9000 360 0.0716

200 0.00045 | 0 60245 | 0.0059 | 0.0059 540 0.1510

400 0.0017 |0.0068 | 0.0138 | 0.0138 120 0.1980

600 0.00375 | 0.0112 | 0.0228 | 0.0228 300 0.2340

980 0.00916 | 0.025 1 0.04 | 0.08 1000 0.2630

1460 0.0208 |0.0408  0.063 | 0.0691 1260 0.2800

H 1960 0.035 | 0.0692 10.097 | 0.0967 1440 : 0.2870

1800 - 0.2949

EMITTANCE: 2160 0.3060

TEMPERATURE (°R) | EMITTANCE 2520 | 0.3160

532 0.9 2960 | 0.3200
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TABLE XXVIII
RL-524 TYPE 5-105 THERMAL PROPERTIES

DENSITY: 20.0 LB 'FT3
THERMAL CONDUCTIVITY: 0.12 BTU HR FT°R
SPECIFIC HEAT: 0.32 BTU/LB °R

TABLE XXIX
MECHANICAL PROPERTIES

MODULUS OF ELASTICITY COEF ACIENT OF ULTIMATE TENSILE
IN TENSION THERMAL EXPANSION STRESS
—— TEMPERATURE N PLANE " gfg:sf L POISSON'S “%'&ALRUS IN PLANE | CROSS PLANE  IN PLANE  CRCSS PLANE
‘ OF. PSH RATIO ‘ ININAF  ININ OF pSt 2
S P :
L -1500 RSt ! 70 10° 10t 0.1 ¢ 4500 1ai0” e 1 i
. 2500 10° 10t 0.l 6600 3xl0 el
i " SRSt RS . A - .._ﬁ,\____:n N
PHENOLIC FIBER- 70 32 w168 0.2 08350106 - 255108 5x107F 40 000
: GLASS CLASS D 150 314108 0.2 682 ¢108  45:¢20°  16x10°® 37790
i SHEET 8 200 3.04 5108 0.2 07920108 452100 164107 36 300
‘ WIL-H-17 PAGE 300 2.0 w1 0.2 or03xi0® a5t a0 33100
4100 400 Caaaal® 62 _0s0a10° asa® 15xi0® 0wt
3 PHENOLIC h 10 10000 ° 0.01 10700 °
! FIBERGLASS HONEY- 150 10 000 0.01 10 450
; ove ‘VDER“'E 200 10 060 .01 10.100 ;
[a] C
i CF L3 PROPERTIES) 35 10.000 00 3 000
i 180 10 000 0.01 7700
¢ § 105 SPONGE 16 50 0.0 3 it 106
STRAIN (SOLATCR 100 60 0.01 0 23510 e

NCTES

3. VARIATION wiTH TEMPERATURE DETERMINED BY MULTIPLYING ROGM TEMPERATURE VALUE BY THE RATIQ JF THE E “F £.BEw.

SLASS SHEET AT TEMPERATURE TOE AT ROOM TEMPERATURE

ARBITRARY VALUE

WHEN FIBERGLASS HONET COMB PRCPERTIES ARE NCT SHOWN FIBERGLASS SHEET PROPERTIES wERE ENTERED N THE “2MPUTER

BREGRAYS AS HCNEYCOMB PROPERTIES

. ESTIMATED BY CONSIDERING CATA FOR MDC RS

 WHERE CROSS-PLANE DATA ISNOT SHIWN IN-PLANE DATA #AS ENTERED IN THE COMPUTER PRUGRAMS AS CROSS-FLANE TATR
SEVALUATICN OF NONMCTALLIC THERMAL PROTECTION MATERIALS FOR THE MANNED SPACE SHUTTLE  VOLUME v BATTE . &

MENMOKIAL INSTITUTE DATED JUNE | 1272
) g Wi HDB¥ 1A PLASTICS FOR AEROSPACE VEHICLES PART! REINFORCED PRACTICE OCATED JANUARY (970
! . BROCHURE O HONEYCOMB SANOWICH DESIGN DATA AND TEST METHODS * HEXCEL PRODUCTS INC.

.oy
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APPELDIX B

I'QUATIONS FOR CALCULATING POWER TRANSMISSION LOSS
THROUGH
MULTIPLE LAYERS OF LOSSY DIELECTRIC

Plane wave transmission loss through M layers of a lossy dielectric may
be calculated using several approaches (refs. 13 and 14). The equations used

for the results given in the section on CONCEPT AND FEASIBILITY STUDIES, under
"antenna window transmission loss'', are given below.

