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ABSTRACT

Design information is presented for beryllium and ceramic composite structures
for re-entry vehicle applications.

The volume includes a summary of materials and process developments for
beryllium panels and heat shield ceramics, analytical evaluations, and dis-
cussion of application of insulated structural concepts to re-entry vehicle
systems. Also included are the results of panel tests in the severe
environments of turbojet and ramjet exhausts.

Data suitable for preliminary design considerations are presented for three
reinforced heat shield ceramic foams: alumina, silica, and zirconia.

Beryllium sandwich panels constructed in the course of the program are
described with regard to fabrication potential and performance in aero-

space structures,
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SECTION 1

INTRODUCTION

This volume selects information from Volume II, "Materials and Process,'" and
presents it in a form suitable for preliminary design considerations. Supple-
mentary information is added to bring out the potential application of the
thermantic* structural concept to re-entry vehicles.

°
It is emphasized, however, that the prime effort of the program was to develop
concepts and fabrication processes for beryllium structures and for ceramic
heat shield materials for re-entry flight, Development of design information
represented a relatively small portion of the work. There was no intent to
compile gsufficient analysis and test information to satisfy a designer; the
objective was to show basic feasibility of the concepts proposed. At the time
of the contract start in early 1960, the outlook for practical beryllium panels
appeared discouraging. Also, the concept of radiation cooled re-entry hadg
received little serious attention because of the unavailability of promising
insulating refractory materials.

Nevertheless, in the course of developing radiation cooled concepts and struc-
tures utilizing beryllium and ceramics, enocugh information relevant to design,

and particularly preliminary design, was obtained to make desirable the

separation of this design information from the basic materials and process
information covered in Volume II. s

The desirability of an insulating heat shield to resist temperatures in excess
of 3000°F appeared obvious with respect to (a) minimizing internal structural
problems and permitting use of conventional metals, (b) avoiding oxidation
problems associated with refractory metal heat shields, and (c) enabling con-
siderable growth potential towards super-orbital flight requirements in view of
the high temperature resistance of the ceramics.

However, the limitations of brittle materials were not minimized. 1t was decided
at the ocutset to make maximum use of the insulating properties and temperature
resistance of the oxide ceramics but to limit their structural function. Conse-
quently, the thermantic construction distributes structural loads to the metal
components. The function of the ceramic is to protect the load bearing components
from the severe thermal environment. In this capacity the ceramic must exhibit

high durability under extreme thermal shock, high temperature levels, and high
acoustic levels.

*For the purposes of this report, thermantic structures shall be defined as
those structures which are capable of maintaining structural integrity when
exposed to external surface temperatures in the 1800° - 3000°F range during
flight operations, and thermantic flight conditions shall be described as
those conditions which expose the external surface of the flight vehicle to
temperatures in the 1800° - 3000°F range due to aerodynamic heating.

Manuscript released by the authors January 1962 for publication as an ASD Technical
Report.
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With these requirements in mind, and also the perennial necessity for minimizing
weight, reinforced porous lightweight ceramics were an obvious promising approach.
Early success in durability tests in turbojet and ramjet engine exhausts con-
firmed the concept and the potential. The development work progressed rapidly
and three basic ceramic systems (zirconia, alumina, silica) were found to offer
sufficient durability to merit prime consideration for re-entry vehicle systems.

The beryllium development® work performed resulted in the first large brazed sand-
wich panels. Here again, extensive detailed design information was not derived
though fabrication feasibility was demonstrated and good panel properties were
obtained. The potential of beryllium panels for aerospace structures was clearly
indicated. This volume summarizes the beryllium work performed, indicates a
number of promising applications, and it is hoped will stimulate designers to
visualize additional ways to take advantage of the unusual low weight and high
stiffness of berylfium.

ASD TR 61-706 Vol. 1 1-2



SECTION 11

CONCEPT APPLICATIONS

A, INTRODUCTION
The composite construction (typical designs shown in Figures II-1 and II-2)
is a method of combining ceramic insulation material with more conventional
airframe construction, This construction provides inherent reliability in
the ceramic-metal joining system, Catastrophic failure, which characterizes
monolithic ceramics under thermal stresses, is eliminated by the individual
ceramic cell arrangement, The airframe structure 1s protected from severe
enviromments by the ceramic and consequently can consist of high temperature
alloy metals rather than the more difficult to handle refractory metals,
The thermantic structure is compatible with lifting body vehicle systems in
that it offers very favorable weight characteristics. Panels constructed
under this contract showed a weight of 3.85 lbs/ft“ in heat shield and backup
sandwiches. From this value, considering heat shield, load bearing structure,
joints, internal structure, coolant and heat exchanger, a theoretical total
weight of 4.5 lbs/ft2 appears feasible. Moreover, even more favorable weight
characteristics can be expected in the normal course of materials improvement.
In addition, the thermantic concept has inherent reliability features which
can be summarized as follows: ’
1. Maximum Use of Available Materials
The relatively cold load bearing structure, to a large degree, is
designed and constructed according to well developed aircraft techniques,
The radiation cooled insulated heat shield enables low temperature
internal enviromments, thus permitting increased use of presently available
equipment, instrumentation, and mechanisms,
2, Durability and Chemical Stability
The structure utilizes components which are chemicaily stable in their
operating environments, Ceramics are used where highest temperatures occur,
and structural metal components are operated in temperature ranges in which
they have good structural and chemical properties, Also, the relatively
thick ceramic insulation minimizes erosion risks from meteroids and space
radiation particles, so that repeated use can be contemplated,
3, Fail Safe Features
Because the load bearing structure is relatively cold, a time interval
will be required in the event of heat shield failure to seriously overheat
the support structure, The time interval will enable preparation for
ejection or for change in re-entry path, The increase in heat transfer
resulting from smatl local failures may be distributed by the cooling
system so that a lung time interval may be available for emergency action,
4, Capacity for Growth
The thermantic constructicn utilizes the favorable thermal properties of
ceramics, and by use of sufficient reinforcement avoids the mechanical
limitations of ceramic materials, However, ceramic technology is in {ts
ASD TR 61-706 Vol. 1 11-1
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infancy and rapid progress is being made to reduce reinforcement require-
ments, For example, reinforcement honeycomb cell diameter has been

successfully increased from ¥*' to ¥'', Still larger cells are a likely
future development,

°

Possibilities for extending the functions of this construction include

the utilization of the ablative properties of ceramics or plastics, For
example, for supercircular re-entry a portion of a ceramic or a plastic
component may ablate, and when speeds are reduced, the remaining ceramic
would act as a radiation cooled structure, Transpiration cooling during
superorbital velocities is also compatible with porous ceramic heat shields,
In a transpiration system, the fluid may be ejected through ports which

are connected to an internal compartment cooling system,

B, APPLICATIONS

l-l

Lifting Body Re-entry Vehicles

The ceramic composite construction shows excellent potential as the prime
structure for re-entry vehicles, 1In the case of lifting body vehicle
shapes, such as depicted in Figure 11-3, the composite construction shows
advantageous application on almost ail of the vehicle's surfaces, Major
vehicle sections which require a high temperature resistant structure
include the nose cap, forward fuselage, cabin, and control surfaces, The
ceramic composite offers maximum utilization of internal volume by enabling
low temperatures throughout the interior, Since most of the incident

heat flux 1s radiated away at the ceramic surface, relatively simple and

small cooling systems are needed to maintain environments compatible with
personnel and equipment needs,

In the following discussion, a study is presented showing the structural
and thermal features of a lifting body vehicle section with ceramic
composite skin construction, The vehicle portion selected is the forward
fuselage section, which for a typical re-entry trajectory would be
generally subjected to intense heating in the 2500° F, to 3000° F, temp-
erature range, Temperaturcs in excess of 3000° F. may be expeiienced at
local forward areas, and more widely under off-design flight conditions,

a, Description of Typical Fuselage Construction

The forward section of a re-entry lifting body is shown in Figure 11-4.
It is basically a semi-monocoque structure consisting of a thermally

protected brazed sandwich shell stabilized by conventional inertia
bulkheads,

The thermal protection is afforded primarily by foamed ceramic and
fibrous insulation. An open face honeycomb core is brazed to the

outer face of the basic sandwich panel. This open face honeycomb

is partially filled with fibrous insulation and capped with foamed
ceramic. The depth of the fibrous insulation and the foamed ceramic

i1s selected; according to the expected thermal environment, to

maintain an optimum weight and thermal insulation relationship,

Though a one 1inch thick heat shield appears optimum on the basis of
preliminary studies, it 1s possible that a thorough thermal analysis
over a complete re-entry trajectory may enabl~ reduction of heat shield

ASD TR 61-706 Vol. 1 11-4
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thickness in local regions, Ceramic surface treatments are provided

(1)

(2)

(3)

to produce high emissivity and increased erosion resistangce,

Structural Panels

Several load bearing panel designs are possible: the design
most readily available utilizes superalloy (such as Inconel "X")
or stainless steel faces, However, beryllium faces and combin-
ations of beryllium and superalloy faces offer weight advantages
at the expense of greater fabrication costs,

The preliminary selection for the core within the panel faces

is 3/16" cell diameter honeycomb, ,001" thickness 17-7 PH
stainless steel, Corrugated core should be given further consid-
eration, but initial studies indicate that corrugated core designs
generally require heavier faces to avoid buckling between con-
volutions, Beryllium faces present an exception, however,

because of the high stiffness of the metal,

Support Structure

It is expected that two shear distribution bulkheads are needed
to transmit the shear component into the skins, The bulkheads
may be located at each end of the fuselage section, or at two
intermediate locations, depending on payload configuration,

The bulkheads also serve as stabilizing members for the shear
panels,

A vertical shear web connects the bulkheads and distributes the
longitudinal load compeonent to the bulkhead frames and the skins,

thereby eliminating local introduction of loads with accompanying
high moments,

Channel stiffeners are provided in the transition area between
the ramp and the cabin to react to local bending moments, The
moments arise because of the change in direction of the axial
load path in this region,

Bulkheads and stiffeners may be constructed of 15-7 PH or 17-7 PH
stainless steel,

Satisfactory thickness of bulkhead frames is approximately .020".

