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Section 1
INTRODUCTION

This report covers work performed during an analytical and experimental study of the
possible limitations cxastent in utilizing small-scale models for determination of
spacecraft thermal behavior. The work was supported by the Space Sciences Labora-
tory. Marshall Space Flight Center, National Aeronautics and Space Administration.

Hunlsville. Alabama.

It was recognized at the inception of the study effort that to uncover all possible limi-
lations in the use of spacecraft ihermal models would be an impossible undertiaking
since there is litlle doubt that there are as many difficulties associated with the design
of accurate thermal models as there are with complete thermal design of space hard-
ware. Associated with each spacecraft design is a potential limilation in scale factior,
experimental accuracy, accuracy in model design, etc. While it would ke possible lo
sel forth a long list of potential limilations based upon the design of particular space-
craft, it is improbable that such a listing would be of material assistance to an
invesligator faced with the decision to undertake a modeling program. Therefore,
this 'stud}-r was directed toward uncovering and clarifying the broad limitations exislent
in thermal model studies so that the resultls could be used as a guide for the uniniliated
model designer. In this sense, each of the sections treats individual problem areas
of thermal modeling,

" Preseniation of the model criteria in Section 2 has been included under the assumplion
that many readers have not previqusly been exposed to the similarity requirements.
The criteria cover the general case where neither teinperature nor materials pre-

servation are used, and also cover each of these special approaches.
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Sections 3 and 4 deal with the problems of selecling materials for a thermal model.
The review of spacecraft designs completed for preparation of Section 3 furnished a
list of materials in common use on spacecraft and led to a search and compilation of
thermophysical properties data including changes of properties with temperature.
The results of the materials survey and problems associated with materials selection
are discussed in Section 4 and materials property data p'resented in detail in
Appendix B, ‘

It is recognized that a complete Spac-;eéraft _I;;-esents tl,lq model investigator with a
very complex thermal systém when viewed in totality. 'However, aiiy complete sys-
tem can be broken down into subsystems and individual components so that a satis-
factory modeling approach can be selected for the less complex units. Sécf;ion 5 con-
siders modeling of simple systems such as f_lagt plates, ecylinders and spheres which
have thermal behavior representative of the individual componenté. Consideration of
these simplé systems points out sor}{g of the simplifications that can be used on each
component to achieve a satisfactory overall design. .
Section 6 presents‘ the approaches used-t_b ‘model three seioarate ‘spaceci'aﬂ system‘s- .
The systems discussed are a solar probe, large a-iperture telescope, and large diam-
eter unfurlable antenna. Through considerétion of the modél approaches used and
data obtained, it is hoped that the reader will gain ins‘ight into both the utility and
shortcomings of thermal model studies. In all three systems it was necessary to
distort thermal paths and use materials which were not in strict compliance with the
model criteria. How.ever, a review of the model test results shows that in spite of
failure to maintain a precise thermal model design, the objectives of the study efforts
were met,

The special problems arising in modeling -o.f jc;ints ar.1d multilayer insulation systems
are covered in Sections 7 and 8. Multilayer insulation sysiems are being used to -
achieve near adiabatic boundary conditions for temperatures from 10 o 600°K and

pose considerable difficulty to the model designer. The sysiems in current use

9"
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utilize a wide varigty of reflecling surfaces both with and without spacer material. are
assembled in various layer densilies, and may vary from 9 o 90 layers in a single
blanket, I is obvious thal no single approach can he suggested for simulation of this
wide variety of insulation systems. However, through completion of a thorough

model study on a single system, it is possible to demonstrate potential techniques for
modeling other multilayer systems. Such a study was performed on a system com-
posed of aluminized Mylar spaced with Dexiglas and a complete description of the

methods used and results of that study are presented in Section 7.

The information presented in this report is intended to provide the reader with suffi-
cienl knowledge Lo judge on the merits of undertaking a small-scale model study for
cxperimental verification of prototype thermal behavior. As the title "Limitations

in Thermal Similitude' implics, a concerted effort has been made to point out the
major difficulties in pursuing a model study. As a result, many considerations con-
lained in this reporl are negative in nature and may leave the reader with the impres-
sion that the limitations inherer‘1t in model siundies rule outl the possibili;ﬁy of obtaining
accurate thermal prediciions frofn a small-scale model, The authors recognize the -
possibilily of creating a negative viewpoint and state that within their experience the
use ol ther:ma] models has been most valuable.~ The models of the solar probe and
telescope described in Section 6 proved invaluable in demonstrating thermal perform-
ance, in providing experience on prototype materials and construction techmcues,
and in proving ouf techniques for thermal testing of the flight hardware. These
models were designed, constructed, and tested for one-half the cost of the prelimi-
nary thermal analyses of the protoilype. The limitations and difficulties pointed out
in the following sections were present and considered during thesc studies; howcever,
the problems were nol sufficiently serious to detract from the successful implementa-
tion of the model studies.

In brief, the {ollowing report is intended to provide information on the limitations of
thermal sirhilitqde so that the model investigaior gives each source of difficully care-
ful consideration. The contents are not intended to place limits on the ulility of using

thermal models,
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Section 2
MODELING CRITERIA

Design of small-scale models for thermal studies of épacecraft requires that certain

specific criteria be followed in order that the model thermal behavior will be repré—

sentative of the prototype., The derivation of critéria for thermal modeling in the

radiation-conduction coupled space environment has been presented by numerous

authors. (Seé,‘ for example, Refs, 1,2,3,4.) In view of the general availability of

these presentations, the derivations will not be repeated here. A somewhat general

derivation of the thermal modeling criteria, derived from consideration of a differ-

ential equation describing energy transfer in an atmosphere free environment,

results in the following statement (Ref. 1): =

- s

CKRAK T
.
L*

= ARTH
1

4

(2.1)

The starred quantities are ratios of prop‘erti.es between the model and prototype at

each geometrically similar point. Thus, T*

model and prétotype.

p*

O
V&S
9*
K#
%

*
i

AX
n

A%
1

al

I

n

il

il

I

Tm/ Tp for similar points on ihe
The symbols used are defined as

pm/pp = dens%t?r ratio
Cm/Cp = specific heat ratio
V_/V_ = volume ratio
m p
Gm/ Hp = time ratio
Km/Kp = thermal conductivily ratio
L m/Lp = length ratio
A] /AI = ratio of areas receiving radiation from external sources
m p
A11 /An = ratio of areas perpendicular to conductivity path
m p . s
Ai /Ai = ratio of areas involved in radiant interchange between
m p :

vehicle components and Lo space
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T* = T /T - absolute temperature ratio

m’ p .
Q¥ = Qm/Qp = ralio of rate of inlernal energy disgipation within the modet
and protolype
¥ = Im/Ip = Intensity rdtio of external sources of radiant energy

Equation (2. 1) can be rearranged to provide any desired form as long as the indicated

idealities remain satisfied at all geometrical locations and at all temperature levels.

In deriving the form presented in Eq. (2.1), the following assumptions were used and

must be satisfied:

(1) Complex radiation shape factors must be identical for the model and proto-
type. This requircs that comparable surfaces have the same thermal
radiation properti,es. )

(2) The property ratios, i.\e., C*, K*, p*, A*x, ete. , are single valued
under all operating conditions for all geometrically similar locations.

(3) Geometric identity is required if point-by-peoint similarity is to be

achieved.

When these assumptions are met, and thc model designed so that the identities in
Eq. (2.1) are satisflied for all elements of the modcl, the model will theorelically
proyide a precise indication of prototype steady state and iransient behavior. Tor .
" cases where transients are not involved, the term conlaining the specific heatl and

time ratios need not.be considered. .

Devialion from compliance with the foregoing threeassumptions is somelimes necessary
during practlical application of thermal modeling. Many times lhec selected scale ratio
requires thal some of the minor heat-flow paths be distoricd lo properly model more
important regions. The exlent to which noncémpliance with exael modeling can be
carried depends upon each partlicular situation and musi be evaluated in terms ol the
effects of the resulting distortion on the prin;hry objectives.of the program. The
effects of deviating from st‘rmL compliance with the modeling laws and associated

assumptions are discussed later in this repori.
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2.1 TEMPERATURE DEPENDENCE OF PROPERTIES

In actuality, both thermal conductivity (K) and specific heat (Cp) for most materials
vary with temperature. If X and Cp are strong functions of temperature in the
prototype, then their temperature dependence must be properly scaled in the model.
Errors caused by overlooking such effects are covered in principle by Chao (Ref. 2)

where the temperature dependence of thermal conductivity and specific heat are

considered,

The analysis presented by Chao assumes simple power law functions for both K and

Cp. Under this assumption, which is reasonable over a limited temperature range,
properties are given by

=, a
K = KT
— h (2.2)
Cp = CT
The property ratios then become
. K T m a, (a-a)
R¥ = —~Tb— = R*T* 7' T P (2.3)
K, T,
B o .o
C_T "m _ b b -b) .
O = _:ug___ = Cxpx M WP (2. 4)
: Cc T
pp’

Substitution of these Fesults in Eg. (2.1) gives a more explicit set of model criteria
that includes the assumed variation in temperature of Eq. (2.2)

(1+b_) (b_-b ) _ (1+a_) (2 _-a)
P¥VEGwTx  Mp S MD R AXT m T m p
o -

n

§]
Hl
s
pomg F
—
*
1\
&
#
l

4
EvE
i AiT

(2. 5)
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A basic requirement for similarity between model and. prototype is that the dimen-
sionless ratios of properties remain constant throughout for all thermal levels of the
two systems. From Eq. (2.5) it may be seen that this is possible only for the case
where a, = ap and bm = bp. If these equalities are not met, strict similarity will
not be achieved. Assuming that materials are available which satisfy the equalities

and dropping the subscripts for model and prototype gives for Eq. (2.5}

Zxaskrpa(lte)
(1+b) R*AXT .

= AXIF = Q* = = = AT (2. 6)

p*V*E*T*
9*

This result shows tilat the temperature ratio between model and prototype is influenced
as a power function by thérmal changes in material properties. The potential for
locating modeling materials where a, = ap and bm = bp is further discussed in
subsection 4. 3.

A major effort during the present program was that of surveying the literature and
compiling a comprehensive list of the thermophysical properties of typical spacecrait
and modeling materials, A part of this activity was directed toward finding informa-
tion showing the temperature dependence of a select number of the mare commonly
used materials, The results show that many materials do not have a power {unction
dependence on temperature and that they are better characterized over a large tem-

perature range by a linear relationship of the form

K

il

K (1+8,T)

C

C (1+a T)
P o 0

Modeling criteria to incorporate linear temperature dependence of properties were
derived using the approach described in Ref. 1. A differential equation describing
the thermal system is written in terms of first the prototype and then the model.

- - rati Cx =8 /C = B+ =K /K
Dimensionless ratios (e.g., C* = C, /CO , ¥ =0 /Oto s BT =K, /Ko s
m D : m P m P
15‘: =B /{30 , T* = ’I‘m/ Tp . ete.) describing the relation between the model and

m D
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prototype parameters are introduced into differential ei;ua_tion providing the following

identities: ’

PO pvSa R Rt
o o ) E i - ) L.ﬂ.: “ L* Lo 1_(2.7)
From these identities it is easily seen that equality of all terms requires that |
ok T = BgT* =1 (2.8_)
or :
a¥ =g * = 1/T* _‘(2.9)

The restrictions placed on model design by Eq. (2 .9) are severe in the sense that,

for, the general case, the ralio betwéen the model and prototype' Lemperatu-re coelfi-
cients must correspond fo the inverse of.the temperature ratio. . It is highly improbable
that a prototype constructed of a variety of materials could b;e exactly modeled under
th_esé restrictions on the choice of model material thermal properties. This obser-
valion is substantiated by the data preéented in Tables 4-1 and 4-2 and in Appendix B
where very few materials can be selected fo give ce’(kJ = B’g =.I/T* at a given valu.e

of T*. Tor thermal condifions in the prototype with a strong dependence on changes
in thermal ‘properties, it is possible that the model temperature ratio T* may have

to be gelected with sole consideralion given lo the values of o and BO , rather than

to the choice of a convenienl lemperature and time scale for the test.

Equation (2. 9 ) shows that, for a precise thermzil model, ibe use of identical materials
in model and prototype to provide a{"(‘) = ﬁ*; = 1 requires that T* = 1. The first,

fourth, and sixth terms in Eg. (2. 7 ) then give

v _ AT
n

VD A (2. 10)
8
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which can be satisfied only by severe geometric distortion of conducting paths and
radialing areas or by the use of L* ='1 which results in construction of a full-scale

thermal test object rather than a small-scale model.

The material presented in this section provides the uniniliated with the general model
eriteria that must be satisfied to construct an exact thermal scale model of a proto-
type system operating in space. In preseniing the criteria, a few difficulties have
been introduced for purposes of establishing the broad limitations existing in the
model approach. For situations where material properties can be assumed constant,
the model design depends primarily on the selection of a model scale temperature,

or properties ratio which can be satisfied throughout the model. The selection of a
maximum scale ratio is frequently dictated by considerations of test facility size
while the minimum scale ratio is limited by ease of manufacturing the smaller com-

ponents, structural rigidity, and frequently the time ratio 0*.

For cases where temperature-dependent material properties of the prototype must

be accounted for in Lhe- model, the selection of scale ratios is considerably more
complex. Assuming,: either a linear or power law dependence for the prototype leads
to model criteria that are severely restrictive in terms of material selection. Itis
unlikely that a model design of all prototype components could be achieved under these
conditions without the use of geometric distortion as a means for additional control of

conducting paths.
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Section 3
TYPICAL SPACECRAFT

The previous section has presented the criteria applicable to spacecraft thermal
modeling and includes an indication of the general areas where difficulty may be
experienced, Limitations are anticipated in selection of a suitable length ratio, time

ratio, temperature ratio, and materials properties raiio.

The major problems involved in modeling one spacecraft may be entirely different
from those experienced in completing a similar study on a different system. This is
to be expected since each thermal design is in itself a unique solution to a given set

of requirements. In spite of the variety of spacecraft thermal designs, it may be
postulated that trends have been established in overcoming thermal and structural
problems. Manufacturers frequently tend toward the use of aluminum and magnesium
for skins and supporting structure due fo their favorable sirength-to-weight ratio.
Honeycomb with facing sheets is receiving increasing use as a skin and mounting
platform material due to its excellent rigidity and light weight. Stainless steel is
used for secondary support structure, tubing, and filtings where the lighter or lower
femperature metals are unsatisfactory. Each of these materials lends itself to a
different solution in terms of modeling considerations.

Overall size of the p'rototype may well place limits on the scale ratio used. A vehicle
1 m in diameter and 2-m long would lge most difficult to model at less than 1/2 scale
since major components become too small to control both thermally and structurally.
On the other hand, a vehicle 3~m diameter by 10-m long may necessitate a very small

- scale ratio to permit festing in a reasonably sized chamber,

To gain some specific knowledge of the variely of limitations that may exist in thermal

model studies, it became necessary to review a number of spacecrafl thermal

10
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designs. Through completioﬁ of the review, and presenta-tion of ihe findings, it was
hoped that general problem areas could be defined and treated in lerms of their effect
on experimental model studics. The required review was completed on 25 separate
spacecraft. In some cases a great deal of detail was available with respect {o geom-
etry and materials while in others oﬁly cursory information was received from Lhe

program office.

All material received was carefully reviewed and a compilation of spacecraft geometry
and size made. In addition, a listing of materials was compiled for purposes of
determining general usage for spacecraft application. The sources of all information

are indicated in Appendix A.

The programs reviewed are indicated in Table 1 where the name, sponsor, mission.
general shape, and size are indicated., The sizes and shapés of space vehicles are
highly variable and include cylinders, spheres. triangles. truncated cones, flat
octagons, and others. None of the shapes used pose a particular problem to the model
designer though some are such that limits will be imposed on test facilities, Some
of the vehicles are simply shaped spheres and cylinders, have a minimum of appeﬁd—
ages causix{g shadowing, and are spin stabilized. These represent the least difficult
problem in space simulation since the solar source used need not have a high degree
of collimation or uniformity. Other vehicles incorporale a variety of complex shapes
and contain numerous solar cell panels, antenna, and other appendages thal shadow
the solar vector and also cause interreflections. Modeling of the:se vehicles wonld
necessilate use of a facility having excellent collimation, ‘uniformity. and spectral

content in the solar simulator.