(1) MODEL

2y “x-1 ) ‘1
— 1= —d;
AIR LAYER LAYER AIR
#N-2 #1

(

I
—
m

™

N N-1

J=N J=N-1 J=2 J=1

(2) SNELL's LAW

B

EJ = arc sin | \/51/53 (sin 91)]

where

= angle of propagation in dielectric sheet number J

= angle of incidence

= relative dielectric constant ot air

- ——————

= relative dielectric constant of sheet number J

B~1
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(3) WAVE IMPEDANCE

" 1/2
z. == ——=  (for perpendicular polarization)
J < VE cos 8
o J J
o 1/2 cos SJ
ZJ =<-——) —_— (for parallel polarization)
e Vﬁj
where
ZJ = characteristic impedance of dielcctric sheet number J.
“ = permeability of free space
[,
g T permittivity of free space
, = complex dielectric constant (£J = 63 (1 - jtan %))
{+) PROPAGATION CONSTANT IN MEDIA
= + 5 = ~ =
’ * 3 Je Uo o J
where
: = gttenuation constant
;
% = phase constant
{
) _ = angular Irequency
i (5) IMPEDANCE TRANSFORMATION
cosh 1 + Z i
ZIJ+1 - ZJ ZIJ cosh ¥y dJ J sinh vy dJ
o "7 N
: ZJ cosh vy dJ + LIJ sinh ¥ dJ
i; whuete
: 721, = the equivalent impedance at the right boundary of dielectric sheet
B sumber J, which represents the load impedance for that sheet,
dJ = thickness of dielectric sheet nuuber J.

B
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Note that

ZIZ = Zl = Cos 6

(6) POWER TRANSMISSION COEFFICIENT

& o - |Fmranswrrren |2 l Ey |2
E ENCIDENT E j=n
where
N = TOTAL NUMBER of dielectric sheets (including air sheets)

El’ EJ = voltage at left surface of dielectric sheet number J

At the left air-dielectric interface

: N1
; By 1*en
; , where
= v
~ % 2y - Iy
? :,: Py 3T TZ. (Nose: ZN = Zl since sheet N is also air.)
- ? N N
. e
i k However,
y-1 - =1 [z1 cosh Y + 2, , sinh v dyq]
By, 2Ly Nl N-1 dy-1 * Zya1 N-1 Yy-11
and
E, 1
E—l— = -Z—I--Z--(ZI2 cosh Yy d2 + Z2 sinh Yo dZ)’

B-3
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APPENDIX C
RELATIONSHIP OF CIRCULAR AND LINEAR GAIN

The relationship between peak linear and circular gain can be derived from
the propagation relationship for elliptically polarized waves. The relative
power received by an elliptically polarized receiving antenna as it is rotated
in a plane normal to the direction of propagation of an elliptically polarized
wave (ref. 15) is given by:

(li-}rlrz)2 + (r1+r2)2 + (1—r12)(l—r22)cos 28
P_ =K — (1)
R (l+r12) (1+r22)

where
K = constant

r. = axial ratio of elliptically polarized wave (Qirlil)

r, = axial ratio of elliptically polarized antenna (Q:rzil)

o = angle between the direction of maximum amplitude in the incident wave
and the direction of maximum amplitude of the elliptically polarized

antenna

The + sign is used if both the receiving and transmitting antenna have ellip-
tical polarization of the same sense.

For a linearly polarized transmitted wave, r. = 0, and an eliiptically
polarized receiving antenna, equation (1) becomes:

1+r 2 + (l-rzz)cos 26

P =K 2 5 - (2)
(1+r2 )
The peak occurs when cos 26 = 1 and:
1]
P, =K |~ )
1+r2
C-1
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Assuming a circularly polarized transmitted wave, r, = 1, equation (1) becomes:

(1+r2)2

R 1+r22

The constant K can be expressed as a function of gain, power and distance as
follows:

2
-1 2
K=3 PTGTGR (tmk) (5)

where

PT = transmitted power

GT = transmitting antenna gain

GP = receiving antenna gain
\ = wavelength
R = distance

Assuming equal power densities for the linear and circular cransmitted
fields the relationship of circular power to peak linear power received by the
antenna is:

S § 2
P, = Pr 3 (1+r2) (6)

Therefore tue circular gain of an antenna can be determined from rotating
linear patterns, which are referenced to linear isotropic power levels, and the
relationship of equation (6). A plot of equation (6) is shown in figure 50.

To obtain the circular gain it is necessary to add the gain factcr (figure 50)
vhich is a function of axial ratio (A.R.), to peal linear gain at the parti-
cular angle, where A.R. = 1/r,. For example: (1) if the A.R. is zero (0) dB
the circular gain is 3 dB greater than indicated directly by the pattern;

(2) if the A.R. is 2 dB, 2.05 dB is added to the peak linear gain shown on the
respective patterns; and (3) if the A.R. is very large (> 40 dB, -3 dB is added
to peak linear gain. The large A.R. indicates a linear antenna and therefore
polarization loss of 3 dB when transmitting to or receiving from a circularly
polarized antenna.

