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FOREWORD

This is Volume n of the final report prepared by Lockheed Missiles and Space

Company, Inc. (LMSC) for NASA Contract NAS 9-12083, Space Shuttle Thermal

Protection System Development.

Documented in this volume are the LMSC design efforts performed under this contract

for the National Aeronautics and Space Administration Manned Spacecraft Center, under

the direction of the Thermal Technology Branch of the Structures and Mechanics

Division, D. J. Tillian, COR.

This volume, subtitled Design Methodology, delineates the work performed under

Task 2.0. Per agreement with the COR, this separate volume satisfies the Data

Requirements List twelfth item: DESIGN METHODS REPORT. A short summary

of this work has been included in Section 2.0 of Vol I.

The following individuals have participated in this effort and deserve recognition for

accomplishing the program objectives:

R. P. Banas

A. B. Burns

A. J. China

J. A. DeRuntz

M. H. Kural

R. Lambert

J. R. Ritz

B. Van West

J. T. Woneis
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SUMMARY

Design methodology developed by LMSC for the shuttle TPS — including analysis,
verification, and design techniques — allows detailed definition of design applications
of LI-1500. Although such methodology is applied to LMSC-developed RSI material in
the design of four deliverable prototype panels, the design/analysis logic applies
to other RSI material systems as well. This study has considered RSI for application
to primary structure and subpanels. Optimization methods have been developed which
result in minimum weight/cost systems that are refurbishable. Strength/stiffness
requirements and failure criteria are identified for LI-1500 RSI system components
and metallic substrate materials and configurations. Fastener concepts and tile
bonding methods have been studied and textured coating systems evaluated.

Design methods and groundrules were established to carry out parametric studies and
evaluate alternate design concepts. The impact of unique LI-1500 thermophysical
properties on RSI panel design was ascertained and conclusions as to design validity
have been drawn. Finally, cost and weight comparisons with competing TPS concepts
have been made. These items are discussed in detail in this volume of the report

and are summarized here.

Design/Analysis Methods:

• RSI stress analysis requires fine-mesh, double-precision finite
element codes.

• TPS design should utilize sophisticated 2-D and 3-D analysis
techniques developed or modified specifically for RSI panels.

• Rational design/analysis should incorporate orthotropic LI-1500 properties.

• Combined stress-failure mode of RSI is recognized as a possibility.

• Experimental results validate analysis techniques.

• Design of substrate should incorporate no skin buckling in lieu of test data.

vii
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Optimization Studies:

• Heat sink effect of bond indicates lower TPS system weight than mechanical
fasteners.

• Bond weight is not a significant driver on lower surface.

• Bond weight is a major driver on upper surface.

• Primary panel structure should be optimized, using nonlinear beam-column
analysis.

• Zee-stiffeners are optimum for panel designs compared with other configu-
rations of similar cost/manufacturing complexity.

• Panel designs should be based on thermal/structural optimization.

Design Details Evaluation:

• Orbital cold-soak condition (-200 F) negates strain isolation properties
of RTV-560 leading to unacceptable LI-1500 stress levels.

• Strain arrestor plate can offer strain isolation at -200°F orbital cold-soak
condition as well as allowing use of larger tiles.

• Coating stresses are well within allowables, even on sides of tile.

• Discontinuous bond between tiles keeps LI-1500 stress levels down.

• Low-density filler block in baseline joint does not appreciably perturb
LI-1500 temperature distribution.

• Based on preliminary studies, lightweight core concept shows no apparent

advantage.

• Textured and discontinuous coatings offer no advantage.

Attachment Studies:

• Beryllium subpanel concept with direct-bonded LI-1500 leads to largest
(12 in. x 12 in.) tile size.

• Mechanical fasteners show promise.

• LMSC has feasible refurbishment scheme for bonded tiles.

viii
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11-1500 Advantages:

• Reduced conductivity of LI-1500 under reentry pressure environment
results in lighter TPS system than competitive materials.

• Low LI-1500 coefficient of expansion limits thermal stresses and reduces
required external gaps.

• Degradation effects on resulting RSI stress levels due to repeated thermal
cycling of LI-1500 offer no problem.

Cost/Weight Comparisons:

• LI-1500 TPS system is indicated to be lighter and less costly than comparable
metallic heatshield.

• LI-1500 TPS system is indicated to be less costly than ablative heat shield.

ix
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Section 1

INTRODUCTION

The development of rigidized surface insulation for space shuttle application includes
the establishment of rationale, methods of analyses, techniques, and design details.
This key contract task defines the criteria/methodology required for shuttle usage of
LI-1500 RSI. The effort is divided into two subtasks.

• The first defines the criteria, requirements, and environments applicable
to the shuttle TPS. The specific point design requirements for the prototype
panels are given in Section 6 of this volume.

• The second concerns design applications and methodology establishment
which culminates in the design of the deliverable panels.

1.1 CRITERIA REQUIREMENTS AND ENVIRONMENTS

Space shuttle requirements applicable to the design of the Thermal Protection Systems
(TPS) have been delineated in a separate document, ~ ' together with design criteria
and primary design conditions to be utilized in the development of the TPS. Applicable
loads and thermal environments are provided for both the orbiter and booster, based
on the vehicle design data available at the time of the study. Requirements and criteria
for accomplishing "proof of design" also are included. These data are briefly sum-
marized in the following subsections.

The results of the study summarized herein are considered to represent a basis for
initiating TPS detail design/analysis efforts in a Phase C Space Shuttle development
program. In the course of the present TPS technology development program, and
other concurrent space shuttle studies, some changes to requirements and design cri-
teria will naturally evolve. These are not expected to be extensive in scope and, in
most cases, of only minor consequence to the designs.

(1-1) LMSC-A991379/SS-1108, "Design Criteria for Space Shuttle Thermal Protection
System Development," dated 1 Sep 1971

1.1-1
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In other areas, considerable changes can be expected due to improved knowledge of the

environments to be encountered and the time-dependent thermal effects within the TPS.
Changed space shuttle configuration and detail analyses of the TPS subsystems and of
the detail design areas within each subsystem will also introduce their iterations.
Finally, improved knowledgeability of material-characteristics effects and related
implications on the design criteria will affect final TPS configurations.

A major element of TPS design criteria, which is dependent upon specific Space
Shuttle System concepts and baseline mission presumptions, is the definition of the
optimization criteria between TPS weight and cost. To this end, relative cost and
weight analyses of competing concepts are provided in Section 6.8.

The criteria and loads specified by NASA/MSC for prototype panel design are included
in Section 6.1.

Objectives and Scope.

Thermal protection systems for the space shuttle must protect the primary vehicle
substructure and other vehicle subsystems during various phases of mission environ-
ments. The TPS on the orbiter, and (where required) on the booster, must perform
this function with a high level of reliability. Extensive failure of the TPS systems is
likely to lead to loss of, or major damage to, the vehicle system. In that sense, TPS
is somewhat like a pressure vessel wherein structural integrity of all its elements is
essential to achieve normal or safe operation. It has one major handicap compared to
a pressure vessel, in that pressure vessels can readily be proof-tested, even on a
flight article, whereas the total TPS cannot. On the'orbiter, it must be capable of
successfully performing its function in 100 operational missions.

1.1-2
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The high level of reliability must be achieved while minimizing weight and cost. On
the orbiter, a typical total weight of the TPS can lie between 20,000 and 30,000 pounds,
with weight uncertainties on the order of 5,000 pounds. For the O4OA orbiter with a
270 run mission, this uncertainty represents approximately 25 percent of the total
payload. Thus, the system is quite weight-critical as well as being reliability sensitive.

A primary objective of the space shuttle program is — "development of an economical
general purpose transportation system." Development and operation of the TPS of the
orbiter vehicle system is roughly estimated to represent 5 to 10 percent of total orbiter
program costs. Thus, the TPS has major influence on total-program economy, and at
the same time technologically represents one of the most critical subsystems in the
Space Shuttle System. Minimizing cost, therefore, is a primary consideration during
the TPS design selection process. Since a major portion of TPS program costs is
expected to be encountered in the maintenance and refurbishment operational activities,
the TPS life-cycle costs must be utilized as the cost basis for trade-study comparisons.

Requirements and criteria that influence design/development of the TPS are defined in
a variety of NASA and contractor documents. The criteria elements (summarized and
identified by the sources by reference to the applicable documents in Ref 1-1) are as
follows:

• Space shuttle program requirements and criteria applicable to TPS
• Space shuttle structural design criteria applicable to TPS
• Design/development optimization criteria applicable to TPS
• Spacecraft criteria and standards applicable to TPS
• Loads and thermal environment data applicable to orbiter and booster TPS.

The "applicable documents" are: (1) primary applicable space shuttle directives or
documents, (2) related space shuttle design criteria studies, and (3) space vehicle or
other potentially applicable design documents. The documents listed in these three
groupings are identified in the text of Ref 1-1, where applicable. The same requirement/
criterion items often appear in two or more cited references.

1.1-3
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Design Requirements.

Space Shuttle System requirements applicable to the TPS have been extracted primarily
from the Space Shuttle draft "Statement of Work" and its technical requirement Appen-

dices. These are described in Ref 1-1, in the fullest detail available as determined

from the applicable studies and documents resulting therefrom, under the following

groupings: (1) System Requirements, (2) General Technical Requirements, (3) Thermal
Protection and Control, (4) Natural Environment Design Requirements, and (5) Manned
Spacecraft Criteria and Standards.

Requirements that are especially pertinent to this development program are listed

below.

• The combined storage and operational service life of the Space Shuttle System

shall be a minimum of 10 years after the first manned orbital flight. Each
Space Shuttle System flight article shall be capable, with a cost-effective level

of refurbishment and maintenance, of a minimum operational lifetime of
100 missions.

• The Space Shuttle System flight hardware turn-around time from landing at
the launch facility to launch readiness shall be less than 14 calendar days.

• The orbiter vehicle and booster vehicle shall be insensitive to weather
conditions during pad preparations and standby periods.

• All TPS materials/systems will sustain 100 design missions. TPS design
for all missions shall assure crew safety for worst case abort entry.

• The TPS shall be designed to the same criteria as the primary structure of

the airframe.

• External thermal coatings shall have a reuse capability of 100 flights without

significant deterioration or degradation. Coating systems requiring refur-
bishment shall be consistent with other repair/replacement/maintenance
requirements.

• The space shuttle shall be designed for 0. 95 probability of no puncture during

the maximum total time-in-orbit, using the meteoroid model defined in
par. 2.5.1 of TM-X-53957.

1.1-4
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Structural Design Criteria.

The basic structural design criteria applicable to the space shuttle TPS are specified

in the draft Space Shuttle Statement-of-Work, Appendix B, and explained (at least in

part) in NASA SP 8057. These criteria have been extracted and set forth in the fullest

detail available in Ref 1-1 under the following groupings: (1) Strength Requirements,
(2) Strength Allowables, (3) Design Load Criteria, (4) Rigidity Criteria, and

(5) Optimization Criteria. Structural criteria which are especially pertinent to this
development program are listed below.

• Combined Stresses. The structural design shall exclude the use of pressure-

stabilized structures, with the exception of main propulsion tanks when

exposed to ascent flight loads. When the stresses due to internal pressure
and thermal conditions are additive to the external flight loads, the ultimate

external load will be combined with the maximum regulated internal pressure

and the thermally induced load, times a factor of 1.5. When the stresses due

to internal pressure and thermal conditions are relieving (subtractive) the

external flight loads, the minimum thermally induced load and the minimum

regulated pressure (or zero pressure, if the operational capability of the

vehicle is not affected by the loss of pressure) will be combined with the

ultimate external load. No load conditions outside the crew safety envelope

shall be considered. In no case shall the ratios of allowable stress to com-

bined limit stress be less than 1.35.

• The design loads used for final vehicle design shall be based on a Monte Carlo
analysis in which the vehicle is flown analytically through a sufficient number

of profiles to statistically define the 99 percentile loads.

• Aeroelasticity. Static and dynamic structural deformations and responses

under all conditions and environments shall not cause (1) a structural failure

or system malfunction, (2) impair the stability and control characteristics of

the vehicle, or (3) cause unintentional contact between adjacent bodies.

• Dynamic Aeroelasticity. The orbiter vehicle shall be free from classical

flutter, stall flutter, and control-surface buzz at dynamic pressures up to

1.32 times the maximum dynamic pressure expected during flight. External

1.1-5

5<
LOCKHEED MISSILES & SPACE COMPANY



LMSC-D152738
Vol H

panels shall be free of panel flutter at 1.5 times the local dynamic pressure at
the appropriate temperature and Mach number for all flight regimes including
aborts.

• Basic Optimization Criteria. Three primary value elements are involved in
design-optimization and development-program-optimization of the TPS:
(1) structural integrity reliability, (2) system weight, and (3) life-cycle costs.
All three of these have major influence on the Space Shuttle System total cost-
effectiveness. Trade studies invariably must involve two of the three elements,
and very often all three.

• A level of structural integrity reliability comparable to that achieved in a
commercial air transport is essential. Therefore, this element is presumed
constant, and at a level, which to all intents and purposes, is equal to 1.0.
Design- configuration and program optimizations, therefore, are not concerned
about the numerical value of reliability, but rather the cost in dollars and
weight to achieve it. Safe-life designs may be traded off against fail-safe
designs to determine which produces the required level of structural integrity
assurance at the best combination of weight and cost.

• To achieve a balanced design, the dollars expended to reduce weight enough for
increasing payload by one pound should be the same for all elements of the
Space Shuttle Vehicle Systems, provided that the technological (and cost) un-
certainties are essentially equivalent. If payload can be increased by weight
reductions in primary airframe (by use of exotic materials) at the same cost
as for a comparable change in the TPS, but with less uncertainty, then the
trade is in favor of the change in the airframe. Also, quite obviously, if it
requires 6 pounds of weight removed from the booster to increase payload by
1 pound, and it requires only 1 pound off of the orbiter to do the same thing,
then six times as much money can be spent for weight reduction on the orbiter
than on the booster.

Environmental Data.

Environmental data are presented in the following categories: ascent trajectory, entry
trajectory, peak temperature isotherms, differential pressures, and vibration/acoustics.

1.1-6
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Attachment of RSI directly to primary structure may be the final TPS design. In this
application, the strains and deflections of the structure will dictate the TPS attachment
design. Strains and deflections are dependent on vehicle loadings and configurations
as well as structural geometry. Primary vehicle loadings are not included due to this
dependence. Design for this application will be based on representative strains and
deflections derived from specific configurations and loading conditions, which do not
differ appreciably for the various vehicles and environments currently proposed.

Design environments for the prototype panels are not included in this section. These
conditions are presented in Section 6.1.

Ascent trajectories for the mated system booster and orbiter are shown in Ref 1-1 for the

LMSC, MDAC, and NAR configurations, respectively. All trajectories result in
orbiter injection to a 50 x 100 nm orbit with an inclination-angle of 28.5 deg. The
final design reference orbit was a circular orbit at 270 nm with an inclination-angle
of 55 deg.

Orbiter entry trajectories from a 270-nm orbit (LMSC) and a 100-nm polar orbit
(MDAC and NAR) are shown in Ref 1-1. The LMSC orbiter shown is a delta-body config-
uration, while both the NAR and MDAC orbiters are of the delta-wing category. All
trajectories generate about 1,100 nm of aerodynamic crossrange, but the LMSC tra-
jectory takes 1,350 sec to reach 100,000 ft while the MDAC and NAR trajectories take
about 2,100 sec. The impact of longer reentry time is to increase the insulation
requirements of the TPS. All trajectories were generated under what essentially
appears to be the same philosophy. A choice of TPS material is made and heating
boundaries are generated for the orbiter lower centerline based on the temperature
capability of the chosen TPS material(s). An entry trajectory is generated using the
appropriate aerodynamic characteristics for each orbiter. The trajectory is maintained
above the heating boundary by use of bank angle and angle-of-attack modulation while
attaining 1,100 nm of aerodynamic crossrange. Orbiter peak-temperature isotherms
corresponding to the entry trajectories are depicted for the LMSC, MDAC, NAR and
GAC orbiters in Ref 1-1.

1.1-7
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The orbiter shell differential pressures have been obtained for three critical flight

phases for the delta-body orbiter maximum aq on ascent, during a 2.5 g subsonic

maneuver. These pressures are shown in Ref 1-1. To account for venting uncertainties,

±0.25.psi has been added to the differential pressures shown in this document.

The orbiter and booster thermal protection system will be subjected to various acoustic

and aerodynamic buffeting as well as mechanically induced random-vibration responses

during the mission profile. During liftoff, intense acoustic pressures are generated by

the booster engine exhaust turbulence. During transonic and maximum dynamic pres-

sure portion of flight, high unsteady aerodynamic pressures are experienced due to

turbulent boundary layer noise, separated flow, oscillating shock waves, and interaction

of shock waves and boundary layer. During reentry, both hypersonic and low-speed

aerodynamic noise is present. Acoustic environments encountered by flight test

vehicles during takeoff, landing, cruise, and maneuvers must also be considered. The

acoustic environments presented in Ref 1-1 are for launch, maximum dynamic pressure,

and reentry phases of the mission.

Typical booster entry trajectories, peak temperatures, and design loads are shown in

a series of six figures in Ref i-i.

Proof of Design.

A properly balanced development program will include some combination of the

following engineering activities: analysis, design, development testing, qualification

testing, acceptance testing, operational (flight and ground) testing, and/or special

testing. The scope of work undertaken in each of these activities influences to some

extent the level-of-effort warranted in the other activities, to achieve adequate proof

of design. Therefore, definition of the basic requirements for proof of design is an

integral part of design criteria. The responsibility for planning proof of design overall

rests with the vehicle contractor. Proof of structural adequacy of the TPS under all

anticipated loads and environmental conditions shall be provided by appropriate

analyses and tests.

1.1-8
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Reports shall be prepared on analyses and tests conducted to verify the structural
adequacy of the design. Assumptions, methods, and data used shall be defined. An
integrated plan, early in the Phase C Space Shuttle Program, shall describe the total
plan for verifying structural adequacy and shall include schedules for accomplishment.
The plan shall be revised as necessary to reflect changes in schedules, requirements,
objectives, design characteristics, and operational usage.

Reports shall be prepared to provide the following information concerning the TPS:
operating restrictions (limitations on preparation testing and operational use), inspec-
tion and repair, and operational-usage measurements (systems for evaluating struc-
tural adequacy during operational usage).

Analyses in the areas listed below shall be performed to verify structural adequacy in
compliance with the design criteria defined in previous sections. Where adequate the-
oretical analysis does not exist or where experimental correlation with theory is inade-
quate, the analysis shall be supplemented by tests.

• Design criteria (i. e., Ref 1-1 and its subsequent revisions)
• Design loads
• Thermal analysis
• Stress analysis

The stress analyses shall verify structural adequacy in terms of the optimization
criteria defined in a previous subsection, Structural Design Criteria. Tests shall be
conducted to assist in defining or verifying static and dynamic design loads, pressures,
and environments that the TPS will encounter through its service life.

When structural material characteristics, including physical and allowable mechanical
properties and failure mechanisms, are not available in NASA-approved references,
tests shall be performed to characterize the materials in accordance with the specified
design criteria.

1.1-9
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Development tests, represented in part by the present program, shall be performed as
necessary to:

• Evaluate design concepts

• Verify analytical techniques

• Evaluate structural modifications for achieving desirable structural
characteristics

• Obtain data for reliability predictions

• Determine failure modes or causes of failure.

Qualification tests shall be conducted on flight-quality hardware to demonstrate struc-
tural adequacy under more stringent loads than the worst expected loads. In defining
the number and types of qualification tests, the highest practical level of assembly shall
be used. Test conditions shall be selected to demonstrate clearly that all elements of
the structure satisfy design criteria. Tests shall be performed on representative sec-
tions of each of the TPS subsystems, to verify the following:

• Detrimental deflections do not occur under deformation-critical combined
limit- load/limit pressure and thermal conditions

• Rupture or collapse does not occur under critical combined ultimate- load/
ultimate-pressure and thermal conditions

• Neither detrimental deflections nor rupture occur under limit- load/thermal
exposure to specified life-cycle criteria.

The foregoing tests shall demonstrate, as closely as, is practicable, the structural
integrity for the primary design conditions, including demonstrations of cumulative
damage tolerance where applicable.

Acceptance tests shall be conducted on flight hardware to verify that the materials,
manufacturing processes, and workmanship meet design specifications.

Flight tests conducted for purposes of structural integrity evaluation shall include
verification of limit- load/thermal conditions used in the design of the TPS and in the

1. 1-10
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test conditions used in the TPS qualification tests. These tests shall specifically
include tests, with appropriate instrumentation, to collect data permitting evaluation
of at least critical heating and of refurbishment techniques. Prior to or in conjunction
with these tests, techniques for inspection of the TPS subsystems shall be developed
to locate hidden defects, deteriorations, and fatigue effects.

1. 1-11
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1.2 DESIGN METHODS

The objective of this task is to develop a logical design path through the TPS system

variables and, thereby, arrive at an optimum thermal/structural design. The methods

of analysis have been identified and relationships between the RSI/booster/orbiter

parameters established. Detail guidelines are presented to substantiate the design of

the prototype panels fabricated and delivered under this contract. The effect of atmos-

pheric testing on RSI systems is important, i. e., LI-1500 heat conductivity is strongly

dependent upon environmental pressure. The so-called "test" (1 ATM) and "flight"

(reduced pressure) prototypes are defined; these differ in required LI-1500 thickness.

Both sets of point designs have been analyzed in the midterm report. * ~ ' Per NASA/

MSC direction, the deliverable panels are being fabricated using LI-1500 thickness

sized to be tested at reentry pressure levels, hence only the flight panels have been

reassessed in this report.

In establishing the design methods, effort has been concentrated on:

• Metallic substrate design

• Thermal sizing of RSI

• RSI tile stress analysis

• RSI attachment methods

Based on these studies, prototype panels designed to NASA specified conditions are

compared with metallic heat shield designs. Flutter and acoustic analyses are also

presented for the prototype panels.

The design sequence is best illustrated in Fig. 1.2-1. First, the basic structural

sizing is done in conjunction with a thermal analysis that establishes required RSI

thickness. This optimization loop considers the tradeoff between heat sink effect of

structure versus insulation thickness. Next, the RSI system stress levels are deter-

mined through a second optimization loop in which bond thickness is varied to ensure

acceptable RSI stress levels under the environmental design conditions. Finally, a

complete verification of the design is made.

(1"2)LMSC-A997045, "Midterm Summary Report, Space Shuttle Thermal Protection
System Development," NAS 9-12083, 12 Nov 1971

1.2-1
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Since the methodology employed is highly computer-oriented, the results cannot be
summarized at this time in a set of "design curves" which would permit the selection
of all important TPS system parameters using this report alone. Rather, the work
presented here identifies the behavior of the TPS system under design load and heating
conditions and defines what constitutes critical conditions. This report outlines the
approach and required analytical tools which together can be employed to arrive at
rational near-optimum designs for the flight and operational conditions.

1.2-2
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Section 2

RSI METHODS OF ANALYSIS

This section presents descriptions of the analytical techniques for the following:

• Thermal Analysis: Defining temperature distributions as a function of
time, vehicle location, and flight environment

• Substrate Analysis: Subpanels and primary structure

• Two-Dimensional and Three-Dimensional Analysis: Coating, RSI, bond,
and substrate composite

• Dynamic Analysis: Sonic fatigue and flutter stability

• Comparison of Methods with Experimental Results

In this report, reference is frequently made to the prototype panels designed and
fabricated under this contract. As mentioned previously, me so-called "flight" and
"test" panels differ only in LI-1500 thickness, due to its reduced thermal conductivity
at low pressure. Thus, LI-1500 thickness for a flight panel is determined by using
actual reentry pressure levels, while that for a test panel is sized for 1 ATM. Panel
designs numbered 1, 2, and 4 represent three alternatives for one vehicle location,
while panel no. 3 applies to a different area of the orbiter. The loading and environ-
mental conditions for these designs are discussed in detail in Section 6. It should be
noted that LI-1500 and bond thicknesses for a specific panel designation in some of the
following discussions may not agree with final designs as presented in Section 6, since
these seemingly inconsistent values represent parametric studies and/or preliminary

designs.

2.0-1
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2.1 THERMAL ANALYSIS

Lockheed's THERM computer code was used to define temperature distributions in

the RSI panel. This code utilizes finite difference techniques to solve the transient

conduction equation for a one-, two-, or three-dimensional problem and has an

automatic plotting routine available to the user. The code handles other modes of

heat transfer such as convection and radiation.

The heat balance at each node, as programmed in the computer code, is given by:

AV*CPTT = qin - Vt

where :

AV = node volume

p = density

Cp = specific heat

T = temperature

8 = time

q = heat rate

R. _ . = thermal resistance between nodes i and j

i, j = node numbers

q. is the heat conducted to the node from adjacent higher temperature nodes and

q , is the heat lost by conduction to adjacent lower 'temperature nodes, The temper-

ature of the surface node is driven to follow the temperature history of the desired

orbiter location.