Panel stiffener channels are expected to be .010" thick with ,020n
thick caps.

Joints

Joint configurations for the sandwich panels are shown in Figure
11-4. These designs evolved from considerations of (a) efficiency
of translerring panel facing stresses, (b) attachment of any
required structure, such as rings or longerons, (c¢) pressurization
requirements, (d) dynamic loads, (e) cooling manifold requirements,
(£f) thermal relief, if required, and (g) manufacturing produci-

bility consistent with the state-of-the-art of large welded aircraft
steel structure,

ASD TR 61-706 Vol. 1 11-7



Considerable weight saving and higher integrity can be obtained

by proper treatment, or in most cases elimination of panel

edge members, Solid or channel type edge members are relatively .
less efficient in weight and performance than splice straps or
direct, connections, This conclusion is also derived from

analyses of B-70 structure, which utilizes direct panel connection,
For lifting body panels with steel face sheets, recommended

joining method is fusion welding of the adjoining skins, An
additional thickness of steel is provided in the area of the

weld to compensate for reduced allowables and for reaction to

local differential loads,

For beryllium faced panels, for which welding is not recommended
because of the low strength of beryilium welds, a tapered steel
splice plate 1is brazed to the faces of the panels, These straps
are in turn fusion welded to provide the connection.

(4) Cooling System

To hold the water in position during flight, two materials were
considered: '"Thermosorb'" and wicking, The highly insulative
structure results in a warm surface (approximately 4000 F,) facing
the sun and a cold surface away from the sun, For long orbiting
flight, a completely passive coolant system would gradually
exhaust the coolant attached to the warm walls, Circulation of

a small amount of fluid to the warm and cold walls would provide

a thermal balance and prevent consumption of the coolant during
the orbiting phase. Also, the evaporation pressure would be
controlled below the relief value setting, Consequently, a solid
coolant system with provisions for some circulation during orbit -
would satisfy mission requirements,

A wicking system, again with sofe fluid circulation during orbit,
is also feasible, though boost accelerations complicate the
problem of assuring proper water distribution and avoiding weight
shifts in the vehicle,

A prime consideration in the installation of the water coolant

is the possibility of recharging for more than one mission,
Configuration studies indicate that the lightest method of re-
charging the cooling system is to provide an access slot covered
with a thin cover strip adhesive bonded to this manifold, Although
the bond line i{s non-structural, the adhesive must be capable of
withstanding temperatures up to 800° F, without failure.

For reliability of the cooling system, a general inter-connection
is maintained between panel vents, Therefore, a failure of any
one pressure relief valve will result in merely diverting exhaust
vapor to a valve in another area with only a slight increase in
pressure and boil-off temperature. A fail safe feature is thus
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provided; in the event of local structural failure, a finite
time interval would elapse before the coolant 1is exhausted,
The time interval may be a definite design requirement to suit

ejection requirements for the pilot under certain failure
conditions,

Cooling systems are shown in Figures 1I-5 and 116 for each of
the two basic structural panels considered, Manifolding and a
distributed relief valve arrangement is indicated, A central
relief system is also possible though the tubing required is
likely to show a weight disadvantage, A distributed relief
system has potential for providing transpiration cooling over
critical areas during superorbital re-entry velocities,

Relief valves, shown in Figure 11-6, show relief through a porous
ceramic fill, The ceramic is intended to protect metal components
and prevent hot gas flow to the interior,

(5) Welight Analysis L

The various structural configurations indicated in Figure 11-7
are defined in Figure I11-8. For purposes of weight analysists
the structure is divided into the following major sections:

Heat Shield

Basic Panel

Support Structure

Interior Insulation

Miscellaneous hardware, shock mounts, bolting for
equipment, etc,

LN -
.

It can be seen that items 1, 3, 4 and 5 are independent of the
method of construction of the basic panel and are constant for

a particular insulating configuration, Inspection of the component
weights of the basic panel shows that all weights are constant
except for skins and edge members, Consequently the differences

in totar weights shown in Figure 11-7, for a particular insulating
configuration, can be contributed to the face materials and the
panel edge treatment,

Minimum weight is gffered by Configuration II which, including

»71 pounds H,0/ft,“, yilelds a theoretical total weight of 4.29 pounds
per square foot using beryllium face sheets. (Refer to Figure 11-8
for further comparison of structure and coolant weights.)

b, Thermal Characteristics of Structure

(1) Performance during Re-entry

(a) Performance as Lifting Re-entry Structure

The thermal performance of the ceramic surfaces proposed
is based on radiation rejection of a large portion of the
thermal energy received during re-entry, Ceramic surfaces
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capable of withstanding temperatures in excess of 3000° F,
are thermally suitable for a wide range of re-entry conditions,

(a=1) Error Conditions

A lifting re-entry vehicle flying at a constant

angle of attack during initial re-entry will experience
a skipping trajectory., Because of the non-zero re-
entry angle, the vehicle will descend to some initial
minimum altitude where the Lift-force plus centri-
fugal force exceeds the vehicle weight, The flight
path angle then increases until the resultant force

is again downward, The vehicle follows this
oscillatory flight path with each successive minimum
altitude occurring at a lower level, Eventually the
path oscillations damp out to the equilibrium glide
condition, The rate at which these motions are

damped out is an inverse function of vehicle L/D ratio,

The vehicle may experience the highest heat rates

in the skipring phase ot the trajectory., The severity
of the heating will depend on the initial re~entry
angle and angle of attack changes,

An entry error causing an increased entry angle will
result in large increases in heat rate., A change

in angle of attack at the wrong time can also cause
large increases in heating rate,

The thermantic structure offers the possibility of
surviving large, off-design heat rates, For extreme
heat pulses, the melting point of the ceramic may be
reached, Ablation of the outer surfaces will protect
the structure for a certain interval, An extra
thickness of ceramic may be designed into the structure
to meet such conditions,

(a=2) Super-Orbital Fiight and Re-entry

The thermantic structural concept 1s adaptable to

the thermal enviromment associated with flight at
super-orbital velocities or re-entry from lunar
flights, Initially, such a vehicle will enter the
atmosphere in an inverted position and develop lift
in the negative direction to counteract centrifugal
force. As the vehicle decelerates to orbital or sub=-
orbital velocity, it is rolled to the positive lift
attitude and a normal re-entry is executed,

(a-3) Fail Safe Features

The construction is an inherently fail-safe design
concept, In the event of skin penetration as the
result of meteorite impact the water coolant will
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prevent rapid local temperature rise and a catas=
trophic structural failure, Though the damage may

be such as to ultimately render the vehicle untenable,
a delay sufficient for initiation of escape procedures
would most probably be available,

1f the penetration should occur after the coolant
supply is exhausted and is located in a non-critical
area, the local interior temperature may be allowed
to rise without suffering excessive damage,

(a=4) Extensions to Thermantic Concept

The thermantic structure concepi 1s readily adaptable
to modifications which will extend its mission
capabilities.

In order to accommodate severe off-design heating

conditions, an additional layer of ceramic may be

applied to the surface and be utilized as an ablative .
heat shield, Plastic ablators may also be considered

for short duration with large heat pulses,

Transpiration cooling may be employed for less severe
applications, The porous nature of the ceramic
structure is readily adaptable to this system,

In a structure where a coolant is used on the inner
surface, the coolant vapors may be vented directly
into the boundry layer through the coolant pressure
control parts,

(2) Thermal Performance of Sandwich Design

A large number of composite sandwich configurations have been
studied in the quest for an optimum design. Six of these designs
were selected as being near optimum for application to lifting
body re-entry vehicles, These designs are illustrated in Figure
11-8along with their respective thermal characteristics and
temperature gradients, All designs can be used with or without
water cooling of the inside surface depending upon internal temp-
erature requirements, Two heating conditions were considered: (1)
an average heating condition defined as that which would be
experienced over large areas of the vehicle aft of the nose
region; (2)tde maximunm local heating condition as representative of
temperatures just aft of the stagnation region,

All composite structural sandwich designs are built up in the =

same manner, The open face honeycomb depth is one inch and 1is
brazed to onc face of a structural sandwich, Configurations 1
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through 111 utilize a 0,375 inch ceramic thickness and 0,625
inch 1insulation thickness, Configurations IV through VI
utilize a 0,5 inch ceramic and insulation thickness,

Configurations I and IV, II and V, III and VI are similar to
each other except for the ceramic-insulation proportion,

The corrugated structural sandwich utilized in Configurations 1
and IV also serves as a heat exchanger since the coolant is
within the corrugation, Control of coolant pressure offers the
means of controlling coolant temperature and, therefore, the
inner compartment temperature,

Configurations 11 and V differ from the foregoing by replacing
the corrugated sandwich with a honeycomb sandwich to overcome

directional structural weakness, Coolant passages are brazed

to the inside of the honeycomb sandwich,

Configurations III and VI are similar to II and V with the
exception of a layer of insulation being added between the
honeycomb sandwich and the coolant passages.