C-2
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APPENDIX D

BONDING LIGHTWEIGHT THERMAL INSULATION

The bonding procedures currently utilized for bonding lightweight thermal
insulation to silicone sponge and silicone sponge to metallic and fiber-
glass-phenolic substrates are presented.

MATERIALS AND EQUIPMENT REQUIREMENTS

2.0.1

2.0.2

2.0.3

2.0.4

2.0.5

2.0.6

End Item Identifiable Materials. -

(1) Silicone Sponge, Raybestos-Manhattan RL-1973
(2) Silicone Compound, General Electric RTV-560
(3) Primer for RTV Silicone, Dow Corning DC 1200
(4) Dibutyl Tin Dilaurate DC>1200

Process Consumables. -

(1) TT-1-735 Isopropyl Alcohol

Material Control. - All material used for bonding lightweight ther-
mal insulation to substrate shall conform to requirements estab-
lished by specification.

Equipment. - Equipment shall be cleaned thoroughly immediately
following any period of bonding application, and shall be kept
clean for the next bonding application.

Facilities. - The bonding area and its immediate surroundings shall
be provided with housekeeping provisions to minimize dust, dirt,
lint, and other air-borne contaminants.

End Item Requirements. -

(1) The end-item shall be inspected to engineering drawing
requirements.

(2) All the component parts, weight, density, dimension and the
final assembly weight are to be documented.

D-1
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¢ 3.0 PROCEDURES

3.0.1 Preparation of Aluminum Substrates. -

(1) Vet sand with 320 grit wet or dry sandpaper.

(2) Scrub with Ajax and Scotchbrite pads until all the oxide film
is removed.

(3) Rinse with deionized water. ;

(4) Check for water break free surface. If a water bzad surface
is not obtained, repeat above cleaning procadure until it is
obtained.

(5) Blow off with heated dry nitrogen

3.0.2 Priming of Aluminum Substrate. -

. (1) Apply primer to the cleaned, dry metal surface. Pour a 4
‘ quantity of primer into a clean suitable container. Immedi-
ately apply Dow Corning 1200 primer to the metal surface with
a wadced-up Kimwipe. A thin film will give best results.
Correct thickness should give only a pink tinge to the
substrate.

(2) Follow MDC primer hydrolyzation schedule per PB 1-75, Rev. A.
(The primer should air dry for a minimum of 60 minutes before
bonding. Low humidity will necessitate longer times for
drying the primer).

[ T T DO

B

3.0.3 Preparation of Fiberglass-Phenolic Substrate For Bonding. -

(A) Scuff sand bond surface of phenolic substrate with 120 grit
sand paper.

(B) Wipe dust from substrate with clean cheesecloth and isopropvl
alcohol until there is no discoloration on cheesecloth.

A RS s ASEREE o

(C) Allow to air dry for a minimum of 30 minutes or until there
is no longer a solvent smell.

. wesme. v eseAT

3.0.4 Priming of Fiberglass-Phenolic Substrate. - Prime fiberglass-
phenolic substrate using same procedure as priming aluminum
substrate.

. 3.0.5 Preparation of the Sponge (RL-1973 Silicone Sponge)

(1) Record nominal thickness and weight and average density of
the sponge.

(2) Cut the sponge to dimensions according to engineering drawing.

D-2
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(3) Scrub the sponge with cheesecloth dampened with isopropyl
alcohol to remove dirt and contamination. Change clothes
frequently so that dirt is removed and not transferred.

(4) After cleaning cloth shows no contamination, air dry sponge
until free of solvent. (Forced air may blow holes through
the sponge, since RL-1973 is easily torn.)

3.0.6 Preparation of Lightweight Thermal Insulation Interface. -

N%rwﬁﬂ%@ﬂﬁﬁﬂﬁakﬁhnxﬁﬁ*¢%f%£* sl

(1) Record the dimensions, weight and density of the insulation.
(2) Check for surface defects. Defects may be cause for rejection.
(3) Remove all dust particles with clean shop air (25 psi).

3.0.7 Bonding of Insulation Sponge to Substrate. -

(1) Thoroughly mix the required amount of adhesive (GE RTV-560)
with 0.5% of dibutyl tin dilaurate catalyst. Weigh, using a
precision laboratory balance.

(2) Apply a thin layer (0.005 in thick) on both the substrate and
to one surface of the sponge.

O E AR

(3) Mate surfaces and cure at room temperature for sixteen hours
under approximately 1.0 psi pressure.

3.0.8 Bonding of Insulation Tiles to Sponge. -

(1) Thoroughly mix the required amount of adhesive (GE RTV-560)
with 0.5% of dibutyl tin dilaurate catalyst. Veigh, using a -
precision laboratory balance.