The expressions for determining resistor and capacitor values are shown in Table

2.1-1. These equations are evaluated during each computer iteration, thereby

changing resistor and capacitor values as the node temperatures change to allow for

temperature/pressure dependent material properties. The resulting values are then

used to calculate the temperature response of the network for the next iteration.

2.1-1
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Table 2.1-1

THERMAL RESISTOR AND CAPACITOR METHODOLOGY

TYPE

Conduction

rxauiation

A IT* f"!nn\7pr»'HnTi

All

VALUE

RESISTOR DESCRIPTION

R=^/kA

n 1

2 _2a(RADK) (Tj + TT) (T. + T.)

Where:

RADK = e.. A. F.

and:

, 1

- ^--,

R - 1
K hA

CAPACITOR DESCRIPTION

c = pMcp

COMMENTS

k = f (Temp, Pressure)

rn • °T»T in R

Parallel Plate

View Factor

0. 14k . , ..
h - air ir T \1/3

t
 (CR rR>

Cp = f(Temp)

TVPICAL K1ODE

A =

a

e =

GR =

= Depth or length of conduction path

Area of node perpendicular to

conduction path

0.478 x 10"12 Btu/ft2-sec°R4

emittance

Grashof number

Prandtl numberPR =

2.1-2

LOCKHEED MISSILES & SPACE COMPANY



LMSC-D152738
VolH

The following groundndes and assumptions were used in conjunction with the THERM
code for the basic insulation sizing of the prototype panel:

• One-dimensional analysis

• Radiation equilibrium temperature used as a surface-temperature boundary
condition

• Adiabatic substrate

• No ground cart cooling of substrate in either primary structure application
or subpanel application

• Thermal model including a node for adhesive

Thermal models considered for the sizing were divided into seven nodes as shown in
Fig. 2.1-1. The effect of lumping both the adhesive and substrate as one node was
investigated. It was found that for adhesive thickness (with RTV-560 conductivity of
0.18 Btu/ft-hr-°F) up to 0.20 in. , the maximum transient difference between the
11-1500 adhesive interface temperature and the adhesive substrate interface temper-
ature is about 20 F. Since it was desirable to compare transient temperature dif-
ferences between interfaces, the thermal model with the adhesive and substrate
modelled individually was used. For adhesives with lower thermal conductivity or
thicknesses greater than 0.20 in., the adhesive node should be included in the thermal
model.

Effect of LI-1500 Sizing With Two -Dimensional Thermal Models

To check the adequacy of the one -dimensional LI-1500 sizing and to obtain transient
temperature differences for various elements of the TPS, two-dimensional thermal
models were generated. LI-1500 sizing was performed with the THERM computer

code.

The thermal model used for test panels Nos. 2 and 4 is shown in Fig. 2. 1-2. Dimen-
sions shown are for the titanium panel. The thermal model for the beryllium test
panel is shown in Fig. 2. 1-3. The LI-1500 thickness can be easily changed for

2.1-3

LOCKHEED MISSILES & SPACE COMPANY



LMSC-D152738
VolH

O

M

GO

o
Lf\

o
UJ
a:
LU
o

to

O
o

o
O

UJ

I
TH

N

bi

2.1-4

o
o
o
to
o
Q



LMSC-D152738
VolH

D
IM

E
N

S
IO

N
A

L 
T

H
E

R
M

A
L 

M
O

D
E

L 
F

O
R

IT
A

N
IU

M
 

A
N

D
 

A
L

U
M

IN
U

M
 

P
A

N
E

L

o h~

N
O

D
E

 C
E

N
TE

R
S

N
O

D
E

 B
O

U
N

D
A

R
IE

S

o ,

^^^^^^^ •

i
'

Z • '

I—

1
1
1

1
1

BO^B •

1

1 '

1

/v.

•0

_J 8
JO

1 1 1 1 i
i.i.iJ '.
1 1 1 1 i

H++H-
1 1 1 1 1
1 1 1 1 1

K44 + + 4-
1 1 1 I 1
VrriY
i I I 1 i

1
I

<

^

|
•

O

L 1 
*

vIE
SS

 D
E

TE
R

M
IN

E
D

X
O
<

2.1-5

UJ
0£

k
co<

li
QN

zo
o>
ca ea

<M

§



LMSC-D152738
Voin

CO

LUQ

oz

Z I

« I

I

O 0£.

—— ' *'
(/) CO

o
I

O

«n
o

o-
c

!

)

§
i

LU

0

]/
J4n

O

s
o

1 B

o
•

o
s
-.

8
0

u
**,

u
U
3
C

ta<

1I

_,yi
>/
?j
i
r

>
^ fc

.̂  0

T
-H

M i l

..IJ.IJ.
I 1 1 1

"H"t t"ti
. .1.1.1.1.f i l l

I ' l l
+ 1 1 I 1

T T TT1

1 1 1 1
"Tl'lT

i i i 1
^ Y

o

ST

h

i jhH

I

[--

i
» M

J

\

C
c*
f

I
I-

>
>
>

I
I—
GO

15
U N

oo n
10 U

— CQ
JQ
Q LU

zz

O u-1
eo O

S

(N

2.1-6

03
O
CO
O
Q



LMSC-D152738
VolH

consecutive computer runs. As in the one-dimensional sizing discussed previously,
an adiabatic boundary condition was used. An isotropic thermal conductivity for 1
ATM air was used for this model. The thermal conductivity and specific heat values
for LI-1500 are given in Section 6.2.

A comparison of the LI-1500 thermal sizing between a one- and two-dimensional thermal
model for the titanium test panel with a 0.030 bond is shown in Fig. 2. 1-4 (as discussed
later, the final design thickness is 0.090 in.). The results are shown with a plot of
maximum titanium face-sheet temperature versus LI-1500 thickness. The results indi-
cate that the one-dimensional model is conservative, but there is a negligible difference
in LI-1500 thickness (0. 10 in.) at the titanium design temperature of 600°F. Larger
adhesive thickness than that shown will not change the results, since the LI-1500 thick-
ness will be reduced in accordance with a tradeoff factor which will be discussed in
Section 4. Temperature histories for the titanium face sheet and stiffener are shown
in Fig. 2.1-5. Large transient temperature differences are indicated (50-75°F), but
these eventually decrease as the TPS approaches its maximum values. These transient
temperatures are used to determine temperature- induced bending loads in the panels.

A comparison of results between the one- and two-dimensional thermal models for
the aluminum test Panel 2 is shown in Fig. 2. 1-6. The maximum backface temper-
atures are nearly identical, which ascertains the adequacy of the one -dimensional
thermal model for the TPS sizing studies on the aluminum panel.

The effect of the thermal model on the maximum substrate temperature for the
beryllium test panel is shown in Fig. 2. 1-7. These results indicate the one -dimensional
thermal model is adequate for insulation sizing.

Also , the results show the effect of backface boundary conditions on the maximum
panel temperature . If the panel is sized with an adiabatic boundary condition for a
600°F temperature and tested with a nonadiabatic boundary condition, the maximum
temperature will be about 490°F. The same result is shown in Fig. 6.3-14 for the
one -dimensional model. The same comparison between the one- and two-dimensional
thermal models would exist for the flight panels with either adiabatic or nonadiabatic

assumed boundary conditions.

2.1-7
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2.2 STRUCTURAL CONSIDERATIONS FOR LI-1500 SUBSTRATES

Methods of Optimization and Analysis

Subpanels. In this TPS concept, easily removable units called subpanels are mounted
above the vehicle primary structure. These subpanels, which are covered with

LI-1500 tiles, are designed to carry only airloads over spans which generally corre-

spond to major frame or rib spacings. Because only minor support is provided at the

panel edges that are perpendicular to the frames or ribs, simple beam analysis is
used in the design and analysis. Bending stresses obtained in this manner based on

simply supported edge conditions, are compared with local instability allowables for

the extreme fiber elements in compression and with the material ultimate tensile

properties for the extreme fiber elements in tension. Also, attention is directed to

the maximum deflection of the panel and the effect of this deflection upon the design

of the LI-1500 tiles.

Panel designs somewhat lighter than those developed here could be achieved if local

instability criteria on the skin were relaxed. This could be done to some extent,

since the bond and the LI-1500 tile act to stabilize the skin. However, the extent of

stabilization is likely to be small and would involve an added analysis effort as well

as one more optimization loop in the overall TPS design. In addition, further testing

would be required. At this time, LMSC does not consider possible skin buckling to

be compatible with a substructure that must maintain close tolerance tile alignments

to prevent local increases in heating and erosion.

This type of analysis is easily coded for the computer to perform structural optimization

studies. LMSC has developed a code, called SUBPAN, which has been used in the pre-
sent program. The code may be used to optimize several subpanel material/config-

uration combinations. Mechanical properties for a number of materials are stored
in the program as a function of temperature. These materials include titanium,

beryllium, graphite-epoxy, and aluminum. Alternately, mechanical properties for

other materials may be read in. The configurations that may be called include zee-

stiffened subpanels, trapezoidal corrugation-stiffened subpanels, honeycomb-sandwich

subpanels, integral L-stiffened subpanels, and plane trapezoidal corrugated subpanels.

2.2-1
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Data needed to operate this code include panel length, design temperature, and pressure
(burst and/or collapse), plus definition of the practical restraints involved and the
selection of material and configuration. The practical restraints generally include
specification of the minimum gages permissible and the widths of section elements
that are fixed by practical considerations (e.g., zee-stiffener attach-flange width).

The code is patterned after work reported in the literature on the optimization of beams,
which has shown that, for practical designs, the analysis must be set in terms of both
permissible deflection and permissible bending stress. Beams optimized to a deflection
criterion alone tend to be deep with thin sections, while beams optimized to a stress
criterion alone tend to be shallow and flexible. In the LMSC code, the deflection cri-
terion is stated as a maximum permitted at the center of the panel, under the applica-
tion of limit loads, and it may be varied as desired. Because the subpanels must
have a capability for carrying burst pressures as well as collapse pressures, and some
configurations are unsymmetrical, both tensile and compressive outer-fiber stresses
are computed on either side of the neutral axis to ensure that allowable stresses are
not exceeded. The search for the lightest design meeting the criteria established,
while satisfying the constraints imposed, is limited to standard sheet gages. Also,
properties for a number of standard commercially available honeycomb cores have
been stored in the program to ensure this standardization feature for honeycomb -
sandwich subpanel optimization.

Primary Structure. LI-1500 is also proposed for direct application to primary struc-
ture. These panels carry direct axial loads, both tension and compression, in addition
to airloads. For the purposes of this program, the primary structure panels are con-
sidered to be flat and very wide in comparison to their length; therefore, the conditions
along the unloaded edges are not important and the panels may be analyzed as beam
columns. An appropriate closed-form solution for uniformly loaded, simply supported,
beam columns of uniform cross-section may be found in Timoshenko's "Theory of
Elastic Stability." This type of edge support is probably conservative for most appli-
cations , particularly those in which the panels are continuous over intermediate
supports. However, the use of more realistic edge conditions depends upon the detail
definition of the intermediate supports and their resistance to rotation under load.

2.2-2
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Stresses applied to the cross-section are equal to the sum of the direct stress plus

bending stress due to the beam-column action. These stresses are compared with

compressive and tensile stress allowables at the section outer fibers as described

above for subpanels. In a similar way, the effect of deflection due to beam-column

action upon the LI-1500 tile design also is considered.

Data for use in the design of beam-columns are shown in Figs. 2.2-1 and 2. These

figures yield stiffness requirements as a function of the uniformly applied pressure p,

axial line load P, and the maximum deflection A . Intercept points along the

ordinate correspond to Euler-column stiffness values; the bottom curve represents

a beam subject to uniform lateral pressure alone. Although the beam-column analysis

itself is nonlinear, these curves are extremely close to being linear. Hence, the

required stiffness can be very closely approximated as the sum of that necessary to

limit the deflection due to the pressure and that required to resist column buckling,

i.e..

E!
reqd 384 A

max

Beam-column analysis has been computerized at LMSC and used in the design and

analysis of the prototype panels. This code, PRIPAN, has been integrated into the

existing computer program for the structural optimization of subpanels by merely

redefining the stiffness requirements for the section and utilizing the existing search

techniques. Before this work was completed, structural optimization of primary

structure panels was performed using wide -column minimum weight solutions that

were perturbed according to a fixed interaction equation to account for pressure

effects. Beam-column analysis checks subsequently were performed to verify and/or

modify the resulting designs.

Comparative results between the two methods are shown in Table 2.2-1 for the three

deliverable panels. In each case, the attach flange dimension, az, was specified

and held constant through the optimization process. The designs labeled (a) represent

the wide-column optimum, whereas the designs identified by (b) were generated by the

2.2-3
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beam-column optimization analysis. It is interesting to see that the latter method
produces a design very close to that from the wide-column method (except for panel
4) but that a lighter (smaller t ) design exists with thinner gauges and a closer zee-
spacing. Although t is less, the rivet weight has not been included in the calculation,
and it may well be that the additional rivets needed would offset the expected reduction
in weight. As it is, the close zee-spacing would preclude the use of such a design,
since it would be difficult to insert the rivets. In addition, the number of stiffeners

would be increased for a given panel, resulting in a cost increase.

For panel 4, the results seem to indicate that the design obtained originally is not

conservative. Comparing this design with the results from the optimization computer
code (the *b' designs), it appears that the skin b/t ratio is too large. Reexamination

of the analysis for this design shows that skin buckling has been based on an assumption

of greater-than-simple support of the skin at the stiffeners. This was considered

acceptable, because the stresses are due to pressure loads that are assumed to force

an inward buckle pattern between stiffeners in all bays. In the optimization computer

code, simply supported edge conditions are assumed in order to eliminate any un-
certainty on this point. As a result, higher T's are obtained, which are probably more

realistic for vehicle hardware designs.

2.2-7
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2.3 RSI STRESS ANALYSIS AND MODELING

The work described here is an outline of the development of a linearized two-dimensional
model to approximate the behavior of the RSI panel under combined mechanical and
thermal loads. Included is a discussion of the two-dimensional (2-D) finite element
code, WILSON, and its subsequent application to modeling of the panel. This method
represents the baseline analytical technique used for the RSI stress analysis. The
three -dimensional (3-D) program, SAP, which is being used to verify the validity of
a 2-D analysis, also is discussed, and comparisons of the two methods are presented.
The manner of temperature-profile modeling through the RSI thickness is discussed
as well as the effect of using isotropic material properties for LI-1500 early in the
program before data were available to show the orthotropic nature of the material.
Finally, nonlinear beam-column effects are discussed.

2-D WILSON Program

This code is a two-dimensional finite element program, capable of performing either
plane-stress or plane-strain analyses for orthotropic temperature-dependent material
properties. The version in use incorporates double precision arithmetic to account
for the wide range of elastic and geometric properties of the materials in the TPS
panel design. Program parameters are given in Table 2.3-1.

2-D RSI System Model

The way in which one half of the TPS panel is modeled for the WILSON code is shown
in Fig. 2.3-1 where it is noted that the panel is assumed to be simply supported. The
substrate stiffeners and skin are replaced by an effective substructure material whose
elastic properties are those of the substrate but with thickness based on the bending
stiffness of the actual panel substrate*. As seen in the model, two layers of elements
are used for the effective substructure, one layer for the bond, eight for the LI-1500,
and one layer for the coating. The reason for different size elements in the LI-1500

is that if the coating is lapped over the edges, numerical inaccuracies can occur due
to elastic and geometric property mismatch. The effect of element aspect ratio also
has been studied to minimize these sources of inaccuracy.

*This is the thickness listed with all stress analysis results in this report, in contrast
to an effective thickness based on weight which is used for thermal analyses.

34<
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To determine stress variations in the direction perpendicular to the stiffeners, a
different model for the WILSON code is necessary (see Fig. 2.3-2). Here the discrete
stiffeners are replaced by springs having the stiffness associated with bending of the
actual stiffeners at midspan.

Due to mechanical and thermal loads, the panel experiences bending, but it is found
that the in-plane strain of the substrate is the primary source of RSI stressing. It
has been ascertained that the effective thickness model has negligible effects on the
location of the neutral axis of the overall RSI system model in the bending mode.
In-plane line loads in the primary structure panels are proportioned to the effective
thickness so that in-plane substructure stress and strain levels are those of the
actual panel.

Effect of Orthotropic LI-1500 Material Properties

Isotropic elastic moduli were assumed for initial parametric studies. After the ortho-
tropic data were obtained, a comparison was drawn to see what effect the use of iso-
tropic data would have on the early parametric studies. The results of this check are
shown in Table 2.3-2, which presents the RSI system stress levels of interest. Maxi-
mum effects are noted in coating stresses that go down markedly, but some LI-1500
stress components do go up somewhat. Although stress magnitudes are dependent upon
anisotropic effects, the general conclusions of the initial parametric studies carried
out with isotropic data continue to hold; all subsequent studies and prototype panel
verification calculations utilize orthotropic property data.

Plane Stress/Plane Strain Comparison

Plane-stress analyses were used to accomplish initial studies in the TPS program;
however, a plane-strain solution was used for direct comparison. The case studied
is for a beryllium subpanel with 600 F backface temperature and a 1.14 burst pressure.
The analysis assumed isotropic LI-1500 elastic properties with E = 60,000 psi, and the
expansion coefficients of each material in the third direction have been set to zero. The
comparisons are shown in Table 2.3-3, where it is noted that there is very little
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difference in the two solutions except, of course, for the normal stress in the third

direction, <j_. This stress is due to the restraint of Poisson effects in the third direc-
tion and would apply only for a tile infinitely long in that direction. Hence, Poisson
effects can be bounded by the two solutions, although it is expected that they are of

less importance than other three-dimensional effects.

Linear/Nonlinear Temperature Study

Temperature distributions through the LI-1500 thickness during reentry are nonlinear,

while those of the ground conditions are linear. To determine what effect the nonlinear
distribution has on the RSI stress levels, the most nonlinear case has been compared

with a linear distribution joining the same surface and backface temperatures. These
results are reported in Table 2.3-4, where it is seen that all stress levels are within
5 percent, with the exception of coating stresses, which are greater in the linear case,
although they are not critical. These results do not affect present stress analyses,
since the actual temperature distributions are used. However, Table 2.3-4 indicates
that a linear approximation could be made without impacting RSI panel designs.

3-D SAP Program

The program used for the three-dimensional analysis of the thermal protection system
test panels is a version of SAP, a general finite element program developed by E. Wilson
of the University of California at Berkeley. * " ' Two types of elements are available in
this version: a four-node numerically integrated plane stress quadrilateral (QMS) and
an eight-node isoparametric hexahedral element (BRICKS). The BRICKS element,

was modified to include a general temperature distribution within the element.
Although the program may be run on either the UNTVAC 1108 or the CDC 6600 com-

puter, increased numerical accuracy due to a larger word size makes CDC the first
choice.

_i \
'SAP, A General Structural Analysis Program, E. L. Wilson, Report to Walla Walla
District's U. S. Engineer's Office, Structural Engineering Laboratory, University
of California, Berkeley, California, Sep 1970
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3-D RSI System Model

The case chosen for analysis is a 24 x 24 in. beryllium subpanel. Since the panel is
symmetrical in two directions about its center, only one quarter of the panel was
modeled. Each panel is composed of four 12 x 12 in. LI-1500 tiles, so only the beryl-
lium substructure is assumed continuous across the symmetry planes and the panel is
simply supported along its unstiffened edge. Six layers of BRICKS elements are used
in the model— four layers through the LI-1500 insulation, one layer through the bond,
and one layer through the beryllium. Along the stiffened edge of the panel, an additional
layer of BRICKS elements is used to model the edge stiffener base. Plane stress QMS
elements are used to model the coating on the outside of the LI-1500 and the longitudinal
beryllium stiffeners. The completed model is illustrated in Fig. 2.3-3 with a view
looking up under the panel. SAP code parameters for this model are summarized in
Table 2.3-1.

Temperature for the problem was assumed to be 600°F throughout the beryllium and
the bond, and decreasing linearly from 600°F to 75°F through the LI-1500 with the
stress-free temperature being 75 F. A burst pressure of 1.14 psi was applied to the
beryllium panel.

2-D, 3-D Stress Analysis Comparisons

Results of a 3-D SAP analysis of the RSI panel are given in Figs. 2.3-4 through 2.3-9
with comparisons from the 2-D WILSON analysis using the model of Fig. 2.3-1 for
stress variations in the direction of the stiffeners and that of Fig. 2.3-2 for stress
variation in the direction transverse to the stiffeners: The maximum longitudinal
stress in the LI-1500 is shown in Fig. 2.3-4 where it is seen that the 2-D analysis
tends to underestimate that of the 3-D analysis. This is not unexpected as the 2-D
results represent some averaged behavior of the panel, whereas the 3-D results shown
are maximums at the center of the tile. In addition, the 2-D analysis cannot represent
the temperature effects in the third direction and, of course, this comment applies to
comparison of other stress components as well. Although the results for the stiffener

2. 3-10
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direction differ to a greater extent than those for the transverse direction, this
difference does not affect panel designs, because the maximum LI-1500 longitudinal
stresses occur in the transverse direction and the 2-D and 3-D results are much
closer here.

LI-1500 shear stress is presented in Fig. 2.3-5 where it is noted that the results are
in good agreement and that the 2-D analysis tends to overestimate the maximum shear,
hence lending some conservatism to the panel designs since the LI-1500 shear stress
is a critical design quantity. This overestimate is typical as stress singularities in
two dimensions are stronger than in three dimensions, because there is an extra dimen-
sion in which the stress can decay in this case.

LI-1500 peel stress (i.e. , the normal stress component perpendicular to the plate) is
shown in Fig. 2.3-6. The three curves in this figure cannot rigorously be compared
with one another as will be explained; however , they provide a means of assessing
2-D analysis methods as applied to the RSI plate. The solid curve represents the 2-D
analysis in the stiffened direction while that indicated by circles is for the same
direction but is an average taken in the transverse direction of the 3-D results. Hence,
this represents some mean or uniform behavior which is what a 2-D analysis should
predict. As can be seen, the curves agree reasonably well except at the ends where
2-D analysis overestimates this average 3-D behavior. However, the maximum peel
stresses that occur at the ends of the tile are greater than the 2-D results and the
curve marked with triangles shows the variation along one edge of a tile in the trans-
verse rather than the stiffener direction. Thus, 2-D analysis underestimates the
maximum peel stress.

Since the peel stress arises due to equibrium conditions involving shear stresses that
occur in both the stiffened and transverse directions of the panel, the total peel stress
at a corner is actually due to shear components in both these directions. Therefore,
a 2-D analysis in the transverse direction will produce peel stresses which should be
additive in some way at the corner to the 2-D results from a stiffened direction
analysis. This sum is shown as the two points marked with squares in Fig. 2.3-6 at
either end of the tile; as can be seen, the correlation is relatively good. Although 2-D
analysis is not capable of determining the actual variation of peel stress across the

2.3-18
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panel in both directions shown in Fig. 2. 3-7 (as determined from the 3-D analysis), the 2-D

method is apparently able to estimate maximum values reasonably well for this stress

component.

Comparisons of coating stresses are given in Fig. 2.3-8, where it is noted that 2-D and

3-D results agree quite well for the stiffener direction. The discrepancy in the trans-

verse direction is due to the sensitivity of the spring -mounted model of Fig. 2.3-2.
The springs tend to perturb some stress components near the center of the tile leading

to dubious values there. To correct the situation, a means of improving this 2-D
model is being sought.

A final result of the 3-D analysis is the deflected shape of a quarter panel shown in

Fig. 2.3-9 where a magnification of 100 has been applied to the deformation field.

The thermal expansion interaction with bonded tiles and unequal panel stiffness in the

two directions leads to an anticlastic surface which is not determinable by 2-D methods.
On the other hand, 2-D methods would apply if only mechanical pressure and axial

loads were to act, to the exclusion of the temperature field. Hence, 2-D analyses

must be conducted in both directions to ensure adequate TPS panel designs, since
the substrate experiences significant temperature increases.

RSI Panel Response to Substrate Strain

This section considers the physical behavior of an RSI panel which experiences

thermal straining of the substrate. Referring to the series of sketches in Fig. 2.3-10,

the unloaded panel is shown in (a.). Under the temperature rise from ambient given
in (b.), the tile and substrate would expand in a stress-free manner if the bond were
not present. One affect of the bond causes the tile to be loaded by shear stresses

along its lower edge and leads to longitudinal tensile stresses ,aT, which are maximum

at the center of the tile near the bondline as shown in (c.). The shear stresses are

maximum near the ends of the tile. To conform with the lack of curvature in the
expanded substructure, self -equilibrating normal stresses develop and are transmitted

through the bond,causing a reverse bending of the tile as shown in (d.). These are

also maximum near the ends of the tile. This reverse bending gives rise to longitudinal
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compressive stress, CTC ̂ at the bondline. The total state of stress in the tile is then
a summation of (c.) and (d.) as shown in (e.).