Vehicle sizes span a wide range. Some can be enclosed within a 1 cubic meler
volume while others would require an enclosure of 105 cubic meters. The manned
past Apollo experimenls fall into the larger category while unmanned experiments
are generally smaller and more compact. Orice again ihere is no apparent limitation
assocjated with vehicle sizé except that scale ratios for the smaller vehicles would

be held near unity and {or the larger vehic_leé a scale ralio compatible with fest
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Table 1
SPACECRATT DESIGNS REVIEWED

External Shape
Spacecraft Sponsor Mission of Appendages Approximaie Sizes
Main Body
Apallo Applications Program | NASA Manned, carth - - Tolal convelope 38 x 11 x 22 m
orbital; multiple fncluding solar cell panels
AAP Cluster phase mission m-
cludes rendezvous
Multiple Docking Adapter and docking, or- Cylindrieal with - Cylinder 2. 92-m dia % 5. 2§-
bital laboratory one end a truncated in long, truncaled cone
workship, and cone 2 92-m dia % 0,81-m long
solar chservations % 0.96-m dia
with ATM
Apollo Telescope Octagonal cutside 4 salar QOctagonal of 3.66 m aeross
with concentric cy- | pancls * 3 05-m high; eylinder
linder inswde ~2.13-m dra x 3 36-m long,
Some external {ubular framewerk extends
tube structure ~1 07 m out from each of
forming triangu- four sides, four solar panels
lar framework 2 6 x 15 2m extending out-
ward from body-like flower
pelals
Orbital Workshop Cylindrical 2 solar 6, 62-m dia x 15,2-m long,
panels two solar panels each
5.35%8.85m
Adrlock Module Truncated cone - 6 62-m dig x 2. 92-m dia
% 1, 37~m long
Laboratory Module Cylindrical with - 2,44 X 3,66 m
rectangular
portions
Solar Array System Rectangular Dimensions given ahove
OGO (Orbiting Geophysical NASA Unmanned, earth Parallelepiped 2 solar Satellite fully deployed 18-m
Observalory} . orbital; mulii- panels; long % 6.1 m across, parallel-
experiment space- 11 other epiped 0 79 > (.81 x 1. 83 m;
craft fo study major solar panels cach ~2.44-m
particles, helds, append- long x 1. 83 m across: two
and sources of ages booms & 7-m long; four booms
enerpy n carth's 1 83~m long
atmosphere and
cislunar space
OAQ (Orbiting Astronomical | NASA Unmanned, earth Octagonal 4 solar Spacecrafl is 5 5- long x 4.94-
Observalory) orbital, optical panels; m wide with sun shades
observation and 2 large extended, octagonal 2 96-m
mapping booms; long % 20.4 m across {lats,
sun ghades; | solar pancls each approx
several 1.22x 1.3Tm
smazll items
AQSB0 (Advanced Orinding NASA Unmanned, earth Cylindrical B solar Spacecraft 3 05m long x 6.6m
Solar Observatory) orhtal, solar pancls dia with solar panels deployed
. physics experi- one cylinder 2,56 m long
menis x 1. 22 dia, sccond cylmmder
0.46 m long % 1.4 m dia:
solar pancls cach 2 56 x 0.76m
GEOS (Geodetic Satcllita) MNABA {Inm=anned, earth Octagonal: trun- - Spacecrall 1.02m long
orbilal; study cated octagonal x 1 14m across
carth's mametic cone, spherical
ficld and provide mienna dome
data for worldwide
geadelic reference
Fujde
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Table 1 (Cont.)

Spacecraft

Sponsor

Mission

External Shape
of
Matn Body

Appondages

Approximate Si7es

ATS {Applications Tech—
nology Sateilite)

P-11

Nimbus

Multi-purpose Communi-
cations Satellite

Fioneer VI and VI

Meriner Mars Orbiler

Orbital Tanker

OTES {Optical Technology
Experiment System)

AGENA

Muktipurpose Space
Exploration Spacecraft

NASA

USAF

NASA

Comsat
Corp.

NABA

NASA

NASA

NASA

USAT

LOCKHEED

Unmanned synchronous
orbit: to develop con-
cepts i the applicaiion
of space technology to
communication, mete-
orology, navigation, -
and earth vesources
management

Unmanned, earth
orbital, multi-
purpose host satel~
lite launched from
another orbiting
vehicle

Unmanned, earth
orbital; wealher space-
craft for R&D tests of
new sensors, subsys-
tems, and system con-
figurations

Unmanned, earth
orbhital,
commumeations

Unmanned, inter-
planetary to study
inlerplanctary
phenomena

Unmamed, mler-
planetary Mars
orbital

Unmanned, earth
orbital; delivery of
cryogenic propel-
lants into orbit

Manned, earth orh-
ital; observations
of spacial bodies

Unmanned, upper
stage booster and
carth orbital,
various USAF and
NASA Scientific
Missions

Unmanned; inler-
planectary; no
specilie mission
defined, proposed for
scienlifie exploration
of entire solar
system

Parabolic an-
tenna of cylin-
drical experi-
ment package

Modified octapon

Dumbbell with

lower cylindrical
section and upper
hexagonal section

Cylindrical and
triangular box

Cyhndrical

Various configu-
rations proposed

Various configu-

rations proposed,
conical, oy lindn-
cal

Cylindrieal (two-
meter concept)

Cylindrical

Solar reflecior
parabolic shapoed

2 solar
panels

Small
booms

2 solar
panels

Large
solar cell
panels,
several
antennas

2 antennas
and
3 booms

Solar
panels and
antennas

Solar
panels and
antenna

Antenna
and solar
panels

Parabolic antenna 9. 15 m dia;
cenlral struchire, equlpment
experiment packages 1.4 m
dia <7 2m long; solar panels
extend beyend outer vdge of
parabohic antenna

Spacecraft 0.92m <« 0.92m
x% 0.31m deep

Spacecraft 2.96m tall x 3 4m
across with solar panels
deployed; lower cylinder

1.4 m dia

Various spacecraft sizes de-
pending on configuration
sclected, ranging from approx,
13.7m x 9 15m; anlenna sizes
vary from 9. 15-mdiato 1 52m
x 0,92 m, main body approx.
3.36-m long x 1. 83 m across

Cylindrical sechaon 0.94-m dia
x 0 92-m high, top antenna
1.32~m Jong; 3 booms 1, 63-m
long

Spacecralt envelope approx.
4.9m dia x 3 36-m hagh

Conical 1: hase 10m dia

% 13 7 m high: Conieal 2: base
10m dia x 20 m high, Cylindrical.
10m dia x 27 m long

Telescope barrel. 2 6m ia
% 12 m long; Manned scetion.
d.05m dia x 1 83 m high;

System thameter with solar
panels deployed: 11.3m dia

Cylinder 1 52m dia < 5 5m
long

Spaccectaft 3im din » 17m
hapgh
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Table 1 (Cont.)

External Shape
Spacecraft Sponsor Mission of '| Appendages Approximate Sizes
Main Body
Surveyor NASA Unmanned, lunar Triangular Solar Spacecraft 3 05 m mgh x4 27 m
lnnder, studies of panels and | across extended Iegs
lunar surface of antenna
Apollo .
Mariner NASA Unmanned, infer= Oclagonal Solar Qclagon 1.3 m across ¥ ¢.51m
planelary, studies of panels and | hagh; spacecrafl in flight 5 5m
. planet features, pri- anicnnas across sular panels x2 9m
marily Mars and high
Venus . )
Voyager (Lockheed Pro- NASA Unmanned, Inter- Conjcal In part Anlennas Main body 3 66 m dis x6.1m
posed Configuralion} planetary; orbil Mars long, high gain (circular)
and land msirument antenna extends 3. 66 m beyond
. package main body of craft on one side,
. ' medium galn gntenng extends
. o “l ~2 1mbeyond spaceeraflt on
. . . . the other side
Explorers NASA Unmanned, earth Various shapes Antenna, Various sizes, however, mn
- orbital and inter- depending on hoomas, general relatively small {i.e.,
planetary, diverse mission solar 0 915 m dir; § 46 m octagon,
. variely of space panels ete. ). Some have solar panels
- missions . that extend beyond main body
- . making tolal spacecraft.envel-
. : \ ope longer
Lanar Orbiter NASA Unmanned, lunar; Somewhat resem—~ | 4 solar Spacecrafl 1 68m x5,65m
- photographing of bles truncatled panels: 2CTOSS
lunar surface cone booms,
anfennas .
Ranger . ) NASA Unmunned, lunar Conical struclure 2 solar Spacecrzfl 4 O m spEN-acloss
} hard tanding, photo- maunted on hexag- | panels; solar panets, 3 2m high
graphy of lunar onal bus antennas
surface -
ESRO 1I (European Space EUROPE Unrnanned, earth Cylindrical Antennas Cylinder 0.76m dia x ~%.2m
Regearch Organization) orintal, sludy of longt
N coamie rays and
solar astronemy . .
San Marco ITALY Unmanned, earth Spherieal Antenna Sphere ¢, 66 m dia
orbital; upper atmos- N
. phene studies . -
UK.3 UNITED Unmanned, carth Cylindrical = |- 8olar Cylinder Tm dia x 1, 22 i high;
KRIGDOM orhilal: variety of pancls, spacecraft 3.2 m across x 1.8%7m
R . . experiments to study antennas hgh
global atmospheric
noise, galactie radio
noise, clectron ) . -
density, cte, - .

14

MISSITLES

L 5P ACH

LOCKHEED FALQO ALTO RESEARCH LABORATORY
T OCKHEED
A GROUP DEVISIQON OF

COMPANY
LOCKHEED AIRCRATY CORPORATION




facilily size would be necessary. Problems associated with manufacture of miniature
items limit to some extent the scale ratio for small vehicles. The minimum scale
ratio for modeling of the larger items will be limited by satisfaclory maintenance of
thermal properties for conducting paths and insulations, Previous experience at LMSC
on actual models indicates a lower limit for L* on the order of 1/7th, though this is

not necessarily a fixed value.’

Given that adequate space simulation facilities are available wherein a 1/7th scale

or larger model can be tested, then it becomes apparent that the most dominant prob-
lems facing the model investigator lie in the area of malerials selection. The space-
craft design review revealed that an extremely wide variety of materials are used

“for spacecraft construction. A complete listing of materials used in the 25 programs
studied was compiied during this study and required many pages of single-spaced
gantries. It is doubtful that its inclusion herein would serve a useful purpose. However,
it is of interest to consider the materials receiving most common usage and their

most frequent application.

Table 2 presents a summary of the materials observed to be most frequently utilized. -
The listing shows that a wide variety of metallic and nonmetallic materials are in use
on spacecraft, It also shows that no single material is commonly employed to accom-
plish a given task, Bkins are made {rom various aluminum alloys. magnesium

alloys, stainless steels, and E)erylliUms. Support structure and fasteners are also
made from a variety of metals and nonmetals. The wide variety of materials used
leads to the need for individual tr.eatment of each modeling problem and the fact that

a material may or may not be found that salisfies ithe model criteria.
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' Table 2 .
TYPICAL SPACECRAFT MATERIALS AND GENERAL USAGE

Materials : Typical Uses

Aluminum

1100 Solar cell substrate, thermal control louvers

2014 Skins, primary and secondary support structure, honey-
comb facing .

2024 Skins, primary and secondary support structure, antennas,
shields, honeycomb core and facing ’

2219 Skins, primary and sécondary support structure, pro-
pellant tanks, pressure vessels

2319 Skins, pressure vessels

3003 Skins, honeycomb core and facing

5052 Primary and secondary support structure, antennas,
honeycomb core and facing

6061 Primary and secondary support structure, aniennas,
booms

7039 Tank structure

7075 Skins, primary and secondary support structure, honey-
comb core and facing '

7079 Skins, primary support siructure, propellant tanks,
pressure vessels, solar cell array support structure

7106 Propellant tank

7178 Honeycomb facing

356 Casting material, secondary support structure

Magnesium )

AZ-31B Skins, primary and secondary supperting structure,
variety of uses for special ports

HK-31A Skins, primary and secondary support structure, solar
cell arrays siructure ’

HM-21A° Skin, primary and secondary support sitructure

HM-31A Extrusions, primary and secondary support structure

ZE-GOA Extrusions, forgings, primary and secondary support
structure
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Material

ZK-62A

AZ-80
Magnesium-Lithium
LA141A

Stainless Steel

A286

304

321

347

17-7PH

PH14-8Mo

Maraging Steel (18 Ni)
PH15-17Mo
Beryllium
Commercially Pure
Be-Cu Alloy
Lockalloy (62%, 38% Al)
Titanium

6 Al-4V

8 Al-1Mo-1V

5 Al-2.55n
13V-11Cr-3Al

Honeycomb

Aluminum Core and
Facing

Aluminum Core, Titan-
um Facing

Aluminum Core,
Magifacing

Table 2 (Cont.)
Typical Uses

Castings, primary and secondary support structure

Primary support structure
Primary and secondary support structure

Primary and secondary support structure, tubing littings
Secondary support structure

Skin, primary and secondary support structure, tubing,
fittings

Tubing, fittings, fuel tanks _
Honeycomb core and facing for skin structure
Honeycomb core and facing for skin structure
Special parts

Special parts

Skins, pfimary support structure
Secondary support structure

Skins, primary and secondary support structure

Primary and secondary support siructure, fuel tanks,
pressure vessels :

Primary support structure, fuel tanks. insulation pene-
lration supporis .

Fuel tanks, pressure vessels

Shock absorber tubes

Skins, primary and secondary support structure
Skins, primary and secondary support structure

Skins, primary and secondary support structure
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Material

Aluminum Core, Fiber
glas TFacing

Magnesium Core and
Facing

Stainless Steel Core
and Facing

Fiberglas Core and
Facing

Fiberglas Core,

" Nylon Facing

Nylon-phenolic Honey-
comb Core, Fiber-
glas Facing

Plastic Core and -
Facing

Table 2 (Cont,)
Typical Uses

Skins,. primary and secondary suppori siructure
Skins, primary and secondary supporl structure
Skins, primary and secondary support structure
Skins, primary and secondary support stru-cture
Skin‘s, pri;na;ry and secondary support structure

Skins, primary and secondary support structure

Skins, primary and secondary support structure

Insulation and Miscellaneous Materials

Nylon
Teflon

Foam {Various Types)

- Fiberglas (Various
Types)

Multilayer insulation
(Various forms)

Mylar-alum composite
Textolite

Rexolile

Mo filled Nylon
Silicone Rubber
Bakelite

Secondary support structure, netting, thermal insulator

Secondary support structure, thermal insulator, multi-
layer blanket Co

Thermal insulation

Secondary support structure, thermal insulation,
honeycomb '

Thermal insulation (high performance)

Primary and secondary support structure
Thermal insulation

Thermal insulation

Solar panel hinges

Cushioning material

Battei'y case
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Thermal designers are inereasing their reliance cn multilayer insulation to provide
thermal isclation of.internal components from the external environment. Here again,
no single multilayer system is preferred with the trend being to design the insulation
to meet the needs of each individual requirement. The various lypes used on the
spacecraft studied included: crinkled aluminized Mylar, crinkled aluminum foil
spaced with glass-fiber paper, alumirized Kapton (H-film) spaced with glass-fiber
paper, single-side aluminized Mylar, embossed aluminized Mylar, double aluminized
Mylar spaced with glass paper, aluminized Mylar spaced with Teflon, and aluminized
Mylar spaced with Dacron. These systems were designed using from 5 layers per

blankel to 90 layers per blanket and at unspecified layer densities,

Il is immediately apparent that no single modeling approach or materiai exists for
application tc the wide variety of multilayer insulation blankets. Each problem will
require design of a special model blanket and, where the model design is critically
dependent on conductivity, confirming laboratory measurements are necessary. The
possible procedures for modeling of the multilayer systems are treated in more

detail in Section 7.

Modeling of thermal control surfaces also poses a problem in the design of a model.
Spectrally seleclive white paints, pure metallic surfaces, anodized surfaces, second
surface mirrors, and solar cells with filters are examples of materials used whose
surface absorptance is a strong function of the spectral content of incident energy.
The model must duplicate the surface absorptiance and infrared emittance properties
to maintain the required equality of complex shape factors (Z* = 1) and thereby
attain the required component thermal levels, This is most easily achieved using the
same surface coatings and surface geometry. In some cases, an accurale duplication
of surface coating properties may be difficult to achieve since the spacecraft manu-
facturer may use a coating process that is unavailable to the model manufacturer.

It has al-so been cbserved that batch to batch differences in paint formulations often
exceed acceptable tolerances in terms of solar ébsorptance and infrared emittance.
However, the facl that these difficulties are overcome in manufaciure of the prolotvpe

suggests that satisfactory procedures exist for duplication of coatings on the model.
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As was the case for multilayer insulation, it will be necessary to perform laboratory
measurements on the model surfaces to assure that the desired reflectance absorp-

tance, emittance, and transmittance properties have been attained.

Numerous other special purpose materials are also in wide use in spacecraft construc—
tion. The list includes a variety of glasses for viewing ports, solar cell cover slides,
visible a_nd infrared optics, and also for structural elements. Various types of Teflon,
plastics, epoxies, ixﬁpregnatic glass.fabrics, laminates of Mylar and aluminum foil,
laminates of epoxies and fiberglass, and composites of plastics and aluminum in
hoheycombs are found in current use. These kinds of materials pose difficulties in
that their thermal properties tend to be nonreproducible since manufacturing proc-
esses are variable. Here again, the model designer must carefully evaluate the use
of these materials in terms of their impact on vehicle thermal behavior and seek
individual solutions to simulation of that behavior. Both analytical and experimental
tools must be available so that confirmation of satisfactory model material proper-

ties is possible.