H
5
&
-ﬁ
*
%

(2) Apply a thin layer (0.005 in thick) on both the insulation
tile and to one surface of the sponge.

(3) Mate surfaces and cure at room temperature for sixteen hours
under approximately 1.0 psi pressure.

(4) Trim-off excess cured adhesive.

R BN S TR T e

D-3
MCOONNELL DOUGLAS ASTRONAUTICS COMPANY - EAST

PR 3 rﬂ"=i.~




HIGH TEMPERATURE ANTENNA MDC E08%6

DEVELOPMENT FOR SPACE SHUTTLE 30 JuLY 1973
VOLUME ! -

SRETA

THIS PAGE INTENTIONALLY LEFT BLANK

O S I R R

Cre e ————

D-4
MCDONNELL DOUGLAS ASTRONAUTICS COMPANY » EAST

S R — g e e e I S

ey ettt il

-

F S S



Ha

LN IR

W

:
t
2
;
;
)

e g W A ET ST e

e A AL BASERL

i e

o

B Ty EE

HIGH TEMPERATURE ANTENNA
DEVELOPMENT FOR SPACE SHUTTLE

AFPENDIX E

MDC E08%
30 JULY 1973
VOLUME |

RADIATION PATTERNS FOR ANTENNAS S/N 102 AND 105
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FIGURE 194 (Continued)
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APPENDIX G
BREADBOARD UNIT THERMAL TEST PLAN
NAS9-13004
; & NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
: _g;
; t LYNDON B. JOHNSON SPACE CENTER
g HOUSTON, TEXAS
? 3
N Prepared by: Concurrence by:
' S (ot a0 Y |
# ,.-\j A /f W
$ 111 Kavanaugh Gilbert R. Gaumer
-2 Senior Engineer, Thermodynamics Senior Project Engineer, Thermodynamics

Approved by:

20 Rl

E. A. (Al) Kuhlman
Study Manager

/
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PLAN FOR MSC 10MW CHANNEL NOZZLE TESTING

OF S-BAND BREADBOARD ANTENNA

1.0 Introduction: We intend to thermally test a breadboard S-band antenna

e g e

system in the NASA-MSC 10MW Arc Tunnel Facility in earlv March, 1°73.

We will conduct electrical tests before and after each thermal test cycle.
The purpose of the tests is to validate our design approach and contribute
to the final design of a prototype antenna system. The prototype antenna

system will then be reuse tested in the NASA-MSC 1O0MW Arc Tunnel Facility
in May, 1973.

Design techniques and materials most common to all shuttle antenna require-

ments will be incorporated into our breadboard S-band antenna system design.

Our objective is to determine the functional predictability and suitability
, of this S-band system design such that the results are extendable to other
types of flush mounted antenna systems. In this manner, early assessment

of basic design concepts applicable to Shuttle Orbiter Antennas will be
accomplished.

This plan nrovides the test requirements and planning associated with
breadboard S-band antenna system tests. These tests will use the channel
nozzle in the NASA-MSC 10MW Arc Tunnel because the channel mount produces
more uniform heating than the wedge mount. This plan is submitted under
Contract NAS9-13004.

2. Objectives: Test objectives were established for the breadboard tests of -
the S-band antenna system. The breadboard thermal tests shall provide
temperature data resulting from prescribed thermal inputs to:
(1) Confirm analytically predicted temperature distributions;

: (2) Verify stresses (strain compatibility) resulting from thermal input;

(3) Verify required antenna window thickness;

(4) Confirm design of test specimen holder for subsequent prototype reuse

tests.
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Tte electrical test objective is to determine if changes have occurred in

electrical performance due to simulated entry heating.
By demonstrating that the antenna system can be adequately characterized
analytically, methods and assumptions used can be related to similar

antenna designs with more confidence, and less testing.

The definition of the S-band breadboard test article, test holder assembly

and test planning are guided by the stated test objectives.

3.0 Material and Equipment Supplied: One S-band breadboard test article including

instrumentation and a test specimen holder assembly, as shown in Dwg. 707087015,
will be supplied by MDAC (see Figure 1). The test article consists an S-band
antenna integrated into skin structure and TPS. The antenna window consists of
a 18.3 cm (7.20 in) square LI-1500 tile bonded with 0.203 ~m (0.080 in) thick
silicone sponge to a 0.43 cm (0.17 in) thick honeycomb panel. This tile is
surrounded on =ach side by four other LI-1500 guard tiles. The tiles are
arranged to present a 32.2 cm (12.68 in) square specimen surface. The four
LI-1500 guard tiles are bonded with a 0.635 cm (0.25 in) silicone sponge to
aluminum skin-stringer structure. The joint design between tiles is a double-
lap concept with FI-600 insulation filler strips. An AMECOM M 45672 S-band

antenna is mounted in back of the honeycomb panel.