The resultant longitudinal stress is always tensile and maximum at the bondline for
the temperature distribution shown in (b.). The reverse bending due to normal stresses
merely reduces the intensity of the longitudinal stresses.

It is important to note the role of the bending stiffness of the substructure on this
final state of stress. For very small El values, the substrate would conform to the
tile curvature with little normal stress arising; hence, the maximum longitudinal
stress would not be reduced and this stress component would be a driving parameter
on tile designs. On the other hand, for very high El values, the tile would be pulled
back to conform with the undeformed substrate,causing large normal stresses which
would reduce the magnitude of the longitudinal tensile stress. Since maximum shear
stresses in the LI-1500 are due mainly to the differential expansion of the panel com-
ponents and not on the substructure bending stiffness to any marked degree, this case
would lead to critical states of shear and normal stress near the ends of the tile.
Hence, two failure modes of the tile are possible:

• Stiff substrate conducive to combined normal stress/shear stress failure
mode near ends of the tile

• Flexible substrate conducive to longitudinal tensile stress/normal com-
pressive stress failure mode at center of the tile

Each of these possible modes must be considered in rational TPS panel design. This
is particularly important, since the designs incorporate stiffening in one direction
only, thus lending a preference to one failure mode or another depending upon direction
in the plane of the panel.

A comparative 2-D WILSON study showing these effects is given in Table 2.3-5. The
panel geometry is that used for the 2-D, 3-D comparisons discussed earlier. The
first case in Table 2.3-5 represents the panel in the stiffener direction while the
second case considers only the plate thickness (t = 0.040 in.) of the substructure
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(an extreme case for the transverse direction). A more realistic third case in this
direction was analyzed which considered the spring supports provided by the longitudinal
stiffeners.

A final comment must be made on these results and their associated failure modes.
The presence of a small normal compressive stress at the same location as a large
longitudinal tensile stress as shown in Fig. 2.3-10e would not be expected to affect
LI-1500 allowables so that the uniaxial strong-direction tensile allowable given in
Table 6.2-1 could be used for design. However, this conclusion does not necessarily
apply to the combined normal stress/shear stress state near the ends of the tile;
hence, combined stress testing is necessary to establish the interactive effect of
these stress components on LJ-1500 failure. Preliminary results of such testing
are discussed in Section 2.5.

Beam-Column Effect on RSI Stresses

To account for the magnification of deflections and bending moments in the RSI panel
when a compressive in-plane load acts in conjunction with a uniform pressure field,
several runs were made for the worst case shown in Table 2.3-6. This is panel
No. 3 for which a linear analysis products a maximum deflection of 0.016 in.,
whereas the nonlinear beam-column solution shows that this value is actually amplified
by a factor of 5.2 giving a result of 0.087 in. To account for this increase in deflection
in the 2-D linear WILSON analysis of the RSI tile, several runs were made in which the
pressure applied to the panel was multiplied by this factor. Clearly, such a procedure
would lead to higher than actual stress levels; however, as seen from Table 2.3-5, the
stress levels are still very low and indicate that beam-column bending effects on the
RSI tile are overshadowed by the in-plane strain effects.
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2.4 DYNAMIC ANALYSIS

Sonic-fatigue and flutter stability analyses are required to verify TPS panel integrity
under flight loading/environment criteria. RMS stress levels are found for panel
substrates due to acoustic excitation of the lowest structural mode. The methodology
employed is discussed in Appendix D where results for the deliverable panels are
developed.

Also, flutter analyses, with results, are presented in Appendix D. These consider
both the complete panel mode as well as the inter-stiffener flutter case.
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2.5 COMPARISON OF METHODS WITH EXPERIMENTAL RESULTS

Thermal Analysis

Temperature predictions were performed for the 100-cycle LI-1500 tests described in

Section 3, Volume I, of this report using the following groundrules and assumptions:

a. THERM computer code

b. One-dimensional thermal model

c. Variation of thermal conductivity and specific heat from Tables 6.2-5 and

6.2-6, density = 15 lb/ft3

d. Input measured surface temperature as boundary condition

e. Adiabatic substrate

f. 0.030 in. RTV-560 adhesive between LI-1500 and aluminum substrate

The measured temperature histories are shown in Figs. 2.5-la, b, c, and d for the

instrumented LI-1500 specimen with the 0042 coating (TT-42-6). Data are plotted for

the 4th, 47th, 75th and 100th thermal cycles. The consistency and repeatability of the

measured temperature data are noted in these figures. Also, the repeatability demon-

strates the thermal stability of the LI-1500.

Fig» 2.5-la shows a comparison of measured and predicted temperatures at various

locations within the LI-1500. Since the specimens were bonded to 0.125 in. aluminum

substrates, which were placed on a second piece of 0.125 in. aluminum, the predictions

were made for two substrate thicknesses. As showri, the effect of the substrate upon

the predicted temperature becomes negligible at depths between 1.3 and 2.09 in. The

effect is small at a depth of 2.09 in. The predictions also were complicated by the

fact that the contact resistance between the two 0.125 in. aluminum plates was not

known and the adiabatic boundary condition was not met.

A summary of the peak-predicted and measured temperatures for the 4th, 47th, 75th,

and 100th cycles is shown in Fig. 2.5-2., showing excellent overall correlation.
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Figs. 2.5-3a, b, c, and d show measured temperature histories for specimens TT-42-4,

the integral silicon-carbide coated specimen, for the 4th, 47th, 75th, and 100th cycles.

The first thermocouple failed sometime after the 47th cycle, and no data are shown for
the 75th and 100th cycles.

The excellent repeatability of the measured data is also shown in Fig. 2.5-4 where the

peak measured temperatures for the 4th, 47th, 75th, and 100th cycles are compared
to the predicted values.

Even after 83.3 hours of accumulated thermal exposure with about 4.17 hours at the

peak temperature of 2500°F and 14 hours above 2300°F, the use of the as-fabricated

thermal conductivity values results in good agreement between the measured and pre-

dicted temperatures for both instrumented specimens TT-42-4 and TT-42-6.

RSI Failure Analysis

Potential failure mode characteristics of the LI-1500 coating and attachments are to

be identified through both testing efforts and analytical investigations. The efforts per-

formed under this task have concentrated on the overstress mechanical and thermal
loading of the composite TPS as a primary failure mode. However, under actual flight

conditions, the LI-1500 will be subjected to combined stresses, and the value of uni-

axial allowable results are somewhat questionable for the actual use conditions. To

become fully acquainted with a new material's capabilities, it is necessary to first

establish its uniaxial properties. Once these properties are established, combined

stress states must be investigated. Although LMSC is not completely satisfied with

the uniaxial results and realizes more data points are required, a series of combined

shear and tension tests have been performed in an effort to determine the allowables

in me weak shear/tension directions (i. e., shear parallel to the fiber-orientation
direction and tension normal to the fiber-orientation direction). This particular com-

bination of stress components is one critical design condition and occurs near the ends

of a tile. Boom temperature tests were performed in the torsion tester (described in
Section 4 of Vol I) through a modification of the test fixture that allowed a predetermined

tension load to be put on the shear specimens prior to application of the torque load.
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Of course, the results of these tests suffer from the same conditions of nonuniformity

of the state-of-stress as discussed in Section 4 of Vol I. However, the results provide

lower bounds on the failure envelope and offer preliminary guidelines for future work.

Ideally, such tests should be carried out on thin-walled cylinders in a combined tension-

torsion mode; however, due to basic LI-1500 characteristics, such cylinders would

have to be at least 4-in. long with a 3 to 4 in. outer diameter and a 3/8-in. wall thick-
ness, minimum. Such dimensions would require large quantities of LI-1500, and the

close tolerance machining required for meaningful data might not be practical.

The results of preliminary testing are summarized in Fig. 2.5-5 and Table 2.5-1.

These apply to LI-1500 of various densities for a restricted range of weak direction

tension a , which was dictated by test apparatus limitations for the denser materials.
The data appear to correspond to a linear failure criterion, which is not precluded by

any theoretical considerations but seems to indicate a large degree of interaction be-

tween these stress components. By way of contrast, no interaction would be charac-

terized by a rectangular profile joining the uniaxial allowables.

To demonstrate the combined shear/normal stress failure mode and verify analytical

techniques, a test specimen has been fabricated and tested. Fig. 2.5-6 shows a sche-

matic of the test specimen, which consists of two small LI-1500 tiles (with the 0042

coating) bonded to an aluminum substrate. The bonding agent is RTV-560 and was

sized to 0.020-in. thickness to ensure LI-1500 overstress conditions at loads below
the aluminum yield."

A stress analysis was performed, using the methods discussed in Section 2.3 for tensile
loads in the aluminum plate. The specimen was then pulled to a load sufficient to

severely damage the LI-1500, and the results of this test are shown in Fig. 2.5-7.

Photographs of the specimen (before and after) are shown in Fig. 2.5-8a and b, while

acoustic emission data for the test are shown in Fig. 2.5.9. The spike in the center

2.5-9
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of the oscilloscope trace represents the first sign of failure although no visual cracking

was noted. This phenomenon was audible to test observers. As seen from Fig. 2.5-7,

this spike occurred at a load corresponding to the combined shear and normal stress

criterion, although the ultimate strength was not reached until twice this load. Stress

levels at ultimate are recorded in Table 2.5-2, while the combined stress-failure point

is shown in Fig. 2.5-5.

The test results seem to substantiate the analytical predictions in that some initial

cracking evidently occurred at the predicted combined shear and peel stress allowable

cutoff. However, it is rather difficult to draw conclusions on the basis of only one, test.

Similar results have also been noted concerning a titanium wing panel designed under

the preceding contract (NAS 9-11222). This panel withstood an axial line load equivalent

to 60,000 psi with a backface temperature of 320°F without experiencing the failure mode
/2_i\

discussed here. * ; Stress levels computed for this test are summarized in Table 2.5-3,

and the state of combined stress is also shown in Fig. 2. 5-5 as the point not only outside

the linear interaction curve but the. no-inter action curve as well.

A final example of analysis/experimental comparison concerns Aluminum Flight Panel

No. 2 discussed in Section 5.1 of Volume I. The panel was safely subjected to a thermal

environment alone and the corresponding maximum stress levels predicted by a 2-D

WILSON analysis are shown in Table 2.5-4. Comparison of the shear/normal stresses

of this table with the linear interaction curve of Fig. 2.5-5 shows that the associated

stress point falls inside the line in this case.

It is concluded that more testing must be conducted for analytical verification and failure

mode analysis.

according to NASA document ES65-9/2/71-099 supplied by ES6/Chief,
Structural Test Branch, G. E. Griffith
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Section 3

PARAMETRIC STUDIES

Variables of both material and application must be considered in the methodology

effort. This section presents the studies performed by LMSC considering the variables

expected to influence. TPS design. Variations due to the following parameters are

presented:

• Thermophysical/Mechanical Property Variations

a. Substrate Material Parametric Studies

b. Effect of LI-1500 Conductivity on Required LI-1500 Thickness

c. Coating Modulus Effects on RSI Stress Levels

d. Effect of LI-1500 Modulus on RSI Stress Levels
s

e. Effects of Bond Moduli Variation on RSI Stress Levels

f. Integral Coating Concept

g. Effects of Thermal Cycling on LI-1500

• Design Details Variations

a. Substrate Configuration Parametric Studies

b. Effect of Bond Thickness on Required LI-1500 Thickness

c. Effect of Coating Thickness on RSI Stress Levels

d. Stress Variations due to 11-1500 Thickness

e. Bond Thickness Effects on Stress Levels

f. Gap and Joint Studies

g. Effects of Coating Texturing and Discontinuities on RSI Stress Levels

h. Effects of Partial Bonding and Bond Discontinuities on RSI Stress Levels

i. Mechanical Fastener Study

3.0-1
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j. Tile Size Influence on RSI Stress Levels

k. Effects of Different Coating Configurations on RSI Stress Levels

1. RSI Tile Bonded to Corrugated Substrate

m- Effect of Tile Size on Coating Weight

n. Strain Arrestor Plate

o. Lightweight Core Concept

p. Effect of Contact Conductance on Stiffener Temperatures

q. Effect of Discontinuous Bond on Substrate Temperatures

r. Thermal Analysis of FI-600 Filler Strip

• Environmental Variations

a. Coating Stress During Reentry

b. Orbital Cold Soak Conditipn

It should be noted that substrate thicknesses listed with stress analyses in the studies
are based on the bending stiffness of the substrate. This is in contrast to the effective
thickness based on weight which is used in the thermal analyses.

Application of RSI to both subpanels and primary structure is considered. The impor-
tant variables examined here are listed in Table 3.0-1 while the results of the studies
are summarized in Section 3.4.

3.0-2
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3.1 THERMOPHYSICAL/MECHANICAL PROPERTY VARIATIONS

Substrate Material Parametric Studies

To provide insight into the selection of materials for optimum subpanels and primary

structure weight, ratios can be presented in the form:

1

i ft 'wi ~*i
where

W = T-p = weight per unit surface area

T = weight - equivalent flat - plate thickness

P = material density

Tf = ET/E

ET is the tangent modulus at a stress level corresponding to a given constant axial line

load. The value of the exponent n is usually 2.0 for conventionally stiffened configu-

rations composed of straight elements but is smaller for configurations with curved

elements.

This equation, which corresponds to wide column structural optimization data (see

Section 3.2), may be rewritten using beryllium as the base material:

WBe

Beryllium has been used for convenience in presenting the results as it turns out to

be a lower bond for the other materials considered. The above form of the equation

permits the comparison of a number of materials in both the elastic and plastic stress

ranges for a given value of n. Using n, = 2, the results shown in Figs. 3.1-1 and

3.1-2 are obtained. These figures have been developed for room temperature and

600°F material properties, respectively.

3.1-1
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Parallel lines in the figures represent complimentary areas of elasticity in the materials
while curved lines represent plasticity effects. The majority of the curved lines are in
a downward direction indicating plasticity in the beryllium. The lone exception is
HM21A-T8 magnesium, curving upward, indicating plasticity in the magnesium at cor-
responding stresses in the beryllium which are elastic. It is clear from the figures
that beryllium is the most efficient material among those studied when the optimum
stress is below the proportional limit for beryllium. At optimum stresses above this
point, beryllium's advantage drops off rather rapidly.

The data of Figs. 3.1-1 and 3.1-2 must of course be interpreted qualitatively inasmuch
as subpanels and primary structure panels are not classed as wide columns. However,
in primary structure panels the difference lies only in the added bending due to air
loads; thus, it would seem logical to view these figures in terms of the maximum outer
fiber compressive stress rather than a uniform compressive stress. The same analogy
may be applied to subpanels.

• \
In the case of primary structure panels under moderate axial loads (1500-3000 ppi),
the stress corresponding to optimum design for panel lengths of about 25 in. is above
the proportional limit for beryllium. The additional compressive stress due to bending
under air loads essentially eliminates beryllium from consideration due to the high
degree of plasticity. Figure 3.1-1 shows that fibrous graphite systems are better
candidates in these applications at room temperature, followed by aluminum, titanium,
and steels in that order. For immediate design use, aluminum and titanium are prime
choices.

The situation with regard to subpanels is different in that the total compressive stress
is due to bending from airloads. In this case, stresses for optimum design, while
usually in the plastic range for beryllium, are sufficiently low that beryllium is the best
choice of material. The stress level for optimum design is controlled to some degree
by the constraint on maximum deflection which prevents shallow, highly stressed
designs. The curves in Figs. 3.1-1 and 3.1-2 show that graphite polyimide is pro-
jected to be very competitive with beryllium in this application; however, LMSC does
not consider G/P to be a production material at the present time due to lack of test
data and problems of quality control.

3.1-4
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it is of interest to note that charts of this type show greater spread between curves

when drawn to represent more efficient structural configurations.' ' Thus, the

position of beryllium in the elastic stress range improves relative to other materials

for configurations without flat sheets (see Fig. 3.2-1).

Effect of LJ-1500 Conductivity on Required LJ-1500 Thickness

As noted from Fig. 3.1-3, at 2000°F the vacuum thermal conductivity of LI-1500 is

about 45 percent of the 1 ATM value. Hence, the sizing for flight panels assumes

that the pressure within the LI-1500 during entry equals the local static pressure at

the edge of the boundary layer (see Section 6.3). During entry, a pressure lag will

probably exist, allowing the actual pressure within the LI-1500 to lag the local static

pressure; therefore, use of the local static pressure will result in conservative

LI-1500 thickness requirements.

Figure 3.1-4 shows a comparison of the U-1500 thickness requirements for a beryl-

lium flight and 1 ATM test panel. The flight panel results were obtained using the tem-

perature and pressure histories for Area 2 (shown in Fig. 6.3-5) to determine the
thermal conductivity of LI-1500. The test panel results utilized the 1-ATM thermal

conductivity values.

For example, with a maximum substrate temperature of 600°F, the LJ-1500 require-
ments are reduced about 31 percent from 2.1 to 1.45 in. of LI-1500, as seen from

Fig. 3.1-4. Similar reductions can be obtained for the other three flight panels.

Table 3.1-1 shows a comparison of LI-1500 thickness and unit weight between the

flight and test panels. In all cases, the flight panels require about 24 to 38 percent

less LI-1500 and are 10 to 17 percent lighter in unit weight than the 1 ATM test panels.

Crawford, R. F. and Burns, A.B. , "Strength, Efficiency, and Design Data for
Beryllium Structures", ASD TR 61-692, February 1962
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Table 3.1-1

COMPARISON OF PROTOTYPE PANELS FOR TEST AND FLIGHT

Panel
No.

1

2

3

4

Description

Beryllium Subpanel
Application t = 0. 064 in. ,
0. 090 in. , RTV-560 Adhesive

Aluminum Primary Structure
Application t = 0. 125 in. ,
0.090 in., RTV-560 Adhesive

Aluminum Primary Structure
Application t = 0. 154 in. ,
0.090 in. , RTV-560 Adhesive

Titanium Primary Structure
Application 1 = 0 . 097 in. ,
0. 090 in. , RTV-560 Adhesive

Orbiter
Area

2

2

1

\

2

Panel
Design
Temp

600°F

300°F

300°F

600°F

LI-1500
Thickness~in.

Test1

Panel

1.89

3.34'

1.85

2.00

Flight2
Panel

1.25

2.52

1.40

1.35

Panel Unit
Weight -Ib/ft2

Test1

3.6
(5.2)*

6.6

5,2

5.4

Flight2

2.8
(4.6)*

5.7

4.8

4.7

LI-1500 thermal conductivity is a function of temperature only (pressure = 1 atm)
2
LI-1500 thermal conductivity is a function of temperature and pressure

*Value includes the weight of a t =0.114 in. aluminum primary structure

3.1-8
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Coating Modulus Effects on RSI Stress Levels

Variations of coating modulus are primarily reflected in coating stress levels. The

results of this study are summarized in Fig. 3.1-5 for a beryllium subpanel using an

isotropic plane stress WILSON analysis. From these curves, it is apparent that the

"driver" is principally the thermal loading, although the direction of the applied

pressure is important. In effect, the temperature rise induces a tensile field in the

coating while bending effects due to the pressure field either add or subtract from the

thermal effect. These general conclusions are also representative of other panel

configurations.

Effect of LI-1500 Modulus on RSI Stress Levels

The effect of varying Young's modulus for an assumed isotropic LI-1500 material is
summarized in Figs. 3.1-6 through 3.1-9. These studies were carried out early in
the program before anisotropic data on LI-1500 were available. Some comparisons
of isotropic versus anisotropic analysis are presented in Section 2.3. The curves

show increasing LI-1500 stress with increasing modulus, which is consistent with

the substrate strain being the driving variable. On the other hand, the RTV-560 peel

stress appears insensitive to LI-1500 modulus. As might be expected, coating stress
decreases as the LI-1500 and the coating moduli tend toward each other. Finally, the

maximum principal tensile stress and the maximum shear in the RTV are seen to

increase with increasing LI-1500 modulus. A beryllium subpanel with a 600 F backfac

temperature and a 1.14-psi burst pressure was chosen for this study.

Effect of Bond Moduli Variation on RSI Stress Levels

The sensitivity of RSI stresses to variations of Young's modulus, ERTV, and Poisson's

ratio, MRTV' are summarize<^ in Tables 3.1-2 and 3.1-3. As would be expected,
lower values of £„„„,. provide more effective strain isolation as seen in Table 3.1-2,

rt 1 V

indicating a iactor of approximately 2 in LI-1500 stresses for the values investigated.

These changes amount to about 20 percent when Poisson's ratio is varied over the
range chosen. It is expected that MRTV for RTV-560 is closer to 0.5, which is the

3.1-9
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Ô
u

- ZZ .Z .5;

CM —oocno-^fO

n n ll it n n n n

UJ

to
Ez <

0. U < OC _l U H- H-



LMSC-D152738
VolH

theoretical value for an incompressible material. These tables have been constructed

with data corresponding to a critical loading case of an aluminum primary structure

panel; similar results would be expected under other conditions.

Integral Coating Concept

Since LI-1500 can be locally densified in a surface layer, a study was performed to

ascertain what effects this might have on an RSI system design. In Fig. 3.1-10 are

shown typical bounding profiles of density variation; Figs. 3.1-11 and 3.1-12 present

strong direction elastic modulus and strength of LI-1500 as functions of density.

Comparative results for'a beryllium subpanel (Table 3.1-4) show that there is virtually

no difference in stress levels for the thin or thick profile, except for the coating

(densified layer) stress. It is noted that the integral coating or local densification

concept results in lower coating stresses than a system with an add-on coating, in

this case, chrome oxide. The large change here is due to the difference in elastic
moduli. It can be tentatively concluded that a thin profile integral coating is best
under the conditions presented here, offering a weight savings over the thick profile.

Effects of Thermal Cycling on LI-1500

As discussed in Section 4, Volume I, thermal cycling of LI-1500 apparently leads to
a higher modulus in LI-1500. The effect of these changes in a thin layer under the
coating was investigated for an aluminum fuselage panel and compared with results for

virgin LI-1500. These are summarized in Table 3.1-5, where it is noted that there is

little change in stress level and that the cycled LI-1500 experiences little or no stress.
From this example, it may be tentatively concluded that the thermal cycling to maximum

surface temperatures of a thin layer underneath the coating does not degrade the mechan-
ical capability of the RSI system.
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3.2 DESIGN DETAILS VARIATIONS

Substrate Configuration Parametric Studies

The studies performed for Contract NAS 9-11222 and for the present contract indicate

that subpanel and primary structure configurations may be qualitatively compared,

utilizing wide column structural optimization data that have been reported in the

literature. These data are of the general form:

•- «

J\ = ET/E
where

Nv = given axial load
X

e = a measure of efficiency of a given configuration

ff = an effective plasticity reduction factor, ratio of tangent modulus at a
stress level corresponding to NX to initial modulus

4 = length of the panel

t = weight - equivalent flat-plate thickness

The value of the exponent n is usually 2.0 for conventionally stiffened configurations

composed of straight elements but is smaller for configurations with curved elements.

Several configurations are shown in Fig. 3.2-1. Observe that the configurations without

a flat sheet or skin are more efficient (lighter weight) than the others - for example, the

corrugated configuration which is discussed later in Table 3.2-13. Also, configurations

with curved stiffening elements are more efficient than those with straight stiffening

elements. Phase B studies have indicated that manufacturability of these sections is

difficult in a structure of changing dimension. In addition there is lack of adequate

test data for some of the sections, hence, only those configurations that do include a

flat sheet or skin are studied here. Among these configurations, the zee-stiffened

configuration is most efficient. Other configurations that are more efficient than the

zee-stiffened configuration may be identified —for example, the integral "L" or "T"

3.2-1
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configuration, but the increase in efficiency is only about 10 percent as seen from

Table 3.2-1. LMSC has not pursued such configurations here; however, related pro-

grams have indicated that availability and manufacturing capabilities preclude their

usage at this time. Likewise, honeycomb-sandwich construction is less efficient than

zee-stiffened construction, principally because of the difference between the true

optimum core weight and that which is practical to handle and fabricate.

Effect of Bond Thickness on Required LI-1500 Thickness

Another tradeoff in the design methodology logic is the variation of bond thickness with

LI-1500 thickness. As the bond thickness is increased to produce allowable stress

values within the LI-1500 or on the surface coating, the LI-1500 thickness may be

reduced. 'This effect is shown in Fig. 3.2-2 where the variation of bond thickness

with LI-1500 thickness is plotted for various beryllium effective thicknesses for a
beryllium temperature of 600°F. For the 0.064 in. beryllium (which corresponds

to test panel No. 1), an increase in bond of 0.075 (from 0.025 to 0.100 in.) allows a
reduction in LI-1500 thickness of 0.32 (from 2.25 to 1.93). This amounts to a thick-
ness tradeoff of 4 to 1. For example, an increase of bond by 0.010 in. would allow

a decrease of 0.040 in. in the required LI-1500 thickness.