The review of spacecraft designs completed during this program provided a vast
amount of information on current practice in spacecraft thermal design. This infor-
mation was compiled and given careful study in terms of the problems associated with
the design and testing of thermal models. The resulls of this study failed to reveal
any unique limitatjon existent in thermal modeling of the systems studied. Vehicle
size and shape in combination with fest facility capabilities will influence both the
selection of scale ratio and the degree of geomeiric identity between prototype and
.model, No limiting scale ratio was suggested by the information reviewed though
the larger vehicles would have Lo be reduced by approximately 1/5th to {fit in most
available test facilities. Previous modeling programs completed in this laboratory
disclosed that accurate design, construction, and testing of a model al less than 1/6th
scale is possible though considerably more difficull than at a larger scale ratlio. The
difficulties are associated with manufacturing i;olerances, maintenance of required
path conduclances, particularly where thermal isolation is desired for prototype com-
ponents, and in inclusion of real sized instrumentaiion on components without influ-

encing the thermal environment of the component being measured.
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In addition, as the scale ratio is reduced to lower values il becomes increasingly
difficult 1o select materials which suit the model criteria and geometric distortion

of conducting elements becomes mandatory. This experience suggests that proposals,
for modeling at.less than 1/6th scale should receive careful review before their

implementation,

The review further indicated that standardization of material usage is completely
nonexistent which increases the model investigators materials selection problems.
Thermophysical properties of the materials are frequently not specified or the
reported properties-are in variance with values reported in current literature,
Needed information must then be sought out or confirmed prior to model design. The

following section considers the materials related problems in more detail.
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Section 4
THERMOPHYSICAL PROPERTIES OF MATERIALS

The conclusions reached in Section 3 point Lo the facl that model design is strongly
dependent on the availability of materials having thermophysical properties compatible
with the model criteria. This section considers the materials selection problem in
more detail and includes a listing of materials and their properties for quick refer-
ence during initial stages of modcl design. Consideration is given io the materials
problems associated with temperature preservation and materials preservation
models, ) )

The performance of any materials property survey requires the completion of an
exlensive search of available literature from which the required data are compilted.
During this process it was found that for many materinls the values reported by
separale investigators were in considerable disagreement and thal most sources ieave
out statements of accuracy based on measurement procedures. Wide tolerances werce
especially encountered for thermal conductivity data where alloying and heat treating
can have gross effects. Disagreement also exists in changes of properties with tem-
perature, particularly at temperatures below earth ambient. The differences obscrved
frequentlv required that judgment be exercised in including or rejecting certain data
and also that averaging be employed. Therefore. while the data reporied are consider ocl
the'best. available for initiation of model design, the reader is cautioned that values

given may not be an accurate represeniation for a specific sample.
4.1 THERMOPHYSICAL PROPERTY DATA

The data required for model design include density (p) . thermal conduclivity (K).
specific heat (Cp) , thermal diffusivily (@), and thermal expansion coefficient (desig-

nated herein as ¢). Values for these properties at room temperature are given n
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Appendix B, Table B-1, for many of the materials in current usc on spacccraft as
determined by completion of the survey presented in Section 3. The listed properties
are also useful for selection of materials to be used in model design since the list

includes most available structural materials.

The data presented cover a wide range of values which vary from material to material
and vary considerably for alloys of the same basic material. The variation of alloys
is greatest in terms of thermal conductivity, The alloys have sufficient variation of
¥ that for steady state fnodeling, it is entirely possible that an aluminum alloy.could
be used to model another aluminum alloy for moderate length scale ratios. For
example, for temperature preservation modeling (i.e., K* = L*), ;‘ZUZO—TO alumi-
num can be used to model 1100-H14 aluminum for an L¥ = 1.05/2.20 =~ 0.48 or
2020-TO can be uée@ to model 6061-TO for an L* = 1.05/1.71 = 0,615, A similar
situation exists with the magnesium and stainless steel alloys.

The generai variation of material properties iabulated in Table B-1 is presenied m
chart form on Figs. 1 and 2. The thermal c;mductivity and specific heat are shown
here for the major categories of materials. This form of data presentation permits
a rough initial selection of model materials following which the more accurate labu-
lar values can be used.,

- Figure 1 shows the large range of K covered by presently used materials and shows
that, except for the middle region (0.017 to 0.07 W/em-°K), a material can be found
to meet most moc_leling needs. For modeling of aluminum it is possible fo obtain a
K* anywhere from 1 to 1/25th using metals. Much lower values could be obtained
substituting honeycomb materials for the aluminum. Modeling of the nonmetallics.
except for Fiberglas which has wide variations, appears more difficult than for

melals since the range spanned is not as great.

Figure 2 presents the variations observed invspecific heat, The range spanned here
is roughly 1 order of magnitude-in contrast to the 3 orders of magnitude for conduc-

tivity. From this observatlion it can be inferred that transient mogielingi, where the
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term p*V*C’ET*/ 8* is important, may be more difficult than steady state due to

difficulties in selectinga required p*C’;. Where the model design is limited to such

a selection, the inference is correct.

of p’*‘C"I‘J are considered as shown in Fig, 3.

The difficulty is more apparent when the values

As shown on that figure, the value of

pCp varies over a very limited range at 3.0 + 1.5 J/cm3-°K. The model designer

is therefore limited to a very narrow region of p*C’i’; which poses design difficulties

in transient studies. Figure 4 and 5 present additional information on pCpK and

pCp/K for use in model material selection.
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As shown in Section 2, the variation of thermophysical properties with temperature
is also of concern when highest model accuracy is desired. Therefore, it was of
major interest to gather together data on temperature dependence and include this as
part of the study effort. The results of the data gathering effort are presented in
graphical form in Appendix B, Figs. B-1 through B-40,

The curves of conductivity and specific heat show that these properties can vary over
a wide range and emphasgize the importance of considering this thermal influence when
designing a model. Unfortunalely, the temperature dependence data for all prototype
materials are not always available; therefore, special property measurements or
extrapolation of existing data are sometimes necessary to construct a reliable thermal
model.

As stated in Section 3, many materials used in spacecraft design are not shown in
Table B-1. Those not shown include a wide variety of adhesives, thermal control
coalings, special laminated composites, Fiberglas and Fabriglass, optical materials,
corrigated structu;"es, and special types of honeycomb. It was virtually impossible

in this work to include representative data on this wide variety of materials. For
data on adhesives and optical materials, the designer is referred fo various data
publicgtions issuéd by specific manufacturers. Radiative properties of typical ther-

mal control coatings may be found in Ref. 5.

A wide variety of multilayer insulation was found to be used in spacecraft thermal
control. Table B-2 (Appendix B) presents the effective thermal conductivity as a
function of layer density and boundary temperatures for a number of the more '
commoniy ﬁsgd systems. Other property data may be found for some of the com-
ponent parts in Table B-1 and for various others in Ref. 6. ‘ Section 7 of this report
.élso gives experimental values of conductivity for the commonly used blanket of
"double aluminized Mylar with glass-paper spacer material, In selecting property
values_from the literature for multilayer insulation, the model designer should keep

in mind that the ‘thermal conductivity is greatly influenced by both hot and cold

27

LOCKHEED PALO ALTO RESEARCH LABORATORY
LOCKHEED MISSILES & SPACE COMPANY
A GROUPF DIVISION OF LOCKHELED AIRCRAFT CORPORATION



houndary temperatures, by the number of insulation layers, layer density, penetra-
tions, edge effects, and changes in-bulk temperature of the blanket. It should also be,
noted that'at the present time therec is a paucity of conductivity data for many of the

multilayer insulation systems for other than low temperature boundary conditions.
4.2 TEMPERATURE COEFFICIENTS

-For most materials used in spacecrafi and modeling design, the temperature depend-
ence can be represented over certain femperature ranges by either an exponential or
linear function. In most cases, one function or the other better represents the behavior;
however, for Some materials either can be used over.a limiied temperature range,

In Section 2, thermal modeling criteria were presented for three separate cases of

temperature dependence of thermophysical properties. They consisfed of:

& Properties constant with 'tempera;ture [Eq. (2:1)}
"@ Properties varying as a power function of temperature [Eq. (2.6))

" @ Properties varying as a linear function of temperature {Eq. (2.7)]

. The coefficients a, b, IE, 6, ao,, Bé' ﬁo , “and Eo for these three cases were
determined for the materials plotted in Figs. B-1 through B-40 and are presenied in
'Tables 3-and 4. Log plots of properties of materials are given in Figs. B-41 through
B-54 to further demonstrate their thermal behavior,

The coefficients presented in the fables were calculated using the method of selected
points and the graphical results in which two points are selected that best approximate
a representative straight line, The two coordinated points are used for-solution of

the equations and determinationof the required coefficients. For thisprogram, simple
computer programs were writtén for solving the necessary two simultaneous equations.
in view of the procedure used, the results reported in Tables 3 and 4 represent the
authors!' best interpretation of approximate straight line functions. Varialions in
coefficient values can occur as a result of differences in judgment or with differences

in temperature range requirements for a particular program,
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Table 3

COEFFICIENTS FOR THERMAL CONDUCTIVITY DEFINING TEMPERATURE
D:LPENDICN’CE CHARACTERISTICS ’

LOCKHEED PALD ALTO RESEARCH LABORATORY
COoOMFANY

LOCKHELDR

MISSHEILES
A GROUP DIVISION OF LOCKHEED AIRCRAFT CORPORATION

& SPACE

: Temperature Range _
Type K . K N K .
Material of a (W/em-"K o o Constant
Function From To cm-°K) 60 Mat Y {(W/em~-"K)
Aluminum
2024-T4 Power 110 535 0.555 | 0053 - - -
5052-TC Linear 260 320 - - -5 81 %1073 [-1.88 -
Linear 320 380 - -8 68 v 10~3 |-p_ges -
Power 260 380 1.83 13.88 = 10' - - N -
6061-TO Power 60 300 0.431 | 0,147 it - - -
Power 300 500 0.254 { ¢ 404 - - -
7075-F6 FPower 156 559 ¢.536 | 0.060 -, - -
Mapnesium
AZ~31B-0 . - _ - -
A7-31B-H24 Power 12¢ 580 0.587 | 0,027
- HE-31A-TO Power 205 540 0.261 | 0.236 - - -
HE-31A-T6 Power 205 540 0.369 | 9.113 - - -
HK-31A-H24 Power 295 540 §.205 | 9,351 - - -
HEK-31A-TQ Linear 295 540 - - 9.33 %1074 | 0.824 -
HK-31A-T6 Linear 295 540 - - 5,26 «1073 | 0.359 -
HK-31A-H23 Linear 295 540 - .= 2.45 x 1074 | 1,13 -
HM-21A Power 285 538 0.05¢4 | 1.01 - - -
- Linear 207 542 - - 1.5 =10=4 | 1 3D -
Stainless Steel ,
304 Power BO 930 0.415 | 0.014 - - -
g7(a) Linear 110 1560 - - 1.40 %1073 | 9.88 x10-2 -
347 {b) Lizear 12 50 1.25 | 4,55 x4 - ~- -
347(D) Linear 50 80 0.665) 4 43 ~10-3 - - -
347(b) Lmear 80 300 0.472 | 0.010 - - -
Benlhum ]
Comm. Purel{c) [ Linear 255 700 - - ~-6.17 <1074 | 221 -
Comm. Pure(®) | Linear- 700 1300 - - ~5.57 %1074 | 2.04 -
Comm, Pureld) | Linear 100 200 - - 2,98 1074 ] 0.795 -
Comm,. Pure(®) | Linear 200 500 - - 6.56 x10~3 | 0,544 -
Comm. Pure{d) | Power 100 200 | 0.272] 0.296 - - -
Comm Pure Power 206 500 0.686 | 0.043 - - -
Comm, Pure(®} | Limear 250 700 - - ~4.49 x 1074 | 1.44 -
Comm. Pure(® | Constant 700 850 - - - - 0 999
Comm Pure(® | “Power 250 700 -0.225) 4.50 - - -
. Lockalloy . - _ _ _
(62% Be 3% A1) Power 300 815 -0.475 | 32.4 :
{a) From Rel. 2, Appendix B
{t} From Ref. 6. Appendix B -
{¢} From Rel. 1, Appendix B - v
(d) From Ref. 6, Appendix B
{c) From Ref 3, Appendmn B
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Table 3 {Conl.)
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LOCKHEED
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COMPANY

LOCKHEED ALRCRAF]I CORFORAYION

Temperature Range = B K
Materizl Type *K) a K e 2 e Constant
of (W/em-*K} ek (W/cm-"K)
Function From To
Titaninum
sAl-4v(D Linear 310 1140 - - 5.71 x1073 | 2,33 %1072 -
6Al-4V(E) Power 15 100 0.968 5 13 x 10~4 - - -
6A1-4v(8) Power 100 300 0.514 4.02 x 1073 - = -
Fuscd Silica
Corning 7940 Power 70 150 0.635 4.09 x10°¢ - - -
Power 150 1150 ¢,110 8.34 x 1073 - - ~
Peclyurethane Foam
[} Power 300 335 0.727 8,03 x1076 - - -
() Power 240 - 410 1.25  2.91 x 1077 - - w
) | Power 315 870 176 9.87 x107Y - - -
Fiberglas '
Fig. 19 " Power 225 450 0.522 3.24 x1p-4 - - -
N Power 450 530 -0.862 1.54 - - -
¢ Power 530 660 0,543 2,28 x 1074 - - -
L Power 230 280 0.717 8.58 x 1079 - - -
1 Power 280 365 -0.258 6.021 - - -
L Power 365 §70 -0 412 3,94 x10-4 - - -
Fiberglas
FIg. 20 Lmear 230 &5 - - 0.489 2.25 x 104 -
Myler Power 90 250 0.207 4.7¢ x 1074 - - .
Constant 250 333 - - — — 1.49 x1p7d
Kapton Power 300 390 0.166 6.17 x 1074 - - -
Fused Quartz Power 50 150 0.945 B8.50 x10°5 - - -
Power 150 400 0 505 7.67 x 107 - — -
Linear 400 750 - - 3.72 w1074 | 1,39 x10-2 -
Power 750 1100 .92 5.5 x1¢78|[ - - -
Honeycomb A Linear 102 233 - - 1,76 x 1072 ] 2,74 x 1073 =
Honeycomb B Linear 92 245 - - 1,11 %x10-3 1 1,04 x10°2 -
Honeyeomb C Linear 225 427 - - 5.01 x10-3 | 7.87 x10-3 -
Honevcomb D Linear 285 370 - - 7.94 x10-3| 2,01 x10-3 -
Honeycomb E Linear 225 450 - - 0.68 2.86 x107% =
“‘Honeyeomb E Linear 450 600 - - -8.95 % 10-3 | -2.32 x1p-3 -
Honeycomb F Lanear 227 420 - - 9.15 x10-3 1 4,25 x 1074 -
Nylon Power 10 50 0.6592 0.024 - - -
Power 50 100 0.390 0,054 - - -
Power 100 300 0107 0 195 - - -
Linear 10 50 - - =321 %1073 | -4.68 x10-3 -
* Teflon (PTFE) Linear 285 590 - - -7.45 <1074 ] -6.07 x 104 -
Teflon (TFE) Power 3 10 038 18 x1074 - - -
Power 10 100 0.297 6.31 x10-4 - - -
Power 100 330 0.041 1.98 x10-3 - - - -
Linear 3 10 . - - 6.2¢ %1072 | 6,18 x 1072 -
Linear 125 330 - - 426 x10%| 1.18 x10-2 -
(f} From Ref. 1, Appendix B
{z) From Ref. 8, Appendix B
(h} From Ref, 16, Appendix B
(1) From Rel. 15, Appendix B
0) From Ref 17, Appendix B
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Table 4

COEFTFICIENTS FOR SPECIFIC HEAT DEFINING TEMPERATURE
DEPENDENCE CHARACTERISTICS

Temperature Range - = )
y Type (°K) [+ t"!c; Co Constant
Material - of h (@ /gm-"K) } 3 /em-"K)
Function From To B k™Y (3/gm-"K
Aluminum
2024-T0 Power 150 540 0.318 0,145 - - -
2024-T4 Power 67 400 0,422 0.077 - i - -
. Linear 400 600 - - 5733x1074 | 0.764
. Linear 600 730 - .- 4 736« 1074 | 0.268 -
~ G051-T6 Power 145 300 0.3563 0.012 - - .
Constant 300 550 - - - - 0,092
7075-TO Power 145 200 ¢.560 0,037 - .7 -
Power 200 500 0,489 0,048 - - -
7075-T6®} Power 145 700 0.353 0,111 - - -
. Power 250 600 0.312 0,141 - - -
Mapnesium
Az-318® Power 117 410 0.288 0.192 - - -
Power 410 600 0.184 0,358 - - -
Az-31B() Power 420 760 0.382 0.111 - - -
HK-31A Lanear 310 550 - - 4.31 %1074 | 0.914 -
Linear 550 750 - 1.53 <1073 | a,617 -
HM-1A Power 300 535 0,190 0,344 - - }--
. Linear 300 535 - - 595 «1074 | 0.883 -
Slainless Sleel .
347 Power 55 400 0.310 0.076 - - -
Linear 350 1530 - - 4.88 x 1074 | 0.410 ‘-
Berythum Power 150 300 2.314 3.42 x1078 - - -
Power 300 450 0.544 0,085 - p - -
) zeo Linear 450 1530 - - 5 79 » 10" 1.91 -
Lockalloy Power 300 500 0.482 0.109 - - -
(62% Be, 38% Al} | Power 500 850 0,181 0.707 - - -
Tatanium Power 22 80 3.08 4.76 x10°7 - - -
(6A1-4V-0). Linear &0 100 - - -5.12 %1072 |-7.17 x 1072 -
Power 100 1150 0.415 0.048 - - -
Lanear 225 800 - - 5.21 %104 | 0,469 -
Fused Silica Vower 125 400 0.828 6.58 x10-3 - - -
{Cormng 7940) Power 400 1600 0.256 0,199 - - -
Honeycamh 2
A Linecar 220 550 - - 7.35 x 1072 | 4.66 x 107 -
A Power 220 550 0.968 4.31 %3073 - - -
= B Constant 225 580 - - - - - 118
o] Constant 220 615 - — - - 107
D Consianl 200 620 - - - - 0.545
Nylon Lincar 235 460 - - -1.26 x 3072 | -0.567 -
Teflon (TFE)(d) Power 10 300 0.940 4.73 x1073 - - -
Power 300 400 0.266 0.221 e - -2 -
Linear 19 300 - - 9.1 x1073! 37 »10 -
Linear 300 400 - - 104 x1073 | 0.770
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Table 4 (Cont.)