Two tile locations are instrumented (see Figure 2) from surface to bondline
(see MDAC Drawing 707087008). Other thermocouples are located on the LI-1500
surface, on tile joints, on the structure and antenna. A total of thirty-one

thermocouples are used.

An existing adapter-cover assembly, MDAC Drawing 70T037026, will mate the test
container assembly to the MSC channel nozzle. The adapter incorporates

brazed cooling lines, airtight sealing from the atmosphere with relief

valves to prevent occurrance of damaging pressure differentials and a

fitting to provide auxiliarv air cooling if needed. This adapter cover

is the same unit as fabricated for evaluation for convective heating in

RSI gaps and joints (Contract NAS ©-12R54).

/
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FIGURE 1 S-BAND ANTENNA SYSTEM TEST CONFIGURATION
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For the electrical tests, a mounting framework constructed of 2 x 4 inch
board lumber will be supplied by MDAC. Laboratory space for the framework

will be required during the breadboard test series.

Test Schedule: Three successful thermal tests of the S-band antenna system
will be required for design temperature verification. Heating will be
applied to the breadboard unit to determine the thermal response for
verifying the thermal analytical model. Before and after each thermal
cycle, electrical tests will be conducted with test unit removed from

the thermal test set-up.

The thermal tests will be of increasing severity. Thus, minimum risk

runs are implemented first to avoid damage to the S-band antenna. The

test environment simulated for the first run (Figure 3) will be above minimum
arc heater operating conditions and will be the specified entry surface
temperature history of our Program Plan truncated at a constant peak temper-
ature of 1200°K (1700°F). This will provide thermal analysis correlation at
less than total heat load. The test environment simulated for the second

run (Figure 4) will be the specified temperature history truncated at a
constant peak temperature level of 1366°K (2000°F). The third test run
environment (Figure 5) will be the full specified temperature history. These
tests will ensure that the antenna will not be overheated during the initial

full exposure of the reuse tests scheduled in May, 1973.

Calibration: The tunnel must be calibrated for the minimum operating condition

and at several points on the heating-time curve.

The tunnel operating parameters can thus be determined which will produce
various average heating rates to give the required temperature versus

time curve. In this way the required tunnel operating conditions versus time
can be generated. Heating rate distribution over the calibration plate should

be recorded for each average heating rate.

We suggest using arcon plasma heat up, then air plasma during peak heating,
and arpon plasma cool down to achieve required test temperature history, total

heat load and heat soak-back characteristics on the test article. p
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FIGURE 3 TEST ENVIRONMENT FOR RUN NO. 1
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6.0 Test Procedure: The adapter cover assembly should be installed and remain
installed in the tunnel wall, with an airtight seal between mating surfaces.

The hinged rear wall of the adapter allows access to the test container
assembly.

Before each thermal cycle, the VSWR and gain relative to a standard gain

reference horn will be measured with and without window to establish the
i fitness of the breadboard test unit. '

; - Then, the test unit will be placed into the adapter-cover assembly by

: . tightening the four fasteners and connecting three DB-15P and one

DB-25P thermocouple connectors. The test contajner backplate will e

5 adjusted until the specimen surfaces are flush with the inside surface of

ﬁb the channel nozzle. To seal the adapter from ambient pressure, a thin layer
, of silicone adhesive (DC 3145) may be used between the hinged rear door and
its mating flange. Auxiliary air cooling shall be connected.

After the thermal test cycle, the breadboard test unit will be removed from
the adapter-cover for: (1) visual inspection and evaluation, and (2) measure-
ment of the VSWR and relative gain (or transmission) under conditions identical
(as near as is practical) to the pre-thermal cycle. We will use a second

standard gain horn antenna to establish the proper reference level before
each transmission test.

b et . D s e
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7.0 Data Required: Calibration data tunnel operating parameters and test data
are to be tabulated and plotted. Stream average enthalpy, heating rate,

pressure, and temperature data shall be included as normally processed

through the NASA MSC generalized data processing program. Provision for
31 thermocouple responses shall be provided. The temperature plot scale
for RS1 surface and in-depth T/C's shall be O to 1700°K (~460 to 2600°F) and
time scale shali extend 5000 seconds (1.67 hrs). The temperature plot scale