Additional variations to these designs can take the form of
perforations in the ceramic supporting honeycomb to reduce

its thermal conductance; also, various thicknesses of an oxi=~
dation resistant coating can be applied over the outer areas
of the honeycomb to provide desired protection from the highly
oxidizing environment,

(a) Thermal Comparison of Sandwich Designs

Thermal evaluation of the various designs are based on an
exposure to heating rates of 30 BTU/ft“/sec,, representative
of average heating rates on the fuselage section surface,
Also heating rates of 90 BTU/ftZ/sec. are used in the
analysis to indicate thermal condition at forward fuselage
locations during maximum heating, Maximum heating may occur
at Mach 18-20 during L equilibrium glide, but larger heating
rates may occur during early re-entry if flight errors

create excessive skip,

Emissivity values of 0,8 and 0,9 were used as being reason=-
able for surface temperatures of 2500° F, and 3400° F,
respectively, An inner surface temperature of 100° F, was
allowed for the case with a heat exchanger, For the case
without a heat exchanger, inner surface temperature was
allowed to increase to 800° F, with the attendant heat
transfer to the interior,

The following thermal conductivity values were used in the
analysis:
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(b)

ASD TR 61-706 Vol. 1
®

Material k - BTU/ft2-Hr-°F/in,

Ceramics 245

Fibrous Insulation Vo7

Outer Honeycomb 270 (Inconel "X'' @ 1600°F)
Inner Sandwich Core 180

The ceramic and insulation conductivity values were not
decreased for the effect of reduced pressure at altitude,

Total heat transmission to the water was catculated on the
basis of 15-minute exposure at equilibrium conditions, For

a 15-minute flight through the maximum heating zone, the

net heat transfer would actually be lower than the value
presented .since several minutes would be required to establish
equilibrium conditions,

Temperature Distributions

Temperature distributions through the composite walls are
important to both structural design and heat sink provisions,
Expected temperatures are briefly discussed below for the
four configurations by approximate calculations,

(b-1) Surface Temperatures

Outside temperature is primarily dependent upon the
convected heat flux and surface emissivity, For
vehicles wit? maximum design heat flux values of
65-70 BTU/ft</sec. and a surface emissivity of 0,9,
the equilibrium surface temperature will be about
3100° F, A ceramic material capable of withstanding
3400° F, can tolerate heat flux values of the order
of 90 BTU/ft2/sec., which provides a considerable
margin for non-design flight conditions,

(b=2) 1Internal Temperatuies

Figure 118 shows temperature gradients through the
sandwiches for eguilibrium conditions of Q ConY, of
30 and 90 BTU/ft“/sec, Several significant aspects
of the temperature distributions are discussed below:

In all of the designs, the insulation is arranged

to limit temperatures of brazed surfaces (particularly
the outer honeycomb-to-metal face contact) within

the working temperature of the braze,

Temperature gradients across the structural honeycomb
in configurations 1I, 111, V and VI must be limited
to a value such that thermal stresses are below
material allowables, The limiting gradient will vary
with each design,
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Configurations I, II, IV and V offer a safety advan-
tage due to constructural sandwich being somewhat

better protected in case of damage to the ceramic,

The increase in local heat flow resulting from

exterior damage would be better distributed as a

result of the close contact of the heat exchange

system and the structure, Consequently, local structure
temperatures may not become excessive in a limited

damaged area which may develop, for example, from meteor
impact,

(¢) Water Requirements

Figure 11-8 shows the net heat rate penetrating the six
sandwich designs under exposure to heat rates of 30 and
90 BTU/sec-ft<, Corresponding water requirements are also
presented and are based on evaporation of water at 100° F,

Note that net heat rate varies from 0,9-2,3% of incident
heat for design 111 and from 1,2-3,6% for design I, The
percentage values apply for the tabulated Q conv values,
For increased Q .oy rates, the percent transmitted through
the sandwich would be reduced, and conversely at reduced
Qv rates the percent transmitted would be higher,

Determination of total water needed for the lifting body
requires integration of heat rates over the entire surface
for the total re-entry period, However, to indicate relctive
- performance of the six designs, water evaporation rates in
Figure 1I-8 are based on the constant heat rates shown, The
water requirements for the designs differ significantly:

0e7-1,5 pounds for Configuration IV and 0.5-1.0 pounds for
Configuration III.

2., RECOVERABLE BOOSTER LEADING EDGES

The leading edge concepts in this section are necessarily preliminary, and
intended to indicate a design which offers a high degree of reliability

and temperature resistance, For illustration purposes, the flight conditions
correspond to a possible recoverable booster system, Figure I1-9 briefly
describes the aerodynamic heating environment of a typical mission profile,
It is interesting to note that experimental panels have survived tests

more severe in temperature, sonic level, dynamic pressure, and time duration

than would be required by a leading edge of a typical recoverable booster
system,

a, Design Description

A typical wing leading edge segment is shown {n Figurell-10., The
leading edge section utilizes 3/4 inch of insulation on a % inch

sandwich panel, The amount of insulation on the flat extensions is
reduced due to the lower temperatures encountered,

J, LEADING EDGES AND NOSE CAPS OF GLIDER RE-ENTRY VEHICLES

Ceramic-metal composite structures are well suited for leading edges and
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nose caps of glide re-entry vehicles, because of good durability, high
temperature resistance, good insulation and reasonable weight.

Figure II-11 is a parametric study of leading edge stagnation point tempera-
tures for typical winged glider conditions. Note that maximum leading

edge temperatures (2600° to 3200°F) are well within the capability of
ceramic materials, whereas metals would pregent serious oxidation diffi-
culties even at the lower range of temperatures.

Figure 1T-12 shows a cross section of a nose cap for operation at 4400°F.
surface temperature., For an incident heat flux of 160 BTU/ftz/sec., the
heat transmitted to the interior is only 0.59 BTU/ftz/sec. The low heat
transmission is compatible with an insulated fuselage design. 1If a hot
structure fuselage design is used, the nose cap section can be readily
adapted into a relatively cool flight instrumentation compartment. The
regultant internal temperatures 500° - 1000°F., or lower if active

cooling is used, would simplify instrumentation problems and substantially
reduce development costs,

The honeycomb reinforcing the ceramic (Figure 1I-12) may well be subject to
some oxidation under certain conditions. However, with proper selection

of foil thickness, the foil temperature is substantially below the
temperature of the adjacent ceramic (refer to Figure I1I-25). Thus,
oxidation problems are minimized so that the super alloys are generally
adequate. In the event that refractory honeycomb becomes necessary for
extreme operational temperatures, the oxidation problem is much less
critical than in the case of designs using refractory metal outer shields
which would be subjected to full environment temperatures as well as
environmental mechanical and chemical attack.

4, LOW ALTITUDE VEHICLES

Low altitude vehicles with velocities of Mach 4 or 5 would develop

severe temperature environments and create difficult materials problems.
The problems are intensified if the time of flight is prolonged. This
would prohibit the use of ablative materials because of excessive weight.
The use of radiation cooling, however, presents advantages similar to
those discussed for re-entry vehicles, greatly reducing heat sink
requirements.

At Mach 5, for example, outside surface temperatures would be nearly
2800°F. near the nose stagnation point, and would average about 2100°F.
in the fusclage section. With a ceramic structure, heat transfer through
the walls would be comparable to internal heat loads from electrical
equipment. For exagple, for a 30 inch diameter missile fuselage, the net
heat entering the compartment through the wall would be less than 2 2%%

s
If electrical loads are taken at 1 2%% for the same body length, or nearly -
1 KW power output, it can be seen tﬁat with about 200 pounds of equipment
and structure within the volume of the fuselage section, the temperature
rigse for a 1000 second flight time would be in the order of only 100°F.
or less. Such temperature increasees would likely be within equipment
capabilities. Of course, specific electrical power outputs and equipment
arrangements would have to be considered for any missile design. However,

the above values indicate that except for possible localized areas, water
cooling may be avoided or held to very minor proportions.
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SECTION III

ANALYSIS AND STRUCTURAL EVALUATION OF BERYLLIUM COMPOSITE STRUCTURES

Introduction

Beryllium panels are discussed from ageneral standpoint and analyzed with respect
to re-entry vehicles. A thermoelastic panel analysis is also presented in this
section. The beryllium panels are evaluated for structural use under represent-
ative aerospace vehicle design conditions and in general by non-dimensional
curves for use in parametric studies. The thermoelastic analysis is applicable
for computer use.

Ceramic composite panel analysis are also presented, and include a thermal
analysis and a vibration analysis. In the thermal work a steady state heat flow
solution is given, and a general method applicable for computer solution of
complex heat flow problems is described. The vibration analysis is a general
solution with particular solutions presented.

Beryllium Panels

1. General Considerations ®

The use of beryllium in composite structures as a load carrying member
appears feasible when used in honeycomb panels. The honeycomb core
stabilizes the beryllium faces when subjected to normal pressures and
out-of-plane loads. Sheet beryllium is very susceptable to brittle
failure because of out-of-plane loads. In honeycomb panels this type of
failure is somewhat reduced. The use of beryllium, where buckling is the
criteria and compression is the primary method of loading, is efficient
because of the high value of Young's modulus of elasticity. The tests
performed show that beryllium develops the full theoretical buckling

stress in honeycomb panels prior to buckling and brittle failure of the
beryllium face sheets.

a. Typical Operating Conditions for Beryllium Panels

Beryllium is usable at temperatures environments up to 1000°F for
structural members in honeycomb panels. However, the temperature
gradient across the panel must be controiled or maintained at a
reasonable level. Thermal stresses in honeycomb panels are produced
by the restraint conditions present and the thermal gradient or
temperature differencg (AT) between the outer and inner faces.