Temperature Range - T
Material TEIf)e ("K) b c e, ] Consw.m.'
Function From To @ /gm-"K) (°K‘l) (J/gm-°K) @ /gm="K)
Teflon (TTE)e) Power 200 525 0.309 0.167 - - ~
Linear 300 525 - - 1.18 %1073 | o0.722 -
Polyurethane Foam
Type A Linear 240 495 - - 0 015 0,263 -
Type B Linear 297 422 - - -125 1073 | 2.96 -
Type C Constant 300 422 - - - - 1.72
Tupe D Constant 300 422 - - - - 1.675
Glass Fabric Rein-
forced Polyester
Type A Linear 310 550 - - -0. 64 -5,0 x 1978 -
Type B Constant 240 610 - - - - 1.157
Type C Power 300 570 ~0.0702 1,43 -~ - -
Glass Fiber Rein- ,
forced Epoxy
Type A Power 233 555 0.698 0,016 - . - -
Linear 233 555 - - 7.07 %1073 | 0.278 -
Type B - Power 235 350 0.162 0.429 ~ - -
Linear 350 500 - = 5.59 x10-3 | 0.376 -
Resin Cements
A Linear 307 342 - - 1.45 <1072 1 -p. 418 -
A Linear 315 333 - - -1.49 x 1072 | 0,285 ‘-
B Linear 2017 342 - - -0.167 ~2.71 x10~2 -
B Linear 315 333 - - -1.28 %1072 | -0,435 -
Mylar Linear 0 . 285 - - 0,118 0.038 -
- Power 10 205 0.964 5.88 = 10~3 - - -
(a) From Ref. 1 , Appendix B :
(b} From Ref. 1 , Appendix B
{c) From Ref, 1 , Appendix B
(d) From Ref. 12, Appendix B
(¢) From Ref, 20, Appendix B
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The temperature ranges used to compute the coefficients are given in the tables along
with the assumed linear or power function dependence. For some materials, coeffi-
cients were calculated over a given temperalure rangs for both linear and power

dependence,
4,8 MATERIAL AND TEMPERATURE PRESERVATION MODELING

Considerable attention has been given in previous literature to the use of either
"Temperature Preservation' or "Material Preservation' techniques. These are,
as the terminology implies, models that are designed to identically duplicate the
temperature of the prototype or that are consiructed from materials identical to those
of the prototype. There are certain practical advantages to be gained in selecting
one or ‘the other of these approaches in designing a model, While experience has
shown that the design of a- model using preservation of either materials or tempera-
fure is frequently not possible and that a more general approach is necessary,
these preservation tephniques will be considered as a starting point for discussion

of potential limitations in modeling of spacecraft.
4.3.1 Temperature Preservation With Constant Thermophysical Properiies

Ag shown in Section 2, the general criteria for thermal scale modeling can be stated

as
i KHA¥T*
PIVECET® _ purx = Q* = -_-L_%—- = A%k
' : i

In cases where temperature preservation is desired in the model, the temperature

ratio T* is specified as unity and the modeling criteria become:

= A = @ = = A% 4. 1)
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Tor conformance with geometric similarity AI’I; = A’*i‘ = A”i = L’-‘2 and V¥ = L’*c3

Eq. (4.1) becomes:

—gF— =I*=-—§="i""*—l (4. 2)
From this reduced form, the following relations are obtained for this case:

K* = 1* ’ (4.3)
H Ok ’
(BK?F)L*Z = RQELF = prCECE (4. 4)

This result shou;s that steady state modeling requires the selection of model materials
whose thermal conductivities are less than those of the prototype in accordance with
{he chosen length ratio. For small length ratios, this is often a severe limitation,
especially in modeling components where poor thermal conduclors are used in the
prototype. For example, let us assume that a Fiberglas or reinforced plastic honey-
comb is being used for a spacecrait skin or instrument supporting panel. Referring
to Fig. 1 (or Table B-1 in Appendix B), the thermal conductivilies of these materials
are found to be in the range of 0. 00069 W/cm-°K at room temperature. Scanning the
list for materials having lower conductivities, it is seen that only one, polyurethane
foam, is lower with a K of 0.0004 W/cm-°K. TFor strict geometric identity, the
overall scale factor L* is limited fo a value greater than L* = K* = 0,004/0, 00069‘
= 0,58 or not quite a half-scale model. Assuming that this L* ratio was satisfactory
for the model as a whole, it is doubtful that the foam would be used as a substitute
for honeycomb because of its strength characteristics. Table B-2 (Appendix B} shows
that multilayer insulation systems have thermal conductivities perpendicular to the
layers lower than Fiberglas honeycomb by 3 ordexrs of magnilude. However, for most
. applications, modeling hongycomb u'sing multilayer insulation is totally impractical
due to the nonload bearing capabilities of multilayer insulation. ‘The only case where
such a scheme migilt be practical is where only one dirmensional heat flow was of

concern and no loading was required for the multilayer blanket.
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For medeling of metals, the materials problem is less difficull since some scale
factors might present limitations whereas others would not. Take, for example,

the typical case of an 0. 060-in. thick 2024-T4 aluminum skin with a conductivity of

1.2 W/em-*K . Steady staie modelin;g with a length scalé ralio down to 0.11 (i.e.,
about 1/10) is possible using 321 stainless steel with a thickness of 0.0066 in.
However, this exact thickness of stainless steel may.be difficult to procure as off-
the-shelf material in the width sizes required for the model, Considering ilhe same
aluminum skin and an L* = 1/2, a material with a K = (1/2) (1.21) = 0.605 W/cm~"K
would have to be located, Searching Table B-1 for a suitable material, it is found

that none of the materials meet the exact requirements; however. some of the mag-
nesjum alloys come close with conductivities of 0, 502 and 0.76 W/em-°K). Therefore,
a small compromise in L* can be made to allow selection of a material and with

strict geometrical similarity.

When the temperature preservation model must also serve for prediction of transient
behavior. the model design is additionally complicated by the necessity for maintain-
ing a proper lime ratio as given by 6* = p*C¥L* [Eq. (4.4)] . This ratio assures
an equal time constant for all elements and is set to some degree by sclection of
materials for maintenance of required path conductances. Complete satisfaction of
Egs. (4.3) and (4.4) under transient conditions with temperature preservation can
present some difficulties for the designer. Using the previous example of 0.060-in.
thick 2024-T4 aluminum skin being modeled wilh AZ31B-H24 magnesium to give

K* = L¥ = 0,76/1.2 = 0.627, it is found thal 6% = p*L*C* = 0.444 for strict
geometric similarity. Now suppose the prototype also ulilizes HM21A-T8 for various
portions of the internal primary supporting structure. This material hasa K of
1.37 W/cm-"K ; therefore, Lo model il properly, a material with a K = (1.37)
(0.627) = 0.86 must be found. Searching the list of Table B-1, it is seen that only
;)ne materia'l,“2020-'1‘4 or T_G aluminum comes close {o salisfying the requirements
of K* . Using these materials énd calcul-atii_ig the corresponding 0%, we gel

0% = p*L;!‘C* = (1.52) (0.627}) (0, 8758) = 0.835, where a value of 0.92 J/gm-°K was
assumed fo‘r tha specific heat of ?;020— T4 ahgmmum. This value of 6* fails to match

the skin required value of % = (.444.
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This leads to consideration of distortion of the conductive heat {low path in order lo
meet the modeling criteria. Tor metallic components such as skin structure or sup-
porting structure, thermal gradients across the material thickness arc generally small.
Under these conditions the 1mportant heat flow paths to model are those in the longi-
tudinal or circumferential directions. Separating the thickness dimension from the

other length dimensions shown in Fig. 6, the criteria for the case of T* = 1 become

RALSE L2

%
or
K* - (&t—*) L+ | (4.5)
and .
,-B* = prC*LE ‘ ’ o ‘ " (4.6)

where t* is the thickness ratio. Ali: = T/*t* and A‘ii‘ = L

TFig.-6 Heat Flow in the Longitudinal
and Circumferential Directions

In Eq. (4.5), distortion of t* from the geomelrical similar case ot t* = L* introduces

an additional variable in the relationship between K* and L* and allows morce freedom
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in design of the modeled clement. To satisfy Eq. (4. 6), requires that 6* = pFC*L*
be the same for all materials. Manipulation of t* from pure geometrical identity gives
more [lexibility In meeting the ¢* requirement. Of course, the * values in Eqgs. (4.5)

and (4. 6) must be the same for any one specifi¢ material being modeled.

- £ E I
B .
¥ s

Wheh distortion®fechniques-are employed, the important external radiating areas Ai

and A

; must’be modeled according to 142 . ST

PR

In cases. where two- and three-dimensional heat flows are mmportant. distortion of the .
conduction heal flow path cannot be done without distortion of the point-to-point tem-
perature identity betweéen the model and prototype. Sometimes the three-dimensional
heat {low can-be approximated satisfactorily by constructing composites of different
materials or by "slitting" as suggested by S. Katzoff (Ref. 7) to modify the conduction

path. e ; S .

4.3.2 Temperature Preservation With Power Function Dependence of Thermo- : - .
. . physical Properties C

Where properties can be represented by K = K T? and Cp =C Tb , and T* -1,
. the model criteria are

(b_~h) : _ (a
o Kra* T
n_ p

L*

—_ -a )
P*V*C*Tp p

9*

li

[y

= A_’iil* = Q* = - A’E" ’ (4:_ 7)
The fundamenlal requirement of pointwise similarity between model and prototype
through maintenance of single valued ratios of properties, temperalures, and heat
rates necessitates elimination of dependence on the prototype temperatures, This

can he achieved only by selection of materials having a . = ap. When this is achieved,

and geometric similarity mainiained, the model criteria become

: *L+6* ':‘ *:ﬂ: :T—<*:
B = 1 i 1 (4. 8)
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Satisfying the criteria of K* = L* concurrently with 0% = p*C*L* for the case of

(ransient heat flow for all components in the design is again very challenging.

Taking, for example, the casc of a 2024-T4 aluminum prototype skin and considering
a 1/2 scale model, the Rp from Table 3 is found to be 0.053 over the temperature
range of 110 {o 3535°K, which means that a material with a Km = Kp K* = (0.053) %
(0.5) = 0.0265 must be located to satisfy the model laws, Scanning the table we find
that AZ-31B-0 magnesium with a K = 0,027 is the only material that comes close to
meeling the requirements for the temperature range of interest, However, the
criteria a, = ap and bm = bp must also be satisfied, From Tables 3 and 4 we

find that ap = 0.555 (lor 2024-T4 Al), a_ = 0,587 (for AZ-31B Mag), bp = 0.422.
and bm = 0.288. Therefore, the required equality is closely approximated for a
steady state model with a slight mismatch occuring in the b exponents which influcnces
the transient condition. Thus, this modeling situation was satisfied with the tempera-
ture behavior.of magnesium modeling that of the aluminum for a length scale ratio of
0.5. Similar matches may or may not be found for other materials used in the pro-
totype and the difficulty of complele model design rapidly inereases as more prototype

materials are encountered,

4.3.3 Temperature Preservation With Linear Dependence of Thermophysical
Properties

In this case, the thermal properties are expreésed in the form K = R_o(l + BOT)

and C = Efo(l +a T). Derivation of model criteria, with T* = 1 gives:

pFVECHE p*V*C _a¥ KxkA* K*A*p*
o O 0 . Axpk = Q* = %*“ = -2 E*O = A% (4. 9)

0* g*

Agaimn for geometric similarily V* = L"‘3 and A* = L*z giving

KY % O Y kDR K* K=g*
P L CO = P . CO ao = ¥ = —C)‘f = 'I—{—O' = KOBO = 1 (4 IU)
g* 0* L:e'z L* L* '
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This resuli:, similar to that for a power function temperature dependence, necessitates
selection of materials with 0!”(‘) = ,B*O = i t_:o obtain equality of Phe various terms.

This requires materials to be selected with Com = %o, and Bom = Bop and introduces
the same difficulties as those associated with a, =2 and bm = bp. A scan of
properties given in Tables 3 and 4 immediately demonstrates that the few materials
having equal coefficients considerably limits the investigator.

4.3.4 Materials Preservation and Nontemperature Dependence of Properties

The modeling with materials preservation under the assumption of nontemperature

dependence of properties, p*, C*, and K¥* arc equal to unity and the modeling

criteria become

THTH A¥T*

= A¥[* = QF¥ = —2 = Akpst -
S = A = Q TE = ART 1)
For geometric similarity, A’E = A’; = A’% = 1% and V* = L*° and the follo;awing
relations are obtained: ’
o 1 1/3
T* = (L—*) | (4.12)
N '2 -
g% = Ix (4.13)

For Eq. (4.12) it can be se'e-n that T* incfeases as the length scale ratio decreases.
This eventually leads fo a limiting condition when the length scale ratio has decreased
to the point where the maximum operating temperaturé for any of the model materials
has been reached. The relationships between T* and L* from Eq. (4.12) and @* and
L* from Eq. (4.18) are shown plotted in Figs. 7 and 8, respectively. For a 1/4 scale
materials preservation model, T# = 1,59 which means that a spacecraft operating

at 294°K (T0°F) would be modeled at Tm = 1.59 (294) = 467°K (380°F). This tem-

perature would not be too severe for most materials; however, some problems would
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Fig. 7 Influence of Scale Ratio Selection on Temperalure Ratio

10

i

TIME RATIO (6%)
=
[

0.01

| I N SR B O IO J S
11/2 1/4 1/6 1/8 1/10 1/12
LENGTH RATIO (L*)

Fig. 8 Influence of Scale Ratio Selection on Time Scale
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begin to occur with aluminized Mylar and some of the insulaiing materials such as
nylon. For a 1/10 scale model, T* = 2,16 and the average model temperature
hecomes Tm = 2,16 (294) = 635°K {685°F)., This le.vel eli.minates the use of most‘
nonmetallic materials including many of the widely used thermal control paints.
Additiéhal problems arise in the elevated temperature model since the incident energy
rate per unit area, given by I*, must be increased by sizeable amounts. Equation
(4.11) gives the ratio of incident energy as I¥ = ™ = (1/1,"‘)4‘/3 . For the 1/4th
scale model, this gives I* = (1. 59)4 = 6.4, and for the 1/10th scale model -
I* = (2. 16)4 = 21.7. These high levels of incident flux required by the model rule
oul the use of this procedure on systems that require collimated solar energy for
proper simulation. Current simulators are seldom designed for flux levels above
two suns and are totally incapable of 22 suns over a reasonably sized test volume.
Assuming an upper limit of two suns for an available solar simulator leads to a
limiting scale ration of L* = (I/T*)3/4 = 1/1, 68 using materials preservation. Of
course, where the test boundary conditions can be provided without solar simulation
"{he limiting scale ratio can be further reduced. Two programs described in Section 6
have utilized procedurés wherein solar simulation was not required at higfl flux raf:,i_os

allowing a materials preservation model at an L* = 1/6.43.

From Fig. 8 it can be seen that a 1/10 scale model would require a time scale ratio
of 1/100. This is beyond the useful limit for modeling of near-earih orbital vehicles

since the orbital transient for the model would have to be run in less than 60 sec.

As was the case for a temperature preservation model, it is possible in some cases
to introduce geometrical distortion to reduce the problems encountered. Considering
once again that we can neglect gradients through skins and other regions constructed

of thin material, it is possible to state the mo@el criteria as

T* = (t’*‘/L’“)l/3.(1/L’f‘)_l/3 (4.14)
0% = L*Z (4;. 15)
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http:I/L*)(4.14

These forms were derived assuming A*I‘ = A"i = L*% and Al’: = L*1*¥ | The form in
" Eq. (4.14) shows that distortion of the thickness ratio 1*, toward lower value, i.e.,
t* < L*, reduces the thermal level of the model. For example, if L* = 1/2 and
t¥ = 1/4 then T* = 1. This is the so-called case of concurrent materials and tem-
peraturc preservaticn modeling; however, this-terminology is misleading since the
syslem is not a point by point similar model due to the distortion required. It may
appéar surprising that distoriion reduces T* bul has no apparent influence on the
time scale ¢*. This comes about through the ratio of energy storage capacily to the
'rat_e of energy absorpti?n and/or internal dissipation.

Considering the internal dissipalion.rate, we find

/3 /3

@ =T = /s /it

Thus, as t* is reduced to lower T#, ii is also necessary to fufther reduce Q¥ 1o
compensafe for the time constant and maintain it at 0% = L*Z. Likewise. external
2)4:/3 instead of I* = (1/L*)4

as for the undistorted case. ’ - .

/3

energy levels must be reduced.according to I* = (£*%/L*

In all cases where geometric distortion is employed to reduce temperatures and flux
ratios, il is-necessary to give careful consideration o the influence of distortion on
the temperature field and heat flow path being studied. ’l‘l;e distortion assumes a two-
dimensional temperature ficld and maintenance of radiation shape factors. Where
distortion changes these fundamental assumplions o the extenl that the iemperature
and heat flow fields of the model no longer maintain similarity. then the model quite

obviously will serve no useful purpose.
4.3.5 Materials Preservation With Thermally Dependent Properties

The nced for geometric distortion of the materials preservation model has been
related Lo the necessily for reducing temperatures in the model to reasonable levels.