for antenna backface T/C's shall be 0 to 700°K (-460 to 800°F) and time
i
?; scale shall extend 10,000 seconds (2.8 hrs). The selected plot groupings
? for data presentation, along with plot scale requirements, are shown in
4 Table I. “
8
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i TABLE 1
Data Reduction Grouping
of Thermocouple Response for
S-Band Breadboard Antenna Test
PLOT RUN
OBJECTIVE THERMOCOUPLE SCALE TIME
(°K) (sec)
1) 1Indepth survey of antenna TC26,TC25,TC24,TC23,TC22 0 - 1700 6,000
window RSI (-460 - 2600°F)
2) Indepth survey of TPS RSI TC21,TC20,TC19,TC18,TCl7 0 - 1700 6,000
(-460 - 2600°F)
3) Antenna window aperture TC29,TC12,TC6,TC3 0 - 1700 10,000
(~460 - 2600°F)
4) Uniformity of antenna TC21,TC29,TC27 0 - 1700 6,000
window surface temperatures (-460 - 2600°F)
5) Orbiter skin stringers,antenna|TC9,TC8,TC5,TC4,TC3 0 - 700 10,000
support sheath,and antenna (-460 - 800°F)
case
6) Orbiter skin structure TC10,TC11,TIC8 0 - 700 10,000
gradient (-460 - 800°F)
7) Antennd window lap-joint TC13,TCl4,TC27 0 - 1700 6,000
gradient (=420 - 2600°F)
8) Antenna window joint gap 7Cl6,TC15,TC11, T3l 0 - 1700 16,000
bottom heating of FI-600 (-460 - 2600°F)
filler strip and skin
3) Uniformity of test specimen TC28,TC29,TC30 0 - 1700 6,000
surface temperatures along (-460 - 2600°F)
centerline
10) Uniformity of test specimen TC26,TC29 0 - 1700 6,000
surface temperature - diagonal (-460 - 2600°F)
across
11) Test container - skin TC1,TC2,TC4,TC3 0 - 700 10,000
structure - antenna (-460 - 800°F)
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In addition, thermocouple (etc) responses are to be also recorded on MDAC

furnished magnetic tape for direct processing in MDAC computers. The tape

will be BCD tape, 7X8A8 for the tile and 10E13.3 for each time step through
the test,

Photographic Services Required:

A low-speed color motion picture film (with
timing) of the test specimen during the thermal cycle is desired.

Still photographs of the arrangement of the electrical test setup, closeup

and distant (showing arrangement in facility) are required.

Still photographs of the channel mount showing breadboard S~-band anterna

system installation, close-up and distant (showing arrangement in facility)
are required.

Pre-and post-test photographs of the breadboard antenna system test specimen
are required.

Test Equipment Cabling:

We intend to use the 15-foot extension wire bundle
cable used for contract NAS9-12854 which we understand has a 32 thermocouple

capability (8 platinum-rhodium and 24 chromel-alumel) with &4 cannon connectors

and with tagged bare-lead ends for attachment to NASA test nanel.
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APPENDIX H

PROTOTYPE UNIT THERMAL TEST PLAN

NAS9-13004,

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
LYNDON B. JOHNSON SPACE CENTER

HOUSTON, TEXAS

Prepared by: Concurrence by:

.%i%fﬂw

Gilbert R. Gaumer

Bill Kavanaugh
Senior Engineer, Thermodynamics Senior Project Engineer, Thermodynamics

Approved by:

o Fellman

E. A. (Al) Kuhlmen
Study Manager
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THERMAL TEST PLAN

FOR S~BAND PROTOTYPE ANTENNA j

1.0 Introduction: McDonnell Douglas Astronautics Company intends to thermally reuse- i

test a prototype S-band antenna system in the NASA-JSC 1OMW Arc Tunnel Facility in ‘

May, 1973. The prototype model consists of an S-band antenna integrated into
aluminum skin structure and LI-1500 silica reusable surface irsulation (RSI) TPS.
We will also conduct electrical tests at thie NASA-JSC Anechoic Chamber Test Facility
before and after the first, second, fifth and tenth thermal test cycles.

This plan provides the test requirenents and planning for the prototype model
reuse tests. A channel flow nozzle will be used because it produces more uniform
heating than a conical nozzle. This plan is submitted under Contract NAS 9-13004,

2.0 Test Objective: The definition, assembly and test planning of the prototype

model was guided by the purpose of demonstrating reuse capability of the antenna

TPS structural interiaces.

3.0 Material and Equipment Supplied: One S-band prototype model including instrumenta-=

tion and a test container assembly, as shown in Dwg 70T087015 will be supplied by
MDAC (see Figure 1). The test article consists of an S-band antenna integrated into
skin structure and TPS. The antenna window consists of a 18.3 cm (7.20 in) square
LI-1500 tile bonded with 0.203 cm (0.080 in) thick RMRL 1973 silicone sponge; the
window tile and sponge is bonded to a 0.43 em (0.17 in) thick honeycomb panel. This
tile is surrounded on each side by four other LI-1500 guard tiles. The tiles are
arranged to present a 32.2 cm (12.68 in) square specimen surface. The four LI-1500
guard tiles are bonded with a 0.635 cm (0.25 in) silicone sponge to aluminum skin-
stringer structure. The joint design between tiles is a double-lap concept with
FI-600 insulatinon fi)ler stripes. An AMECOM M46325 S-band antenna is mounted behind

the honeycomb panel; its aperture is flush with the aluminum skin.