Let us ccnsider a couple of hypothetical conditions which indicate
a typical value anticipated:

(1) A honeycomb panel with two beryllium faces .020"thick and .5 inch
A-286 4-20P core, AT in the order of 100°F, normal pressures of
1.3 psi, and in a temperature environment of 1000°F.

ASD TR 61-706 Vol. 1 111-1




(2) The same honeycomL panel as (1) above except a AT of 200°F
and normal pressures of 0.5 psi.

These are the type of conditions under which beryllium panels would
perférm satisfactorily. The temperature environment can exceed
1000°F, if the outer beryllium face does not exceed 1000°F when
insulated by a thermal shielding material. The thermal gradient
across a restrained panel has the most significant effect on stress
levels experienced in the honeycomb panels.

Composite honeycomb panels with stainless steel or superalloy outer
faces, stainless steel core, and beryllium inner faces are capable

of resisting higher thermal gradients with associated normal pressures
and temperature environments.

Beryllium faced honeycomb'panels can be joined by brazing stainless
steel or superalloy edge members onto the panels and then welding

the edge-members. The slenderness ratio of the edge members will
determine their buckling strength. Edge-members must not be allowed
to operate at stress levels which permit them to buckle. These edge-
members would separate at the braze-line or cause the panel faces to
fail if allowed to buckle.

b. Weight versus Strength Characteristics

The density of beryllium is almost the same as magnesium and the strength
of beryllium is several times that of magnesium. The mechanical
properties of beryllium remain structurally acceptable under load up

to 1000°F while those of magnesium are acceptable under load up to 400°F.

The stifg;ess of beryllium is about 1.5 times that of superalloys based
on a comparison of Young's Modulus at room temperature. At 1000°F

the stiffness of beryllium based on Young's Modulus is about the same
as that of superalloys.

The weight of beryllium panels to that of superalloy panels is compared
as follows:

Note, this comparison is based on comparable material thickness and

not on comparable material strength. The panels each consist of two
.020 face sheets, 2 sheets of .002'brazing foils, and .50 inch thick
4-15P superalloy core.

Beryllium Panel Superalloy Panel
L8673 f/fte 2.147 #/fc”

As shown, the weight per square foot of superalloy panels is nearly
2.5 times that of beryllium faced panels with superalloy core
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The weight and strength characteristics discussed above show that not
only are beryllium panels much lighter but also are structurally
acceptable in a temperature environment up to 1000°F. The significance
of the use of beryllium may best be compared by both weight and strength
parametric studies in the realm of loading and thermal environment anti-
cipated.

c. Limitation in Present Use of Beryllium Panels

The use of beryllium in panels has not to date been tested sufficiently
to produce parametric and optimization studies under the loading and
thermal environment required for a vehicle design. Complex stresses
are produced in structures under the loading and thermal conditions
anticipated for which no estimates are available. Beryllium panels by
themselves should not create extensive problems but when joint designs
are incorporated to retain the panels several additional complications
exist which must be analyzed in detail and tested in greater quantities
to establish statistical records for use in future designs. Qut of
plane loads and warping conditions are critical design problems when
beryllium is used.

d. Potential Applications

Applications for beryllium panels are many, although to date their use
has been almost negligible. Applications that require high buckling
strength, moderately high temperature environment, and low thermal
gradients are structurally acceptable for beryllium panels. The pre-
ceeding is only one combination of loading and thermal conditions that
are structurally acceptable for beryllium panels. The principle
advantages of beryllium panels are buckling strength, being struct-

urally useful at moderately high temperature environment, and light
weight.

2. Analysis of Beryllium Panels for Re-entry Vehicles

a. Introduction

The following discussion analyzes beryllium panel configurations under
typical re-entry vehicle loads and thermal environment. The purpose of
this aﬂalysis is to show analytically the design and structural consid-
erations required to use beryllium as a vehicle structural material.

The material allowable data was collected under this and similar programs.

The materials data is presented in a form of use to a structural designer
concerned with the analysis of beryllium panels. The analysis is

deweloped by conventional techniques in order not to obscure the fundamental
problems: performance of panel faces, panel core, and edge members under
a typical set of thermal, aerodynamic, and inertia loads.
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b. Basic Data

The structural concept geometry, section properties, and material
allowables are described in this section.

(1) Geometry
The geometry used simulates a typical lifting body re-entry vehicle
fuselage nose section and a wing leading edge section. See Figures

I1I-1 and 1II-2.

(2) Section Properties

The typical overall vehicle section properties are not determined.
The section properties of the detailed sections are determined
and included in the analysis as required.

(3) Material Allowables

The purpose of this section of the report is to establish pre-
liminary allowables for use in design and analysis. The results
of the test program covered in Section V of Volume II will be
used as a guide in the determination of the allowables.

Due to the low pressure and high temperature environment in which

a re-entry type vehicle operates, the criteria on which structural
allowables are based are different from that of conventional aircraft.
The allowables fcr a re-entry vehicle are based on the buckling
stress rather than the ultimate and yield stress of the materials

at the environmental temperatures.

The mechanical properties of beryllium versus temperature are
shown in Figures III-3, 4,and 5. The beryllium tensile test data
in Reference 2 and in Section V, Volume II were used to construct
Figure 111-6. Section V, Volume II test data was used to evaluate
braze alloy effects. In Figure III-7 the critical buckling stress
was determined and plotted versus (Le/® or b/ VK t) for beryllium
at R.T., 500, 750, and 1000°F based on Figure III-6. A comparison
of Figure III-7 with the edge-wise compression data on Table IV-13
indicates that the panel test stress levels are just slightly higher
than those determined for buckling of beryllium sheet. Therefore,
allowing that the braze alloy effects are offset by the stability
from the honeycomb core, the allowable used for beryllium panels
will be based on Figure III-7.

Since the panel face edge-members will act as splice plates and be
used in the "as-welded" condition in final assembly of the structure,
buckling allowables for various material in this condition were
determined.
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The data for these curves were obtained as referenced on Figures I11-8
through 111-13 for Inconel X, A-286 and AISI type 321 stainless steel.
Although AISI type 321 stainless steel curves are shown, the material
is not necessarily recommended for use in aircraft structures design
except under rigid quality control procedures because of the wide
scatter of properties. However, AISI type 321 stainless steel offers
fabrication advantages because of its ease of welding. The first
choice of these two materials for face edge-members would be Inconel
X. A-286 would be a second choice.

The face edge-members would tend to negate slight edge defects in the
beryllium faces which precipitate out-of-plane load failures.

No edge-wise compression datawere obtained on honeycomb panels with
different face materials which could be used for comparison. There-
fore, allowable buckling stress curves for composite honeycomb panels
will not be presented

c. Stress Analysis

(1) Load~
The external loads will be assumed for the structure at Sta. Ajp
in Figure 11I-1and then distributed on the basis of the assumed
dimensions.

Assumptions for Figure I1I-1:

l. Let Sta. Aj be the bulkhead that joins the nose section to the
cockpit section of the re-entry vehicle.

2. Ly 20 in., Ly = 16 in., and L, 15 in.
3. a. Shear @ Sta. A, = 6500#
b. Moment @ Sta. A, 217,500 in-#
c. Axial Load @ Sta. A, 16004
4. Re-entry assumed the critical flight condition p =1 psi.
5. The temperature of the outer face of the structural panel
(Tg 1000°F) with outer thermal insulation. Max. AT across

honeycomb panel is 400°F. ( AT = T} - Ty)

The shear, moment, and axial load diagram based on the above
assumptions is shown in Figure 111-14.

Since leading-edge sections will be made in small segmented sections

and not permitted to accept spar bending induced loads, the highest
stresses present will be due to thermal stresses. Airload is practically
negligible at the time of highest thermal environment. Therefore, only

the thermal stresses developed due to attachment restraint will be
considered.

ASD TR 61-706 Vol. 1 111-19



Assumptions for Figure III-2,

l. L, =2.25, L, =12 in., Ly = 4.5 in.

2. Re-entry is Ehe critical condition p = .55 psi
3. To = 1000°F with outer thermal insulation.

(2) Panel Analysis @ Critical Temperatures (Ref.: Figure III-15)

(a) Faces: (Face Buckling)
A = 6500#; M = 217,500 in-1bs.
max. max.

Pa = 16004# To 1000°F.

Z =16.0 in. /A Tmax.

400°F, AT = 100°F,

5y S .50 in. te = .020 1if Be (2 .010 if Inconel X
Core Mat'l: A-286 (4-20P)

Pp = P, + Pafp = 217,500/32 + 1600/2

75964
Qg = Ppfy = 7596/15 = 506 #/1in.

fep = ay/2tg = 506/2(.020) = 12,650 9?1

qy = VQ where: Q ~ 2%/ 1-(21/R)2

I
1= "TR3t

®)ay = D1 )2

Let 2, = 15.5 R = 16.0

then qy 65.2#/4n.

feg = qy/2t 65.2/2(.020) = 1630 psi
Le/p = _TT 72.75
(ft
Fee, @ 1000°F = 28,000 psi  Ref. Figure III-7
*M.S, (Fccr/fccr)-l - (28,000/14,280)-1 = 0.89

*Less thermal stresses

ASD TR 61-706 Vol. 1 ITI-20




L-111 @1nB1y

B EN

suoydeg |aung ¢|-|I1| @anbiyg

I111-21

ASD TR 61-706 vol. 1



(b) Core :

(c)

ASD TR 61-706 Vvol. 1

Core Shear:

7;mx. = q/t

-~ 65.2/.5 = 130.4 psi.