This necessity is made even clearer by considering the fundamental properiics of

4.2

LOCKHEED PALO ALTO RESEARCH LABORATORY

Lo CKHEED MISS5SFILES & S PACE COMPAUY
A GROUP DIVISION OF LOCKHEED AIRCRAFT CORFPORATION



malerigls. Malerials preservation assumes that the model has preserved the thermo-
physical pl‘opertiejs_ef the prototype since identical materials are used. In addilion,
the method generally requires that the model lemperature be elevaled (T* = L*—l/ 3.).
The need for a T* = 1, except for disiorted models, results in a change of therrr.l.al
properties which in itself degrades model accuracy. This influence is more readily
seen by- wri:ting the materials preservation criteria with temperature‘—dependent
properlies, . )

" : S
- Y W s ‘. ’

For power function dependence of properties, assuming that K¥=C* =1 , bm =h

and a. = ap (reasonable assumptions for considerable changes in temperature). the
model criteria are

*

: ' . (1 + a)
g¥VAT S e ( (4.16)

ooa e - - . . ]

Solution.of the above terms with strict geometric similarity gives

N = Fa N ey -

ck = 172 c3)

- - . :
o - L*ZL*a_S

i

The dependence of T* and 8* on the absolute values of a and b 1ntroduces a con~
suierable 11m1tat10n The fundamental precept leading to model des1g‘n is that all
components of the model have the same temperature and time scales 1elat1ve to the
prototype. Yet the above result indicates that this can be achmved only for cases
where all prototype materials have identical values of a and b. The low potential
for sueh fortuitous ecircumstances may be rapldly evaluated by scamning the values
nlven in ‘I"lblc 4. Identical values for botlr eenstant:s in d1fferent matermls or even

for dlffcrent alloys is extrcmcly rare
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As one would expect, similar resulis are obfained in cons.idering thermal properties
‘with linear temperature dependenée. Assuming for materials preservation that
“1?:;3 = 6*; = 1, Eq., (2.7) gives

2 2
KV E gk TH . ARTE A% B* T*
p*‘;?* - - GE— = AMF = QF = - = ol guped
" 1

I ¥ L2

Quite obviously equality of the above terms requires

* TH =
ﬁoT 1

C!f*T* =
o
% = A% = *
a* ﬁo 1/T

However, for materials preservation 04*0 = ‘B’i(‘) = 1 which gives T* = 1, a;nd through
further manpipulation L* = 1 follows. Thus, a material preservation approach
apparently requires that a full-scale thermal system be constructed, The indication
obtained by conéidering a linear temperature dependence differs little from that
obtained using a power low temperature dependence where only for L* = T* = 1 I

can the influence of the constants a .and b be completely eliminated.

When thermal changes of materials properties are introduced into the model criteria,
we find that an accurate model exists only for the case of T* = L* = 1, whichis a
full-scale system. Thig apparent limitation in using the materials preservation tech-
nique is a serious one since material properties vary.as a function of temperature for
nearly all known structural materials: The assumption of materials preservation is

obviously negated through thermally induced properties variations.

Ina préctical sense it becomes apparent that prior to excluding the feasibility of using
a materials preservation model it is necessary to evaluate changes in overall thermal
behavior due to thermally induced property cilanges. For example, the heat conduc—

tion in an insulated rod is given by
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When K = I_{_o (r+ ',BOT) the equaﬁon be-c.omes
F ;‘ .- St ‘dT
Q=K A (1..*"80T) d

and integration between: t_he limits Xy, Xg and 'Il R TZ , gives

"T,~T

o . 172
Q C- K An ['1'+ ('Tl * T2)-’80/2] )

The rpodel laws dervied from this result are
RrarTr presr s
: n~ "o n

X, .. x*

Thus, we see by iﬁspeétiop 'of:t‘rie derived model laws that equelitif Tequires
) % * =
B 5 T ) 1,

and with ,8* =1 (materlals preservatlon) we must model to T* = " However, the
question must be asked as to the 1mp0rtance of the [3 influence in the model and
prototype. If (T1 -+ T2) BO/Z <« 1 , then the model conditions dictated hy inclusion
of BO may be neglected For aluminum at an average temperature of 300°K,

‘I‘able 3 gives B = -581 x 10 3. At an average temperature of 300°K,

(T, + T,)8, /2 = - 1. 74, Tor these values B, can not be neglected However. for
HM- ZLA Magnesmm B = 1.59 x 1074 » ATy + Ty) B /2= 0, 047 ~and thermal
property changes could be a minor effect on everall pelformance ’ "

It becomes apparent that the decision to pufsue a materials presentation model should
he based upon an analysis of the prototype system to determine the sensiiivity of
prolotype thermal behavior to changes in properties. Tor a steady siate system. the

analyscs should evaluate the relative importance of radiation and conduction in
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establishing component thermal levels, If thermal radiation dominates the distribu-
tion of energy, then variations in conductivity will be of minor importance. For
transient systems, the importance of heal capacity and changes in Cp should also be
investigated. The results of such an analysis on the protoitype may well show that
an accurate materials preservation model is both a feasible and practical tool for a

detailed experimental study of the prototype system,
4,3.6 Summary of Materials Problems

The material presented in this section has shown that a wide variety of common and
special materials are in current use on spacecraft, The wide variety of material and
applications will introduce considerable difficulties to the model designer. The rela-
tion of materials properties selection to a modcl design has been presented and dis-
cussed in terms of the generally apparent limitations, The difficulties in the materials
preservatiqn and temperalure preservation approaches have also been introduced and

related to materials properties.

Upon consideration of the contents of this section, one must conclude that a major ‘
general limitation in thermal modeling is that of materials availability. Conductlivi-
ties of structural materials cover a range of nearly 4 orders of magnitude. Metals
are grouped in the range 0.10 to 2.0 W/em~°K and nonmetals from 0,001 to

0.01 W/em-°K,

From 0.01 to 0. 1- W/em~°K, it is nccessary to fabricate composites or laminates
since materials are not generally available with conductivities in this range. There-
fore, to model a low conductivity metal with T#* = 1 (K* = L*) becomes difficull
for L* léss than 1/2. Likewise, modeling of the lov_il conductivity materials is a
problem &ince they are chosén for inherently low values of K and a less conductive

system is unavailable,

The transient model presents similar difficulties in materials selecfion since p Cp

must also be considered. The rangec of p Cp {for all materials is quile small as
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shown by Fig. 3. The total range for available materi 41‘1 is from 1.5 to 4.4 J/cn13—°1\
which means that control of the {ime constant 0* is limited in terms of 2 C alone.
For temperature preservation T* = 1, K* = L%, and the time ratio is nlven by

g* = p*C"I‘)L* = p*C*EK* Figure 4 was compiled Lo demonstrate the values of

p C K for materials both as an aid in materials selection and to show that most male-
11‘1]&. are again grouped near the higher values. A considerable lack of materials are
found for 0, 007 < p C K < 0.5 which causes material substitution difficulties when
prototvpe materials’ are on either edge of this range. Likewise, the inverse-thermal
dlffuswny pC /K has been plotled in Fig. 5 to aid in materials selection, Tlus
property 1s represented over a wide range by the available materials though there

are definite lower and upper limits where a selection to fit a model design may not be

available,

The discussion of temperature dependence of materials properties. and the data pre-
senled on thérx‘nal coefficients. demonstrates the very real problems associated with
modeling over a wide temperature range. The model criteria for a materials substi-
tution model require matching of the thermal coefficients. This restriction consider-
ably narrows the field of available model materials since K¥*, p*, and C’{j arc
usually tied down by the selection-of T* and L*. For a materials preservation model.
ihe eriteria state that an accurate solution exists oﬁly for T* = L* - 1 since no
changes in properties can exist between the model and prototype. In view of this
finding, it is apparent that materials preservation models should first receive carcful
analytical study to determine whether material property changes will seriously
degrade model performance,

1
In addition to model design difficulties associated with malerials selection and match-
ing of temperature coefficients. there exists the problem of ascertaining the actual
properties of materials used on the model. Mam;facturers information on thermal
conductivity, density. and specific heat is usually limiied io room iemperature values
and of questionable accuracy in terms of baich-to-batch variations, Alloying and heat
ireating of metals causes wide variations in thermal conductivily. TFor nonmetals varia-

tions in chemical composition. density, and process {emperaiure can occur that change
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the thermal conductivity and make manufacturers data unrelisble, At low tempera-
tures there is a general lack of accurate data on thermal properties of common mate-
rials since manufacturers and users are not commonly involved in low temperature
applications. In view of the difficulties faced by the investigator in obfaining accurate
data, he must have available the necessary apparatus for determination of the thermo-
physical properties of materials used in model design, Checks must be made dn
quoted values of thermal conductivity, specific heat, density, spectral reflectance,
and ahsorptance in the incident energy spectrum, and infrared emittance and reflect-
ance in the spectrum associated with model temperature. Only through performance
of such measurements can be model properties be as well known as those prescribed

for the prototype.
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Section 5
- MODELING OF SIMPLE SYSTEMS

Some insight to delinecation’of the limitations existent in atlempting to accurately model
complex spacecrafl systems can be gained through consideration of the thermal
behaviaor of simple geometries. For example,-the one-~dimensional steady state heat
conduction through an mfinij:ely wide plane homogeneous plate is described by the

relaltion

T,-T
Q = ~ka—L—2 5.1y
: 172
for which the similarity eriteria are
o LKRART SN
Q= T = LT TR

It is casily seen, from either Eq. (5.1) or (5.2). that temperature preservation in

the model will be otained, i.e.. T* = 1, if k¥L¥* =. Q¥

That is, as long as the plate thickness of the model is chosen so that (xl-x,))m =

1

(Xl—XZ)p kap/Qme ; or heal rates through the model arc conirolled according to

.- t
L4

km (xl-xz)m

. _q
."Qm - P kp (xl—xz)p

then the prototype conditions are strictly preserved. This [lat plate problem s
cxiremely sifnple and has few difficultics that lead {o a limitation in the modeling
approach. Il is necessary to select materials with aceurately known properlies and

{thicknesses, and io measure or conirol heal rales with reasonable precision Lo obtain
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excellent model results. Geometrical distortion of the model is entirely permissible
for the flat plate one-dimensional heat flow,

For thick-walled hollow cylindrical and spherical shapes, the modeling approach
becomes more complex. The energy transfer per unit length through the walls of an

infinite cylinder is given by

byt
Q/L = TZkaI'_Z~ {5.3)
and the temperature field by .
(t,~t,) tar  t T -t MnT
¢ o .18 R s Mt Sl (5. 4)

.Qnrl/rz n 1'1/1:2

A derivation of the similarity criteria from these equations shows that the tempera-
ture field is preserved only if M (rl?/rz*) =0, i.e., rl* = rz* . Thus, a geo-
meirically identical model must be consirucied and the ratios of temperatures at

identical locations will be given by
-T* = Q* S*L*

- The géometrical identity introduced by the cylindrical shape leads to a considerable
restriction of acceptable length ratios.which can be accommodated using available
materials. This results in a practical limitation of the modeling approach since
cylindrical construction materials nofmally come in standard wall thicknesses which,
in many cases, may not provide an exact match fo the desired length ratio of a com-

plex model, Jacob (Ref. 8) has replaced Eq. (5.3) by the form

£t
1 e T :
Q= skA, = (5. 5)

—
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" by Eq. (5.1). In this form

so Lhat a direct comparison could be made with the solution for a flal platc as given

e

An = L (rl+r2) (5. 6)
a mean area, and
(ro/r.}+1 -
1 Y2771 -
¢ = % = M (r,/T.) - (5.1
. 2 (1:'2/1‘1) 1 2°71

a shape factor whose value reflects the departure of energy transfer through a cylin-
der from that through a flat plate. Values of the shape factor are given by Jacob as

"ry/ry L0 S 117 1.2 13 14 L5 20 4.0
¢ © 7L.000 1.001 1,003 1.006 1.010 1.014 0,140 1,155

These numerical values show that a thick-walled eylinder whose ratio of outer Lo
imer diameter is less than 1.4 has a iemperature field and energy transfer rate
within 1% of that of a flat plate of equivalent mean area. Therefore. for a prototype
with 0 < rz/ Iy = 1.4, itis appa?“ent that geometric distortion of the cylinder wall
thickness is allowable in design of a small-scale model. Removal of the restriction
r.* = r_* makes the model design considerably less difficull since selection of wall

1 2
thickness can be-combined with model conductivity,

The difficulty of modeling a hollow spherc is similar to that encountered with the
- lung cylinder. For a hollow sphere with inner diameter T and oufer diamelcer Ly .

the temperature t at radius r is given by ) ‘ :

Sttty /gt /Ty
b= (; __;) L TaA Ay
2

r, r
1
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and

b- b

The derivation of model criteria from these equations gives

I
-

* *
Ty /r2
and

* = oRTokp k= T %
¢ I{Trl kTr2

t-t

- _ 2
Q = d4rk (1/r1- 17r2) = 4k (1/r - 17r2)

(2.9)

-(5.10)

(5. 11)

both of which must be satisfied. As for the cylinder, these criteria demand exact

geometrical similarity for preservation of the temperature field, The simplification

of Eq. (5. 8) can again be made for the sphere where

o
o {1t Tg
A =4y 5

/

and

- . qb. = 1/2 + r1/4r2 + 1*2/41:'1

Values of ¢ for various ratios of 1-1/1:'z are

rz/rl .07, 1.1 1.2 2.0
¢ 1.000 1.002 1.008 1.125

(5.12)

(5. 13)

" These v:a.l'ues show that a thick-walled sphere can be distorted in thickness for

8 < 1-2/1'1 < 1.2 since the departure from a simple flat plate solution is less than

1% for values in this range.
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The results for the flat plate, cylinder, and sphere are useful in determining the necd
for geometrical identity between the model and prololype under steady state conditions.
For most siructures used in spacecraft where these shapes are employed the radius
ratios fall well below a value of r2/ Xy < 1.2 within which range the wall thicknesses
can be distorted. " For radius ratios above 1.4 for the cylinder and 1.2 for the sphere,
il becomes necessary to design the model more carefully to assure compliance of the
thermal system with the model criteria. Under these conditions the model designer
w1]1 be conmdex ably more limited in "selection of length, propexrty, or temperaturc
ratios due to the unava11ab111ty of materlal sizes wluch rmtch his design approach.

The solutions describe the temperature field in simple systems whose boundary tem-
peratures are fixed and known. In most cases, lhese boundary temperatures.arc
functions of the radiative or convective boundary conditions whose influence must bhe

considered in deriving the model criteria.

Infinitc and scmi-infinite flat plates, infinite cylinders, and spheres have been
thoroughly analyzed for solution of numerous conduction and conduction-convection
heat transfer problems. The solutions to these problems have frequently heen pre-
sented in generalized forms in terms of the nondimensional Biot. Fourier. Reynolds,
?fandtl: and Nussell numbers whose values are a measure of the thermal similarity
existing in geom etrically similar systems. Unfortunalely, only a few generalizéd
solut;i-ons have been presented for.the radiation-conduction ehvironment which fact is
primarily due to the nonlinear dependence on temperature of radiant heat transfer
and the necessity to solve most of these problems using thermal analyzer compuicr
programs. However, under conditlions where the thermal environmenti surrounding
the system of interest permits linearization of the fourth power temperature depend-
ence. of ﬂ*fo net radiant interchange. then it ig possible to define 2 radiation cocificient
and utilize the peneralized forms presented for conveelion-conduction coupled

systems,
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The net energy transfer rate between opposed black surfaces at temperatures Tl and
T, (T1 > Ty} is given by the fourth power Iaw as Q/A = @(Tlé - Tzé). Since
fd 4 8 2 2 .. 3
o(Ty" =Ty} = o(T;" + T, Ty + T Ty + T,") (Ty = Ty)
s g . . s 3 2 2 3
a definition for hr » the radiation coefficient,is hr = o'(Tl + T, T, + TITZ +T50)-
Using the radiation coefficient permits computation in the form g/A = b (T, = Ty)
which, given that h, is essentially constant, linearizes the temperature dependence

and considerably simplifies the solutions of many radiant heat transfer problems.

" Numerical values for hr are more conveniently presented in the form

L - ] 4x+x2 43 (5. 14)
i
1
where
i
x = =2
T

or, since the equation is symmetric in T1 and 'I‘2 »

h
L o i4x4xt A © (5.15)

2

where:‘
R
] TZ .

'Equations (5.14) and (5. 15) are shown graphically in Fig. 9. A frequently used

approximation for the above defined h " is hl', = 40Ta3 where Tav is the average
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Fig. 9 Exact and Approximate Forms of the Rachation Cocfficient

terperature given by T, = (Ti -+ Tz),/z. Using this form gives

hr 1
3 o) (1 + 3x
ol .
1
where
T1
' and
bt
ii = %(l + 3x
0'T2
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where

g = ol
T-

[a%]

TI‘IiS relation is also plotted in Fig. 9 along with the error, (hr - h;j/hr , incurred
through its use. For the range 0.80 < (T'Z/Tl) < 1,20, the error in using the
approximate form is on the order of 1% while for 0,64 < (Tl/ 'I‘z) < 1.60 itis no
greater than 5%.