Similar results are shown in Figs. 3.2-3 through 3.2-5 for test panels Nos. 2, 3, and

4, respectively. Tradeoff factors have been determined from computer runs that

considered various adhesive thickness for a constant substrate thickness. The trade-

off factors are dependent on the density-specific heat products of the adhesive,

LI-1500, and the substrate material. Approximate tradeoff factors of 4.5, 3.5, and

4.0 were determined for test panels Nos. 2 , 3 , and 4 from the data of these figures,

respectively. Hence, an average tradeoff of about 4.0 could be used for all four test

panels.
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Figures 3.2-6 through 3.2-9 are tradeoff curves showing the relationships between

LI-1500 and RTV-560 thickness for the four flight panels. Also parametric data used
to generate the tradeoff curves are shown in these figures. Approximate tradeoff
factors, based on a linear variation (of LI-1500 thickness with RTV thickness) from
0 to 0.20 in. of RTV-560 for all four panels, are 3.3, 4.1, 3.0 and 3.3 for panels 1
to 4, respectively. Use of the tradeoff curves results in a lower unit weight than
would result if a constant U-1500 thickness was used with increasing adhesive thick-
ness. By comparing the far righthand column in Tables 3.2-2 and 3.2-3, it is seen

o
that the use of the tradeoff factor could account for a 0.84 Ib/ft decrease in unit
weight if the required adhesive thickness for strain isolation considerations increased
to 0.200 in. These tables, for the aluminum flight panel No. 2, are constructed from
the equation:

(W/A) Total = (W/A) LI-1500 + (W/A) RTV-560 + (W/A) Coating,

2
using 0.10 Ib/ft for 0042 coating.

Table 3.2-2

UNIT WEIGHT OF TPS USING TRADEOFF CURVE

^TV -560
(in.)

0.030

0.090

0.200

W/A RTV

(Ib/ft2)

0.221

0.663

1.472

*LI-1500

(in.)

2.80

2.52

2.13

W/A U-1500

(Ib/ft2)

3.50

3.15

2.66

W/A Total

(Ib/ft2)

3.82

3.91

4.23

Table 3.2-3

UNIT WEIGHT OF TPS WITHOUT TRADEOFF CURVE

'RTV-seo
(ill.)

0.030

0.090

0.200

W/A RTV
(Ib/ft2).

0.221

0.663

1.472

fcLI-1500
(in.)

2.80

2.80

2.80

W/A LI-1500
(Ib/ft2)

3.50

3.50

3.50

W/A Total
(Ib/ft2)

3.82

4.26

5.07

3.2-9
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In other words, if 2.80 in. of LI-1500 was required for thermal considerations to
restrict the backface temperature to 300°F with an adhesive thickness of 0.030 in. and
structural consideration dictated an increase in adhesive to 0.200 in., a unit weight

o
savings of 5.07-4.23 = 0.84 Ib/ft could be realized by using the tradeoff factor. Use
of the tradeoff factor reduces the required LI-1500 as the adhesive thickness is
increased. Similar trends would apply for other panel configurations.

Effect of Coating Thickness on RSI Stress Levels

The results of this study are presented in Figs. 3.2-10 through 3.2-13 for an assumed
isotropic LI-1500 material. Inspection of these curves indicates that coating thickness
variation does not affect stress levels in the LI-1500 or the RTV-560 bond. However,
coating stress decreases with increasing coating thickness, indicating that, although
the line load carried by the coating increases with increasing thickness, it does so at
a lower rate than the thickness itself. Hence, a lower coating stress is evident in
this case.

Stress Variations Due to LI-1500 Thickness

These isotropic analytical studies are summarized in Figs. 3.2-14 through 3.2-17,
where bond and LI-1500 stress levels are not affected by LI-1500 thickness. However,
coating stresses decrease with LI-1500 thickness for the worst possible case shown
here. Essentially, thermal expansion and burst pressure induce tensile loads in the
coating. In addition, the thermal load causes the substrate to bend in such a direction
so as to cause a compressive stress in the coating. This latter stress is dependent
upon the distance of the coating from the location of the neutral axis of bending, which
is in the substrate. A thicker layer of LI-1500 thus results in higher compressive
bending stresses, which have a net effect of subtracting from the dominant tensile load
in the coating due to substrate expansion.

3. 2-14
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Bond Thickness Effects on Stress Levels

Isotropic WILSON stress analyses using a constant LI- 1500 thickness were carried out

for a beryllium subpanel; the results are shown in Figs. 3. 2-18 through 3. 2-21. It is

evident from these curves that bond thickness is a critical variable in RSI design.

Effectively, a thicker bond offers more strain isolation from the deformations of the

substrate than a thin bond.

A similar study is shown for the Aluminum Test Panel No. 2 in Figs. 3.2-22 through

3. 2-27 although, in this case, an orthotropic WILSON analysis was used, to addition,

the LI- 1500 thickness was varied in accordance with previously discussed heat sink

trade-off factors as the bond thickness was changed to keep the substrate temperature

at 250°. The results again indicate the sensitivity of RSI stress levels on bond thickness.

Gap and Joint Studies

The effect of joint design on stress levels and gap dimensions between tiles has been

investigated for a beryllium subpanel configuration. Table 3. 2-4 summarizes a num-
ber of WILSON analyses for this study, in which the adjacent surfaces in the joint have
been modeled in various ways. Case A represents a baseline configuration with sur-

faces never in bearing contact whereas Case B assumes that adjacent surfaces are

partially continuous, due to bearing forces that lead to stress concentrations. Similar
results are experienced in C. Case D represents the joint being filled with a material
possessing LI- 1500 elastic properties, except that the shear modulus has been assumed

to be zero, simulating a frictionless joint. This case effectively behaves as a 12-in.

tile, which leads to higher stress levels over the Case A baseline 6-in. tile. Case E

is included for comparative purposes only, since it is not a suitable joint for other

reasons as well as leading to slightly higher stress levels than the baseline joint.

Case A is clearly superior, since the bonded length of tile is less than 6 inches and

the stress levels are comparable to a shorter tile length. Similar results are shown

in Table 3. 2-5.

Studies of gap motion for an open joint during reentry are presented in Figs. 3. 2-28

and 3. 2-29 for a beryllium subpanel with 6-in. tiles and an aluminum primary structure

panel with 4-in. panels. In the former case, high temperature conditions at the surface

3.2-23
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initially tend to close the gap followed by domination of the substrate expansion. Maxi-
mum gap opening occurs at the panel ends, and the 50-mil enlargement (which occurs

at touchdown following reentry) shown for the beryllium panel is the total opening due

to both panels at the common support as shown in Fig. 3.2-30. Results for the aluminum

panel are qualitatively similar, although the maximum in this case is approximately 65

mils. From these studies, it appears that the baseline joint is most desirable in that

large gaps directly open to the bondline are not possible during reentry.

Initial closing of the baseline joint is presented for the beryllium subpanel in Fig.

3.2-31 where appropriate gap dimensions for zero bearing forces are deduced. Mini-

mum required gaps for other configurations are also summarized in Table 3.2-6. Since

the primary difference in test and flight panels is one of LI-1500 thickness, it is seen

that gap size is linearly related to LI-1500 thickness. This is plausible since collapse

pressure induces overall panel bending.

Effects of Coating Texturing and Discontinuities on RSI Stress Levels

The desirability of a waved-surf ace coating to reduce stress has been investigated.

Results shown in Fig. 3.2-32a and b indicate wide fluctuations in coating stress, prin-

cipally caused by local bending effects due to eccentric load paths through the coating.
These fluctuations depend on the wave length of the texturing and, for the case shown,

there is approximately a 10-percent decrease in maximum coating stress. In effect,
the texturing acts to lower the overall extensional stiffness of the coating, hence there
is a lower stress for a given strain.

Studies of discontinuous coatings are presented in Figs. 3.2-33 through 3.2-35. The

overall effect on coating stress is essentially the same as that due to texturing, although

the coating stress must go to zero at the discontinuities. However, as noted in Fig. 3.2-33,

the maximum stresses in the LI-1500 at the discontinuity are magnified approximately

five times over those corresponding to a continuous coating. This is clearly unaccept-

able, hence the use of this concept is precluded. These conclusions apply to the

general case, although these studies were carried out on a specific beryllium subpanel

configuration.
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Effects of Partial Bonding and Bond Discontinuities on RSI Stress Levels

An investigation was made to evaluate the effects of partial and discontinuous bonding.

The effects of partial bonding are summarized in Table 3.2-7; a magnified computer

plot of tile and substrate deflection with partial bonding is shown in Fig. 3.2-36. In

general, stress levels decrease as the length of bond goes down, and it is noted that a

partially bonded 6-in. tile results in the same state of stress as a fully bonded 4-in.
tile for an aluminum panel with the loading conditions considered here. Hence, partial

bonding can offer some measure of strain isolation from the substrate material. How-

ever, dynamic effects must be empirically evaluated before acceptance as a viable
attachment method, Figure 3.2-37 shows the results of a study that considers the

effects of bond discontinuity at the joints. In essence, a continuous bond allows a con-

siderable in-plane load to develop in the bond; this is transferred into the tiles starting

at the corners, thereby raising stress levels over those for a bond discontinuity at tile

joints. Similar results are shown for the baseline joint configuration in Table 3.2-8 in

which the filler block has been omitted for convenience. Hence, it is concluded that a

discontinuity in the bond at tile joints is a desirable design objective.

Mechanical Fastener Study

Two WILSON analyses were conducted to ascertain the influence of a steel screw insert

on the stress levels in LI-1500 subjected to the design temperature profile. This pro-

file and related results are shown in Table 3.2-9. Note that high stresses are experi-

enced in the LI-1500 due to the large mismatch in thermal expansion properties of steel

and LI-1500. These results indicate that successful use of this method of attachment

requires fasteners which have a coefficient of thermal expansion close to that of LI-1500

(e. g., Invar, graphite epoxy, or quartz cloth). Further discussion of this and other

mechanical concepts is to be found in Section 5.2.

Tile Size Influence on RSI Stress Levels

The general trend of RSI stress levels versus tile length can easily be seen from

Table 3.2-10. One major function of the bond is to provide strain isolation between

the LI-1500 and the substrate (the other major function, of course, is to hold the tile
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onto the vehicle). The longer the tile the more nearly the strain in the tile must con-

form to the substrate; the gaps between the tiles provide essential strain relief which

allows the bond to act more effectively as a strain isolator. Observe that no relief to

maximum LI-1500 stresses results by partially cutting through the tiles, although coat-
ing stresses are reduced.

Quantitative relationships for both aluminum and titanium primary structure panels are

established in Figs. 3.2-38 through 3.2-46 for critical RSI system stress levels as a

function of tile length. It is seen that all these curves display a mono tonic ally increas-

ing stress with increasing tile length.

Effects of Different Coating Configurations on RSI Stress Levels

A series of coating studies, summarized in the following figures, considers the two

basic cases of (1) local densification of LI-1500 to 60 pcf, and (2) an add-on coating,

alone or in combination with densification. In the studies, the effects of two different

add-on coatings were modeled: A 0.010-in. thick chrome-oxide coating used alone and
a 0. 004-in. thick silicon-carbide coating used alone or with a 0.010-in. thick 60-pcf

LI-1500 densified layer. Typical beryllium subpanel configurations under thermal
loading (surface at +75°F, substrate at +600°F) have been studied and results are pre-

sented in Fig. 3.2-47 through Fig. 3.2-52. In Fig. 3.2-52 is shown the shear stress

variation through the panel at the location of the critical shear stress in the LI-1500,

for a chrome-oxide coating alone. As might be expected, the shear stress is maximum

at the bondline and rapidly decays with distance from the bond. In Figs. 3.2-49 and

3.2-50 are shown, qualitatively, the same type of behavior for an all-around 60-pcf

densified layer of LI-1500 with a 15-pcf core. However, as noted, the maximum stress

in the LI-1500 has dropped about 30 percent. These two figures can be compared with

Figs. 3.2-51 and 3.2-52, in which the core density was reduced to 10 pcf. From these

curves, it appears that core density in this range does not have any significant influence

on shear stress in the LI-1500. From Table 3.2-11, it is noted that this lack of core

density influence is also carried over to other stresses of interest.

Another series of similar curves is presented in Figs. 3.2-53 and 3.2-54, which also

summarizes maximum core and coating shear stresses for a silicon-carbide add-on
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coating in conjunction with a 10-mil layer of all-around densified LI-1500. Again,
maximum stresses occur in the treated regions while core stresses are small. These
results are also summarized in Table 3.2-11.

Another set of similar curves is presented for an aluminum primary structure panel
configuration with a 15-pcf LI- 1500 core in Figs. 3.2-55 and 3.2-56. Table 3.2-12
is a brief summary of selected results. This study indicates a qualitative similarity
with the previous beryllium subpanel results, but quantitatively the effect of the sur-
face densification in this case offers only about a 10-percent reduction in LI- 1500
stress levels as compared with the baseline configuration of the add-on coating
alone. Local densification is less effective here, due to the fact that the substructure
strain is increased. Aluminum at 250 F experiences nearly as much thermal strain as
beryllium does at 600 F. In addition, the aluminum substructure must carry an in-plane
line load, which accounts for mechanical strain of the same order as the thermal strain.
Hence, the aluminum panel results correspond to a substrate strain state roughly double
that for the beryllium subpanel case.

The conclusion to be drawn from these studies is that all-around densification may be

desirable for other reasons such as handling, but it will generally not offer significant
stress reduction. In addition, the total system weight will be increased.

RSI Tile Bonded to Corrugated Substrate

Table 3.2-13 is a summary of RSI stress levels that arise due to thermal expansion if
a 13-in. LI-1500 tile is directly bonded to a corrugated substrate. The tile is assumed
to be 4-in. long in the stiffener direction, and 2-D WILSON stress analysis results are
shown for both directions in the tile. It is interesting to note that the RSI stress levels
are of the same order in both directions, primarily since the corrugation imposes a
condition of partial bonding on the tile. As discussed earlier, partial bonding acts to
reduce stress levels. The corrugation direction results here cannot be applied directly
to the actual behavior of a TPS panel as the support of the stiffeners is not incorporated
in the 2-D model as discussed in Section 2.3. This additional stiffness would generally
act to lower longitudinal stresses in the tile but leads to an increase in peel stress.
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Effect of Tile Size on Coating Weight

These results are summarized in Fig. 3.2-57 which applies to both the 0025 and 0042

coating systems. As would be expected, the number of joints has a significant effect

on coating weight. However, the use of the FI-600 filler strip (discussed in Section

5.3.9 of Volume I) more than compensates for the added coating weight, since this

material has a density of 6 pounds per cubic foot. For all cases, the tile weight actually

decreases with decreasing tile size. (The filler strip is designed to be 1-inch wide and

half the tile thickness in all cases.)

Strain Arrestor Plate

The baseline attachment scheme for RSI. panels is direct bonding with a flexible bond

such as RTV-560 (baseline for this study) or one of the even more flexible foam bonds.

This bond effectively isolates the tile from high substructure strains. It is within the

state-of-the-art, however, to use an additional technique in connection with bonding to

farmer reduce tile stresses. This is achieved by placing a high-modulus, high-strength,

thin plate between the tile and the substructure (see Fig. 3.2-58). For thermal appli-

cation, an additional requirement is necessary; i. e., the plate should have a thermal

expansion coefficient approximately the same as the RSI tile.

The function of the plate is to act as a barrier between the substructure and the RSI

tile. The barrier or arrester action is accomplished by the high extensional stiffness

of the plate. Resulting strains are low even at high stress levels in the substrate.

There are two materials that are readily available for LI-1500 application. These

are:

1. Invar Steel

2. Graphite Epoxy Composite

(Thornel 75S/ERLB4617) laminates

Laminate thickness = 0.0025 in.

3.2-75

177<
LOCKHEED MISSILES & SPACE COMPANY



O

UJ

^
0

o
o

LU
M

00

UJ

O

t—
o
UJ
u_
u.
LU

LMSC-D152738
VolH

CM

(/> t—
LU X

£0

§£
f»O
S?.
h- H-ss
U<J

<vu.

3

r>

CM

1

« *1

-j

^
B̂ HMH>a

~*

*l

1
s

-f

II ^
<3
n

CO

HI
tM

S

—f O
- z ^
o > <J
n S '

s.| >'
O UJ II

Z £ H.

t~
mi

bC

jg ^ ^ 8.2 2
o o o o o o o o o o o o < p < p

1HOI3M ONI1VOD

o
o

U
UJn: z

3.2-76



LMSC-D152738
vein

a
z
oca

* -
O o
t/J O
LU •

I:
i/i

oo
IO

N
«

CO

10
eo
tH
t-o
Q

3.2-77

179<



LMSC-D152738
VolH

Both materials can be manufactured to possess thermal expansion coefficients matching

the LI-1500 coefficient. Table 3.2-14 gives readily available material properties for

these two materials. Tables 3.2-15 through 3.2-18 show computer results using

strain arrestor plates with different panel configurations. Comparisons also are made

using models without the arrestor plate.

As noted, LI-1500 stress levels decrease markedly when a strain arrestor plate is

used. The results of Table 3.2-18 show a possible orbiter temperature condition in

which the substructure is allowed to cool down to -200°F. Since the glassy transition

point of the RTV-560 is -165°F, without the strain arrestor plate, it is evident that the

LI-1500 would fail. However, usage of this new concept could limit stresses to more

tolerable levels. This severe condition is due to the temperature dependence of RTV-560

elastic modulus given in Table 6.2-7, which indicates a value of E = 67,000 psi at

-200°F, effectively negating the strain isolation properties of RTV-560.

Thermal evaluation of the strain arrestor plate concept indicates that heat sink effects

of this additional layer can be utilized and that an overall TPS weight increase of

around 2 percent would be expected for the aluminum primary panels and about an

8-percent increase for titanium. However, no weight increase would occur for the

beryllium subpanel. These conclusions represent the worst possible upper bound and

apply to a graphite-epoxy arrestor plate.

It should be noted that this comparison considers only the orbiter lower surface, and

such relationships may not be true for applications in areas with lower heating rates

and, hence, smaller LI-1500 thicknesses.

Lightweight Core Concept

This concept is somewhat similar to all-around densification except that, in this case,

the LI-1500 core is reduced below that of the surface layer density of 15 lb/ft3. One-

dimensional thermal models were first constructed to determine the required insulation

thickness for test panel No. 2. The models consisted of a 0. 75-in. surface layer of

baseline LI-1500 over various thickness of 6-lb/ft LI-1500 bonded with 0.090 in. of

RTV-560 to 0.114-in. aluminum. The results, shown in Fig. 3.2-59, indicate that
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4.3 in. of the 6-lb/ft LI-1500 is required to restrict the substrate temperature to
300°F. This is an increase of 1.65 in. (including the 0.75-in. surface layer) over the

q
3.4-in. thickness requirement for the 15-lb/ft LI-1500 (see Fig. 3.2-3). The increase
in thickness is primarily due to the lower density-specific heat product which tends to
increase the temperature of the lower density material at a specified depth from the
surface.

Studies given in Tables 3.2-19 and 3.2-20 show that stress levels are reduced in the
tile (as indicated by a 2D analysis). However, stresses in the direction perpendicular
to the plane of the analysis in the 0.75 in. thick outer layer of the 15 pcf material would
still be of the order of the stresses in a solid 15 pcf tile of that length. Thus, tile
length is stress limited even though Table 3.2-19 shows a possible weight savings of
RSI material of 9 percent by using this concept. On the other hand, stress levels in
a 6 in. lightweight core tile would appear to be satisfactory, but Table 3.2-20 indicates
that the lightweight core concept for this tile length leads to a heavier TPS system.

Hence, it is tentatively concluded that no apparent advantage is gained from the usage
of this concept. Further evaluation of the lightweight core would necessitate the use of
3D studies for both the thermal and stress analyses.

Effect of Contact Conductance on Stiffener Temperatures

Since the fastening method for the titanium panel was riveting, a study was performed
to determine the effect of contact conductance upon face sheet and Stiffener tempera-
tures at the interface between the face sheet and Stiffener. The results for a range
of contact conductance values * ' an ' ~ ' are shown in Fig. 3.2-60. For the con-
tact conductance values expected on me titanium panel, 50-500 Btu/ft hr°F, the
maximum temperature difference between the face sheet and titanium Stiffener is about

80°F.

(3-2)MInterface Thermal Conductance of 27 Riveted Aircraft Joints," M. E. Barzelay
andG. F. Holloway, NASA TN-3991, July 1957

(3-3)"Range of Interface Thermal Conductance for Aircraft Joints," M. E. Barzelay,
NASA TN-D426, May 1960
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For the weldbond technique used to fasten the aluminum panels, contact conductances

greater than 1000 Btu/ft hr°F are expected. Results for the aluminum test panel
No. 2 are shown in Fig. 3.2-61, where values of contact conductance from 50 to 1000

o rt

Btu/ft hr F between the face sheet and stiffeners were considered. The maximum

temperature difference is about 10°F for the values of contact conductance analyzed.

Due to the high thermal conductivity of aluminum and the low rate of heat conducted

through the LI-1500 into the panel, the temperature difference between the top and

bottom of the stiffener is less than 5°F.

Effect of Discontinuous Bond on Substrate Temperatures

Since a promising method of attachment appeared to be an interrupted bond, which

could reduce weight and stresses in the LI-1500, the two-dimensional thermal model

was used to show the effect of the adhesive void on the substrate temperatures.

Figure 3.2-62 shows temperature histories for an adhesive void located directly above

the location of the stiffener. The results indicate about a 20 F increase in the maximum

titanium temperature as compared to the results of Fig. 2.1-15, where a continuous
adhesive was used.

The effect of the face-sheet temperature distribution at various reentry times is shown

in Fig. 3.2-63 for the continuous and interrupted adhesive. The maximum face-sheet
temperature difference occurs at about 4000 sec. The effect of the stiffener heat sink

is indicated at earlier times (2000 sec) by the lower temperature in the vicinity of the

stiffener. ^

Thermal Analysis of FI-600 Filler Strip

A newly developed (NAS 9-12137) flexible joint filler strip material (FI-600) has been

incorporated in the panel designs. To assess the effect of this low density strip a two-

dimensional thermal analysis was performed for one half of a 6 in. x 6 in. x 2.5 in.

tile for the Aluminum Flight Panel No. 2.

3.2-89
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The results of the analysis indicated a maximum panel temperature of 313°F for the

subpanel under the filler strip as compared with 300°F for the 15-pcf filler

block case. Hence, the usage of a low-density filler has a negligible effect on
temperature distributions in LMSC RSI panel designs.
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3.3 ENVIRONMENTAL VARIATIONS

Coating Stress During Reentry

Rigidized Surface Insulation (RSI) component stresses have been investigated as a

function of reentry time, using design flight loadings and temperatures. Study results

are presented in Tables 3.3-1 and 3.3-2 and their companion Figs. 3.3-1 and 3.3-2,

where coating stress is plotted as a function of reentry time for both beryllium and

aluminum flight panels. Maximum loads and surface temperatures employed are
shown in Figs. 3.3-3 and 3.3-4. In addition, the elastic modulus of fused silica,

fi •
E = 10.6 x 10 psi, has been used to simulate the worst possible case of coating

modulus. Qualitatively, the coating first experiences compressive stresses, since
only the coating is first heated and is restrained from expanding by the LI-1500.

Later, as the LI-1500 begins to heat, the coating goes into tension due to the expansion
of the LI-1500 being greater than that of the coating*. Finally, as the substrate heats

up with the surface cooling, the panel bows, again developing compressive coating

stresses. The net effect of this thermal sequence in combination with applied loads

results in a final net coating compression for the beryllium panel at 3600 sec. The

aluminum panel experiences a relatively low net tensile stress in the coating at this

time, due to high in-plane thermal expansion. Variations of other stresses in the RSI

system are shown in the tables also as a function of time where it is noted that the

ground condition, t = 3600 sec, is critical for the LI-1500.

Additional comparative data for 6- and 12-in. tiles with 0025 coating under thermal

load only are shown in Table 3.3-3.

Orbital Cold Soak Condition

As per NASA request, a -200° TPS cold soak temperature condition after approximately

10 orbits has been assumed. Such a severe condition could arise due to adverse vehicle

*Coating tests completed just prior to publication of this book indicate that the
coefficient of thermal expansion of the coating is 4 x 10~7 in./in./^F which is slightly
higher than the value for LI-1500.
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orientation in orbit, although only minimal attitude control would be necessary to avoid

this situation. The resulting RSI stress levels are shown in Table 3.2-18, and it is

noted that these are very severe and would cause failure of the LI-1500. This is
primarily due to the high modulus of approximately 67,000 psi for the RTV-560 at

-200°F, essentially negating the strain isolation characteristics of RTV-560. However,

the usage of the strain arrester plate concept discussed earlier would act to reduce

LJ-1500 stresses to tolerable levels as shown in the same table even in this extreme
orbit condition.