/
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FIGURE 1 S-BAND ANTENNA SYSTEM TEST CONFIGURATION
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An existing water-cooled cover-assembly, MDAC Drawing 70T037026, will mate the
test container to JSC channel flow nozzle. The cover-assembly has brazed cooling
lines, airtight sealing (with relief valves) from the atmosphere, and a fitting to
provide auxiliary air cooling, if needed. This cover assembly is the same unit as
fabricated for evaluation of convective heating in RSI gaps and joints (Contract
NAS 9-12854).

The breadboard model, previously tested in March 1973, will be furnished for
arc tunnel calibration and "Data Trak" checkout runs. The AMECOM S-band antenna
unit will be removed from the breadboard model assembly.

We intend to use the 15-foot extension wire bundle cables used for Contract
NAS 9-12854 with tagged bare-lead ends for attachment to the reference junction box.

4.0 Instrumentation - Twenty-one thermocouples (see Figure 2) will be used to

record temperature distributions in the prototype antenna model. One surface
thermocouple will be located on each of the forward and aft large L1-1500 guard
tiles. Other thermocouple locations are selected to provide minimum interference
to antenna performance; no thermocouples are located in depth in the LI-1500 RSI
or in the antenna window. Two thermocouples are located on the FI-600 filler
strip at the bottom of tile joint gaps at upstream and downstream corners of the
antenna window. Four thermocouples are located in the bondline. The remaining
thermocouples are located on the backside skin structure and antenna. The instrument-
ation consists of:

2 Type S - Platinum/10% Rhodium (+) vs Platinum (=)

19 Type K - Chromel (+) Alumel (=)

Calibration place calorimeters, thermocouples, and pressure sensors, as well as
prototvpe antenna model thermocouples, will be recorded continuously during heating

and cooldown of all thermal tests.
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3.0 Calibration: The tunnel must be calibrated for the minumum operation condition

and at several points on the heating-time curve.

The tunnal operating parameters can thus be determined which will produce various
average heating rates to give the required temperature versus time curve. In this
way, the required tunnel operating conditions versus time can be generated. Heating
rate distribution over the calibration plate should be recorded for each average
heating rate.

Programmed arc-heater operation will be used for the entry heating simulation.
A "Data Trak" control curve will be constructed from test points obtained from the
calibration runs prior to the prototype test runs.

Surface temperature histories measured on the breadboard antenna will be used
for the calibration and "Data Trak'" checkout rums. Indepth thermocouple data will
be recorded, as well. A secondary benefit of these runs will be to obtain design
temperature verification for a case representative of a lower thermal mass antenna
configuration.

6.0 Test Environmernt: The test environment will be based on the Shuttie entry

temperature history shown in Figure 4 page 3-6 of the Program Plan. The "arc on"
condition will correspond to 200 seconds entry time; insignificant heating occurs

i before them. The surface temperature, hot wall convective heating rate and local

—r e o et

static surface pressure, in terms of test time from "arc on", are summarized in

e

Figure 3.

7.0 Test Procedure: The water-cooled cover-assembly should be installed and

remain installed in the wall of the channel flow nozzle. An airtight seal shall

I o s A TR

L

be maintained between mating surfaces. The hinged rear wall of the adapter allows
access to the test contalner assembly. Before the thermal tasts the following

electrical tests will be performed:

/
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1) Swept frequency impedance from 2.0 to 2.3 GHz plotted on Smith Charts (Hewlett

Packard 9280-0137).

LA S

2) Right and left hand circular radiation taken at 2.1 and 2.2875GHz. Pattern

levels to be referenced tc Scientific Atlanta SGH-1.7, or equivalent standard gain

ey AR

horn. Patterns to be recorded on 40 db polar graph paper.

3) On axis, © = 0°, axial ratic taken at 2.1, 2.2 and 2.2875 GHz. A Scientific
Atlanta SGH-1.7, or equivalent, standard gain horn will be used as the radiating
antenna.

In addition, acetaldehyde NDT tests for LI-1500 surface coating cracks and pre-
test photographs will be made.