Although test results are not available for A-286 4-20P core,
the result on a few samples of each A-286 4-15P and 4-30P are
given in the test section of this report. By interpolation
between the averages of these test results an acceptable core
shear allowable (FCC) may be determined.

F 336 psi @ R.T.

ccC
Fee .86 (336) = 299 psi @ 1000°F. Ref. 1
*M.S. = 299/130. 4)-1 15211

*less thermal stresses.

Joint Analysis @ Critical Temperature

Longitudinal

These members will be brazed on the honeycomb panel longitudinal
edges and shall serve as splice plates betwcen honeycomb panels.
Therefore, these plates must carry axial, transverse, and normal
loads without buckling. Axial internal loads will design the
splice plates. Two trial cases for different thicknesses of splice
plates will be analyzed.

Section A-A:

Le/f 77b/ \/ K t(assumed simple support)

Vi - V362

1.9 b= .75 in. T 1200°F.
(Trial 1)
LQQi 62.0 t .020 in.
FCCrl .74 (42,000) 31,100 psi Inconel X (Annealed)

Ref: 1 & Figure I111-9
fCl Pxf2bt = 571/2(.75)(.020) = 19,000 psi
1,000
.8, = 5556 -1 = 0.63
Urial 2)
Lw/fz 82.7 t = .015 in.
Feep .74 (33,750) = 25,000 psi
fC2 Px/2bt = 571/2(.75)(.015) = 25,350 psi
*M.8., 25,000 _, _ Not acceptable
25,350 (Negative)

*less thermal stresses
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Transverse

These members will be brazed on the honeycomb panel transverse
edges and shall serve as a splice to bulkheads. Therefore,

these plates must carry transverse, axial, and normal loads
without buckling. Transverse internal load designs these joints.
The shear redistribution will be carried by the bulkheads.

Section B-B:

Although these splice plates could carry the loads with thinner
gages of material than those of the longitudinal splice plates,
ease of manufacturing and method of joining would require that
the same gages of material be used in the production of a nose

section. Therefore, an analysis of these members will not be
shown.

Thermal Stress

(1) 1Introduction

The thermal stress for flat panels and a leading edge section
is determined by the analysis presented in this section.

The flat panel analysis is a general solution for which the
results are plotted based on the mechanical and physical
properties of the materials considered. The results are plotted
for various face sheet and combinations of face sheet materials.
Yield strength was used as the materials allowable cut-off point
and buckling was not considered in this analysis. Therefore, the
maximum materials allowable cut-off point is only true as long as
the geometrical parameters (Lo/¢ or 7r é’/Jth) are such that
the critical buckling stress is not exceeded.

The buckling stress could be considered in the plot of the thermal
stress results by plotting a family of curves for the various
geometric parameters. However, by checking to see if the thermal
stress does not exceed the critical buckling stress as shown by
shown by Figure III-7 the same information is obtainable.

The leading edge section for which the concept is shown in
Section A-A, Figure 11F2,is analyzed to determine the thermal
stress. The solution is general and the analysis is for a
particular geometry and environment.

(2) Flat Panal Analysis

In order to simplify the analysis, items that do not contribute
substantially to the overall stress level are neglected. This
is effected by making the following assumptions:

1. Constant temperatures over planes parallel to the neutral
surface.

%. Constant temperature across the thickness of the face sheets.

111-23




3. The plate has complete angular restraint at the edges but
is free to expand laterally.

4. The flexural rigidities of the faces are neglected.

S o o __I_tl
(=

STETERE

W ats

Assumptions for Flat Panel Analysis

Figure 11I-16

where tl - outer skin thickness (hot skin)

and t2 inner skin thickness

61‘* o1 (1- a,) +ALATL ¢ = strain
E; 0 = stress
A = Poissons ratio
€= @ _(1- A43) +-¢955T2 o\ = linear coeff. of expansion
Ejy ' E Young's Modulus
T Temperature
but t; 01 +¢t, 02 =0
and E‘l - €
therefore (7} ~ Ep (A ATy - 'S ZSTZ)
toE> (1- 41) + (1- “42)
L

or finally (¥, - [Ep/(1-41)] (o BT - 4,41y
[(tyE) + (1-42)
(61E))  (1-%y)

for 0.02 Beryllium faces «4(; ﬂ’4{2 /{constant
and G LEZ/(l- —u_)] (d\1 ATI -ch2 ATZ) '0‘1

For any hot skin temperature (Tl) thermal stresses can be
calculated for varying thermal gradients through the panel.
This was done and is shown in Figure 111-17.
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Superimposed on this graph is the yield strength vs temperature
curve indicating the maximum thermal gradient a panel can with-
stand.

For Inconel X facings:

e 1.40845 E2(d~1AT1 — %, AT,) = - 7,

(EZ/E1 + 1)

Figure I1I1-19 indicates the same trend except the Inconel X can
stand greater thermal gradients across the panel.

Finally for 0.01" Inconel X outer face and 0.020"beryllium inner
face we have:

OJZ' 1.40845 E2 (O“1 ATI - 0\2 ATZ)

(22 * 1.25492)
E)
and 0"1 : -tz 0_,2
t

These two values are also plotted as the previous case and
appear as Figures 111-20 and 111-21,

Q { (3) Curved Panel Analysis
cfi L i Let us congider a typical leading edge as shown in
. Figure 11I-18,.
i1 >
X
R The maximum expected tempera-
=& A ture is 1100°F. Assuming an
,/"i i original temperature of 100°F
} ; the temperature rise is 1000°F.
i.e. A t = 1000°F
N

\— 0,060"

The linear expansion coefficient
for beryllium is taken as
$ &, =9.5 x 10-6.

Q

Sheet Beryllium Leading Edge
Figure 11I-18
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Therefore, the unrestrained deflection is

6= 24rat = 2x9.5x10"0x3x1000 = 0.057 in.
However, the surface is restrained at the edges and there can
be no thermal deflection, thus the load necessary to bring this
deflection to zero produces thermal stresses. These stresses

may readily be found by energy methods.

The moment at any section is: M = QR sin @

”
The strain energy is: U = Mzds = R Mde
2E1
2E1 °

The deflection in the direction of the applied load Q is:

&-0du - r (noM
Qﬁﬁj 5T e

s w

§ =R ("(qrsin0) (R sin @)dB = R3Q ( sine 48

Q TE1 EL

(~] [
»r
S - [o -sinze) -7er?
S Br 2 % 2EL
(o4
or Q- 28 EI = 2x0.057x42x10%x1/12x0.06>
__Q 33
7 R

Q = 1.01604

Finally the stress is:
Mc
g =X K’if
where K is a correction factor for curved beams:

¢ =2*1 x 1.01604x3x0.03
1/12x0.063

a t+ 5080.2 psi
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3.

Thermoelastic Analysis

a.

Introduction

A thermoelastic analysis for a simply supported sandwich panel with a
temperature gradient and edge compression is presentc¢d. This section
degcribes in brief form the general energy solution (as researched and
developed by Chieh-Chien Chang and Ibrahim K. Ebcioglu, see ref. 3) for
a two dimensional analysis including thermal effects. The differential
equation and boundary conditions from the horizontal potential energy
method are presentéd and the matrix forms are constructed. The method is
particularly suitable for computer solution and is also suitable for
consideration of design parameters and comparison with test data.

A particular solution is presented for an 18 x 18" panel. The panel
was under an edgewise compression load and a thermal gradient.

The analysis was performed to show the response of the panel under
mechanical loads and thermal gradients, and also to establish approxi-
mate stress levels anticipated from test data. The non-dimensional
curves of the results of the analysis are presented which may be used
to establish structural design parameters.

A comparison of the panel analyzed with test data is not possible
because the test panel contained built-in channel edge-members which

are unlikely to be used in future panels.

General Analysis

(1) List of Symbols

A = panel area (in.2)

Ainp’ Binp’ Cnp}’ coefficients

43

D d/d72, operator

2o S;_I_EAE'ELEL 2 flexural rigidity
L+m 1 -4 (1b-in. “/in.)

E Young's modulus (1b/in.2)

oL (1/2) (uo, 4 + Ug,o ) = strain components

f (et + tm)/2 (in.)

5 core shear mcdulus (1b/in.2)

g Gx/Gy, ratio of core shear moduli

H tG, core shear stiffness (1lb/in.)

kg = Aé]e ﬁ;y/Pe, edge loading parameter (positive)
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b. (1) List of Symbols

>

ASD TR 61-706 Vol. 1

= 2BR/B(1 +W
= [2ar/1 +)] 1+ B) + (al0)

lengths of panel in x- and y- directions (in.)

(1 +4) Do @1(T! =Tn) =g (T" —Ty) =

2 SIS

R 1 +m D,, moment of thermal differ-
T+ f ential (lb-in./in.)

sectional moment (lb-in./in.)
t'E'/t"E?', face extension factor
component of edge load per unit length (lb/in.)

direction cosine of unit normal in A direction

o 2 2
(¢ + £) ( t'E' _ Euler cylindrical
B AN R r cylindrica
1 — 2b/ 1 +m buckling load (lb/in.)

A
(q/ZCyreklet

2 #), transverse load factor
transverse shear load in + -direction (1b/in.)
transverse load (lb/in.z)
&'(T' — Tn) —OK" (T — Tn)

1l +m

(1 +.0)

Pelgzﬁy, core shear stiffness parameter(positive)
length along panel edge (in.)

thickness (in.)