Without the arrester plate, additional analysis has indicated that if RTV-560 modulus
is restricted to less than 120

would not exceed allowables.
is restricted to less than 1200 psi (approximately -150°F) then LI-1500 stress levels

3.3-2
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î  °" »/»

J§?

^ "j LU
.< o

z^°>
£NtGJi

Q
U

A
N

T
IT

Y

«o >oir> r*»
~~ i

go
T"

S>%
— CO

1

M
A

X
IM

U
M

 C
O

A
T

IN
G

M
IN

IM
U

M
 C

O
A

T
IN

G

r. — f*Ji• ^ _M i'O ,
i i

vouicn-o-
T I

fX ^ CN O^ ™T

• 1

M
A

X
IM

U
M

 L
I-1

50
0

M
IM

U
M

U
M

 L
I-
1
5
0
0

S
H

E
A

R
 L

I-1
50

0
L
O

N
G

. L
I-1

50
0

P
E

E
L 

L
I-
1
5
0
0

"̂  t̂ J «*^ 'I* ^~

'

— CMO-j

— ^OCM-
1 1

M
A

X
IM

U
M

 R
TV

-5
60

M
IN

IM
U

M
 R

TV
-5

60
SH

EA
R

 R
TV

-5
60

LO
N

G
. R

TV
-5

60
PE

EL
 R

TV
-5

60

O
Z

O
u

3.3-9



LMSC-D152738
Vol H

3.4 CONCLUSIONS - PARAMETRIC STUDIES

Parametric relationships have been established between mechanical properties, design
details, and environmental conditions with their consequent effects on Rigidized Surface
Insulation (RSI) system design. These relationships can be summarized as follows:

• Required LI-1500 thickness varies directly with environmental pressure,
surface temperature, and total heat.

• Required LI-1500 thickness varies inversely with bond thickness and substrate
thickness.

• RSI system stresses vary directly with tile length.
• RSI system stresses vary inversely with bond thickness.
• RSI stresses vary directly with modulus of elasticity of the material.
• Coating stresses vary inversely with RSI modulus of elasticity.
• Thickness of RSI material does not appreciably alter RSI stresses. However,

coating stresses vary inversely with RSI thickness.
• Coating stresses vary inversely with coating thickness. Other stresses in the

RSI are not affected.
• Coating stresses vary directly with coating modulus of elasticity.
• Integral coating (densified insulation material) is structurally feasible.
• Reduction in bond modulus of elasticity reduces RSI system stresses.
• Bond discontinuity at tile joints reduces RSI stresses appreciably.
• Textured coatings do not appreciably lower coating stresses.
• Intentional cracks (discontinuities) in the coating decrease coating stresses.

However, RSI stresses are increased considerably due to stress concentration
effects. Both stresses approach zero as the number of discontinuities in the
coating is increased.

• Stresses in the RSI system are mainly due to inplane deformation of the
substrate (mechanical and/or thermal loading).

• Common metal mechanical fasteners inserted in LI-1500 induce large stresses
due to difference in thermal expansion properties. Use of Invar or graphite-
epoxy fasteners avoids such thermal problems.

• Under normal reentry ground condition is the worst case for LJ-1500
stresses.

• Use of strain arrester plate results in large reduction of LI-1500 stresses.
• Lightweight core concept does not appear feasible.

For convenience, some of the more important relationships are presented in Table 3.4-1.

3.4-1
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Section 4

OPTIMIZATION STUDIES

This section presents the thermal/structural/weight optimization techniques developed
for RSI system design and specifically addresses the following topics:

• Stiffener configuration
• Stiffener material
• Vehicle frame spacing
• Subpanel/primary structure tradeoff
• Heat sink effects/substrate effective thickness
• LI-1500 conductivity (flight vs test panels)
• Panel weight

The studies reported here represent the process by which the deliverable prototype
panels have been designed in accordance with load and environmental criteria discussed
in Section 6. .

4.0-1
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4. 1 SELECTION OF OPTIMUM SUBPANEL CONFIGURATION

A comparison of several material/configuration combinations, structurally optimized

to sustain the design loads for prototype panel No. 1 when utilized as a subpanel, is

shown in Fig. 4. 1-1. These results were obtained from the SUBPAN computer code

which was discussed in Section 2. All designs have been optimized for the burst/collapse

pressures shown, which, as noted previously, occur during ascent when the subpanel

is at room temperature. The panel span was kept constant at 25 in. and no constraint

was placed on the maximum allowable deflection. Note that graphite epoxy is included

for comparative purposes even though its acceptability at temperatures approaching the

maximum backface temperature of 600°F is doubtful. Graphite-polyimide was not in-
cluded, because it is not considered to be a material that is sufficiently developed for
the manufacture of panels within the time available on this program.

Most of the designs shown in the figure have been constrained by TnininrmTn gage require-

ments specified in the computer code input. This gage for beryllium is 0.016 in. except

in the honeycomb designs where it is 0.010 in. In the conventional constructions, the

minimum gage for titanium and graphite- epoxy is 0. 012 in. and in honeycomb sandwich

construction it is 0.008 in. Because of the thin gages involved, the graphite- epoxy pro-

perties have been selected to represent quasi- isotropic layups rather than unidirectional

layups. Note also that the attach-flange widths have been assigned fixed, realistic

values, and that commercially available honeycomb-sandwich cores have been specified

(with the exception of me beryllium honeycomb core). These cores are the lightest
which can be handled and utilized without adverse structural effects.

The maximum compressive stresses due to bending are considerably higher for the

beryllium designs than for either the titanium or graphite- epoxy designs. This indicates

that beryllium satisfies stiffness requirements with less material volume than its

competitors. The maximum compressive stress for beryllium is in the range of

44-52 ksi for the four beryllium configurations, generally increasing as weight decreases.

This stress is in the range 27-33 ksi for titanium, and 18-24 ksi for graphite epoxy.

Referring back to Fig. 3.1-1, observe that the material weight ratios illustrated in

this figure are reasonably accurate for a given configuration. Scatter in the ratios is

present, but this is due in part to the effect of the constraints in reducing ideal

4. 1-1
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configuration structural efficiency. Whereas Fig. 3.1-1 assumes the same maximum
compressive stress in the two materials being compared, this situation does not

develop in the comparison presented here. Thus, Fig. 3.1-1 tends to yield conservative

weight ratios when the abscissa is entered with the maximum compressive stress of the

beryllium. In a similar manner, the configurations comparison shown in Fig. 3.2-1 is

also seen to yield reasonably accurate, qualitative projections for a given material.

In summary, this comparison shows that zee-stiffened beryllium construction is the

optimum configuration for the substrate of prototype panel No. 1. This configuration,

therefore, has been selected as a basis for subsequent steps in the design/analysis
process. Other beryllium configurations are competitive; however, these competitors
are more difficult to manufacture in addition to being heavier. The present comparison
is probably somewhat a function of the loads, constraints, and panel span specified here.
Interchanges in the position of various material/configuration combinations may occur
for other loads and constraints, but no significant changes are anticipated in the range

of orbiter airloads currently cited.

The effect of panel span upon weight may be studied through charts of the type shown

in Figs. 4.1-2 and 4.1-3. These charts show total system weight as a function of the
sum of the weights of the individual parts. Here the aluminum primary structure has

been sized using optimum wide column analysis to carry the in-plane loads in Area 2
as listed in Table 6.1-13. Note the effect of the tension load requirement in overriding
the compression load requirement in Fig. 4.1-2. Fuselage frame weights have been
calculated^ ' for inertia requirements together with web and flange stability criteria

for establishing area. These data do not consider curvature effects; in addition, they

are dependent upon intermediate support points which for example might be provided

by keels, longerons, floors, spars, or struts. In the figures, the assumed support

point spacing of 50 in. has been arbitrarily selected to result in a reasonable frame

weight while maintaining an acceptably large support point spacing.

Since the above curves show a strong influence of the high design loads (specified for

this study) on structural design and weight, additional design trades for the current
040A-L2 delta wing orbiter are shown in Figs. 4.1-4 through 4.1-6.

* 'Emero, D.H. and Spunt, L. , "Wing Box Optimization Under Combined Shear and
Bending, " Journal of Aircraft, March-April 1966, p. 130-141
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The beryllium subpanel weight shown in the figures is constant over the span of frame
spacings of interest because it is a thermo-structurally optimized weight. As noted
previously and discussed later in this section, lower total system weights are obtained
when beryllium in excess of that required for structural purposes is added to the system,
used as a heat sink, and traded off against LI-1500 weight. Structural requirements do
not exceed the thenno-structural optimization requirement until frame spacings greater
than 40 in. are studied.

The LI-1500 thickness shown in Fig. 4.1-2 has been sized to limit the in-flight tem-
perature of the aluminum primary structure to 300°F. The beryllium subpanel, while
capable of temperatures to 600 F, does not reach this temperature because of internal
radiation between the beryllium subpanel and the aluminum primary structure which
causes the aluminum to reach 300°F before the beryllium reaches 600°F.

Figure 4.1-2 shows that the optimum frame spacing is about 30 inches. The total
weight curve, however, is rather flat with respect to frame spacing in the range of
values shown. Therefore, it is concluded that a span of approximately 25 in. for
prototype panel No. 1 is representative of. optimum frame spacing under the present
design conditions.

In comparing Figs. 4.1-2 and 4.1-3, it is apparent that for the present design conditions,
the use of more efficient primary structure configurations does not produce a more effi-
cient design because of the in-plane tension loads. The influence of these loads tilts
the total weight curve so that the optimum frame spacing is in excess of 40 inches.
Again, however, the total weight curve is rather flat with respect to frame spacing.
These charts demonstrate that optimum frame spacing is highly dependent upon the
vehicle loads and the character of the parts which compose the system. Note also that
the weight of the LI-1500 material is roughly equivalent to the weight of the remaining
parts. Thus, efforts to minimize structural weight must be dramatically effective if
substantial overall weight reductions are to be obtained.

4. 1-9
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4.2 SELECTION OF OPTIMUM PRIMARY STRUCTURE CONFIGURATION

Using the analytical techniques described in Section 2, several candidate primary

structure configurations were optimized as beam columns. The design loads for vehicle

area 2 were used in this study; all configurations were assumed to be fabricated from

7075-T6 aluminum inasmuch as material selection was not an open parameter. Also,

a design temperature of 250°F was used, since this is the maximum temperature that

the panels are subjected to in flight (the structure actually reaches a peak temperature

of 300°F about 30 n

each configuration.

of 300 F about 30 minutes after landing). See Appendix A for the detailed analysis of

The results, presented in Fig. 4.2-1, show the zee-stiffened configuration to be the

lightest configuration. Again, the relative standing of the four configurations is reason-

ably well predicted by Fig. 3.2-1. Of interest in Fig. 4.2-1 are the maximum com-

pressive stresses in the various configurations. The trapezoidal corrugation-stiffened

configuration maximum stress is apparently the result of the relatively shallow section

in bending. Such a section is necessitated by b/t limitations on the greater number of

thinner elements making up the section. The high maximum stress in the honeycomb-

sandwich configuration is, of course, somewhat misleading, because the core does not

sustain any direct load, although it comprises one-third of the weight of the configuration.

The conclusions to be drawn from Fig. 4.2-1 apply specifically to prototype panel No. 2,

but they may be applied also to prototype panel Nos. 3 and 4 as well. The stresses may

be seen to be essentially elastic; therefore, the same ordering of the configurations may

be anticipated for titanium optimum designs for prototype panel No. 4. Prototype panel

No. 3, however, must be designed for the considerably higher in-plane compressive

line loads in vehicle area 1. As shown in Fig. 3.2-1, these loads result in highly plastic

stresses in optimum designs, with the result that weight becomes a function of total

available load-carrying material without particular regard to its geometric distribution.

In this situation, the honeycomb-sandwich configuration does not improve in standing

because of the nonload-carrying status of the core. However, the remaining configura-

tions tend to have equal weights. For reasons of material procurement and simplicity

of manufacture, therefore, the zee-stiffened configuration is again selected.

4.2-1
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Observe that the configurations considered in this comparison have been limited to

those with one or more flat surfaces on the premise that such a surface is required

for the attachment of LI- 1500. This decision may involve an arbitrary weight penalty

to the system in those designs that are not critical for in-plane tension loads (see

Fig. 3.2-1). In prototype panel Nos. 2-4, the relative magnitudes of the in-plane

tension and compression loads result in little or no weight penalty, but there may be

other vehicle areas where this situation is not the case. Also, note should be made of

the maximum deflections associated with the various configurations in Fig. 4.2-1.

Shown are values up to 0.31 in. which appear high for compatibility with LI-1500 tiles.

While these values are based on simply-supported edge conditions, and thus may be

unrealistically high, it is apparent that some limiting deflection should be considered
in primary structure panels with direct-bonded LI-1500 tiles. The zee-stiffened con-

figuration in Fig. 4.2-1, notably, has the lowest maximum deflection of the configura-

tions studied.

Charts of the type of Figs. 4. 1-2 and 4. 1-3 may be prepared to illustrate the effect of

frame spacing upon total system weight when LI-1500 is attached directly to primary

structure. An example chart is shown in Fig. 4.2-2. This chart represents a vehicle

area 2 design, using aluminum primary structure and frames. The frames have been

sized and supported in the same way as described in the previous section. Note that

the optimum frame spacing in this case is approximately 25 in. which agrees favorably

with the span specified for the prototype panels. The total weight curve is again rather
flat, indicating some variation in the frame spacing will not affect system weight

significantly.

The LI-1500 thickness shown in Fig. 4.2-2 has been sized to maintain the aluminum

primary structure at temperatures of 300 F or less. As a result, the weight of the

LI-1500 is somewhat in excess of the weight of the rest of the system. Observe that

the total system weight in Fig. 4. 2-2 is greater than that in comparable designs utili-

zing subpanels as shown previously in Figs. 4. 1-2 and 4. 1-3. The difference is due

principally to the heat sink capacity of the beryllium subpanel which allows a signifi-

cant reduction in the LI-1500 thickness (and hence, weight). The combined primary

structure/frame /subpanel weight in Figs. 4. 1-2 and 4. 1-3 is essentially the same as

the primary structure/frame weight in Fig. 4.2-2.

4.2-3
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Of further interest in Fig. 4.2-2 is the trend in frame weight with frame spacing. The
downward trend with increased spacing is due to the fact that the frames are fewer in
number and their weight is being distributed over greater surface areas. However, the
trend also is influenced by the fact that the frame stiffness requirement is inversely
proportional to panel length; i.e., increasing panel stiffness with increasing panel
length tends to reduce frame stiffness requirements.

4.2-4
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4.3 THERMAL/STRUCTURAL OPTIMIZATION OF 1 ATMOSPHERE TEST PANELS

To accomplish the basic insulation sizing for prototype test panels, the thermal
properties of LI-1500 at 1 ATM pressure given in Section 6.2 are used. The thermal
properties of the panel materials are listed in Table 6.2-2, while the effective
substrate thicknesses for the panels are given below.

Panel
No.

1

2

3
4

Material

beryllium
aluminum
aluminum

titanium

Area

2

2

1

2

Max. Surface
Temp (°F)

2300

2300

1480

2300

Max. Substrate
Temp (°F)

600

300

300

600

Effective Substrate*
Thickness (in.)

0.064
0.114

0.143

0.090

Typical parametric sizing data for the beryllium panel for a constant adhesive
thickness are shown in Fig. 4.3-1. These data indicate the effect of beryllium sub-
strate thickness on the required insulation thickness. Parametric data for the titanium
test panel are shown in Fig. 4.3-2.

Data from Fig. 4.3-1 are used as the basis for TPS optimization for the beryllium
panel shown in Fig. 4.3-3. The total unit weight, consisting of beryllium, LI-1500,
and adhesive, is plotted against the beryllium effective thickness for a maximum
beryllium temperature of 600 F. The unit weight of the surface coating and flexible

o
filler strip (approximately 0.02 Ib/ft ) is not included in the total unit weight (see
Fig. 3.2-51).

While the strength requirement dictates a beryllium thickness of 0.040 in., the mini-
mum weight system occurs at a thickness of about 0.090 in. Although the total unit
weight curve is flat, the data indicate that a lower weight system can be achieved at
beryllium effective thicknesses up to 0.16 in. Hence, for beryllium, a stronger and
lighter TPS is attainable at larger effective thicknesses.

*The effective substrate thicknesses were increased slightly over the values shown
here prior to fabrication; however, initial thermal /structural sizing was carried out
using the values as shown. See Table 6. 5-9 for final panel sizes.

4.3-1
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Figure 4.3-4 shows the effect of beryllium effective thickness on the total unit weight

for various RTV-560 adhesive thicknesses. Although a highly expanded ordinate is

used for total TPS weight, a larger adhesive thickness tends to shift the minimum

weight to smaller beryllium effective thicknesses. As adhesive thickness was increased

from 0.050 in. to 0.100 in., the minimum weight point shifted from 0.090 in. beryllium

to 0.060 in. beryllium. Also, there is an accompanying slight increase in the total unit

weight from 3.58 to 3.75 Ib/ft2, or a 0.17 Ib/ft2 increment upon changing from 0.050 in.

to 0.100 in. of RTV-560 adhesive.

Figure 4.3-5 shows a thermal-structural optimization for the aluminum test panel

No. 2 at a maximum temperature of 300 F. Unlike the beryllium panel, the streng

requirement also results in the minimum weight system.

Figure 4.3-6 shows a thermal/structural optimization for Area 1, aluminum test

panel No. 3 at a maximum temperature of 30

corresponds to the minimum weight system.

panel No. 3 at a maximum temperature of 300°F. Again, the strength requirement

Figure 4.3-7 shows a thermal/structural optimization for the titanium test panel

No. 4 at 600°F. As in the case of the aluminum panels, the strength requirement for
the titanium panel corresponds to the minimum weight system.

Hence, because of the high capacity of beryllium, it is the only panel that allows a

larger panel thickness than required by strength considerations, while decreasing the

total TPS unit weight.

4. 3-5
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4.4 THERMAL/STRUCTURAL OPTIMIZATION FOR FLIGHT PANELS

LI-1500 sizing for flight panels considers the effect of local static pressure on the

thermal conductivity of LI-1500. At 2000°F, the vacuum thermal conductivity of

LI-1500 is about 45 percent of the 1 ATM value, hence flight panel design assumes

that the pressure within the LI-1500 during entry equals the local static pressure at

the edge of the boundary layer.

The parametric studies of Fig. 3.1-4 show a comparison of the LI-1500 thickness

requirements for a beryllium flight and test panel. These flight panel results were

obtained using the temperature and pressure histories for Area 2 (see Section 6) to

determine the thermal conductivity of LI-1500. The test panel results utilized the

1-ATM thermal conductivity values.

For a 600°F maximum temperature, the LI-1500 requirements are reduced about

31 percent from 2.1 to 1.45 in. of LI-1500. Similar reductions can be obtained for

the other three flight panels.

TPS thermal/structural optimizations are shown for flight panel Nos. 1, 2, 3, and 4

in Figs. 4.4-1 through 4.4-3. As indicated previously for the test panel, the beryl-

lium total unit weight curve is rather flat, and the minimum weight system occurs at

a larger beryllium thickness than that dictated by strength requirements. Minimum

weight occurs at about 0.090 in. while the strength requirement is at 0.040 in. beryl-

lium (Fig. 4.4-1). For the aluminum and titanium flight panels (Figs. 4.4-2 and

4.4-3), the strength requirement corresponds to the minimum weight system.

4.4-1
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Section 5

ATTACHMENT METHODS

Three attachment methods have been evaluated for the LI-1500 application

to the shuttle: direct bonding (with or without a "strain arrestor plate"),

mechanical strain-isolation techniques, and partial support of tiles on external

vehicle stringers. These methods are discussed in more detail below. One

of the best strain-isolation techniques is that used on prototype panel No. 1.

The use of the beryllium subpanel isolates the LI-1500 from the high in-plane

loadings in the primary structure and results in a lower TPS weight.

5.0-1
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5.1 BONDING ATTACHMENT (BASELINE)

Lockheed's baseline attachment method is direct bonding with RTV-560. The bond

agent acts as a strain-isolation layer between the tile and substrate. Trade studies
on the prototype panel designs (typical of the orbiter lower surface) have shown that
as bond thickness increases, only a small portion of its weight is additive to the TPS

weights due to the heat sink effect (bond thickness has significant effect on upper

surface TPS weights however). Bonded LI-1500 material has been tested both by

LMSC and NASA, resulting in confidence in this proven system.

LMSC has considered a number of commercially available adhesives for attaching

LI-1500 to substrate materials. The systems considered are shown in Table 5.1-1.

RTV-560 has been selected as the baseline adhesive because of its unique

characteristics, as follows:

• Relatively low stiffness with high strength

• Temperature range, -150° to 600°F

• Excellent adhesion to LI-1500 and metals

• Thermal stability and oxidation resistance.

BOND SYSTEMS EVALUATED

System Evaluation

HT-424

DC 96-052

RTV-30

RTV-511

RTV-560 (Sheet)

RTV-560 (Liquid)

Not room curable; high stiffness

Poor cure under tiles; inconsistent

Low temperature limited (-90°F)

Limited to 500°F

Lower shear strength than liquid; same stiffness and weight

Selected as baseline

Foam bonds, which offer even greater strain isolation than the RTV-560, look very

promising and are currently under evaluation. If a foam bond is selected to replace

the RTV-560, the bond line thickness can be reduced below the present 0.090 in

(thereby saving some weight on the upper surface of the orbiter) without increasing the

LI-1500 stresses.

A unique way of improving strain isolation of the LI-1500 tile from the thermal and

mechanical expansion of the metallic substrate is the "strain arrestor plate" concept,

to be used on conjunction with RTV-560 bonding. In this scheme, a t^i" sheet of

£38< 5.1-1
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high-modulus/high-strength material is attached to the lower surface of the tile with
a thin layer of bond. (Hard, temperature-resistant epoxy bonds such at HT-424 or
equivalent can be used.) This "arrester plate" further must have thermal expansion
characteristics similar to LI-1500 so that a minimum of thermal stress can arise due
to differential expansion. With this hard undersurface, the tile is bonded with RTV-560
to the panel as in the baseline configuration; as an added feature, the tile handling
characteristics prior to installation are improved. The arrester plate experiences very
small strains because of its high modulus, hence strain (and stress) levels in the
LI-1500 are much smaller than in the baseline case.

Two materials show promise for this application, Invar sheet and a multi-ply
graphite-epoxy composite laminate. At this time, only numerical evaluation is avail-
able. Stress comparisons with and without the arrester plate are presented in
Section 3.2, showing a large reduction in LI-1500 stress levels.

Thermal evaluation of this concept indicates that heat sink effects of this additional
layer can be utilized and that an overall TPS weight increase of around 2 percent would
be expected for the aluminum primary panels and about an 8 percent increase for
titanium. However, no weight increase would occur for the beryllium subpanel.

These conclusions represent the worst possible upper bound and apply to a graphite-
epoxy arrester plate. Test specimens incorporating this concept are planned.

The influence of bond thickness on overall TPS weight has been studied in
connection with the parametric studies reported in Section 3 (see page 3.2-9).
Although bond weight increases with increasing thickness, less LI-1500 is necessary
to limit the substrate to a specified thickness. These conclusions are summarized
in Tables 3.2-2 and 3.2-3.

5. 1-2
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5.2 MECHANICAL ATTACHMENT

LMSC has considered many strain-relief attachment methods that utilize mechanical
fasteners. These methods can be considered in two general categories:

1. Carrier plates the size of each tile,which are mechanically fastened to the
structure

2. Fasteners that are tapped into the LI-1500 and attached directly to the
structure.

A carrier plate could be either a solid or mesh type of material and should have
thermal expansion characteristics matched to those of LI-1500, like the strain arrester
plate concept. Testing of screen materials in this application is currently being con-
ducted under the related Material Development Contract, NAS-9-12137, and will be
reported separately.

Various attachments have been designed; weights of selected configurations are compared
in Fig. 5.2-1. Designs 1, 2, 3, 6, and 7 are the threaded type (2); design 4, 5, 8, and
9 utilize bonding to the carrier plate type (1). •

In Fig. 5.2-2 is shown a fastener concept that could be used in connection with a
carrier plate. For each tile, four of these fasteners would be used, one which is
rigidly attached to the carrier plate while the other three are free floating to allow
for manufacturing tolerances. During installation, the spring stud (3) is pressed into
a retainer attached to primary structure. To ensure positive locking, the spring-loaded
pin (8) then snaps into the central hole of (3) in its initially undeflected state. To replace
a panel with this attachment scheme, the LI-1500 must first be locally removed over the
fastener (i. e., a hole drilled through the LI-1500) so that a punch can be inserted
in the hole in (3) to dislodge the pin (8).