The majority of solutions to heat conduction problems with convection heating or cool-
- ing assume that the surface heat transfer coefficient is constant, This assumption
is reasonable for many situations where average convection heat transfer coéfficients
are defined in terms of Reynolds, Grashof, and Prandt} numbe;s characterizing the
gystem. The use of an average coefficient ié aiso appropriate for many radiation
problems where the surrounds may be considered as equivalent to a blackbody at
fixed temperature TS , and the body of interest has limited variations in time or -
space about some mean temperature T1 . In this case q = hr (Ti- TS) and hr is
assigned a value at the mean surface temperature, The relative variation of hr {with

temperature Tl by differentiation of Eq, (5.15)] is given by

3 AT

- Ahrz‘x+2x2'+3x i x=-‘5‘
',.hr }_+x;f-x2+x3 Tl E[‘S
and, where the approximate form is used, by
1 . : ) AT T
Ah sk 4 exD 43k ._——-,Tl .
by 1+ 8% + 3%% + x° 1 Ts
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A few selecled numerical values for thesc equations arc as follows:

T,/ T, ﬁshr/ h, Ah} /b
0 0 0
0.2 0. 24 ATI/Tl 0.5° AT,/T,
0.5 0.73 ATl/Tl 1.0 m‘l/'r1
0.7 1,07 ATl/Tl 1.24 ATl/Tl
1.0 1.5 ATl/Tl 1.5 ATl/Tl
2.0 2,27 ATl/Tl 2.0 ATl/Tl
5.0 2.76 ATl/Tl 2.5 ATl/'Fl
10 2. 89 A'I‘l/Tl 2.73 ,:vrl/T1
00 3 ATl/Tl 3 ATl/Tl

The indicated values may be used as a measure of the error involved in assuming a
constant heat transfer coefficient. The error is frequently negligible for the tempera~
ture ranges and heat transfer rates associated with spacecraft hardware,

The purpose of the preceding discussion of a radialion coefficient is to provide a
foundation for the use of previously established solutions for simple systems in a
convection-conduction environment as a guide in estimating behaviox for similar
geometries in a radiation-conduction environment. The purpose of establishing pro-
totype thermal behavior using an average heat transfer coefficient is not to obtain an
accurate measure of energy rates or thermal levels, but rather to gain insight inlo the
limitations that may exist in constructing a thermal model of the system. For example,
solutions for the time-femperature histories of flat plates, cylinders, and spheres

are available in generalized form in terms of the Fourier numbers (O'G/ﬁz) , Biot
number (hf/k), and position ratio (x/f). The variables used in these dimensionless
ratios are: a = k/pC = thermal diffusivily , 6 = time, £ = characteristic thickness
or length, k = thermal conductivity , h = surface heal transfer coefficient, and

x = distance from zcro reference in direction of £. These solutions are in chart

: form (Heisler, Groeher, Gurney-Lurie charts) and cover a wide variety of problems.

By refervence to charts for the case of a flat plate with heat transfer al one surface
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and the other insulated, it is immediately appsrent that for k/h8 > 100 (a/ﬁi2 > 0,2},
£ = plate thickness, the plate may be congidered as isothermal since the external
resistance to heat flow overshadows the internal resistance For this case, the plate
temperature is a function of the product (W/k) (« 9/!12) = gh/pCl. For the radiant
environment h is i:roportional to o'T° . giving 6h/pCt = 90‘T3/pC£ > (1/100) ®
(0.2) = 1/500, as a value below which the plate may be considered as isothermal,
The same conclusion can be drawn for isothermasl temperature in the solid inifinite
cylinder and solid sphere where ¢ is replaced by the radius r. For times and prop-
"erties which fall outside of the range k/ht > 100 and ae/ﬁz > 0.2, it is necessary
to consult the charts to determine the extent of temperature differences caused by

a transient condition. ' L

The validity of the above interpretations is borne out by the investigation of Harris
(Ref. 9) wherein he considered the temperature history of a rotating fiat plate in
space with one surface exposed to the space environment and the other adiabatie, -

A fourth power radiation boundary condition was used for the emitting exposed sur-
face which was irradiated by and absorbing solar energy during each half-cycle of
rotation. Energy was absorbed during the first half-cycle with no illumination
during the second half. The analyses assumed adiabatic edges for the plate and
solved the one~dimensional heat transfer equation to obtain temperé,ture histories
during rotation for the front and bhack plate surfaces. The solution was‘numerical
uging a digital computer,

The solutions obtained for front and back temperature hidsiorics were presgented in
‘.:er‘ms of F = oéep/ﬂz (Bp = period of rotation), ¢ = pﬂC/creTavs (¢ = surface
emittance , Tav = average surface temperature based upon thermal equilibrium with
the average solar irradiance for one complete cycle), and n = 8/ ep (the relative
time from the beginning of a ¢ycle). Two summary figures presented by the author
are of particular value for purposes of this discussion. The first, which presents
the maximum and minimum temperatures of the front surface during a complete:

. cyele, is shown in Fig., 10.
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Fig. 10 Maximum and Minimum Temperature of the Front Surface
of a Rotating Thick Plate in Space

Some general observations may be drawn from the figure that are useful in considering
model design, For values of ¢ < 0.1, the front surface of the plate will reach the
same maximum regardless of the value of Fo =oe6‘p/£2. This region corresponds‘ o
low volume heat capacity per unit area combined with a long period of rotation so

that the front surface is in equilibrium with the solar input. The minimum tempera-
ture will, of course, depend on the modified Fourier number FO since stored energy
must be conducted to the surface and emitted fo space. For Fo > 10, the maxima
and minima front surface temperatures approach those for FO = co Thig indicates
that the designer has considerable freedom in his approach to modeling prototypes
with large FO if the transient ffont surface temperature is of primary interest. For
¢ > 10, the front surface temperature is nearly invariant over a complete cycle,
The region eorresponds, for the steady periodic case, with the previously determined
value of pCe/0Té = 500 for isothermal condifions as determined from Heisler charts
for a flat plate with a sudden change in surface temi:;erature.
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The second summary figure compiled i:)y Harris is shown in Fig, 11, Here, the
author presented regions of FO and ¢ within which the front and back surfaces were
nearly identical throughout each cycle. Thus, for the values, shown, the plate may

be considered as isothermal within 1/2, 1, or 2%. The range of F and ¢ covered.
by the figure covers maximum amplitude steady-perlodm response (I‘ > 103) through
steady-state equilibrium where T = T (q; > 10 }.

1T

!...l
<o
T Iillll]l ) Illlﬁ]]

T ¥ H'llil

2% 1%

-2 |l g :luml Lot g lunnl 15 L

i llllll!

1072 10 1% 10t 102 | 16®

b = pﬁC/chT&ua o,

Fig. 11 Regions of F, and ¢ for Isothermal Conditions in a Rotating
Thick Flat Plate

Of partlcular interest to the model designer is that the 1% isothermal condlhon is
achieved throughout the range of interest for pF = k/cre'].‘ 3!2 > = 10 Onee again
this corresponds with the fmdmgs obtained for flat plates, cylmders and spheres by

inspection of Heisler charts. This value of prO > 102 is, in a sense, a limiting
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condition for conducting a model investigation under transient or steady-periodic con-
ditions, If the prbtoéype object provides a ¢F0 > 102 . then it is apparent that the
model design can be relaxed in terms of geometric identily since temperature differ-
ences in thickness are not a governing parameter in overall thermal performance.
However, for prototype objects having quO < 102 , il is necessary that the model
preserve all protolype properiies so that the thermal graident and front-to-back phase
differences match the prototype. Where both the front-to-back gradient and phase

must be preserved, it will be found that model design is considerably more difficult,

Most spacecraft components expcsed to the external space environment are constructed
of sufficiently thin, high conductivity material to fall in the high range of FO and For_b .
For example, a spacecraft skin or other enclosure constructed of aluminum and having
¢=1, k=176J/secem-°K, p=2.8 gm/cm3 , C =0.,837 J/gm-°K, £ = 0.127 cm

(50 mil), and an operating temperature near 300°K gives

k0
Foo= —L = 4.650_(9_1insec)
pCY P P
F ¢ = —K— = 0.904 x 10%
o ceT 3!1
av

For this material and thickness it is apparent that it may be assumed isothcrmal
through its thickness. Also, since ¢ = (2 x 103)/ 0 , il will exhibil nearly siecady
state behavior at T = Tav for periods of input flux vg,riation on the order Zf 10 sec
and maximum steady-periodic flucluations for periods in excess of 2 X 10~ sec
(=5.5 hr). Bince the value of Foq') is an order of magnitude greaier than required

- for isothermal conditions, it is possible to distorl the model from sirict compliance
with the model criteria. This is allowable as long as F ¢ remains greater than 103 .
However, consideration must also be given to {he model time ratio so that proper
values of FO and ¢ are.separalely allained to p:'c'.operly mafch the steady slate or

steady-periodic behavior.
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Many other examples can be presented uging the guidelines presented by Heizler
charts, the referenced work of Harris, or similar parameiric studies of simple
systems. FEach example will demonstrate the regions of prototype design, material
properties, ap:cl environmental conditions where considerable freedom exists in
model design or conversely where strict compliance with the model lawsg is essential,
A reasonable estimate of the limiting parameters must be established by the investi-
gator for each case in order to establish the required accuracy of model construction
and test operation, -
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_ Section 6
MODETLING OF COMPLETE SYSTEMS

The feasibility of designing and testing a thermal model of a complete spacecraft has
been demonstrated through completion of such work on the Mariner IV vehicle (Rel. 10).
The model huilt for that work was 1/2 scale and was complete in all thermally impor-
tant details with the profotype system. The results obtained from tests on the

Mariner II model were, for the most parnt, within £5°K of results obtained during
thermal testing of the flight hardware, although a temperature difference as large as

30°K was ohserved for one component,

While the Mariner IV model is presently the only known atternpt at modeling a com-
plete vehicle, which fact considerably limits the broad conclusion to be drawn {rom
{hai work, other experimental evidence is available o substaniifate t}}at scale model
studies can provide meaningful results. References 11 to 13 report experimental
results on modeling of complex configurations under transient conditions: Ref. 14
reports modeling of a spin stabilized solar probe; and Ref. 15 considers the thermal
and structural modeling of a large space telescope. A study of results oblained from
these later investigations leads to the conclusion that reasonably simple models can
provide excellent indications of prototype performance. The later studies did not
include comparisons to either flight performance or space éhamber tests of a proto-
type since they were completed on the basis of information available during conceptual
design slages, However, comparisons lo analytical predictions obtained from
computer-analyzer programs were made and these led to quite useful conclusions with
regard to the fuqdamental de'sign approach, the need for improvement of the computer

model. and to the need for modification of the experimental small-scale model.

These studies are specifically referred to here since they will be discussed in detail
in this scetion. Readers infterested in oblaining 2 more complete coverage of the

literature will find numerous works referenced and discussed in Refs. 16and 17.
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The limitations encountered in modeling complete systems are as many ard varied as
the systems themselves. Limits exist in the selection of an acéeptable length ratio
due either to prototype or test facility size, Model designs are limited by the avail-
ability of materials that meet the requirements imposed by selected values of p*,

C*, and k* and by the accuracy of available materials property data. The experi-
mental resulfs are limited in accuracy by inherent errors ir procedure and ingtrumen-
tation, which errors are either magnified or reduced through the temperature (T%*)

and fime (0%) scales employed. .

It is not possible to provide a simple statement that sets forth the absolute limits
existent in using thermal modeling procedures for all varieties of complex spacecraft.
Such limits va:ry as a function of spacecraft size, geometry, and thermal des-ign. For
example, the problems associated with small-acale modeling of a spacecraft having
major ocuter dimensions on the order of 2 m may well be associated with the need for
high precision in manufacture of subcomponents to accurately preserve radiation view
factors and path conductances at their required values. On the other hand, the major
limitation in modeling a larger vehicle, with outer dimengions on the order of 30 m,
may be in obiaining materials that have 2 low thermal conductivity and that also pre-
serve the necessary ratios of p* and C* to match the overall 6%. The following
paragraphs present examples of model sfudies on complex systems to further illus-

trate the limitations imposed by prototype characteristics.
6.1 SOLAR PROBE MODEL

Under a separate program, a study w-as performed to establish the test techniques
applicable to thermal quzlification testing of an advanced Pioneer Solar Probe

(Ref. 18). The vehicle would extend space exploration to within 0.2 A, U, of the sun
where the ‘outer skin would experience 25 solar constants. Since the mission extended
from 1to 0,2 A.U. (L to 25 solar constants) the vehicle design required use of the
most advanced thermal control techniques available making a thorough thermal quali~

fication test mandatory.
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The conceptual spacecraft configuralion is shown in Fig. 12. The main body of the
spacecrall is 0. 91 m in diameter and approximately 0,91-m high with an antenna
reflector and dipole exlending approximately 1.32 m above the top of the vehicle,
The external surface of the upper solar cell array is covered with a mosaic of filtered
silicon sclar cells and optical solar reflector (OSR) thermal control surface. The
surface of the lower solar cell array is covered entirely with solar cells which are
protecied by a variable aperture hea”n shield that is programed to allow a maximum
solar cell temperature of 366°K. The viewing band is entirely covered with OSR
and has lwelve penetrations of various sizes and shapes that provide experiment
apertures and sun sensor and boom mountings. All aperlures are covered with a
layer of aluminized polyimide film with the exception of two which are open. The

experiment booms are entirely coated with OSR.

(7y £ (8)
On Tmeriol

DIMUNSIONS IN
CENFIMIERS

Antenna Refleetor and Dipale
Upper Solar Cell Atay
Laperiment Vieving Bind
Lower Sol i Cell Array
Lower Avvay Heat Shaeld

Faperment Booms
nternal Pquipment Platform
Lowver fysidm o Active Thermal Control

Fig. 12 Proposed Configuralion of Advanced Pioneer
Solar Probe Spacecraft
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The spacecraft is .spin stabilized at 60-rpm; however, both the antenna reflector and
lower array heat shield are despun and remain fixed with respect to.the solar vector.
The external surface of the heat shield is coated with OSR, while the inner surface

that faces the lower array is aluminized to provide for minirmnum thermal coupling with
the main body. The anfenna reflector has OSR on the convex surface and white thermal

control paint on the concave surface.

All interior surfaces are thermally-isolated from the exterior by high-performance
multilayer insulation attached to the skin inner surfaces. Additional isolation from
exterior surfaces was obfained using insulating spacers located between all internal
to external structural attachment points, Heat leaks through the insulation z_a.nd.SO W
of internal power are radiated to space by an active louver system located directly
below the equipment platform. The louvers are designed to maintain equipment plat-
form temperatureé at near-earth ambient levels (272° to 305°K) throughout the entire

mission.

A thermal-analyzer computer program was established on the basis of available pre-
iiminary design information and was used to predict prototype performance during
one solar orbit. The results obtained forecast that the basic design would function
satisfactorily, although maximum temperamfes would, in some cases, closely
-approach maximum allowable limits for the materials used. Predicted minimum

(at 1 A.U.) and maximum (at 0.2 A, U.) temperatures for several locations are given
in Table 5,

Several approaches were considered as having potential for provision of requiréd
levels of energy during thermal testing of the spacecraft. Sources considered were
carbon arcs, xenon compact arcs, -filtered xenon compact arcs, a\.nd high intensity

quartz-enclosed tungsten filament lamps,
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Table 5
PREDICTED SOLAR PROBE PROTOTYPE TEMPERATURES

Temperature (°K)

Component Minimum ; Maximum
(1A U.) | (0.2 A.U.)
Antenna Reflector 233 519
Upper Solar Cell Array 284 636
Experiment Viewing Band 144 304
Lower Solar Cell Array . 336 360
Experiment Booms 182 333
Internal Equipment Platform 284 2837

Additional computations were made to determine prototype temperatures under expo-
sure to these sources in order to establish the thermal errors caused by the speciral
mismatch between each source and the solar energy spectral distribution. The
results of the computations showed that use of a collimated source of filtered xenon
energy would result in the least thermal error, while tungsten lamps would result in
the greatest error. Unfortunately, thermal simulation of the mission would reguire,
at the minimum, a 1.5-m diameter beam with intensities from- 1 to 25 solar constants
which exceeds the state-of-the-art in simulator designs using either compact xenon
or carbon arc sources. The development of such a ‘source for the test effort would

obviously be extremely expensive.

Further studies of the utilization of tungsten lamp energy were deemed desirable to’
establish the feasibility of ufilizing this form of incident enexrgy ir; combination with

a normalization of test results to solar energy through use of a highly refined thermal-
) analyzer'computer program. Such a procedure had the p(?tential of thermally exer—
cis-ing the flight hardware through prescribed limits (i.e,, go-no-go quality assurance
testing) and at the same time of proving the validity of analytical predictions. To
establish the validity of this approach, the study program underiook the design and

construction of a thermal scale model and the establishment of a thermal analyzer
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program for prediclion of model behavior. The model was then to be tested using a
1 solar constant carbon-arc simulator and various arrays of high intensity tungsten

filament lamps using incident fluxes equivalent to 1 to 25 suns,

In view of the intent of the program, i.e., to investigate test procedures, it was not
considered necessary to construct a model with geometric identity in all details and
with strict compliance with the model laws. To undertake that task would have required
an increase in scope of the program tfo include the development of a more exact thermal
analyzer program, additional prototype thermal design, and a complete thermal test
effort. Since such a study exceeded the available funding level, it was decided to con-
“struct a geometrically similar 1/2 scale system whose thermal performance, though
not identical to the prototype, would be equally as sensitive to external thermal inputs
with surface solar absorptance and infrared emittance properties distributed in the

same manner as for the prototype.

Model design was accomplished under the following ground rules:

(1) Steady state conditions could be assumed due to the use of a: high spin rate,
(2) Temperatures for the model should bé of the same as those of the spacecraft.
(3) The design of the model should comply insofar as possible with the model

laws for steady-state conditions given b&

_ KRAX Tk .
AN = @F — - = A% TH (6.1)
X
(4) Major thermal paths should model, as closely as possible, those used in
the thermal analyzer program to describe the prototype configuration.
(5) External surfaces should have the same thermal sensitivity to external
. source spectral variations as the siaacecraft.
(6) The size of the model should be approximately one-half that of the space-
craft for compliance with the test chamber capacity,
(7} The same thicl‘mess and layer density of multilayer insulation would be

utilized.
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The advantages and limitations of each of these ground rules were carefully con-
. sidered and will be reviewed herein for purposes of demonstrating the adequacy of

the approach.
6.1.1 Steady State Assumption

Compulations were performed on the prototype concept to establish surface lempera-
ture transients during one revolution of the spin-siabilized spacecraft at 0.2 A. U,
from the sun. At this orbital position, the lower solar array shield is nearly closed
and the upper solar array is subjected {o a maximum variation in input flux Results
obtzined from the computations indicated that steady-periodic transients in skin tem-
perature would be less than 1°C, and that periodic inputs from the booms and antenna
were negligible. These findings permitied use of the steady state modeling criteria

_ given by Eq. (6.1). The use of steady-stale criteria considerably simplified mode]
design though model rotation was still necessary to obtain the proper distributlion ol
surface irradiance.