(t + f)/E

reference temperature at neutral surface

strain energy (lb-in.)

strain energy density function (lb/in.z)

potential energy (lb-in.)
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b. (1) List of Symbols (Continued)

u, v = u?/b, v'/b, dimensionless displacements

ut, v! = X- and y-components of displacement of
outer face (in.)

w = w'/b, dimensionless deflection

w! = panel deflection (in.)

W = wl'/b, dimensionless deflection of the panel
under uniaxial loading and thermal
gradient

oY - (Tt — T.) — _M(T" — T

wl 04( n),\ﬂ(( n) (1+‘({)ﬁ

2t

dimensionless maximum thermal deflection

GE =5 Zfqu/96Pe, dimensionless maximum deflection
due to transverse loading q

X, ¥V, 2 = Cartesian coordinates (in.)

A t/b, core thickness ratio or coefficient of
thermal expansion

Jet b/a, panel aspect ratio

S increment of ( )

A nps A znp

determinants as specified

5,% = x/a, y/b = nondimensional coordinates
;ks sth characteristic root
A Poisson's ratio
P (1/2) (1 + m)?t
Txg sectional stress (1lb/in.2)
Tz shear stress of core (1b/in.?2)
@, v, X functions
Superscripts
(1) lower or upper face
- core

' outer face (high temperature)

inner face (low temperature)
np nth and pth degrees of freedom

"
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b. (1) List of Symbols (Continued)

Subscripte

X or & = free indices each taking x or y indicating
o direction
sy A OF » 3 = free indices taking x or y indicating deriva-
tive with respect to x or y, respectively
f = face
i ith direction
sy X Or ,y = derivative with respect to x or y
L loading
ik temperature

Signs of Quantities

M%p 0 N'/\p 0 Qo\’ q are positive as shown in Figure II11-22.
U is positive when work is done by the panel on the boundary restraint.

V, the potential, is negative when work is done by the positive
external loadings on the panel.

(2) Differential Equations of the Problem:

Ref. (Figure 111-22)

Agsumptions imposed:

(1) Panel is simply supported

(2) Edge loading Nxx = Nxy =0
ﬁ§y —Nyy (Nyy is in compression .. negative)
Then ﬁ}y > O when Nyy is in compression.

(3) Outer face temperature (T') > innerface temperature (T").
(4) Transverse loading (q) is constant. (q #/1n.2)

A gystem of three differential equations which correspond to the
above assumptions can be reduced to a corresponding system of
nondimengsional equations:

/(a) (4/;/77;)[2,5 U’F5’+(/—’”) 72 + @+ //)’”’faj"
) 25 u-(85¢ o) us
[+ <

(b) /47’/7' [’27/'7/,7[ ,éz\/ ,(/) $!+ﬁ//-/,¢/)g/§??]_
Z??Vﬁ'//é' C€/<;9‘) 44/‘ =

(c) Z/"fulg" 0 255 gg “Uie & +'_
(7e #1e-/)xl Y32 ’5//(’:9
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(2) Differential Equations of the Problem: (Continued)

where: (a) A"(g\"‘p)/g [F:(él’ft//)/”_?
) = £/ L
{e) ﬂz—ééx;ﬁ/y‘éé

(D% =x/sy 77 f”/é» /

(&) u/e =9 /6 S, wibe w

(D = Z/L '

(8) & = 15//27

(h) 5i = //2;

(i) /,o:(/ I,
9 £ = 5+F)/(/-//‘227[é'£///¢m)_7(7/‘/fé)
() ”Ije = /V ///;

(. /é‘w
(3) Boundary conditlons and Hoff's Modification: 1In the case for a

simply supported panel, by rewriting the boundary condition in
nondimensional form, the results are as follows:

(a) Kfz/,'/',{/’é",,{'. =5
) 2w+ Bty e =R
(c) Wy +67,¢- =

(d) l/;z, ’ft\)Z/)g =0
(e) 70/ =0

(£) ze~ = O

(8) R = () tu) ' (T'=T; )= (7" - )/(/*m)

Hoff's boundary conditions were modified for a loaded sandwich

panel at room temperature by relaxing (c) and (d) above to:
v = 0, £z 1; u=20, 73 1.

moy oy vy
1

|+| o+ +1

MNHF\‘N

*

For thermal stresses Hoff's boundary conditions should be replaced
by:

(c') v = (R/1 +44)7; (g‘fl)
(d") uw = (R/B (L +4)8 (=11

(4) Choice of General Forms of Solutions:

ne
/a) /(3;7) [/(\DA(/"V/)] =_;A1 :mﬁzyg’cos PZWW

1 , 5 - - ne n
_2._'/(b) v (s, 7—):[_,«/,5(/74//)3, +Z L Ay coessEsnigE

= ¥ 2L nr >
S (52" Z,,, 2;.1 Ay cosF & FF5

Where eigenvalues or degree of frecdom n and p.
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b. (&) Choice .of General Forms of Solutions: (Continued)

All boundary conditions are fully satisfied by the above equations
provided only the odd values of the eigenvalues are used. Insight
into the behavior of the dimensionless displacement (u, v)and the

dimensionless deflection¢s«/jindicates the choice of [2] satisgfies
the requirements.

By substitution of (2] into [1] we get the following:

s
- . 7 /)IA . -LZ" ﬂ.’ -
< 2/_.,1. 11 /A- 'f'}:,/q VAV A é'cfsz// /(15
- o P ﬂ/L > A R 7”9 _ _
D-Jff,,.z.,,@e +Jw. b o A cos Dgsinlt p=HKa
np Vi e VA
/\ - /-_»'1 (%/41 A /42 r.,./,/-]J )COS——EC(S'/_DZ_—Z; Xj
where:

() @, = —rell—up’ - PCi7z /2—2;—
) X ==&+t p 72

(c)/] —(@,7;«7,‘ «/7)//:

(d) éz'-‘— /’e\/+////7,9
(e) _):-2 = "Z,»;‘&/Q —A.ffr‘c (/'//)/72"2

~

rn

Nt
3
i

A (¢ zr,o)/i/o
(8) ¢3 = "D)/oj?r/?
W X3 = emp
W Y = (= E2 7Y ) 8 - lre bge-2) A
9 Ky =25 R/ (14.47)
) Ky, = 2R /(L+ 4)
(1) /{3 :L'—ZIAJ/?/(]’J'A//\;] (1’7‘;?) + (Z/%)

(5) Expansion of Nonhomogeneous Terms in Eqs. [3] into Desirable
Double Fourier Series:

. ”n 2h/4
(a)/(g‘_‘_,,lz 51 S/n'g"f:odf—~27:0

2 ¥4
/’P 7 77 27
[$14) k=203 255y B cos BT g s B2 e
np 7
tL)’( Z‘_ Z B cos - ;”."“ﬁ—/'?"o
_ nel Spiy z B}

ASD TR 61-706 Vol. 1 111-37



b. (5) (Continued)
Where the Fourier coefficients are:
npy
G 5.1 e ((7f e /7) ] {K_‘. A4 /7//7/0) //;//77/)?//4 "7,/2

— (np even)
(ﬁ,p 6‘47)

cn sy p VM)
w) 8= 8""= f Ke TN pE)SDTLE) (P 1/2) — nyp 27)

» rp sz;f%) - ne_ 2 = o o ) o
(&) B, = CTFP+(EEN1+3) B77= } (K By =) sin (2 2) i o1 2)
—Gyp )
. —(pp o)
Provided q is held constant. P ig 1ntroduced for B,"P in each of
the three coefficients to simpllfy the notation for later use.
(6) Evaluation of Coefficients

Substituting in equation [4] in [3]

o = - / { /Z"’ o A, 57, U .
(a) // 12 =1 (é.l AJ +./1]/'72 7" U‘_‘ ; n_? )S//' - 566'5‘: 7/:\.

i~ np np 2 (e ey N —;z‘ -
[s]{Z7, 30 (B A7+, A5+ Yo Ay =5 kes G sl =0

-~ a© rp /7/5 ,,“ P o
(C)Z",‘=JZ/'=J(¢3/41 XAz /4_9 53 "7a é—'»';-'a § =7 =0

All values of & and ) from (-1) to (+1) are true. The terms in
parenthesis must be identically equal to zero.

By a2 system of three simultaneous, linear, nonhomogeneous algebraic
equation, that is:

7, Vs
45141”4#7(1 AZ7+ Yy A = By g

(6.14 8, A+ G A"+ Vs 4,77 = B,
Z@ 41)0“*73/47”/2*,7/A7”P= 53”9

Rcwriting in matrix form equation 6

@ g .XJ }/.l A] np 51 7np=
[7]( :22 xz VY: AZIJF = BZnP

k éj 5% v, A, rp B 1P
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b. (6) Evaluation of Coefficients (Continued)

After some algebra by convention technique of matrix algebra
where A”P and Ai”p represent determinants.

ed 4 = a,"/0" =129

With the coefficients of equation [8] and the differential
equations [2] we have the solution to the problem.

c. Example Analytical Solution:

Let us determine the deflections and stresses in a simply-supported
sandwich panel subjected to a thermal gradient and edge loading by a
two dimensional analysis. The example analytical solution is based
on the above mentioned general analytical method.

The values of the consants are:

Material: (face sheets) Beryllium
(core) 321 Stainless
(edge members) 321 Stainless
£t = t" = .040 in. E = 38 x 106 @ 500°F
M .1 Gy = 50 Ksi n
X E/b 1/18 g = Gx/By T 2/3 = ( /11) core ribbon
a =b 9 in. s .236
t = .5 in. P. - 6900 #/in. @ SO0°F - Cylindrical bucking
e
T, = 500°F . load
R - (1) [& (FETy — ) /14m]
M 1 t'EY/tEN"
B3 =b/a 1
Kie Nyy/Pe

Nyy = Compressive edge loading in the "Y" direction.