Figure 5.2-3 shows a concept with a carrier plate that is attached to primary structure
be stainless Velcro and Fig. 5.2-4 shows a hybrid concept with rails in LI-1500 which,
in turn, are mechanically attached to the structure with quarter-turn fasteners. These
last two concepts have been weighed and are compared to the baseline bonded system
in Table 5.2-1.

5.2-1
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Table 5.2-1

WEIGHT OF VARIOUS ATTACHMENT METHODS

Method

Velcro

Rail Support
Bonding

Weight (lb/ft2)
Attachment

0.48

0.41

0.66

LI- 1500 + Coating*

3. 90

3.90

3.53

Total

4.38

4.31

4.19

* Lower Surface of Vehicle, LI-1500 thickness is 2.50 in.
The values displayed show that LI-1500 is lighter for the direct bonding systems as the

result of the bond heat sink effect previously noted. These various systems show

promise as an effective method of reducing LI-1500 stress levels. However, a

considerable test effort is required to evaluate the environmental effects.

Preliminary tests, performed under Contract NAS 9-12137, have shown that to increase
strength LI-1500 can be locally densified by either impregnated silica or resin.

Figure 5.2-5 summarizes the results of eight pull-out tests on fasteners tapped into
LI-1500 with local resin reinforcement; the strength of this type fastener was not truly
demonstrated, due to the failure in the weak tensile direction of the specimen.

Some analysis effort has been conducted on this type of mechanical system as related
in Section 3.2. These investigations showed that such fasteners when made from common

metals are not practical because of the required close tolerance. One metal, Invar, is

suited for this type of application. Invar is 35-percent nickel and 65-percent
iron with a coefficient of thermal expansion of approximately 1.2 x 10 in. /in. /°F.
An analysis has been made for a 0.5-in. diameter Invar insert in undensified LI-1500
at 600°F with negligible resulting stresses.

5.2-6
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5.3 PARTIAL TILE SUPPORT

The third method of strain isolation considered is that of supporting tiles on external

vehicle stringers. Figure 5.3-1 shows such a concept with 10-in. tiles. This concept

also can allow venting across the tiles into the chamber below to reduce design pres-

sures. LMSC has performed such a venting analysis, assuming a sealed chamber with

a 0.52-cu ft volume.

Various gaps widths were considered with a 10-in. gap length through which all air is

vented. For the NASA ascent pressure envelope shown in Section 6.1 and using 0.005-

and 0.0025-in. gap widths, the maximum differential pressures are 0.1 and 0.25 psi,

respectively. An analysis of rapid external pressure changes are also performed; the

resulting differential pressures are quite low. For example, for the recommended

design condition with a pressure rate change of 2 psi/sec for 4 sec, a gap of 0.020 in.

would vent sufficiently to realize only a 0.175-psi differential pressure. This study

has been documented and is included as Appendix E in this report.
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5.4 REMOVAL OF BONDED LI-1500

One means of removing LI-1500, once it has been bonded to a metallic substrate, is

shown in Fig. 5.4-1. In this scheme, a powered router is set in place over a tile

(or tiles) using tapered pins inserted in holes punched in the LI-1500 at predetermined

locations. The cutter is guided and the depth adjusted so that the joint filler blocks

are not disturbed during cutting. The remainder of the tile would then be cut away with

hand tools. The top portion of the bond line would be removed and a replacement tile

bonded in place. LMSC is pursuing evaluation of this type replacement in related in-house
efforts.

5.4-1
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Section 6

PROTOTYPE PANEL DESIGN/ANALYSIS

Four prototype panels are to be optimumly designed, analyzed, fabricated, and

delivered to NASA/MSC under this program. These panels are to meet the point

design requirements specified by NASA/MSC and shown in Section 6.1. In addition,

the four panels are to represent the application of LI-1500 to both subpanels and primary

structure. The overall size of panels is to be nominally 24 in. x 25 in. in order to

be compatible with existing NASA/MSC test fixtures.

The materials to be used in the substrate for each panel, and the applications to be

represented by each panel, are shown below. These selections have been based on

prior studies performed at LMSC and NASA/MSC with regard to materials and the

anticipated usage of reusable surface insulation material on the space shuttle orbiter

vehicle:

Prototype
Panel No.

1

2

3
4

Application Material

Vehicle Maximum
Area Substrate

Location * Temperature

Subpanel Beryllium
Primary Structure Aluminum

Primary Structure Aluminum
Primary Structure Titanium

2

2

1

2

f\

600°F

300°F
f\

300 F

600°F

* See Fig. 6.1-1

The point design requirements are summarized in Table 6.1-1. Maximum differential

pressures occur during ascent while the substrate back-face surface is at room

temperature; maximum back-face temperatures noted above are not developed until

after landing. The maximum in-plane loads in vehicle Area 2 occur during landing;

also, this is true of Area 1 except that maximum compression load occurs during

6.0-1
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ascent. Observe that the in-plane tension loads exceed the in-plane compression loads

in vehicle Area 2 by a considerable amount- thus, the selection of substrate configuration
will probably not have impact upon weight for prototype panel Nos. 2 and 4.

The design/analysis process leading to a completely verified, optimum, LI-1500

substrate system is comprised of a number of specific steps that are interrelated with

each other. The logic sequence for this process has already been presented in

Fig. 1.1-1. As indicated there, the design/analysis process begins with basic structural
optimization (sizing) of the panel substrates, which includes selection of the substrate
configuration. These results are preliminary in that they are then used as input to a
thermostructural optimization loop for basic sizing of the LI-1500. Included in this

loop is a consideration of the heat-sink properties of the substrate. It has been shown
in Section 4 that the LI-1500/beryllium subpanel combination for optimum thermo-
structural design utilizes a beryllium subpanel that is somewhat heavier than the
beryllium subpanel developed on the basis of structural optimization principles alone.
This situation occurs due to the unique heat-sink properties of beryllium; other mate-
rials do not exhibit the same phenomenon.

The last loop of the design cycle is concerned with tile size/bond thickness/RSI
stress-level tradeoffs; with a tentative design established, verification is then made

of the structural integrity of the bond/LI-1500/coating system under critical loading/
environmental conditions. Ascoustic and flutter analyses also are presented for the

final designs as well as a discussion of panel critical failure modes.

To conclude this section, cost and weight comparisons with competing heatshield

concepts are given, which show that an LI-1500 system exhibits clear and distinct

advantages over other possible shuttle TPS systems.

6.0-2
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6.1 PROTOTYPE PANEL DESIGN CONDITIONS

The point design requirements for the prototype panels have been specified by

NASA/MSC. * ' LMSC has complied with these requirements in the design effort.

Structural Design Requirements

Ultimate Factor-of-Safety: 1.5

Combined Loading: Summation of ratio of the allowable load
. to combined limit loads > 1.35

Panel Flutter: Flutter-free for 1.5 times local dynamic
pressures at any flight Mach number

Thermal Design Requirements

Design factors of safety are not applied to the heating rates for the specified vehicle

areas shown in Fig. 6.1-1. The heating-rate for Area 2 has been perturbed to result

in a maximum surface temperature of 2300°F, as shown on Fig. 6.1-2. Adiabatic
conditions have been assumed for the panels in insulation sizing efforts.

Environments

Figures 6.1-3 through 6.1-12 show the trajectories, loading, and environments to

which the prototype panels have been designed and/or analyzed. The combination of

conditions considered and the critical design conditions are summarized in Table 6.1-1.

(6-1) D. J. Tillian, NASA/MSC, to R. D. Buttram, LMSC, "Point Design
Requirements for Two Orbiter Design Areas -Reusable Surface Insulation
TPS Development, Phase 2, "U.S. Government Two -Way Memo, 21 July 1971

6.1-1
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6.2 TPS SYSTEM DESIGN PROPERTIES

Table 6.2-1 is a summary of the mechanical and thermal properties of LI-1500 and the
two coating systems studied under this contract. The 0042 coating is the one used in
the point designs. Thermophysical properties of the metallic substrate materials are
given in Table 6.2-2 while the mechanical properties of these materials are listed
with the RSI stress analysis summaries presented in Section 6.5. Tables 6.2-3 and
6.2-4 list thermal conductivity values of RTV-560 and the 0042 coating, respectively,
whereas in Tables 6.2-5 and 6.2-6, LI-1500 conductivity and specific heat properties
are presented. The variation of Young's modulus with temperature for RTV-560 is
given in Table 6.2-7.

All LI-1500 and coating design data have been generated by LMSC under this or
related contracts while properties for bond and substrate materials have generally
been taken from standard references or suppliers' bulletins. In-house material
testing is described in Section 4, Vol I of this report.

Note that LI-1500 mechanical properties are shown only for room temperature. The
properties do change with temperature as shown in Volume I; however, since the modulus
decreases and the strength increases with increasing temperature, the room temperature
values shown lead to conserative stress analyses and, hence, have been used in the
parametric studies.
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U ĵ -J ^^

S CO
^O

+ •o o

O^ CO
00 O

0 0

1 I

1 1

1 1

o
p- §
oe CM

LU

U

»—

1

CO <'
Q. ^ I

"o x;
X

0

UJ

oe uj

OSi
(-<->
? UJ

x y °2
O "- 5£

1 81
S §J
co —• —
UJ CO _

§ <s
CO

212
•3 co

,'_Jeo

— uj —
T

UJ <

<z
UJ

Ou-

, uj

co t~ o
I— UJ i_ ~
y?. o co ..

u X

*
* *

5°5*'

8i—i
m
s

6.2-2



LMSC-D152738
Voin

a

l/i
ao

CO

o

o
CO

a.

on

°li
<^̂
\j
ii
a
s

;—

fr
0)

O

8OQ

*5

$
2

O

£
s

J"

o
c

H

Cjjl

fH

X
O O O O O 00

T}< m o m oo in c-
O» t- IA CQ t- CM t-

CM M eg ca 1-1 1-1 o

U3 O O U5 U3 IO U3
M O t> i-4 t- •* •*
•̂  UJ U3 «O <O t- 00

O O O O O O O

o o o o o o o
^ o o o o o o

(M ••* CO O in <N
^ i-H <N

n
\
l-<

CO
e-
co
II

Q.

fi

1

o

0}
<n

.•H

«̂
?

o

3̂

oa

o
c

H

Q
rH

X
co o) co co
tH »H tO N
fH r-l i-l C<I

o o o o

IA tA O O
c^ co ^* oo
1-4 fH i-t iH

o o o o

o o o o^ o o o
eg eo o

>̂
CO
c-
1-t

II
a

c-
oc-
3

A
lu

m
in

u

0
o
0)
m
;H

*>

s
/

o
.Q

s

A
o

o
I

H

(M

o
. 1— <

X
^J* ^^ OO ̂ ^ 00
r-l CM C- OO C-

IN <N SM CM (M

O 00 O oq OO
O5 r-t ••* CO OO
i-l CS1 CM <M CO

o o o o o

O O O O O
o o o o
CM •* CO 00

t-
n
T-4

t-
o
Q

6.2-3



LMSC-D152738
Voin

Table 6.2-3

THERMAL CONDUCTIVITY OF RTV-560

k

Temperature (°R) (Btu-in./ft2-hr-°R)

530* l.94

700 1.68

950 1.51

Density = 94 Ib/ft3

*Manufacturer's Data at 530°R, k = 2.16 (Btu-in./ft2-hr-°R)

Table 6.2-4
THERMAL CONDUCTIVITY OF 0042 COATING

k

Temperature (°R) (Btu-in. /ft2-br-°R)

460 6.48

860 6.48

1460 10.8

2460 14.2

2960 16.8

6.2-4
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Table 6.2.5

LI-1500 DESIGN VALUES - THERMAL CONDUCTIVITY

(Btu-in./ft2-hr-°R)
s\^ Pressure

^-v^fmin Hg)

Temp ^^\^^

460

760

1160

1860

2460

2960

0.1

0.17
0.21

0.27

0.45

0.67
0.92

1.0

0.19

0.23

0.29

0.47

0.69

0.94

10.0

0.28

0.31

0.35

0.60

1.02

1.35

100.0

0.32

0.34

0.47

0.90

1.40

1.88

760.0

0.35

0.37

0.52

1.00
1.56

2.09

Table 6.2.6

LI-1500 DESIGN VALUES - SPECIFIC HEAT

(Btu/lb-°R)

Temperature(S
360

540

720

900

1080

1260

1440

1800

2160

2520

2890

(Btu/&-°R)

0.0716

0.151

0. 198

0. 234

.0.263

0.280

0.287

0.294

0.306

0.316

0.320

6.2-5
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Table 6.2-7

RTV-560 YOUNG'S MODULUS VS TEMPERATURE

T
<°F)

-200

-150

75

300

600

E*
(PSD

67, 000

1, 200

300

300

100

* Data obtained from ASTM D797 and in-house testing described in Section 3,
Vol I of this report.
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6.3 THERMAL ANALYSIS

Ascent and Reentry Heating Environment

Ascent and reentry heat rates provided by NASA for Areas 1 and 2 of the delta-wing
orbiter, Fig. 6.1-1, are shown in Figs. 6.1-2 and 6.1-3. The perturbed heat rate
of Area 2 was used in these analyses. Calculation of ascent temperature histories
was based on a surface emittance of 0. 8, the LMSC THERM computer code, and a
one-dimensional thermal model; results are shown in Figs. 6.3-1 and 6.3-2. Maxi-
mum surface temperatures of 495°F and 565°F are experienced by Areas 1 and 2,
respectively. The ascent heating environment is very mild, as evidenced by the
temperature distributions at orbit injection, shown in Fig. 6.3-3. The substrate
temperature has not increased from its initial value of 75°F.

The reentry heating and pressure environment for Areas 1 and 2 are shown in Figs.
6.3-4 and 6.3-5. Radiation equilibrium temperatures, calculated with an emittance
of 0. 8, and the heat rate histories of Figs. 6.1-2 and 6.1-3 are shown. Maximum
surface temperatures are 2300°F and 1480°F for Areas 2 and 1, respectively. The
difference in the times of peak temperature for Areas 1 and 2 is associated with the
occurrence of boundary layer transition for Area 1 at about 2000 sec into the reentry.
As noted in Figs. 6.3-4 and 6.3-5, most of the reentry heat pulse occurs while the
local static pressure is less than 0.1 ATM. Hence, the pressure dependence of the
thermal conductivity of the LI-1500 rigid-surface insulation significantly affects the
thermal sizing of the RSI.

Panel Temperature Distribution

Typical temperature histories and temperature distributions for 1 atmosphere for
test panel Nos. 1, 2., 3, and 4 are shown in Figs. 6.3-6 through 6.3-9, respectively,
as computed using a one-dimensional THERM model. All substrate temperatures
reach their maximum values after the assumed touchdown of 3600 sec. For Area 2
where the maximum surface temperature is 2300°F, the beryllium and titanium panels
(Nos. 1 and 4) reach 600°F at about 5000 sec. The aluminum test panel (No. 3)

6.3-1
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reaches 300°F at about 8000 sec. For Area 1, where the maximum surface temperature

is 1480°F, the aluminum test panel (No. 2) reaches 300°F at 4500 sec. A nonadiabatic

boundary condition for the substrate would result in peak temperatures at earlier times

and at lower temperatures for the adiabatically established LI-1500 thicknesses.

Temperature histories and temperature distributions for the flight panels are shown in

Figs. 6.3-10 through 6.3-13, respectively. The beryllium and titanium panels

(Nos. 1 and 4) reach their design temperature of 600°F at about touchdown (3600 sec),

whereas aluminum panels (Nos. 2 and 3} reach their design temperature of 300° at

about 6500 sec and 4000 sec, respectively.

The temperature distributions for both flight and test panels indicate that for a 2300°F

maximum surface temperature, only about 0.15 in. of the material experiences
temperatures greater than 2000°F.

Effect of Adiabatic Substrate on Test Conditions

The effect of an adiabatic boundary condition as specified by NASA, on the maximum

attainable backface temperature in a test fixture where the TPS substrate radiates

and convects to a 0.375 in. aluminum plate is shown in Fig. 6.3-14. A beryllium

panel sized adiabatically for a 600°F maximum temperature requires 2.3 in. of LI-1500.
Allowing the panel to radiate and convect energy to a 0.375 in. test fixture will

limit the maximum beryllium temperature to 490°F. Hence, to achieve the design

temperature on the beryllium panel during the test, the panel should either be

sized with a nonadiabatic boundary condition or a piece of low-density insulation

(i. e., dynaflex, fiberfrax, or LI-1500) should be attached to the bottom of the test

fixture to limit the energy loss.

6,3-2
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6.4 DESIGN AND ANALYSIS OF PROTOTYPE PANEL SUBSTRATES

On the basis of the data and results presented in the preceding sections of this report,

the following material/configuration selections have been established for the four proto-

type panels:

Panel No.

1

2

3
4

Vehicle
Area No.

2
2
1 .

2

. Type

Subpanel

Primary Structure

Primary Structure

Primary Structure

Material

Beryllium

Aluminum

Aluminum

Titanium

Configuration

Zee-Stiffened
Zee- Stiffened
Zee-Stiffened

Zee-Stiffened

Detailed optimum design and analysis studies for the specific design requirements of

NASA/MSC have been performed on each of these selections and are discussed below.

The orbiter design conditions presented in Tabie 6.1-1 may be summarized for

purposes of the present analysis in the form shown in Table 6.4-1. Three load

conditions are shown for each vehicle area. Load conditions I and n occur when the

substrates are at room temperature, and load condition m occurs when the substrates

are at or near the maximum temperatures shown in Note 1 to the figure. It has been

conservatively assumed in these studies that any combination of line load and pressure

for a given load condition may be applied simultaneously to the panel.

Optimum sizing of the four prototype panels was performed using the structural opti-

mization computer codes previously discussed, followed by perturbations on these

proportions as required for ther mo structural optimization. The latter optimization

produced modifications only to the substrate for prototype panel No. 1. The designs

were subsequently subjected to a detailed stress analysis to determine minimum margins-
of-safety. These analyses are presented in Appendixes B and C for prototype panel

No. 1 and panel Nos. 2 through 4, respectively. Note that panel No. 3, representing

Vehicle Area 1, has been sized for a panel span of 20 in., whereas the remaining

panels have been sized for a panel span of 24 in.

6.4-1
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The minimum margins-of-safety for the four panels fall between 1 and 10 percent, as

shown in Table 6.4-2. Note that the minimum margin-of-safety for prototype panel

No. 1 occurs for loading condition I when the panel is at room temperature. Also,

the minimum margin-of-safety for panel No. 2 occurs when the panel is at room

temperature, but in the remaining two panels, the minimum margin-of-safety occurs

when the panels are at or near the maximum temperature permitted.

Results of the beam-column analysis performed on panels 2 through 4 are summarized

in Table 6.4-3. Note that maximum deflections between approximately 0.09 in. and

0.19 in. are predicted. Approximately one-half of the deflection is caused by bending

due to airloads in prototype panels 2 and 4, which represent Vehicle Area 2. Panel

No. 3, representing Vehicle Area 1, is subject to much higher axial loads over a

shorter span; thus, the deflection due to airloads is a much smaller proportion of the

total deflection in this panel.

Table 6.4-4 summarizes the zee-stiffener sizes for panels 2, 3 and 4. The results

labeled (a) correspond to optimum sizes obtained by the wide-column analysis

discussed earlier. However, the weldbond method of attaching the zee-stiffeners to

the face sheet requires more flange width than that originally assumed in the
optimization process. This additional width allows full development of the spotweld

nugget without interference with the flange radius and provides sufficient distance
to the edge to preclude cracking. For the titanium riveted panel, a wider flange

also is required for manufacturing. The flange widths have been increased to an
acceptable dimension and are labeled as (c) in Table 6.4-4. As shown, these increases
result in a design slightly heavier than the structural optimum. The panels fabricated

for delivery to NASA/MSC utilize these wider flange widths.

Additional analysis were performed using the PRIPAN code (described previously) with

the attach flange width held constant at the manufacturing minimum. As shown for

the sections labeled as (d), the optimum with this constraint will incorporate a closer

zee-spacing. However, the weight differences will be minor and, as discussed earlier,

sections with very close zee-spacing must be discounted for manufacturing reasons.
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To conclude this subsection, the weights of the metallic portion of all four deliverable

panels (with no allowance for fasteners or closeouts) are summarized below:

Panel No. t (in.) Panel Wt. (lb/ft2)

1 0.064 0.57

2 0,125 1.83

3 0.154 2.24

4 0.097 2.23
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6. 5 RSI TILE ANALYSIS

This section summarizes the final design of tile size and bond thickness for the

deliverable prototype panels. As shown in Section 6.2, LI- 1500 conductivity is a

function of environmental pressure; therefore, different LI- 1500 thicknesses are

required for a "flight" panel as opposed to a 1 atmosphere "test" panel. Eight panel

designs are summarized here. Per NASA/MSC direction, the deliverable panels

are to correspond to flight environment; hence, only the flight panel designs have

have been reassessed since the midterm report.

At this point in the design, the metallic substrate already has been determined and

LI- 1500 thickness/bond thickness requirements have been established in the form of

the heat sink tradeoff factor. The final step in the design process then consists of

choosing a balanced set of LI- 1500 and bond thicknesses in conjunction with a tile

length that also satisfies stress allowables.

Final analysis results for the deliverable prototype panels are given in Tables 6. 5-1
through 6.5-4. Tables 6.5-5 through 6.5-8 represent previous analysis results of

the "test" panels, sized for 1 ATM conductivity values of LI-1500. Table 6.5-9 sum-

marizes required RSI system thicknesses and lists weight comparisons between flight

and test prototype panels.

As compared with preliminary designs for the 4 October review (and presented in

LMSC- A 995708), tile length has been increased for all panels as has been discussed

in the midterm report. For the beryllium and titanium panels, bond modulus at

elevated temperature (500 F) is used, which is in contrast to the room temperature

properties temporarily assumed previously. Data given in Table 6.2-7 show reduced

moduli at temperature; hence, strain isolation of the RSI tile is improved.

For the aluminum panels, room temperature properties of RTV-560 were used (as

beforejdue tc lack of data at 250°F and 300°F, leading to a degree of conservatism.

Increase in tile length for these panels was permissible, since the LI-1500 weak-

direction shear allowable is actually larger than previously reported in LMSC-A995708.

6.5-1
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of course, this increase in a critical design parameter also contributes to the longer
tile lengths selected for the beryllium and titanium panels.

Flight panel designs have been evaluated for stress levels associated with thermal

expansion in the direction perpendicular to the stiffeners. To accomplish this, the
spring-supported 2-D WILSON model, described in Section 2.3, was used. The

results of these calculations have no effect upon panel designs as presented in the

midterm report. Although LI-1500 stress levels in the beryllium flight panel are

somewhat higher in that direction, they are within allowables. For the other panel

designs, transverse direction analysis leads to lower stress levels than in the

stiffened direction, due to the lack of an in-plane line load. This is readily seen

in Table 6.5-10 for the Aluminum Flight Panel No. 2 comparisons. Similar results

hold for other primary structure panels; hence maximum stress levels listed in

Tables 6.5-2 through 6.5-4 correspond to 2-D analyses in the stiffener direction.

3-D Coating Stress Analysis

Because of possible cracking of high modulus surface coatings, which extend down the

sides of RSI tiles, NASA requested LMSC to determine coating stresses for a typical

LI-1500 tile. A two-dimensional thermal model was constructed for a 6 in. x 6 in.
tile, which included the 0042 coating, LI-1500, adhesive, and the aluminum substrate

for flight panel No. 2. The LI-1500 thermal/mechanical properties were assumed to
be isotropic. The temperature distributions at 500 sec into me entry trajectory (see

Fig. 6.3-11) are shown for a location at the midpoint of the tile and for me corner of
the tile in Figs. 6.5-1. As would be expected, a large temperature gradient is indi-

cated through the LI-1500. This gradient is slightly less in the nodes adjacent to the

coating. From these results, the three-dimensional temperature field for the tile

shown in Fig. 6.5-2 was estimated.

Based upon Fig. 6.5-2, a 3-D SAP analysis was made of the tile/bond/substrate; the

resulting coating stresses are shown in Fig. 6.5-3. These results use the most recent

thermal expansion test data for the 0042 coating (reported in Section 4, Vol 1 of this

report) which is somewhat higher than that previously used (4 x 10~ in. /in. °F as com-
—7 o —7pared with 2 x 10 in./in. F). Since the thermal expansion of LI-1500 is 3 x 10

in./in. °F, the coating in the present analysis is in compression and is well within the
allowables shown in Table 6.2-1.
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6.6 DYNAMIC ANALYSES

Dynamic analyses were performed on the prototype panels as indicated in the

analysis logic sequence diagram of Fig. 1.1-1. These analyses consisted of checks

of each panel design for flutter stability and sonic fatigue. Analysis details are

presented in Appendix D, and results are summarized in Figs. 6. 6-1 and 6.6-2.

Figure 6. 6-1 shows the interstiffener panel flutter boundary for the weakest prototype

panel, which is panel No. 4. Note that this panel is clearly flutter-free when compared

to the dynamic pressures expected on the vehicle during launch and reentry. Flutter of

the complete panel was also investigated and found to yield significantly higher flutter

boundaries for all panels than that shown in Fig. 6. 6-1.