6.1.2 Temperalure Preservation

Numerous approaches could have been used in modeling the Pioneer vehicle Lo ohtain
information on its thermal performance. A model could have been constructed with
T* < 1 and I* < 1 to reduce required levels of inciden! flux and associated lempera-
tures. The actudl values of T* and I* would, of course, depend upon the sclected
value of L* -and the availability of materials with the required thermal conductivilies.
In lieu of this approac;h, a decision was made lo pursue a design and T% == 1 for
purposes of gaining additional knowledge on the behavior of construction, insulation.
) and surface coating materials at the highest lest temperatures. Thus. the use ol
T* - 1 was not selected on the basis of modeling considerations bul rather on the
desire to obtain additional information {rom the model that was nol direcily related to

the thermal test reguirements.
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6.1.2 Pioneer Model Laws

For steady-state conditions with T* = 1, the model criteria of Eq. (6.1) become

K*A*
- n _
A’%I* = Q* S A*; (6. 2)
TFor regions where geometry can be preserved, i.e., X*z = I..*‘2 = A*i = A’;, then
« = Q% . KF _
I L*z T% 1 (6. 3)

+

A main requirement of the model is that it preserve the proper relationships between
externally absorbed energy, surface emission, and internal energy dissipation so

that surface temperatures of the model properly scale those of the prototype. For
temperature preservation, it is seen by inspection of Eq. (6.2) that proper scaling,
i.e., T% = 1, requires that Q*/A’; = A"iI*/A’E = 1. Considering that A¥ = A’i = L*
for external surfaces, it is required that internal energy dissipation be modeled to

2

give Qm = Qp (Lm/ Lp)2 and that absorbed external flux be czontolled to give Im = Ip
{absorbed). A design to meet the criteria Qm = gﬁ(Lm/ Lp) was .easily achieved
by use of resistance heaters placed inside of boxes which were in turn firmly attached
1o the instrument platform. The energy dissipation of the heaters was controlled and

continuously monitored to guarantee proper. simulation.

Conirol of absorplance on external surfaces was considerably more difficult and is
representative of the limitations encountered in model design. The prototype, as shown
by Fig, 12, has three separate zones with distinctly different solar absorptance proper-
ties. The upper solar cell array consisted of both sclar cells and OSR (second surface
silvered-z'nirrors) to provide an overall ratio of solar abgorptance to infrared emittance
(ws/e) of 0.45, The viewing band was all OSR with experiment openings, both open

‘and closed, to give an overall ozs/e = 0,10, The lower array was all solar cells giving
an overall a.'s/e = 0.84. To properly duplicate these values on the model, ‘on both a

total and spectral basis, would have required the use of identical materials in the
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proportion of surface coverage. While this requirement presented no difficullies in
fabrication or assembly, it was deemed undesirable in torms of the materials cost
for solar cells. Thus. the availability and cost of surface materials became a major
“limitation in pursuing the design of an exacl model of the solar probe. The use of
alternate materials with different speciral properties would obviously result in a
modification of thermal performance since the sources o be used during test. i.e. .

a carbon arc and tungsten filament lamps, have quite different speciral emission
properlies. Howev'er, this undesirable variance from the model criteria was deemed
acceptable for the program as long as the detailed thermal z-malyzer program could be
used 1o interpret model performance in terms of actual prototype performance. Therc-
fore, the model surfaces were coated with combinations of OSR and black paint in
proporiions that preserved the ratio of Ozs/c for each section while nol separately
prescrving cvs and ¢. 'The compu?er analyzer program was altered accordingly Lo

comply with the model boundary conditions,
6.1.4 Structural Members

Design of the inlernal siructure of the model was accomplished in sirict compliance.

with the model crileria using a scale ratio L* = 1/2, Conductive paths were controlled
in geometry and materials properties to give K*A*;l/X* = (L"‘)2. The design of brackels,
boom attachments. and other conductive members required materials substilution and

geomeiric distortion {o meel the existent crileria.

The exiernal skin of the prototype consisted of honeycomb malterials whose thermal
conductivity properties could not be properly modeled at 1/2 scale using a homogencous
material. However, computations showed that the skin served cnly as a siruciural
mouﬁting surface for the solar cells and OSR and playecd a negligible role in distribut-
ing energylr around or through the inner boundari: composed of multilayer insulation,
This permitied use of a stainless sieel skin (0.030-cm thick) thal was broken inlo four
major sections to preserve isolation of the sepérate surface zones heing siudicd. This

approach was permissible only because of the high resislunce of'multilaycr insulation

71

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKKEED MISBJLLS & SPACE COMPAWNY
A GROUP DIVISION OF 1QCHKHLIED AIRCRAIT CORPORAIION



in the perpendicular direction in combination with the rapid spin rate of the satellite
which provided uniform circumferential temperatures. In the absence of either of
these prototype conditions, the model skin would have to strictly comply with the
model criteria requiring the use of special honeycomb materials.

6.1.5 Multilayer Insulation

Compliance with the model laws requires that thermal conductivities be reduced ac-
cording to K* = X* = 1/2 (for T* = 1), With multilayer insulation, these are diffi-
cult criteria to meet since the material is nonhomogeneous, requiring control of both
the perpendicular and parallel thermal conductivity, and ig nonreproducible in t;he
sense.that identical insulation wraps may differ by a factor of 2 in thermal conductiv-
ity. In addition, most prototype designs sirive for the minimum conductivity possible
with a give'n number of layers making it difficult fo further reduce the conductivity

for a small-scale model. These difficulties were recognized during study of the solar
probe and were clarified by use of the computer analyzer program using various

values of conductivity for the multilayer insulation. The computations revealed that
increasing the wrap thermal conductivity from the prototype design value of 8.6 X 10-\6
W/em—-°"K (5.% 1.0'4 Btu/hr-ft-°R) to 1 x 1074 W/em-°K (5.8 x 10”° Btu/nr-ft-°R)
would not result in a noticeable increase of internal temperatures or decrease of
-external surface temperatures. This finding éonfifmed that energy entering the
internal region from booms, support brackets, and instrument ports was dominant
over that passing through the insulation blankets and permitted a relaxing of the model
eriteria calling for an insulation with Km = 1/2 kp. ’I‘Iierefore, the model was
constructed using an insulation identical to that of the prototype which allowed direct
observation of its thermal performance and of its stability under the high tempera-

tures to be experienced by the prototype.
6.1.6 Model Performance

The compieted 1/2 scale thermal model is shown in Fig. 13, The model was tested
at 1. 04 solar constants of carbon arc energy and at 0.9, 1,12, 4,92, and 9,0 solar
constants of tungsten lamp energy. A test was not made above 9 suns of tungsten
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Fig, 13 1/2 Scale Thermal Model of Pioneer
Solar Probe Spacecrafl

energy due to excessive skin temperatures due to highér than expected surface
absorptances for tungsten lamp energy. Some tests were performed using a lamp
array of 28 lamps and some with an array of 6 lamps to observe changes due to
filament {emperatures. A brief summary of thermal lests using the model is pre-
sented in Table 6. '

The computed values were determined from the thermal analyzer program using
model design and test boundary conditions. As can be seen by inspection of the data,
" the tung‘sten filament lamps resulted in higher than anticipated surface temperatures
which led to high internal temperatures. Studie:s following completion of the test

program showed that the higher lemperatures were caused by higher than anticipated
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Table 6

MODEL TEST RESULTS FOR SOLAR PROBE
{Termperature °K)

Source Solar Carbon Arc | Tungsten Solar Tungsten | Tungsten| Solar Tungsten
Intensity Solar Constants 1. 04 1.04 0.90 4,92 4.92 4,22 9.0 9.0
Number of Lamps 28 28 6 ‘ 28
Internal Power Watts - 29.5 29,5 29.5 | 30 30 | 30 6 6
Approach Computed Test Test | Computed| ' Test Test | Compuied| Test
Location o : '
Upper Solar Cell Array, | 944 260 282 359 416 387 418 | 482
Outside Surface : , i . .
Upper Solar Cell Array,' . i : '
Inside Insulation 268 271 285 314 - 338 330 337 374
Viewing Band, Outside 204 - 230 278 -+ | .257° | 386 336 288 | 434
Surface , ' .
Viewing Band, Inside 270 274 286 | 279 | 333 325 266 | 364
Insulation Surface ‘
Lower Solar Cell Array . -
upper section, Outside 332 336 . 324 360 361 364 360 370
Surface
Lower Solar Cell Array ' .
upper section, Inside 255 255 251 266 272 276 254 288
Insulation .
Experiment Booms 218 239 277 354 376 344 277 430
Equipment Platform 278 278 282 283 298 300 261 310




lamp emission at wavelengths beyond 5u. The existence of considerable energy at the
lower wavelengths results in an increase in a/e for‘the OSR surfaces., Tesis were
made on the lamp arrangement using a thermopile detector, both with and without a
quartz filter. roughly to evaluate the energy distribution of the source. Table 7 pre-
senis the results obtained,

. Table 7 . .
ENERGY DISTRIBUTION OF TUNGSTEN SOURCE

Percent Energy

Source Condition Lamp Voltage
- | Below 5p | Above B

Tungsten, 28 lamps B
0.90 sun ' ) 10.3 16 84

4,92 suns . 40 LT 42 58
9.0 suns 63 . 47 53

- Tungsten, 6 lamps ‘
1.12 suns 34 51 49
4,22 suns 115 62 " 38

The source data presented in Table 8 in combination with the model test results
allowed the computation of the effeclive «/¢ ratio for each of the three major sections.

The results of the computation are given in Table 8,

The data ob|taL-ined from model tests, iamp calibration, and the computer analyzer‘
proved of considerable value in recommending the source conditions necessary for
testing of the flight hardware. The facl that an exact model could not be constructed

_ due to funding and material limitations did not detract from the overall worth of the -
study since model results were referenced back to ihe prototype using the computer
analysis. The combination of a test model and computer model proved most advan-
tageous for completion of the program objectives in spite of the many areas where

{he model criteria were not satisfied,
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Tahle 8 .
EFFECTIVE a/¢ OF MAJOR SECTIONS FOR VARIOUS SOURCES

Source Condition | Upper Array{ Viewing Band | Lower Array
Solar ©0.45 0.10 0.84
Carbon Arc 0.45 0.10 0.84
28 Lamp Tungsten )

10,3V 0.92 0.87 1.0
40 V 0.79 0.64 0.99
63 V 0.76 ) 0.58 0.98
6 Lamp Tungsten
3¢ V 0.74 | 0.56 0.99
115V 0.66 0.43 0.98

6.2 ORBITING TELESCOPE MODEL

The second complete system which serves to demonstrate the modeling approach is
that of a large aperture orbiting telescope. The program of interest was the perform-
anee of a preliminary thermal study on the conceptual design of a 2-m aperture reflec-

tive telescope in synchronous orhit (Refs. 15 and 19).

The 2-m teléscope prototype configuration used for this study is shown schematically
in Fig. 14. The overall length of the telescope tube is 12 m with an aperture of 2.38 m
in diameter. The telescope consists of a 2-m-diameter active optical segment primary

mirror arranged in a hexagonal array of three regular hexagonal segments.

The arrangement provides a Cassegranian /3 parabolic reﬂegtor optical system, The
secondary optic is mounted on a supporting structure at a distance of approximately
4,76 m from the primary and is maintained at that distance by three quartz spacer
rods which are erected after achieving orbit and furnish the required structural sup-
port during the orbital mission. The felescope barrel consists of five multilayer insu-
lated aluminum honeycomb cylinders and one plastic honeycomb cylinder at the barrel

opening. Each cylinder collapses over the adjacent cylinder foward the primary mirror
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to minimize volume during the launch phase. After injection info a 24~hy synchronous
orbit, the telescope is erected and placed into operation by a crew of astronauts who

dock with the telescope'é manned support section utilizing a2 LEM vehicle.

Optimum thermal-—opt-ical performance of éhé telescope requires minimal thermal
gradients in the optics, pa.rt'icularlly in the primary mirror segments, elimination of
thermal transients imposed by the varying thermal inputs during orbit, and an average
steady-state temperature near the inversion point of the thermal expansion of fused
quariz which is in the range of 150°K, ‘

Prelim‘inary ‘thermal design studies resulted in & thermal design that could provide
near-optimal thermal conditions through utili_zation of passive thermal control tech-
niques in combination with an active sun shut£er at ytl‘le telescope tube opening. The

shutter would control the amount of direct solar illumination of the telescope
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interior. The analysis completed in support of thermal design showed that use of the
following materials and thermal control surfaces would be required fo achieve the

program objectives.

Plastic honeycomb, 2.54-cm thick, for the front cylindrical section,
Aluminum honeycomb, 1.27-cm thick, for the other five cylindrical sections
which are also insulated on the interior with 1.27 cm of high performance
mulilayer insulation.

-@ An optical solar reflector thermal ;:ontrol surface material, having a solar
absorptance of 0.05 and infrared emitfance of 0.80, for all exterior surfaces '

- of the telescope tube and mounting platform. .

¢ A highly diffuse optical black paint coating for all interior surfaces except
for the primary mirror and a band on the surrounding telescope tube
immediately adjacent to it, surfaces of the primary mirror mounting plat-
form, and the reflecting surface of the secondary mirror, '

@ First surface aluminum coating for all interior surfaces not coated with the

black paint.

The proposed mission for the telescope anticipates operation of the system in both
an earth-oriented and a space-oriented configuration. These orientations result in
entirely different thermal responses due to the differences in solar illumination of
the exterior and interior surfaces and operation or lack of operation of the sun

shutter.

The model study was again initiated by establishing a complete thermal analyses of the
conceptual prototype system. A thermal-analyzer computer program was formulated
‘on the basis of prototype properties and used to providé information on heat flow rates,
temperatures, surface absorptances and, through variation of material parameters,
an indication of the design s;e11sitiirity to changes in material thermal properties. The
results of this study were used as major source of.information for model design. It
should be emphasized that the computer model contained numerous assumptions on the

conductance of joints and structural attachments, on the influence of multilayer
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ingulation edges, and on the temperature dependence of thermophysical properties,

These influences would be observable in the model by comparison with the computer
results,

The overall resulfs obtained from the analytical studies showed that the primary
mirror would be nearly uniform in temperature at 175°K and undergo less than 1°K
transients, The analysis also showed that the secondary mirror support rods could
be expected to have a considerable temperature difference from end to end {~ 25°K)
and to experience considerable transients (~17°K), Finally, the analysis showed that
the multilayer insulation would provide a nearly adiabatic wall with respect to energy
entering the tube aperture and would effectively damp out external surface tempera-
ture transients. -These three operating conditions were used as primary guidelines
during design of the telescope model. -

6.2.1 Telescope Model

It was desirable that the model not only provide a direct indication of thermal per-
formance but alsc, where possible, of the influence of thermal performance on optical
. periormance. To meet both objectives requires concurrent satisfaction of both
thermal and structural similarity criteria. The thermal modeling criteria are, as
previousiy stated,

KHA® T
n

Q.‘%qu A:{fl* = Q¥ —=— A*{T*A

The criteria for structural modeling can be derived in generalized form from a force

‘palance on an elemental volume with applied forces and moments or from a particular
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case wherein a force balance is performed on 2 specific structural member. The

resulting criteria using either procedure are:

Effect - Scaling Law
“Forces- F* = o*xL*% = EXL#2 % (AT)*
. Moments .. M* = o-’"L’*‘3 = E*L*3Y“ (AT)*

-Linear Distortions  y* = e*L* = L¥y* (AT)*

Angular Distortions ¢* = T¥L* = (YL*/E*) = L*yHAT)*

In the_q.bove equations, o is normal siress, e is strain, T is shear stresé, E, is
the modulus. of elasticity, and v is the coefficient of thermal expansion. The laws,
are derived under the assumption that materials are funétioning in the elastic region
so that distortions are linearly proportional to forces, moments, and thermal effects.

While it was desirable to determine directly from model measurements the influence
of thermal effects on optical performance of the primary mirror, it became apparent
from the analytical results that this would be very difficult using either mechanical or
étrain gage measurement techniques, The prototype primary mirror was expected

- to experience an overall change in temperature of +1°K during each orbit with tem-
i}eratur;a. differences from edge to center of less than 1/2°K. At 175°K, the coeffi-

7 g1, Therefore,

fotal dimensional changes in the prototype mirror would be on the order of 0.2y in. /in.

cient of thermal expansion for quartz is approximately 2 x 10

This value lies below the sensitivity of normal strain measurement techniques, In the
model, the measurement would be even more difficult since its size, as dictated by
the available 8-ft diameter test chamber, would have to be on the order of 1/6th that
of the ﬁ_rototype. Dimensional considefations of this type are indicative of the inher-

ent limitations in concurrent thermal and structural modeling of optical systems.

In each modeling problem it is necessary to init{ally establish the ratios of T*, g%,
and L* that will be used throughout the model design. In most cases this initial
"selection of ratios is determined on the basis of an analytical prototype thermal per-

formance study. Resulls of the study provide needed information on thermal levels
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and, through parametric studices. on the sensitivity of major components to changes

in properties and boundary conditions. For the lelescope it was apparent [rom the
“analytical work that the model temperatyre would have to be elevated above that of

the protolype to properly model external surface temperaturcs. FExternal surface
lemperatures on the prololype were predicted to be as low as 75°K during carth
shadowing with a high near 200°K under direct solar irradiation. The liquid nitrogen
cooled walls of the test chamber have an operational Ltemperature of 82°K which exceeds
the predicled prolotype skin temperatures. To achieve satisfactory modeling condi-
tions il is necessary that the temperature ratio used in design of the model be on the
order of 1.5 so that chamber hackground thermal levels will not influence model Lest

performance.