The primary interest is the deflection at the center of the sandwich
panel as a function of edge loading and temperature gradient.

. g . 11 13 31 33
At point 33 of the paneld; 7% = 0 therefore ¥(0,0) Ay + A3+ Ay + Aq
’

Note, that the deflection is calculated only up to B e
equation of the analysis shows that the constants Alz, A 1, A22, A23, A32
are zero (0).

After some alegebra, as shown in the 'Analysis' and '"Appendix A" of
Ref. (3), the deflection (w) as a function of ( A T) and the loading
parameter (kle) was determined.
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Example Analytical Solution: (Continued)

sy, (qo)=ATx/o“5[27'“”"“, _ Zisss
S EEES ke IB250F8—4le

/5., )24 [

: 0. 78 /5
22.%/80- £+

+ :
Al FRR Y

Presenting the results of the above equation, in the graphical form as

shown in Figure 111-23 the points indicated are the points calculated
by the preceeding equation.

Wi=bwpTs 9wy

T-Actual deflection of 18 inch panel

Since T, is the temperature at the neutral or reference axis of the
panel, then the equations for the face sheets average temperatures
(T* and T") are as follows:

v T, +(A47/2)
™= Tm (AT/2)

i.e.: T!' = 500°F + (500°F/2) -
T = 500°F - (500°F/2)

750°F
250°F

The next point of interest to be determined is the stress at the center

of the panel. The compressive stress in the hot face is calculated by
this equation per Ref. (3).

Tog = My / EF)E + Wy /&7 (14 m)
Tow = Lo [ G & o _ Mo £ point 33)
7 J-.z./"’[ 7 73 _j& /?-7 el b

-
A . T .8, 9y
A lpeo” 2(1ia) 2 Ay * Z A

sl R
v ?"; 1‘4/(,

/3 23
£/
A 1

—

FL
+ 2L 4,7+

+f_’A.:’ + ZAZ +-Z_—AZ == AZ

. _E
/u y T ) -y
Vo
/ £
= !
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c.

Example Analytical Solution: (Continued)

The above parameters were evaluated as shown in the Analysis and
Appendix A - Ref. (3).

The solutions to the preceeding equation are graphically illustrated
as stress is a faction of k;  in Figure II1-24.

COMPOSITE PANELS

1.

Thermal Analysis

ae

Ce

Summary

A steady state heat flow analysis of a typical thermantic individual
cell was conducted to determine the pattern of heat flow and temperature
distributions in an assumed heat flux field. A general method of
analysis is presented and partial results as obtained from an IBM 7090
computer are shown. The method of analysis, based on Lagrangian
Mechanics, was selected because of its potential for solving complex
heat flow problems for large surfaces. The method offers less expensive
and more accurate solutions than finite difference methods. Also the
methods and procedures are compatible with structural dynamics analysis.

Conclusions

From the preliminary results of the study conducted herein, it is
concluded that:

(1) Accurate three dimensional microscopic analysis of the thermantic

concept is practical and useful in establishing improved detailed
design changes.

(2) The metal reinforcement is cooler than the surrounding ceramic at
the same level,

Theory

The method of analysis is based upon the use of eigen-vectors and eigen-
values which are expressed as normal mode series and characteristic values.
By the method of Lagrange, the normal mode series is developed into a set
of differential equations which can be solved for its particular solutions.
Since the functions are originally orthogonal the homogeneous solution is
trivial. With the use of the operational calculus, the time dependent
solutions are readily obtained for the linear problem. The non-linear
problem can be handled by assumning piece-wise linearity and employing the
method of successive approximations. It is to be noted that there are

many problems to be solved in successfully applying the method to the non-
iinear case.

(1) NOTATION

q - generalized coordinate vector
\ - arbitrarily defined thermal-potential function
D - arbitrarily defined dissipation function
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(1) NOTATION (Continued)

A - conductivity matrix or generalized heat flux matrix
B - specific heat matrix

;\ - relaxation time constant
/—¢
’:y - generalized heat input

g - normal coordinate

i - temperature

t - time

@ - thermal relative mode
() - denotes time differential
! - denotes transposed matrix

Using Biot's Notation (Ref. &)

(2) ENERGY EQUATIONS

Expressed in matrix notation are the following energy and virtual work
terms:

Potential Energy (V)

2V q' A q A1

'
where q is a column vector and q 1is its transpose. The conductivity
matrix (A) is square and symmetric. This quantity represents the thermo-

potential of the system.

Dissipative Energy (D)

-t .
2D q B gq A2

where q is a column vector of the time derivative of the coordinate q.
The specific heat matrix is square and positive diagonal.

Virtual Thermal Work (W)
ow=Q §q A3

where Q is the vector associated with the heat transport modes (e.g.
convective, radiative or conductive).
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(3)

(4)

THE HEAT FLOW EQUATIONS

With the use of the simplified Lagrangian Differential Equation

eV 5 oD = & w = q A v
Q ai O 94 §a

The following equation of heat flow is obtained:
Aq + B4 = Q A\ EHIS

This is the standard lumped parameter expression for an anisotropic
medium presented in matrix notation.

GENERALIZED FORMULATION OF THE ANISOTROPIC HEAT FLOW EQUATION

Let the coordinate g be represented by a series expression of
separable spacial and time varying quantities @ (x, y, z) andgxt)
respectively.

Hence

q(x, v, 2, t) = P (x,y, z) § (v) A6

where it is understood that q and £ are vectors and § is a square
matrix. One possible series can be obtained from the eigen-values
and function solution of equation(A 0 S)if it is assumed that

q ge- At )

where: @ are the eigen-functions

A are the eigen-values

The eigen-functions (@) are more specifically known as the normal
coordinates.

With these new coordinates the transformed energy expressions are:
2V E@'Aag
w= Eo' bek A8
v £E W q

and upon substitution into the Lagrangian Equations yield the
transformed heat conduction/transport equation

]
' a0 &+ ang . 9§ Q A9

The steady state solution is obtained by letting 45 = 0 in the
generalized normal mode heat conduction equation resulting in

- [ora0] e

S~

which must be tested for convergence, or directly from
T A"l q
which is obtained from the standard heat conduction equation by letting

T —» 0.
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d. Discussion

A steady state heat analysis of the thermantic cell was conducted which
illustrated the nature of the isotherm and adiabatic line patterns. 1In
the ceramic portions of the cell the metal reinforcement is cooler than

the ceramic at the same level.

In the lower part of the cell the metal

is generally hotter than the insulation at corresponding levels. Refer
to Figures 11I-25through 111-28 and Table 111-1.

An assumed net Q of 2.8 BTU/sq. ft. sec. was used which is high due to
the protective coatings used on the metal.
would result in increased metal temperature in the upper region, but
would reduce thenet Q transmitted to the structure being protected.

Also the surface temperatures are for a severe environment corresponding

to an off-design mission point.

A reduction in the coating

THERMANTIC HEAT FLOW ANALYSIS

BASIC DATA

Theruwal Conductivities

Emissivity Cap (Dense Ceramic)
Foamed Ceramic

Metal Foil (Inconel)
Insulation

Zirconia Coating

NiCr Coating

Flow Field Rates

Convected Q 30 BTU/sec.

Assumed Net Q = 2.8 BTU/sec.

C. COMPOSITE PANELS (Continued)

2. Vibration Analysis

2.3

270

BTU-1in./Ft-hr-°F
BTU-in./ft2-hr-°F
BTU-in./ftz-hr-°F
BTU-in./ft2-hr-°F
BTU-in/ft-hr-°F

BTU-1in./ft?-hr-°F

As part of a general environmental, reliability study a routine analytical

vibration analysis was conducted.
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]
Symmetry Plane

Cell i

|

Level 1
=) e = —&M—- Dense Ceramic
O

D . (=) N . ~
Level 2 : .
‘J?a :fu—*‘
N d = 'a
. v © 4
N , e ¢ Foamed Ceramic
Level 3 . ° o]
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R
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Wall i
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/ Structure

Figure 111.26 Thermantic Heat Flaw Analysis
Lumped Parameter Mathmatical Madel
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Detail - Honeycomb Cell Reinforcement
With Protective Coatings

1/32 in., Outer Ceramic

.004 in, max.(Zirconia)

. 004 in. max. (Ni Cr)

(Ceramic/insulation Boundary)

(Inconel Foil)

t = .00) in.

Figure 111-27 Thermantic Heat Flow Analysis
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2. Vibration Apalysis (Continued)

a. In FigureIII-29 a cross-sectional, schematic view of a small section
of the thermantic structure is shown. It can be seen that this represents
a complicated spring-mass-damper system.

Xe

CERAMIC

<
-
»
L Y
-
.Q
p—— Y
L]
ag
-
LN}
o
9
°
-
[
-
L ]
L ]
-
>
r“-

———

(| 'lT‘ Ih_]j he INSULATION

T e T

r I
L% % % Kg BACK-UP STRUCTURE
o —

Figure IT1-29

Vibration - schematic view of the thermantic concept

b. Vibration Normal to the Plane of the Specimen

Calculations based upon the following assumptions arc presented below.

Ceramic portion of the structure is +igid.
. Back-up structure is rigid.

. There is no damping.

. The vibration is linear.