Sonic-fatigue analysis results are presented in Fig. 6.6-2. These results are based

on an experimentally determined panel damping ratio of 0.02. The data points shown

on the figure represent the anticipated life cycle of the panels multiplied by a safe-life

margin of four. As may be seen, all four prototype panel points fall below their

respective allowable stress curves.

6.6-1
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6.7 CRITICAL FAILURE MODES

Design validity for substrate configurations under static and dynamic loading conditions
has been discussed in Sections 6.3 and 6.6. In this section, brief comments are made
concerning RSI stress levels for the deliverable prototype panels summarized in
Section 6.5.

For the beryllium subpanel, both coating stress and LI-1500 longitudinal stress repre-
sent limitations on the design. For the other three panels, LI-1500 longitudinal stress
is the driving variable. In each case, however, the combined normal/shear stress
state, which occurs near the ends of a tile, has been compared with the results of
preliminary testing described in Section 2.5. It has been found that the critical stress
points for panel Nos. 1, 2, and 3 fall somewhat outside the linear interaction curve of
Fig. 2.5-5, but well within the rectangular uniaxial allowable criterion. As noted
earlier, the linear interaction criterion is the result of very preliminary investigation,
and two counterexamples have been demonstrated which question the validity of such
a severe restriction. LMSC considers the designs as presented to be sound and assigns
high priority in future investigations to the establishment of a more realistic failure
condition for this state of combined stress.

6.7-1
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6.8 TPS COST STUDY

Unit costs (dollars per pound and dollars per square foot) have been projected for the
first orbiter vehicle. These costs are based on extrapolations of present manufacturing
experience. During the first few months of 1971, LMSC brought the pilot plant manu-
facturing facility into full operational status. While the material produced in the first 4
months of 1971 has performed well in arcjet and radiant heat tests, production scale-up
problems, combined with variability in raw fiber material, led to relatively expensive
processed tiles (approximately $840/pound). During the past 6 months, the production
problems have been resolved and raw material consistency from lot to lot has improved,
reducing costs by more than one-third. Furthermore, changing from the pilot plant
operation to full-scale production will result in automation of various time-consuming
hand operations that are now required and will reduce processing time by more than a
factor of 2. Projected manufacturing costs for processed LI-1500 range from $50 per
pound to $100 per pound. Machining the LI-1500 tiles to size and attaching (bonding) to
the vehicle will result in a total installed cost of $80 to $135 per pound. Fabrication
and installation data are shown in Table 6.8-1. Costs per pound and costs per square
foot are shown as a function of tile size and thickness. * The range shown indicates the
expected cost bounds; the upper bound is used in all the following cost studies.

Cost estimates for a metallic thermal protection system are generated, using the stand-
ard cost complexity factors (C. F.) in Tables 6.8-2 and 6.8-3, which relate the
fabricated costs of each metal to that for a stiffened aluminum structure. The metallic
heat shield weights for the O4OA delta wing orbiter (using a 2800-second reentry
trajectory with peak temperature of 2050°F) are shown in Table 6.8-2.

Cost estimating Relationships (CERs) have been used to project the total TPS first
unit costs. These data are summarized in Table 6.8-3 for three TPSs: LI-1500,
the SLA-561 ablator, and the metallic heatshield. As can be seen, the metallic
system is far heavier and most costly than the LI-1500.

*See Figs. 6.8-1 and 6.8-2

6.8-1
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Table 6.8-1

LI-1500 TPS UNIT COST VERSUS TILE SIZE

Labor Cost Element

Saw Cut Tiles to Size
Grind-Rout Edges
Cut Seal Strips
Bond Tiles to Structure
Labor Hours per Panel
Labor Cost ($/ft2)
Total Cost ($/ft2)
Total Cost ($Ab)

Number and Size of Tiles
4

(12x12 in.)

0
0.8
0.5
4.0

5.3

21.2

340

135

16
(6 x 6 in. )

0.4
2.4
1.5
6.0

10.3

41.2

358

143

36
(4 x 4 in. )

0.8
4.0
2.5

12.0

19.3

77.2

390

156

NOTES:

1. Estimate is based upon bonding material to primary structure, over an area
2 ft x 2 ft in size, with the LI- 1500 material delivered in 12 x 12 x 2 in. tiles
shaped and ready for bonding.

2.

W/A = 0.24 + 1.25 (t) = 2.741b/ft

Tile size and assembly is illustrated below.

Tile I
Size ^^

3. Total costs include basic LI-1500 tile and raw material as well as manu-
facturing and installation labor.

6. 8-2
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Table 6.8-2

040A DELTA WING ORBITER - METALLIC TPS SYSTEM - AVERAGE COMPLEXITY
FACTOR

Surface
Panel

Material

Cb

TDNiCrAl

Rene 41

Ti
Carbon/Carbon

Surface Area
(ft2)

90

3,513

722

6,713
177

Unit Weight
(Ib/fT)

5.11

4.16

2.69

1.42
3.50

Weight
(lb)

460

14, 630

1,942

9,510
620

C.F.

7.49

3.37

2.75

3.25
7.50

Weight
x C.F.

3,450

49, 600

5,340

30,900

4,150

2 = 11,215 (2.42) 27,162 (3.44) 93,440

Table 6.8-3

040A DELTA WING ORBITER - TPS COST SUMMARY

TPS

LI- 1500

SLA-561

Metallic

Total System
Weight

(lb)

21,870

21,650
27, 162

System
C.F.

0.8

0.7

3.5

First Unit
Cost(l)
($M)

3.5

3.1

16.2

Cost Per
Pound
($/lb)

144

127

596

Cost Per
Sq Ft
($/ft2)

312

276

1,445

' 'Manufacturing cost of total TPS for first orbiter:

c = 2.8 (10=2) (W)'5 (C.F.) = $ Million

6.8-3
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A detailed comparison of the ablator and LI-1500 weights and thicknesses is presented

in Table 6.8-4 and forms the basis for the system costs projected in Fig. 6.8-3 «

The DDT&E (Design, Development, Test, and Engineering) and first unit costs are

shown on the figure. The total program costs are highly sensitive to the refurbishment

rates assumed and, hence, a range is shown. The present design guidelines call for

100-percent replacement of the ablator after every flight (upper bound). It is possible

that the ablator can be reused in regions where the maximum temperature is below

600°F. Hence, the lower bound shown in Fig. 6.

70 percent of the surface area after every flight.

600°F. Hence, the lower bound shown in Fig. 6.8-3 is based on replacement over

The LI-1500 rigid surface installation has a demonstrated reuse capability of 100 cycles

for trajectories having a peak temperature of 2500°F. In order to project realistic pro-

gram costs, however, a reasonable refurbishment rate must be estimated. A refurbish-

ment rate of 5 percent of the surface of each flight is shown as the upper bound; a 2 per-

cent refurbishment rate is assumed for the lower bound in Fig. 6.8-3.

One remaining question to be answered is what method of attachment will result in the

least cost space shuttle system. Five primary structural materials have been consider-

ed for the orbiter (7075-T6 aluminum, 2024- T81 aluminum, magnesium, titanium, and

beryllium) in combination with three TPSs: direct bond of LI-1500 to primary structure,
LI-1500 bonded to subpanels, and metallic heat shield (titanium or beryllium) for upper

surfaces. The all aluminum structure with direct-bond LI-1500 TPS was selected as

baseline.

It is interesting that the lightest system (beryllium skin over titanium frames with direct

bond of LI-1500 results in 18,000 Ib reduction in system weight) is far more expensive

than the baseline ($178 million increase in the total program costs). The least-cost

system is obtained by using LI-1500 directly bonded to beryllium subpanels attached to

an all aluminum airframe. The system weight is reduced by 7000 Ib and total program

cost is reduced by $120 million.

6.8-5
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Table 6.8-4

040A ORBITER TPS WEIGHTS

Location Surface Area
(ft2)

Body Lower Surface 1, 647

Body Upper Surface 4, 757

Wing Lower Surface 1, 956

Wing Upper Surface 1, 956

Tail (Sides) 722

Nose Cap 27
Wing Leading Edge 126

Tail Leading Edge 24

Total 11,215

SLA-561 Ablator

Thickness
(in.)

2.05

1.05

2.05
0.60

1.20

2.40
2.40

i 1. 75

Weight
(Ib)

4,674

7,257

5,550

1,829

1,244

174

812

114

21, 654

LI- 1500

Thickness
(in.)

2.20

0.65

2.10

0.45

0.75

—

—

—

Weight
(Ib)

5,528

6,293

6,308

2,074

1,050

95

441

84

21,873

Ablator for nose cap and leading edge is 30 lb/ft3, ESA 3560; for other areas it is
IS.lb/ft3.
Ablator weight loss during entry is 1515 Ib.
All thicknesses are averages for the surface areas indicated.
Weights include 5 percent non-optimum factor.
Thermal environment is based on LMSC high-crossrange trajectory, RE-230
(2000 sec reentry) (040A delta wing design trajectory).

These studies emphasize the fact that the lightest system is not necessarily the cheapest,
and one must consider the entire vehicle in reaching a decision as to which approach to
adopt for attaching the TPS to the structure.

6.8-6
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6.9 COMPARISON OF LI-1500 PANEL DESIGNS VS METALLIC HEATSHIELD DESIGNS

The LI-1500 prototype TPS panels designed and fabricated under this contract are

lighter and more economical than comparable metallic heatshield designs. In

this subsection, current LMSC metallic heatshield designs are described and weight

comparisons are presented. Two approaches to the design of metallic heatshields

have been studied at LMSC. These are as follows:

1. The metallic heatshield is supported by relatively closely

spaced standoffs that are attached to a subpanel .with span

equal to the frame spacing. Flexible insulation is placed between
the heatshield and the subpanel; the depth of the standoffs is the

optimum derived from a consideration of the materials specified

for the design, the design environment, and the insulation properties.

2. The heatshield is designed with sufficient stiffness to span the

distance between frames directly; insulation and packaging is

placed underneath, between the heatshield and the primary structure.
Typical designs utilizing a coated columbium heatshield are shown in Fig. 6.9-1.

These designs have been developed for a short- pulse trajectory with maximum

temperature of 2300°F, as utilized in on-going LMSC space shuttle orbiter studies.
As shown in the figure, the subpanel approach yields the lightest metallic heat-

shield weight.

The short-pulse trajectory is characterized by a substantially lower total heat input

than the trajectory for which the prototype panels have been designed. Selecting the

subpanel approach as the optimum approach, heatshield weights for other total heat

inputs have been determined as shown in Fig. 6.9-2. Noted on this figure are total

heat inputs for the NASA-MSC trajectory, both perturbed to 2300°F and unperturbed,

for Vehicle Area 2. Weights are shown for LI-1500 panel designs as well as metallic

heatshield designs. As a check on these results, a metallic heatshield data point,

obtained from a MDAC reference report, also is shown. Good agreement in terms of

unit panel weight may be observed. The curves in Fig. 6.9-2 emphasize the weight

penalty involved with the longer pulse trajectories as well as the relative efficiency

of metallic heatshields vs LI-1500.

6.9-1
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It is apparent from Fig. 6.9-2 that care must be exercised to compare TPS designs

based on identical heat pulses. Several such comparisons are presented in Fig. 6.9-3;

these relate to the heat-pulses presented in Fig. 6.9-4. Heat-pulses are shown in

Fig. 6.9-4 for the LMSC delta-wing orbiter protected by LI-1500 and by metallic

TPS. Note that the LI-1500 heat pulse is of short duration and peaks at 2300°F, while

the metallic TPS heat pulse is of long duration in order to limit the peak temperature
at 2000°F. The NASA-MSC heat pulse specified for this contract, also shown, is

seen to combine the higher maximum temperature with the long duration heat pulse.

The data in Fig. 6.9-3 relate to both Vehicle Areas 1 and 2. Area 2 results are

presented for both metallic and LI-1500 TPS designs for the following heat-pulses:

a. LMSC delta-wing orbiter, 2300°F maximum temperature
flight heat pulse (RE 214)

NASA-MSC
heat pulse

b. NASA-MSC unperturbed, 2050°F maximum temperature flight

c. NASA-MSC perturbed 2300°F maximum temperature flight heat pulse

d. NASA-MSC perturbed, 2300°F maximum temperature test heat
pulse (one atmosphere environment)

The significant differences in these heat pulses are: (1) the designs for flight

heat pulses account for radiation to the primary structure in those designs specifying

subpanels, whereas the test heat pulse designs are based on an adiabatic back-face

temperature; (2) the flight heat pulse LI-1500 designs utilize the lower thermal

conductivity of LI-1500 in vacuum, whereas the test heat pulse designs do not;

and (3) the LMSC-RE214 heat pulse involves significantly lower total heat input.

Because Area 1 experiences a much lower maximum surface temperature, only

two heat pulses are considered; these correspond to the NASA-MSC flight and

test heat pulses specified for this contract.

6.9-4
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In Vehicle Area 2, it can be seen that the adiabatic back-face temperature stipulation

for test at one atmosphere is advantageous for the metallic TPS designs but dis-

advantageous for the LI-1500 TPS designs. In the latter designs, the lower thermal

conductivity of LI-1500 in vacuum cannot be utilized. The lower thermal conductivity

of LI-1500 in vacuum more than compensates for weight penalties in a flight

environment in maintaining the aluminum primary structure temperature at or below

300°F; note that this retirement results in a weight penalty to the metallic TPS

flight designs. Thus, the test heat pulse comparison of LI-1500 and metallic TPS

designs results in a close comparison that is misleading in terms of the true flight

environment. The same phenomenon is observed in the results for Vehicle Area 1.

The NASA-MSC 2050°F and 2300°F heat pulses yield metallic TPS designs that are

not significantly different from the designs for the LMSC-RE214 heat pulse. LI-1500

TPS designs show weight increases due principally to the need for more material

to absorb the added heat of the longer heat pulse.

Note, in comparing the data of Figs. 4.1-2, 4.1-3, and 4.2-2 with the data of

Fig. 6.9-3, that frame weights have been included in the former but not in the latter.
Also, the subpanel and primary structure weights calculated previously have been
multiplied by a nonoptimum factor to account for fasteners, closeouts, and other
details.

In summary, the data presented here show the LI-1500 TPS designs to be lighter

than comparable metallic TPS designs, when both are designed to the same heat

pulse. LI-1500 TPS designs based on a 2300°F maximum temperature flight heat

pulse also are lighter than metallic TPS designs based on a 2050°F maximum temperature

flight heat pulse. The desirability of designing and testing LI-1500 TPS designs in

the true vacuum environment of flight when maximum temperatures are attained

also has been established.
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6.10 PROTOTYPE PANELS

LMSC has designed four prototype panels in accordance with contract requirements

to point design conditions specified by NASA/MSC. The design effort was accomplished

under Task 2. C as negotiated and reviewed in this report. These panels consist of

a metallic structure with 0042-coated LI-1500 bonded to one side with the RTV-560

adhesive system.

Details of the prototype panels are shown in Figs. 6.10-1 through 6.10-4. The

materials /applications /design areas for each panel are reviewed in Table 6.10-1.

For vehicle application, the beryllium subpanel bolts directly to external vehicle

frames. The primary structural panels will attach to frames but will be continuous

over many spans. These panel designs utilize 6-pcf filler blocks in the joints,

FI-600. Thermal analysis has shown that temperature fields in the substrates

are perturbed to a negligible degree relative to those of a total LI-1500 system.

The design methodology used to design these panels has been discussed in detail
in the preceding sections. .

Table 6.10-1

PROTOTYPE PANEL CHARACTERISTICS

Panel Na.

1

2

3

4

Shown in
Fig. No.

6. 10-1

6. 10-2

6. 10-3
6. 10-4

Substrate
Material

Beryllium

Aluminum

Aluminum

Titanium

Application

Subpanel

Primary

Primary

Primary

Vehicle Area

2

2

1

2

6.10-1
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APPENDIX A

DESIGN AND ANALYSIS

OF CANDIDATE PRIMARY

STRUCTURE CONFIGURATIONS
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INTRODUCTION

Three primary structure concepts have been optimized (approximately)

and analyzed for Area 2 loads to provide weight (t) comparisons for

Prototype Panel Configuration No. 2 (T = 0.1144 in.). The three alter-
nate concepts and their F's are:

i

a. Corrugation + Skin t = 0.1341 in.

b. Honeycomb T = 0.1472 in.
c. Integrally Stiffened T= 0.1329 in.

A-2
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ACCORD IWSL^ '. REST OF

= O. 1424-

$**Jl*-l/Si'n£P « LOW >n
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COAJD. JZ

LOCAL

= 7.457 zoot

= 36,7/0 psi

36,040
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M.S. ^ -I *Z(o.5-7 - 1*0.833 -<
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Appendix B

STRESS ANALYSIS OF SUBSTRATE

FOR PROTOTYPE PANEL No. 1

B-l
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- ^. 3$£ X 4?. $*io ( '-

53, 000 */,,/*

' 38,Z90

350- B-5



Prepared by:

A J
I Date LOCKHEED MISSILES & SPACE COMPANY

Page T«np.

Cheeked:ked bwt ~ I

%H?.-€A
I Date

13-Kp-Tl
Title Model

G :
• Date Report No.

h 4 .

t =•

£

• • \

S . £45 ,,

z |3oS

J _ A *
V^vtf-tf / r

« I309X.-74-5

.-01856

x
/« -

.B-6

3.30

.215

\ .0066/5

f/, ^.

13.60

in

-145

II



Prepqced by:

te- J.
Data LOCKHEED MISSILES & SPACE COMPANY Page Temp. P«m>.

Checked Date Title Model

REV/.V
I Date

3-Z&-7I
Report No.

£QG£ / /^ X

.040

A* l^m

9:

f<

4

£, I A A i 4

-s~—
• o

A(»') -I
.001794 .

02840 .

,0056/2

- 54-

±128.- 35&'*.WS-



LMSC-D152738
VolE

Appendix C

STRESS ANALYSIS OF SUBSTRATES

FOR PROTOTYPE PANEL Nos. 2 THROUGH 4

C-l
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THE OF ~JHIS M/O^K, WH/CH RELATE. TO BZ

STKZA/6TH, AtiO _ R \ V £ T SPACING., WE/^E

2

2
IT
O
u.

C-3



f
m
2

F
O

R
M

 
L
M

IC

Pf.por^b,:^ ̂ M Dot. LOCKHEED MISSILES a SPACE COMPANY Po«e '̂™«S "-•

Ch.ck.dJjL, f\ 0 .Dot. THU **ed»l __-,^,
£7?. &iu~: [to- '*-?' PROTOTYPE PANELS . TP5

Approved by: Dot. . Report No.
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L/LT:
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I
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I

JI

•3L

24oo

2700

4ooo

/1--E--R
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a-roo
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•woe

4050
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UM- .
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2OOO

ZOOO

(E53IO/J

U/LT.

3 (50
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3ooo
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PROTOTYPE 'P/IAIEL
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2.0
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3.0
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- CDUJ v;/J /4/u/q LV 5 J c C'^EF; P.S)

I44- .0706S

/144- .07098

144 .07038

- 7Z c - 2

= l9,GT70-»- /0.53O = ps

76SZ

C-10



Prepared by

IDate
9-18-71

LOCKHEED MISSILES & SPACE COMPANY Page T«mp.

CIO
Checkd by: Date Title

PROTOTYPE PANELS
Model

TPS
.Date Report No.

CONFIGURATION fa. 2

M/)X.

//U STffOUSE^?. EAJDS ,' 6 Wo. 10 JO-8OLTS PEF

LOAD ~ PMAX ' COMD. IK CR^T/C/^L. (/?£F. p. 7}

AT s-m = 5 2 , 4£

LOAD^-PEF*

= 54O Z.

= .O510O in'

AT Z

M.S. =

£ i S \ COAJD. -

OOVlP. s

= ZSfO °/="

p. 9)

AT n = /s" ; F"O.-T = 70
s-o = 3z. : YK1 = 2,51 CFIS. 3, CASE ©,

.S I* 12.15
8 = .

Z50°F '. ASSUME =58.8 (.9^= 54.1 .Ksi"

of SAFETY

- / = 54.1 - / - 1.586 -7 -f- Q.59

363<



Prepa

^
Dote
9-1-11

I
LOCKHEED MISSILES & SPACE COMPANY

CheckeMby: Datea e

/O-'Z-ll
TitU

Approved by: Date

PROTOTYPE P/1AJELS

DESIS/J

Model
TP5
NO.

A/O. 3
3ECT/O/J PffOPElRT/gS

FULL
SCALE

D/AI SK 9/07/
/.zo

.48 (-*—
1 4LL ir=.06'5 )'n

»n

.60

' ELEM,

1

Z

3
4

V

A
.IOO8
,OZ&3
,0756
.OZ&3
.eeao

^
.03 15

.0345

.663
I.Z3Z.

^y
.00318
.OOZ49
.050IZ
^03Z4O
..O8519

c)

.̂ 563
.ZSoG
.Z119
.8469

/Qdv

.OIZBO

.oozzz

.OO5B4

.O1SS6

.02B1Z

jt>L

. OOD03

.oo&o"7

•

.OO31O

Q88I9 = O.355I in I t = .I19O = O.I43I '»n

,ZZ5o /.GO
n = o. 3ssi wo; Cr =

LGO

.8119

= , O3OS/ in*/in

= ,O13Z-3 />

= .03415 in3/'"

OAJ p. 4 FOR ROCM Z5"O°F1>

C-12



Prepare Date LOCKHEED MISSILES & SPACE COMPANY T«mp.

C l Z \
Check Date

/0-il-H
Title

*•• Date

PROTOTYPE PANELS

DES/fi/J $

""•' TPS
Report No.

CONFIGURATION A/o. 3

DESIS/J LOADS (A&EA

AT

COMD.

x
(PT.)

H
f n T \
\ii • '' J

HT
(2SO°F)

AJ*~ppi

UMlT

240O
- 2.1 OO

S7oo
-4OOO

4ooo
-200O

LILT

3600

-3ISO

4O50
-6000

GOOD

-3OOO

-fO~ psi

LIMIT
3.0

-2.O

/,5
. --O.3

O.5
-2.0.

(JJLT.

4.5
-3.0

. 2.Z5
' -/.35

0.15
-3.0

p.Z.

. QOLUM/J

RT. :
.9V

1431
psi

^ "7905 =• 55.240 psi

STRESSES

n
^ .4.7.5

MCF

J .Z3Z- '
/.Z9Z (4-7,5) =• GI.4- Ksi

ZSOT: MOF= /.jso (FROM p. 4)
P^c = 1.100

365<

C-13
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Prepared by: | Date

13-30 -11
LOCKHEED MISSILES & SPACE COMPANY

page Temp. Pwm.

Checked • Date

\10-11- ?(

Title

PROTOTYPE
Model

TP5
Approved by: i Date Report No.

COMFIGLLRATIO/d A/o. 3
M/4X. BEMDIfdG FOR (Toy;/0.

- COLUMN A/JAMS] 5 (fiEF. p

. Z-f ̂  = 50 -pB • 1 -̂A J -P^ ,- s- 1 - C.OS U

t(jL - I

___
VEdo j . ^ (5^,51 oV'1 Wcxiouj 77-41 \EcKi6

/ ' /SISo'w Q.39M- • ̂  =O,^330 ; Xd(oE-6:> -^<S
.4-7 V /o.-s J

', *Ui * i . 87 Z. • 'v 2/r (Pecs .^ = 78° Zl

I . 3 0 0 0 = 1.005 ', ^m * f .0 /6 :

78° 13'

CosU

. 20 14
-4G74

, 5383
-3770

.5404
' Z . J I S '

I.G6I
4.Z57
I.7Z4-

« 50 (4.5s! G-€6rt c 378.i j'n-/k/7n
* 5o (z.is^ (4.Z31) r 476.7 m-^//Vi TULT, ̂
* 50 fO.-75Hf.7Z4) ̂  G4-G in-lb/'/n

M/AX. FACE SHEUT COMR

-f

. A/-* £ COLL/IPSE -f>.

-f-SD-R

» 3/5"0
-O73Z.5

. £ '
.1431 -O7SZ5

.|A3\

= 2Z..OIO +• 3153 * Z5

= 4l,9?D-»-3<J)1O =45,540 pci

5ooo
-1431

Q,7Z4\- 2

C-14



Prepared Date
9-8-11

LOCKHEED MISSILES & SPACE COMPANY Page Temp.

C-tA-l
Check< i Date Title

7t PROTOTYPE:
Model

TP5
Date

3-ZG--7I DESIGN $ Report No.

. 3
AA4X. ULTIMATE

. MAX. £QMP/=?£5S Oc

COMSIAJE COMP. A/% : SE^M-CO-LL/MU '

. /S

. a: : -4-

COMO.
.1431 . .0341S"

» (oQOO -f 416.1

.1431 .03415

. Jt '. Qca. WAX = ̂ 000 + C.4. <2?