The prototype antenna model will then be placed in the cover-assembly. Thin
sheet-metal guards will be provided to protect RSI tiles during installation; the
test unit shall be gently nudged into place on a 0.2 inch-thick skid sheet, clearing
the bevel in nozzle walls. The two leng guard tile joints shall be transverse to
plasma flow direction; the two surface thermocouples shall line up with flow axis.
The model surface shall be flush (+ .02 in) with inside surface. The four fasteners
will then be tightened and the thermocouple plugs, connected. Fibrous insulation

shall be packed in the gaps between nozzel wall port and test specimen sides to:

Ty M e

(1) prevent plasma flow and (2) close-up gaps between window and guard tiles to

0.070 inch or less. The extension wire bundle shall be installed at the thermocouple

reference junction compensator box. The relationship between extension wire bundle
bare lead end and prototype thermocouple number is given, as follows:

Extension Wire Bundle Lead Number Prototype Thermocouple
Plug Number

/
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Extension Wire Bundle Lead Number Prototype Thermocouple
{Cont'd) Plug Number

9 A 19
10 A 10
11 A 11
12 A 20
13 B /
14 B 28
16 B 18
17 B 9
18 B 22
19 B 24
20 c 8
£ 21 C 30
23 c 17
' 25 c 21
¢ 26 c 23

is Thermocouple continuity shall be checked. Pretest photographs of tile surface,

: tile-joint gap measurement and an emittance check on the tile coating shall be made.

% Auxiliary air cooling lines shall be connected.

A layer of TG-15000 insulation shall be placed on inside of adapter hinged rear
door. To seal the adapter from ambient pressure, a thin layer of silicone adhesive
(DC 3145) may be used between the hinged rear door and its mating flange.

The prototype antenna model will then be exposed to plasma heating to achieve
a maximum 2270°F model surface temperature with programmed arc heater operation.
All thermocouple data shall be recorded during the test and after the test until
the meximum backface temperatures are recorded. Then, auxiliary air cooling will

be turned on until all thermocouples indicate a temperature of less thau 100°F.

After the first, second, fifth and tenth cycle, the prototype model will have

a photograph and emittance check through the calibration port and then will be f
removed from the adapter-cover for: (1) visual inspection®DT evaluation, and

water bead testing (absorption) and (2) electrical test under conditions identical

(as near as is practical) to the pre-thermal cycle. The same pre-thermal tests

T3
T

will be performed.

In the event we detect progressive changes after the first or second thermal

cycle, we will increase the frequency of removal and testing %o better assess the

/
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rate of deterioration,

; 7.0 Data_Required: Calibration data tunnel operating parameters and test data are
to be tabulated and plotted. Plasma sonic throat average enthalpy, heating rate,
pressure, and temperature data shall be included as normally processed through the
NASA/JSC generalized data processing program. Provision for 21 thermocouple responses
shall be provided. The temperature plot scale for RSI surface shall be O to 2500°F
and time scale shall extend 6000 seconds (1.67 hrs) in plot frames of 2000 sec each.
The temperature plot scale for antenna backface T/C's shall be O to 200°F and time
scale shall extend 6000 seconds. The selected plot groupings for data presentation,
along with plot scale requirements, are shown in Table 1.

In addition, thermocouple (etc) responses are to be also recorded on MDAC
furnished magnetic tape for direct processing in MDAC computers. The tape will be
BCD tape, 7X8A8 for the tile and 10E13.3 for each time step through the test.

8.0 Photographic Services Required: Still photographs of the arrangement of the

electrical test setup, closeup and distant (showing arrangement in facility) are
required.
Still photographs of the channel mount showing prototype S-band artenna system
installation, close-up and distant (showing arrangement in facility) are required.
Pre- and post-test photographs of the prototype antenna system test specimen

are required. ¢
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TABLE 1

DATA REDUCTION PLOT GROUPING OF THERMOCOUPLE RESPONSE FOR

S-BAND PROTOTYPE ANTENNA TEST

PLOT *
- OBJECTIVE THERMOCOUPLE SCALE TIME
1
e 1) Surface Temperature TC 30, TC 28 0 - 2500°F 2000.
f 2) Forward Surface TC 30, TC 17, TC 21 |0 - 2500°F 6000.
¢ Temperature, Bondline,
< Aluminum Skin
¢ 3) Aft Surface Temperature, | TC 28, TC 18, TC 22 |0 - 2500°F 6000.
: Bondline, Aluminum Skin
k4
: 4) Upstream Corner Gap, TC 15, TC 19, TC 23 |0 - 1200°F 6000.
5 Filler Strip Base,
. Aluminum Skin
P 5) Downstream Corner Gap, TC 16, TC 20, TC 24 |0 - 1200°F 6000.
. ¢ Filler Strip Base,
¥ s Aluminum Skin
P
P 6) Window Attachment TC 8, TC 9 0 - 200°F 6000.
¥ % Hole Base
£ A
oo 7) Skin Gradients TC 10, TC 11, TC 21,/ 0 - 200°F 6000.
. § TC 22, TC 23, TC 24
: '
| f 8) Antenna Support, TC 3, TC 4, TC 5, 0 - 200°F 6000.
1 Antenna Case, Skin TC 7
¢ Stringer
‘ 9) Antenna Case, ¢ 1, IC 4, TC 3 0 - 200°F 6000.
Test Container Assembly
* THREE PLOT FRAMES OF 2000 SEC EACH

H=11
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