S W N -

Two configurations were considered:

Configuration A - 3/4" cell spacing

h, = 3/8 in. Ceramic thickness

hp 5/8 in. insulation space

W 1.25#/£t2 density of ceramic

Kr AE/hR stiffness of full honeycomb wall
t .001 in. thickness of full honeycomb wall
XR <75 dne honeycomb cell size

E 30 x 10 lb/in2 Young's Modulus
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C. 2. b. (Continued)

Area of Reinforcement Cells (A)

£.2 Troid
A= (—3)y x 144 x .001 =256 inc/ft

Kg = 2256 x 30 x 10® x 8 = 12.3 x 10 #/1in/¢t?
5

Natural frequency (ceramic vibrating relative to structure)

1 / KR3 = 1000 /12.3 x 386.4 = 9,820 cps
£ = 27 W =27 1.25

Configuration B - 1% in. cell spacing

hC = 3/8 in.

hp = 3/4 in.

xg 1.25 in.

W, = 1.25 #/fc?

t .001

E 30 x 10® #/in?
Area of Reinforcement Cells per sq. ft. (t)

2 2 .2

A = (4 )x 144 x 001 = .092 in“ ft

5

K, - 3.68 x 100 #/1n2/£e2

f 5300 cps
10 g's . 10 g's
\
5 g's
lg
0 c e A T
3000 cps 10,000 cps
Figure II1I-30
Vibration Environment for 3" x 3! Test Specimen
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2. b. (Continued)

A 3" x 3" gpecimen was subjected to a vibration enviroument as shown
in Figure I1I1-30.

The specimen withstood the test. Some evidence of local interstructure
vibration resonance as calculated was observed but did not have any
apparent detrimental effect.

c. Conclusions

These calculations indicated a possible failure mode between 5,000 and
10,000 cps. More exacting calculations and a test program are required
to determine the consequences of such inter-structural resonance.

d. Vibration Analysis of Thermantic Plates

In addition to the local inter-structure vibration, the effect of plate
resonances or the thermantic heat shield and structural integrity was
investigated. A simple calculation is made below for a typical plate.

(1) Free Plate Vibration Analysis

The assumptions are:

Simply supported at all edges

. Uniform mass and stiffness properties
Negligible damping
. Linear vibration

PR VO RN S

4

(2) 1t may be easily shown tha“ the above energy expressions result in the
following rectangular plate frequency equation

2 . 2 2
) (zz”zg);
7730 a b
and for a.square plate, remembering that i: - p , the
2

following equation results:

f’ id n2 / D
8! mp

(3) Numerical Calculations for the Simply Supported Flat Plate
Steel Sandwich

D 3.98 x 10% 1b. in for .0l in. face eheets
2 . 247" equivalent thickness

M. 1.25 #/ft2 weight of ceramic

Mg 1.61 #/ft? weight of structure
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C. 2. d. (Continued)

(3) Continued

Mc = .8 #/ft2 weight of coolant
Mp = 3.66 #/£e2 total weight of plate .
Beryllium-beryllium sandwich
D = 10.65 x 106 1b. 1in. for .01 in. face sheets
t = .310 in. equivalent thickness
Mg = 1.091 1b./ft?
The results are shown in Figure I1I-31.
The kinetic energy of the plate is:
-~ .2
T = ij—S w dxdy
where Co &o
w - S S8 sy BIZX 5,n PTX
mal per M7 @ 6
!
L aﬁ—
(73 -
W= —a—-—;k—'o
: o |
o
= dw_, w71 =Ob
o x? 3™ o
P |
gi_ga__ S— —_— » X
k—— @ ——>
Uniform Plate Analysis
and
2 2
w _J? w _j> w =0 @x, y=20
2 2 X b
d x oy y =i
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Mp = 3.66 1b/sq.ft.
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Figure 111.31 Resonant Frequency vs. Plate Dimensions
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2, d. (3) (Continued)

Since for the assumed conditions the expression for w represents the
exact solution and, hence, satisfies orthogonality relations, the
expression for potential energy after integration reduces to:

Potential Energy (V)

8 M 1 N b‘;

where a, b are plate dimensions, and D is the plate rigidity constant

v = 7% b D . e @‘ m",__n_")
1 7'”\ az

D E'L
v

(4) Conclusions

The results of this analysis indicate that the fundamental modes

of the thermantic plates can be excited at natural frequencies within
the limits of engine frequency spectrum. Also indicated was the
possible excitation of higher order panel resonances by the aero-
dynamic noise.

It is highly unlikely that flutter of the thermantic panel can
occur. Estimates indicate that the possibility of flutter does
exist for flat, large, unsupported panels under compressive stress.
The low aspect ratio and curvature of the panels are congidered
sufficient to prevent flutter.
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SECTION 1V

PROPERTIES AND TEST DATA

INTRODUCTION

The tests and property evaluations conducted in this program were performed
in support of the development of radiation cooled concepts utilizing beryllium
and ceramics,

The test program consisted of three major phases:

Evaluation of Ceramic Materials

Evaluation of Composite Panels

Evaluation of beryllium sheet and beryllium
faced sandwich structures

The test procedures were maintained relatively simple with the objectives
being to provide qualitative evaluations and comparisons, as opposed to the
accumulation of voluminous test results, However, it is felt that significant
information relevant to design, and, in particular, preliminary design has
resulted from this program., It is with this in mind that the following infor-
mation is presented., (Complete test procedures are given in Volume I1.)

CERAMIC PROPERTY TESTS

1. Mechanical Iroperties

Tests were performed to obtain the physical properties of the ceramic
foams developed during the program. Mechanical properties of alumina,
silica, and zirconia based ceramics are summarized in Tables v -1
(compression test data) and Table 1V - 2 (flexure data).

The average room temperature compression strength was 650-675 psi
for alumina, 510-520 psi for silica and 260-270 psi for the zirconia
foam. At 1000°F, the alumina exhibited a decrease in strength of
approximately 10% while the silica and zirconia increased 407% and
80% respectively,

The alumina foam had an average flexure strength of 340-360 psi

at room temperature while the silica and zirconia averaged 280-290

psi and 170-180 psi respectively. The alumina exhibited no appreciable
change in strength at 1000°F, The flexure strength of the silica foam
increased approximately 40% and the zirconia increased approximately
80% at the 1000°F test temperature,

2. Thermal Conductivity

Thermal conductivity test data for the ceramic foams are listed in
Table IV - 3 and are also compared to other investigator's results
for dense ceramics, Table 1V - 4 shows the thermal conductivity of
various composite structures that were evaluated during this program,.
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Specimen
No,

1A
2A
3A
9B
10A
8A
LA
5A
6A
7A
9A

AW

N = W N =

A
A

RESULTS OF BLOCK COMPRESSION TESTS ON FOAMED CERAMICS

TABLE IV - 1

Densit§
(Lb/Ft?)

58
58
58
58
58
65
58
58
58
58
65

40
40
40
40
40
40

100
100
100
100
100

Test
Temperature Test Area
OF (1n?%)
ALUMINA FOAM
RT 1.00
RT 1.06
RT 1.06
RT 1.09
RT 1.06
RT 1,05
1000 1.00
1000 1.00
1000 1,03
1000 1,06
1000 1.06
SILICA FOAM
RT 0.98
RT 1.07
RT 0,92
1000 0.94
1000 1.13
1000 0.85
ZIRCONIA FOAM
RT 0,361
RT 0.36(1)
RT 0.36(1)
1000 0.94
1000 0.94

Failure Load

LBS

660
760
720
590
795
1192
520
580
510
510
872

634
502
456
826
878
696

96
50
100
378
450

PSI

660
717
680
542
750
1140
520
580
496
480
823

645
469
497
879
778
820

266
139
278
402
479

(1) These specimens were approximately 1/2'" cubes; all other specimens were
approximately 1" x 1" x 0.8" high.
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TABLE IV - 2

RESULTS OF FLEXURE TESTS ON FOAMED CERAMICS

Test
Specimen Densitg Temperature Failure Load
No. (Lb/Ft?) OF Lbs, Psi

ALUMINA FOAM

1B 58 RT 71 1105¢1)
2B 58 RT 83 342
3B 58 RT 94 351
4B 58 RT 97 360
SB 58 1000 117 420
6B 58 1000 67 240
SILICA FOAM
1 40 RT 60 210
2 40 RT 99 281
3 40 RT 127 292
4 40 1000 71 302
5 40 1000 118 384
6 40 1000 187 425

ZIRGONIA FOAM

1(2) 100 RT 16 207
2(2) 100 RT 13 160
3 100 RT 16 189
4 70 RT 21 -85
5 70 RT 26 105
6 70 RT 15 63
1A 100 1000 79 329
2A 100 1000 113 443
3A 100 1000 81 335
5B 100 1000 90 420
7B 100 1000 76 297

(1) Tested in 3 point loading
(2) Specimens 1/2" x 1/2'' x 6"
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Foam Specimen
Type
Density
Thickness

Weight /ft2

BTU /Hr-£t2-OF/
in, thickness

TABLE IV -

THERMAL CONDUCTIVITY OF FOAMED CERAMICS

Dense (5) Alumina  Alumina Dense (6) Silica (a) Dense (5) Zirconia
Alumina Foam #1 Foam #2 Silica Foam #1 Zirconia Foam #l
Alumina Alumina Silica Zirconia
170#/£e3  s8#/£e3  S8#/£3  115#/fe3  aad/fe3 250#/fr> 66#/ft3
1ll 1ll 1" 1"
4,824 4,824 3.684 5.52#
985 2.5 2.8 7.8 3,38 7.2 2.53

(a) This specimen contains opacifiers

Note: Numbers in parentheses indicate references
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