.\43\ .03415"

M/4X. THAJ6ILE

TSU5,.A/*<$

= 41,930+ ,3,110

/85"9 O psi (uw)

-7°: DIRECT

OT>/.A* =

36<PO +50(3.0 .^ =
• 1431 .034-15

= £9,4-80 pi

COMD. IT

.1431 ,03415"

COMD. jH:CTpr^AK^(gQOO+gO( 3.0^ -41. 930^-4-3 \1->i6>.ZgQ"

C-15



Prepared by;

•S--8-71
LOCKHEED MISSILES & SPACE COMPANY
* OIO U ' D I V 11 I O M . O P L O C K M f l O A 11 C I A f T C O t P O I A T I O N Jsl

i Date TitU

PROTOTYPE PANELS
Model

TPS
Date Report No.

A/o. 3

o-T

1. MAX.

ULTIMATE.

Q/J

•M;5..= Fee -I

COUD. I 1 M. S. = <o/.4 - [ =
32.69
G/.4-

-/ = '40.57

= I.IO5 -/ = -f Q.(O

. m;-. M.S. *
^z.6^

- 2.454-1 =. 4- 1.5

M.S.-

O

COMD.I : M. 5. = 71 - f - Z.GIZ - I =

COMO.

. Jtt*. M.S. = C5.I -/
4G.Z5

1.5, = -77 - I -

C-1&



by: Date

9-IS-7/
LOCKHEED MISSILES ft SPACE COMPANY T«np.

C!<o\
Checked Title

PROTOTYPE
Model

TP5
.Date

3-Z&-1I
Report No.

Mo. 3

M/4X.

X1T

'. COUP. Ht CRITICAL

' 41930(^81) = 5375"

. BEARING LOAD ~- PER

=. 07 /sz(/zix/o3 j = lh

of

53^5-

STABILITY /)/J^JLV5l5 CRITICAL ;T*RT.

MX1X.

5KIJU BUCKLING >STF?£TS5 ^

r = .OS/6 ; n = /S" ; /^a = 70 K»»
fc/fr* /.<so/.o£3 = 25.4 : VK = z.si

0 = .0816
F/Fa.i^G.9l (Flfi.Z,

= O.91 (.70) - 67.

? 3/JFETY

-I ^ GTS - « f .

369<

C-17



Prepored byix, /) -±, Dote LOCKHEED M
r̂ic.1&JbL 9-8-7I * o.ou, ,,.,..ON

CheckedUjy- /\ ^ Dote Title

<r?.£4^ t&-(2-7i PPOTC
Z£Tity*f> n^-7/ Utfclt

COt^nGURATIGM Ho. 4-
S££TIO/J PROP£PT/£5

FULL , ' '
I 7

^C4LE" f '

D//J SK 91311 1 ©^

v/"\"

-J.4I U-

'eLEw /I £i /la
' .O<S40 .OIO .OOIZ.8
2. .01 48 .OGO .OO089

3 .O496 .£GO .0311 4
4- .0148 1.240 \o.786€
S .I43Z ,0535^

3 = • OS35£ - O.2140 vn J
.I43E-

J0
S.O3/1I /n4 ;Z0 '«03/

M A T£ ^? 1 AL ~> G AL- 4 </ AWEAUL
REF. A/IIL-ffOHK-5'/^

RT fr/ia. 5.4,6. l(a\]

fev= 1^4- Ksi L.74^
F^K r 1 Z (o f^s i ( • G"l N)
f — / ̂ » 7 l»^ ̂  i* • fQ. \

Tbr^^ 2O6 Ksi [° (.GS)

V '= O.I(2>0 Ib/fn3

ir

&

ISSILES & SPACE COMPANY P°9V ^"T ">m'

DTYPE PA M ELS "°M TP5
- D * M

sAJ <£ /)Aj^Ly5/5 R-PortNo.

1 ALL t^ *O4& in13
^ p?= O. IZ, in

® . Lj J = 24-.0 in

rTo

5
_ • f V^Tr I44(r.o83£ .'. (.. /£oxi

j^ ' . \Ajyi ^.,O(oZ /^/-Pf"

d /IcT XA

.3540 .OOB2D -OOOO

."31 4O ,OO)4&
-Z$>£O lOO^S .OO&36

5 .88^0 -.OIICZ
j .02534 .OOG31

£='.1432. -.(D895O /n

-.D - TI~nAMIL/M /ALLOY

<$oo°r
33.21 Ksi .(p|fi.5.4,6.Z.I(a^
fl4 4 Ksi £FIS £4%<<.z. l Cb '̂i
898 Klsi ^FIS S.4 t.Z.Z (cxM
/3.UI03 kjs-i (PIS. 5.4-4.Z.4^
/3.4-x.iO l<si (FIQ. s.4. G.l. 4-^

l:89 Ksi CFIS. • s.4.c.Z.36a^

70< ' .
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PrepareoVby: LOCKHEED MISSILES ft SPACE COMPANY Page T«mp.Cial
Checked Dat* Titli

ppororypE
Model

TP3
, Date

DES/G/J ANALYSIS
Report No.

No.
DES/^AJ LOAD5 (AREA 2.}

E DfeSKSAJ LOAD COAIDIT/OMS AS FOR

z. , SIV^A; co/a p, 5, E/cepr TH-AT FO/^ LOAD
cojaomo/a STj Tff-E /yi/^x. TEMP, ts Goo° F.

(F?EF. p. 5COLUMN' LOADS

../AT

Ola. - GIZ.1 «G8>330

-089SO

- ^"0)3 -5G.Q6Q

.0895D '

ALLOWABLE

= 29.0
MCF

AT ff.r. :
•Fee. = 7. Z3 4- (2-9-

= •I.6S3-

371<

C-19



Prepared-by: I Date
9-30-7/

LOCKHEED MISSILES & SPACE COMPANY
A O lOU* O I V I t l O N Of iOCKHUD A l t C I A f T C O I P O t A T I O M

Page Temp. Pwm.

C /9
Cheeked bV: .Date Title

PROTOTYPE:
Model

TP5
Approved by: Date

DESIGN
Report No.

. SF/JD//J5 A/io//?£-/UTS~roR eow? A/v
BEAM-COULMU XU//1 LYSIS G^EF: p. 13 )

N^ 5i°i3
11.13 f&.

^L
S7°/3'
^G0^'
736 07'

Cos-u,
,54-15
.4051
,Z0^4

/-G95^

.4£T^£

.5B43

.703<o

TH^C^sU
,54-00
* O *-^ «- ' ^—

.4118

'.—>/•
^ ^( i
.5431

••i.ioz'
1.501

z-f^o
I.G96
Z.ZD4-
3.007.

= 7 Zl ( Z.S5") fLZo4A =451.3 in - /fc / ,* f t; U"
X* 7 2. (0.7SMS002> /6Z.I in-lb/in

STRESS £ C

A/
,08950

ft -h7Z1°c

COAJO. rvG
.OS" 2. 33

= Z5,

.O8950

.052.33

C-20
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Prepared by: I Date
3-3-11

LOCKHEED MISSILES & SPACE COMPANY Page T«mP- Ptfm-

CEO
Check Dote Title

, Dote

18-Z6-1I

PROTOTYPE PAMELA

DES/S/U €

Model

Report No.

A/o. 4
MAX. ULTIMATE STRESSES ~ APPLIED ~ STIFFS gf? FZZ=

= A/it e

<$ BURST -p \ B£AM- COLUMN

FROM p. 19

.X". Qciwwx ? IZSO + 550,Z. = 215; 140 +25, ISO -5O.Z9O r

COND. IT?

COWD. jH'.

3000 + .45Z.3 =53.S20+ZQ.(b10 ^54,I3O
.O89SO .01I3S

:.j. = 53,szo+ 14o9 - 40,950 î  C'JJ-T)

.OS95D .OZ1.8S

JLBS

GOMHIME TQO£. A/% =j COLLAPSE

.08950 .Oil

COMO.l 1

COMD. Z :

34-SO

,O205O

9,140-58,290

= 45,150+ 5885 - 54, ] -50
•O89SO

GOOO
.O89SO .OZI88

.61753

l(3.0\ = £1,040+

373<
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Prepared by: Date
3-3--7I

LOCKHEED MISSILES & SPACE COMPANY
Temp.. Pwm.

C2.\
Cheek Title

I Date

PROTOTYPE PANELS

DESIST £

Model

TP5
Report No.

COMF/6UR/4TIOA/

M/4A36LIMS 54FETY ~

1. . CQMPPE55IQM Q/J

M.S.-= Fee
Qc

COMD.Z: M.S. - (54.19 -1 = I.Z8Q-I--

I = !,!3£-|
5Q.Z9
G4.19

-f Q.29
CRIPPUW6T-UU".

-f Q.2.0

COND. JET'.
54 J. 9
48.11 Q//6

2. QM

COMO.X: M.5. = _I34 - I =Z.Z99-

CO/JD.2T: M-5. - 134- - I -a.--
54.13

M.S. = 99.Z. -/ «|.

•f L5

4- 1.5

•f 0.89
TEMS.-ULT.

u
3
2
E
O
IL

3?4<
C-22



Prepared by: I Date

9-/<D-7(
LOCKHEED MISSILES ft SPACE COMPANY
* aieur D I V I S I O N OP IOCIMIIO AI ICIAM cot ro i * f io»

Page T«mp.

C2Z.I
Chack*

£*•? <Uc~u
i Data Titl.

PROTOTYPE. PANELS
Modal

TPS

REV.
Dot* Report No.

COUFI&URAT IQM
FASTE/dER /1/UALYS/S

AT RT. CeoiiD. xV..OstM-»*4/,G<o
ATGOO°F(cowJb.HL^'. CT*tM«i =45, ISO

. TF^OM p. /9)

3 -.

= .511

2. BE/ARfAJ<£ f/J

S.M.
. 5.M.

- 1-25 in T

p.S.MOTC

n ,'
RlVETS

£A1Q5 ^ SIX. A/e.

MAX.. STf=?<Alg£f? LOADS ~ PAW* 7 CoMO. HI CRITICAL

AT

M.S.'

3.

53/0

JQ-SQLT5 .* JL5 5S3Z. F6 -Z. .

AT R.T. 1 ALU3V4.

AT ^OO°F: V^-UL-M « ,91 (^lso^ =
* ZlSO /fc

A -28C» ORE'S

p. 1-10.3

M. S. « -/ ^
5310

- I -t.210- I

C-23



LOCKHEED MISSILES & SPACE COMPANY
Page T«mp.

C.23
Title

Approved by:

PROTOTYPE PANELS
OES/fi/J

Model

TP5
Report No.

CQMFIGURATIOM A£>. 4-

SK/Aj : CO/UD: HI CRITICAL \T=

MAX. . .STRESS

5. A/I. BO C

&_= /.Z = 30
"£ -o4-

ASSUME "1/K1 = /.3O

50/1. BO =

F = 0.615. Cna. z,

Fc CR= 0,515 (30.o^ * 46. 4O

of

M.S.



f
2

u

Z
K
O
U.

Prepared h»:,-, .~ •» Dote LOCKHEED MISSILES & SPACE COMPANY P°9» iTTl """•

Cheeked bU 0 « Date Title Model

ff.J. &&£. ,1-1.11 PROTOTYPE PXlAJELvS TPS
oS /_--ii DESIGM $ /»A]/)LY5/5 R.portNo.

• j**- V* ^]\ A. • ^_ • v^ •** • • - .

.^ / \k.j/\ K/\ A. r~ 3 ̂ f — ». A^ X\ y flA Ji 1 1 / . ^*^*""7 g* ̂  o c^ c
Vj L-' / v | / T I^Tr^^ T '^ »xrAl /v . f .r J/M PS^— W / /^ d, sl/̂ Jh— rS_?

COMF/C3 .

/

a

3
'

4

/

a
3

4

LOADS €

A/*
PP1

O
b

-3OOO
4-GOOO

-Gooo
4GOOO

-3OOD
-KoOOO

f: M4X. ST^?FSSE^~OTf?l)aaE«

-JO
pSV

+ -̂.5
- <o.O

4a.85
-3.0

4E25
-3.0

+ e,85
-3.0

O^M
psi

0
o

-16.ZZO
452,450

-4|,9HO
441,930

•35^2LO
46l,O4O

0V
psv

-39,410
•f52l54O

-G131
47081

-3Z.51
44311
— -U^ i O
.f_CiCX™77T*«-7D i ̂

a
ps.

-39,4.10
45Z,54O

-3Z,95a
459,630

^S^no
444,250

-4 ,̂9oo
416,910

tOAQS^M4X. >5Tf?HSSE-3 ~SK/,U

O
O

-3000

4-GOOO

-600O
4-GOOO

-30OO
4-<SOOO

-6,0.
+4.5
-3.0
-1-0.75

-1,35
4O..75

-3.0
-fo.15

'b
O

-Z&.ZZO

4-SZ.4SO

-41,930

441.93O

-53.5Z.O
4<o7,O4O

-ZD^|O

4(S,Cb(O

-3043
4-~l<o:i

-85Z
4413

-4076
•f 1 0 1 &

-Z0.8JO
4l5,G)O

-es.Tfio
45330^
-42,180
441,400

-37.GOO

T
°F

R.T.
R.T,

' R..T.
ZS'O

RT
"25O

R.r
GOO

£1
/b-i^y/n

Z33,000
Z33.000

305,400
ze»"3^oo
3 14-, 200
28B,,&OO

3\T,lfiO.
653.6OO

R.T.
f^. T

RT
250

R.T. .
250

•RT
4^8,0(001 25O

Z33.000
Z33.00O

306/400
:Zd3,5OO

314,300
Z&Q&OO

sn.too
3.SA4OO

3IS/J CO*JV£A/.T/OM5 ' +^,4-0° TEtiSlOti

ALU i.-p.i.cy :uo-,w/rre V^ES

FXKiTOF? o-f SAFETY = ^.5

. . 377< '
3-25



I Date

hen
LOCKHEED MISSILES ft SPACE COMPANY Page T<""P-i Pemi-

checked Date Title
PROTOTYPE

Model

TP5
Approved by: Date DESlGfJ Report No.

i. MIL- HDBK-SA, METALLIC- MtnEKlSilC /i/JG

Az?:ncFt\C£ VEHICLE -STRUCTURES , j/w. /37o

, THEORY o-F rL/^5T/c

C; STRESS MEMO

2. T/MOS-HE/IKO

3.

4.

5. MEA/iO FROV! D.si.

LMSC , u PO/AJ-T DE

DE-SIS Aj

, AJ/)5/l M ;SC,TO f?.D. BL'TTR/VVI.

2. OftglTZR

TPS

t^OATfeC 7-2.l- t7l.

i
o

C-26.
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NASA CONTRACT

LOCKHEED MISSILES & SPACE COMPANY. INC.
* S U I S I D I A I T o r I O C K H I E D A i t x i A f t c o t r o t A t i o N

ENGINEERING MEMORANDUM
TITLE:

DYNAMIC

PREPARED BY

CHECKED BY:

ANALYSIS OF TPS PANELS

: A. D. Houston/ F. R. Mason/ '
R. Butt ram

EM NO. SSD/̂ 51

REF:

DATE: 25 Oct. 1971
APPROVAL:

Refs: (l) U. S. Government Two-Way Memo, dated 7/21/71, "Point Design
Requirements for 2 Orbiter TPS Design Areas - Reuseable Sur-
face Insulation TPS Development, Phase 2."

(2) NASA TN-D-451, "Flutter Research on Skin Panels," Kbrdoes,
Tuovilla, and Guy, Sept. 1960.

(3) LMSC/A814091, SS-1106-5522, "Sonic Fatigue Analysis C-5A
Program," D. M. Wong, 28 April 1966.

(k) Me DonneH-Dcuglas Tech Report AFFDL-TR-67-38, "Design Fabri-
cation, and Test of Aerospace Planes Beryllium Wing Box," March
1967.

(5) Lockheed-California Company, SLM #17, "Structural Life Assurance
Manual.

PURPOSE;

To verify by analysis that the four panel designs submitted satisfy the dynamic

requirements for sonic fatigue strength and flutter resistence described in

Reference (l).

DISCUSSION:

(1) - Panel Flutter Analysis

Two panel flutter modes were examined ; complete panel flutter and inter stringe

flutter. The experimental data contained in the Reference (2) document vas

used to demonstrate that the panel flutter requirements of Reference (l)

were met.

(a) Complete Panel

The effective stiffness for a stiffened panel is given by :

(0

FORM LMSC 2700

38Q<
b-2
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Prepared by:

Checked by:

F. R. Mason
Approved by:

Date

Date

Date

LOCKHEED MISSILES & SPACE COMPANY

Title

DYNAMIC ANALYSIS OP TPS PANELS

P«e TemP-

bS>
Model

SSDA51
Report No.

Pwm.

DISCUSSION; (continued)

For all of the four panels examined, the length/width (l ) ratio is approxi-
v

mately 1.0. Hence from Figure 2 of Reference (3), we have;

0-J»

Substituting from (l)

< -3J
The panel with the lowest value of bending stiffness (ix) is Banel #1, with

a value of 0.01 in.3 Taking Poisson's ratio 0 as 0.3, E » U2 x 10 lb/in2

and length (£) = 24 inches, q ..< 380,000 /"i?-l

dearly, the panels are flutter free in the complete panel bending mode.

(b) Inter Stiffener Panel Flutter

Panel #1 is the most critical of the four panels in this mode, with a 1/w

ratio of (22.5/3.3) a 6.8. Refering to Figure 2, Reference (2), the following

flutter stability criterion applies:

-• I
The panel with the minimum Et3 is panel #U, with a value of 920 Ib in. There

fore q<~ 3̂ 1*0.̂ /14 -1 for no flutter. The flutter stability curve for this
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DISCUSSION; (continued)

mode IB plotted in Figure 1, demonstrating that a flutter margin in excess

of 1.5 times the maximum dynamic pressure exists at any Mich number along

the design trajectories.

(2) - jfenel Sonic Fatigue Analysis

The method described in the Reference (3) document was used to evaluate the

sonic fatigue characteristics of the four panels. This simplified analysis

method developed in Reference (3), provides root mean square stress generated

in a panel by acoustic excitation at its fundamental natural vibration mode

given by:

vhere:

rms stress (psi)

unit psi stress (psi/psi)

damping ratio

panel primary natural frequency (Hz)
o

pressure power spectral density (p /Hz)

V3 octave decibel level-f 6.38 decibels

From Reference (l), maximum 1/3 octave level is 150 decibels, therefore

6.38

Si(f) =

From Reference (3),

/fn Si (f)' 150 156.38 decibels
B 0.19

From stress analysis of the panels, the following unit pressure stresses are

as shown in Table I, together with computed values of RMS stress assuming

5 = 0.02.
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TABLE I - RMS STRESSES GENERATED IN PANELS

Panel

#
#1
Beryllium

#2
7075-T6
#3
7075-T6
#4
Titanium
(6A1 4v)

Unit Pressure
Stress(psi/psi)

c«
Stringer Skin

8800

2360

1440

3150

3460

1000

630

1330

RMS Stress (Psi)

Stringer Skin

10,400 4120

2,800 1190

1,700 750

3,750 1580

Discrete frequency S-N curve fatigue data for 7075-T6 (Aluminum) and 6AJL

4V Titanium Alloys were obtained from the Reference (5) document and data

for Beryllium sheet from the Reference
lative fatigue damage rule

is given by:

where : £>C* j

distribution

T.

— *

is used and

1

r%<*4/j<.
o

of stress peaks, and Jt •

(4) document. A modified Miner cumu-

the number of cycles to failure NR

is the Rayleigh probability

> ratio of peak stress to root mean
square stress.

For various values of xms stress, the values of NR were obtained and ran-

dom S-N curves constructed

are shown in

from the discrete frequency S-N curves. These

Figures 2, 3 and 4. Estimates of the number of cycles of ex-

posure have been based upon

ment history

the Reference (l) data, which provided an environ- .

for a particular mission. For one mission the environment was

between the maximum value and 20 decibels below the maximum value for a period

of 35 seconds. Assuming 100 missions,

life, and an average panel

a safe life margin of 4 times service

natural frequency of 200 Hz, the design life cycles
*

D-5
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DISCUSSION; (contained)

are:

Kp » U x 35 x 200 x 100 » 2.8 x 10 cycles

CONCLUSIONS;

Figure 5 shows Induced RMS stress plotted for each panel and each are less

than allowable random S-K curve allowables.

Therefore, it is concluded that &"n four panels have adequate fatigue strength

to withstand the Reference (l) design environments.

3S4<
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PURPOSE: .

To investigate the venting characteristics of the thermal protection system (TPS) configura-
tion shown on Reference 1. . Specifically, as requested, the analysis was performed to
determine maximum differential pressures across the TPS tiles, under the .assumption that
each panel assembly (approximately 10 in. by 30 in.) is hermetically sealed from adjacent
panels. \

TECHNICAL DISCUSSION;

It has been established that the maximum differential pressures on vented compartments occur
during the transonic phase of ascent, rather than during reentry. An ascent venting analysis
has been performed, using the digital computer program "VENTRX". In this program, a
venting model is set up to describe the volume(s) of air to be vented, orifice areas (external
and/or between compartments), and external pressure fields for all external orifices. Sharp-
edged, circular orifice flow coefficients are used, as modified to account for the effects of
an external velocity field.

The calculated volume of air under each panel assembly is 0.52 cu ft, and the external vent
area (in square inches) is 37 times the average gap width (in inches) between TPS tiles.
External pressures have been taken from the Area 2 data of Reference 2, and these pressure
histories (in envelope form) are shown in Fig. 1. For this analysis, it has been assumed
that these pressures (identified as differential pressures in Reference 2), represent the
difference between the external surface pressure (p0) and local ambient pressure (?») •
Ascent venting simulations were run for both the positive and negative pressures shown in
Fig. 1, using average gap widths of 0.005 and 0.0025 in. The maximum resultant
differential pressures are 0.1 and 0.25 psi, respectively. However, with this
venting configuration (individual panels sealed off), since the internal air pressure very nearly
follows the external surface pressure, the primary load-carrying structure in "Area 2"
must withstand differential pressures similar to (within 1. 0 psi) those shown in Fig. 1.
Also, the supporting rib structure between adjacent panels must be capable of withstanding up
to 8 psi differential in certain locations.
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Because high differential pressures are produced by rapid external pressure changes, which
are not defined by the pressure envelopes of Fig. 1, an analysis was performed to determine
the effects of such changes on maximum differential pressures. In interference regions
such as "Area 2," where local surface pressures are affected by the presence of an adjacent

body (tank or booster), theoretical techniques during transonic flow are inadequate, and
wind-tunnel data are not available to define the maximum rates of change of surface pressures.
Therefore, these rates have been analyzed parametrically, using rates of 2 and 4 psi/sec.
With each rate, total pressure changes of 4 and 8 psi have been considered. The resulting
pressure history for the most severe case (4 psi/sec for 2 sec) is shown in Fig. 2.

The relationship between external, internal, and ambient absolute pressures is shown in
Fig. 3, for a gap width of 0.005 in. It is seen that the differential pressure across the
thermal-protection surface continues to increase as the external pressure decreases; this is
typical for each of the cases examined.

A summary of the maximum differential pressures across the TPS panels is presented in
Fig. 4 as a function of gap width, rate of change of external pressure and length of time over
which rates are applied. In order to arrive at a maximum differential pressure suitable for
design purposes (in lieu of test data), some judgement must be applied. It is considered
that 2 psi/sec is a conservative value for change rate; this is approximately twice that used
in venting analyses on several SSD programs. Applying this rate for 4 sec reduces the
external pressure to less than 1 psi absolute. Thus, the curve noted on Fig. 4 is recom-
mended for use in design analyses. It is emphasized that these pressures apply only for
the condition in which it is assumed that each panel assembly is completely sealed from
adjacent panels. Should this not be the case, it may be assumed that, for relatively un-
restricted flow between panels, the internal pressure (air between TPS and primary structure)
will be local ambient ± 1 psi. In that event, the maximum TPS differential pressures
(depending on location) will be as given in Fig. 1, plus or minus 1 psi.

CONCLUSIONS;

Design differential pressures on the TPS panels are relatively low (less than 1 psi for an
average gap between tiles greater than 0.005 in.) if the entire surface is constructed such
that each panel assembly (approximately 10 in. by 30 in.) is hermetically sealed from adjacent
panels. This scheme, however, imposes high differential pressures on primary structure
(as much as 5 psi) and on support ribs between panels (as much as 8 psi). In addition,
high costs would be incurred in manufacture and testing.

Alternatively, if air flow is allowed between panels, differential pressures on primary
structure and TPS support ribs would be reduced to less than 1 psi, while differentials across
the TPS surface would be increased to as much as 5 psi in certain areas, possibly requiring
structural reinforcement in the form of bonded screen or solid subpanels.
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Fig. 4 Results of Venting Analysis
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