A second consideration in selecting model ratios for the telescope is the time ratio
involved. For the lelescope prototype, the steady-periodic period in synchronous
orhit would be 24 hr, It was desirable {o acceleralc this period as much as possible
to avoid 24-hr continuous operation of the test facility while awaiting steady-periodic

- conditions. Acceleration of the test model period to no more than 2 hr was considered

appropriate in terms of the necessary test conditions.

Having cstablished the desired range of scale ralios (i.e., T* = 1.5. 0% = 1/12,

L* ~ 1/6), il becomes a malter ol successive approximations in preliminary design
of each major component to permil selection of a final sel of scaling ratios thal can

be achieved throughout the model design. For the lelescope, it was found that a model
design for the primary mirror had the least flexibility. Thercfore. its design led to
e¢slablishment of scale ratios for the remaining clements.

6.2.2 Primary Mirror Model Design

A number of approaches were considered for modeling of the three segment, quartz
primary mirror within the limiis of reasonable opcrating lemperatures, lenglh ratios.
time constants, and ease of {abrication. Consideration was given Lo the use ol both

plastics and metals for purposes of obtaining. a sufficiently high value of ¥*, the
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ratio of thermal expansivities, to permit direst strain measurementa, Howevey, the
thermal conductivities of these materials exeoeded allowable lower and upper limits
of K* that could be used in combination with the necessary scale ratio (less than 1/5
to fit in the test chamber) and maximum temperature ratio (no greater than 2), This
can be seen by consideration of the steady-state criteria, K"“A’ET*/X* = .ﬂf’x’i"l"“4 .
For identical geometry, as required for proper figuring of the mirror, A’-; = A*{
and the relation reduces to K* = L*T*3. With the allowable span of length and tem-~
perature ratios (i.e., 1/7 < L*¥ < 1/5 and 1.5 < T* < 2), the seloction of materials
is limited to 0,48 < K* < 1.5. Unfortunately, neither metals nor plastics have
properties which would provide ratios within this range, and therefore the selection
was limited to glass., A study c;f thermophysical properties of glasses, follqwed by
numerous mirror designs, indicated that Pyrex was the best material for construction
of the primary mirror. A comparison of some of the properties of fuzed quartz
(Corning 7940) at 175°K and of Pyrex at room temperature, the region of operation of -
/\ - the model, is presented in Table 9.. )

Quartz Pyrex
(175°K 293°K
" Thermal Conductivity (W/°K-m) 1.1z_><'10'2 1,18 x 1072
Specific Heat (J/g-°K) 0.464, 0.690
" * Density (gm/cm®) X 2.3 2.45
Thermal Expansion Coefficient (cm/cm-°K) 2 X 1077 3,77 x 1078
K* : ' _ 1.008
% 1.5
p -
p¥ 1.06

In addition to considerations of test chamber size , selection of the length scale ratio
was based upon the practical consideration that considerable reduction in cost could

be achieved by the purchase of glasa bianks for the primary mirror as off-the-shelf
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items. These considerations led io selection of a scale ratio L* = 1/6.43. For this
length ratio, and the use of Pyrex, the ratios preserving the influences of radiation

and conduction in Eq. (6.2) yields the following for identical geomelry:

%

(K*/L*)l/?’ = [(1.008)(6.43)] = 1.86
6% = p*CFLA°/K* = (L. 06)(L.5)/(6.43)2(1.008) = 1/26

These ratios were quite satisfactory in terms of being easily altainable during labora~
tory testing of the model. The temperature ratio of 1,86 raised the model temperature
from the prototype level of 175 to 326°K, a range easily produced in the liquid nitrogen
shrouded test chamber. The time ratio of 1/26 reduced the 24-hr orbital peried of

the prototype to approximately 55 min for the model and allowed acceleration of the
test program, Figure 15 presents a photograph shdwing the primary mirror, secon-

dary optics, and support rods.

Fig, 15 1/6.43 Scale Model of 2-m Optical System
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6.2.3 Secondary Support Rod Model Ijesign

While direct measurement of thermal distortions on the model of the pr'imary mirror
was nct possible, such was nol the case for the secondary support rods. Analytical
predictions indicated cyclic thermal changes for the rods on the order of 1 25°K with
a lemperature difference between the rod ends on the order of 30°K. This magnitude
of thermal variations coupled with the overall rod length permitied a model design
that included direct measurement of rod elongation,

Since the design required conformance to the primary mirror ratios T* = 1.86 and

. 8% = 1/26, malerial properties and available sizes were sought which provided these
values.- Thin wall stainless steel and titanium tubes were considered along with live
_varielies of laboratory glassware. During this selection process, the thermal effects
of required instrumentation leads and black surface coalings as required by the proto-
type were accounted for. The best match to the requirements was obtained with Pyrex
tubing with an outside diameter of 12 mm and an inside diameter of 10 mm, and a
2-mil coating of black silicone thermal control paint. Each of the three support tubes
was instrumented with four equally spaced thermocouples and a pair of unbonded

strain gages. The pair of gages provided two legs of a Wheatstone bridge for measure-
ment of the total expansion of the tubes. While the tube dimensions were carefully
selected to meet the thermal modeling requiremen.ts, the design obviously failed to
meet the structural modeling criteria given previously since geomeluvic irlenf,-ity is not
provided in the model. The use of 12-mm-~diameter tubing results in severe geometric
distortion of the prototype except for lengih dimensions. For this reason. the relation
belween forees, momen'ts, and thermal stresses was not preserved in the model.
However, since ihe support rod system was not constrained at both ends, thermal
siresses in the rods did not introduce forces or moments into the support system
Under ihese conditions, geomelrical distortion was allowable and rod elongation was
related only to the thermal expansion characteristics. The elongation ratio for the

rods is given by

y* = LEYS(AT)* = *(1/6.43)(1.86) = v*/3.46
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Taking a coefficient of thermal cxpansion for Pyrex cqual (o 3,77 ~ 107% em/em-
for the temperature fange of 294 and 422°K and an expansion coci{icient for lused .
silica of 2 x 10‘-.7 cm/cm-°K for the prototype operating temperatures gives

y¥ = v¥/3.46 = 5.45,

G6.2.4 Telescope Model Multilayer Insulation

The problems of modeling the multilayer insulated telescope tube were significant
since the tube supported large circumferential thermal gradienis and experienced a
considerable thermal transient during its earth-oriented orhil. In view of the impuri-
ance of the tube insulation in providing an adiabatic wall, an experimental program
was undertaken to develop criteria for modeling the insulation and honeycomb skin

system at an elevated temperature ratio.

Insulation tests were d;asigned to investigate the possibility of using a materials pre-
servation approach anda T* > 1 in design of the 1/6. 43 {clescope model.  For most
solid materials, thermal conductivity does not vary with changes m the length ot the
heat flow path. This is not the case for multilayer insulation where. m addilion io
being temperature dependent. the thermal conductivily is also dependent upon the
‘number of layers in the wrap and upon the wrap density. Consequentiv. reducing
insulation thickness according to the specified length scale-ratio can cause sizable

changes in thermal conductivity.

The insulation studies involved the design, consiruction, and testing of two insulalion
models having similar thermal behavior. The larger of the two models was 76 em
in diameter and 186-cm long. The smaller model was geometrically identical Lo the
larger and was designed to be a hali-scale thermal model of the larger system. 1s
diameier was similar in size to that plamned for the 1/6. 43 scale thermal model,

The size and configuration of the insulation models were chosen on the basis of (est
chamber size and a desiré o duplicate the difficultics associated with fabrication of
the insulafion required for the prototype telescope and the .Lc]escope thermal model,

Temperature conditions for the insulation models were scaled relative to the protolype
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system, with the temperature ratios (T*) for the full- and hal{-scale models being
1.44 and 1. 82, respectively.

Characteristics of the multilayer insulalion for the larger insulation model were
identical fo those planned for the prototype telescope. The insulation consisted of

36 alternate layers of double aluminized Mylar and glass~fiber paper. This gave a
blanket thickness of approximately 1.27 cm with a layer density of 28.3 layers/cm,
which in terms of insulation performance gives a minimum effective thermal conduc-~
tivity (or optimum heat flux per unit thickness) for the boundary temperatures of
interest to the prototype. The resulis obtained from tests of the large wrap were
compared to analytical predictions and then exirapolated to higher thermal levels for
application to the 1/2-scale smaller insulation model.

The model criferia for materials preservation are that p*, C*, and K* be equal

- to unity giving T* = {l/x*)l/ 8 , where x* is the insulation thilc:kness ratio, For
identical géometry, x*¥ = L* and the 1/2-scale insulation model would use 18 layers
of insulation. However, the increase in model temperature (T* = 1.26) results in
a lower wrap conductivity so that Km = Kp (i.e., K¥ = ]_.). This change in mate~
rial properties requires that the approach used preserve the relation K*/x* = 2
through distortion of insulation thickness. Following this procedure resulted in
-selection of a 27-layer wrap for the smaller insulation model. .

'I"est results obtained from the 36 layer and 27 layer wraps are presented in Figs. 16
and 17. Figure 16 p'resénés the toial heat input to the_ models as a function of hot
houndary temperature. In this figure the 1/2 size (27 layer) resulis bave been
referred o the 36 layer system through the model ratios Tm = (1/1. 26)TP and

Qm = (1.59)Q.

The test results presented in Fig., 17 show the thermal conductivity of the two wraps
‘as a function of the radiation potential cr(Th + 'I‘C)(Th2 + Tcz) where ’I‘h and ’I‘0 are
the hot and cold boundary temperatures, respectively. These results have not been

normalized through the model laws.
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The performance of the full- and half-scale insulation wraps proved that the material
could be modeled and provided the data required for design of the 1/6. 43 scale model
wrap of the prototype telescope. ) )

For the telgscope tube, it was of primary importance to model the insulation in such
a manner that average model interior temperature would provide reasonable predic—
tions of prototype conditions. The prediclions obtained from the thermal analyzer
program indicated that the average temperature of the telescope interior would not be
strongly dependent on changes in insulation conductivity for approximately one order
magnitude about the assumed value of 4.8 x 107° W/°K-m. This range of freedom
permitted design of the model wrap to be l:-)ased on the average temperatures predicted
for the prototype and avoided the necessity to design for either maximum or minimum
values, The profotype mean temperature selected for use in design of the model wrap

was 122°K, corresponding to a model mean temperature of 227°K,

The model wrap was-based upon the use of identical materials and the properties
determined from the insulation experiments, The previous choice of-L* = 1/6.43
and T* = 1.86 required that the perpendicular conductivity model according to

K*/x¥ = 6,43, where x* is the ratio of insulation thickness for identical wrap densi-
ties, The closest approach to meeting these requirements was a 13-layer wrap with
an expected K* = 2,36 at the selected average temperature. Thus, x¥ = 13/36 = 1/2.78
and K*/x* = 6.56 instead of the required 6.43. - |

It is apparent that the dependence of K* on x*, such that a specific thickness must
be chosen to meet a specific Km at a single temperature, allows adjustment of 6*
only through changes in p and C on the model. However, since identical materials
are used in the model and prototype, the wrap itself cannot be varieq to provide the
ﬁecessary- adjustments. In addition, for the insulation it was determined that the
temperature dependence of C results in C* = 1.88, th}ls

g% = p*CHL¥x* = 1/9.35
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rather than 1/26 as required. The large value of 8* for the msulation alone led to the
necessity of considering the elimination of an external skin on the model and lumping
the heat capacity-of skin and insulation together. With this approach. the ratio of

total heat capacitance kbecomes

5 (p V., Cop)
(p*V*C*)t tal = o m_z.m
: ola {p prCp) skin (p pvpcp)insul

insul

For the prototype properties, computation yields (;:)”‘V*C)tot&1 = L*/3,58 and
g% = 1/23. This value is more in line with the required fime constant and was used

A

for the model.

Darkening of the tube- interior was necessary and required the use of a 2-mil coating
of black Thermaircl whose capacitance, when added to the insulalion. resulted in an

increase of the time ratio to 8% = 1/17.8.

The final design of the medel insulation provided an overall skin syslem whose per-
. formance was expected to adequately simulate that of the telescope tube. While the
distribution of heat capacitance was not identical lo the prototype. this fact in itself
would not alter the transient response. The most serious alteration of the transient
" behavior would be expected to be due to ‘éhe differences in temperature dependence of

specific heat and thermal conductivity for the model and protoiype sysiems.
6.2.5 Complete Telescope Model

The completed model consisted of the primary mirror, secondary mirror and support
rods, manned section interface mounting platform, five multilayer insulated ilube
sections, one noninsulated front tube section, -and a manually controlled sun shutter.
Energy was supplied to outer boundaries of the model with scparately programed
tungsten filament lamps that maintained surface temperatures at levels prescribed by
the prototype thermal predictions. The assembled test model and lamp bank arc

shown in Fig, 18,
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Flg 18 Assembled 2-m Telescope 1/6. 43 Scale
S Model Ready for Test

Typical results obtained after steady-periodic conditions were achieved are presented
in Figs. 19 to 21. Figure 19 compares analyticél and model predictions for the
interior temperatures of Section B, the first insulated section near the barrel opening.
The model predictions indicate an overall lower average temperature for Section B

as well as a faster response of the surface to opening and closing of the sun shade, .
The more rapid response of the model surface was anticipated in view of the gross
nature of the thermel analyser program where only two nodes were used to model the
tube wall which consisted of 1. 27-cm multilayer insulation and 1. 27-cm of aluminum
honeycomb. Such a simplified mathematical model would not result in an accurate pre-
diction of interior surface temperatures for the first surface layer of insulation. No
satisfaclory explanation was found for the overall lower temperature of the test model
predictions, indicaiing the need for a more thorough analysis of the energy fransfer

mechanisms in this region.
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Figure 20 shows a comparison of test results and analytical predictions for Sec;tion D,
the midpofnt of the barrel, where the average of internal temperatures prediced by

the test model are again low and the response to transient inputs more rapid than the
analytica; forecast, A comparison is alsc presented for the primary mirror tempera-
ture where close agreement was oblained with the analysis. Figure 21 shows the
tfamperatures predicted by the test model for regions surrounding the primary mirror.
These results clearly demonstrate the thermal stability of the mirror as related to

its environment.

Temperatures on the prototype primary mirror were predicted from the iest results
and model ratios to be constant with- time fo within +0.5°K. Front-to-back tempera~
ture difference predictions indicated less than +0.4°K and edge-to-edge temperature
differences were less than 0.15°K, These values fall well within the dE:SigI.l goals of
the prototype and confirm that the techniques selected for mounting the primary mirror
to the mamed interface siructure were adequate in providing the required thermal

isolation,

From the results obtained cn the model, a m.aximum change in rod length for the
- prototype during its orbital transient was predicted, and a corresponding change iﬂ
optical path between the primary mirror and exit optics was defermined. The exact
_measurements of thermal expans'ion of the rods using strain gages were compared

to computed values calculated from the temperature data and expansion coefficients.
The results of the measurements are shown in Fig, 22. Exact agreement hetween the
measured and computed values was not obtained. This was due to the fact that tem-
peratures were known at only four locations on the rods requiring a gross estimate of
the temperature distribution at the hot end. The results were satisfactory, however,
in showing the feasibility of modeling the linear deformation of the quartz support rod
members. As previously mentioned, structural modeling on the primary mirror was
not at:ceinpted due to the very much lower deformations anticipated for the mirror

sections.
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Fig. 22 Total Deformations of Secondary Support Rods
on the 1/6.43 Scale Model -

The data obtained on thermal deformations of the rods permitted predictions of
changes in optical path length of the prototype system and showed that compensation

by adjustment of the primary mirror mount was entirely possible.
6.2,6 Summary of Telescope Model Study
The study completed on the telescope model provides several examples of both the

advantages and limitations existent in using the model approach. The advaniages of
the method for this study were several. The model provided a direct indication that

~

the overall approach used in thermal design was satisfactory. Thermal transients
and gradients in the primary mirror fell below minimum acceptable levels. It was
determined that average internal temperatures for the earth-orienied condition were
established for the most part by sun shutter operating schedules rather than by the
absolute performance of the tube insulation. Significant differences were chserved
between the analytical and experimental predictions for temperature distribution
inside the tube which indicated the need for improvement of the analylical model for
this region. Determinations of this type, during early stages, permit timely concen~
tration of effort on clarification of performance uncertainties well before hardware
design. The ability {o run the tests al an elevated temperature and at an accelerated

time scale was a very significant advantage over prototype test efforts.
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The limitations ohserved during the study included difficulties in conforming sirictly

to the model criteria for several important regions. . The secondary support rods were-
modeled in accordance with the ﬂ’lermal criteria; however, the structural criteria
couid not be satisfied. Noncompliance to the structural criteria was necessitated by
the need for stiffer members iﬁ the model than those provided by the scale ratio
JL* = 1/6.43.

Exact modeling of the multilayer insulated tube sections was not possible due to lack

of appropriate materials to duplicate the insulation and honeycomb skin conductivities,
and an inability to model the distribution of heat caplacitance as found in the prototype.
These difficglties were solved in a'satisfactory manner for the telescope system. -
However, it is doubtful that the model design approach used would be satisfactory for a

system whose thermal behavior was entirely dependent on the insulation properties.

Exact modeling of the primary mirror supporting structure was not possible due
simply to a lack of design information on the prototype system. This led to the choice
of a support system with maximum thermal isolation of the mirror from the mounting
structure. 'The low conductance achieved may not be entively representalive of the
prototype. . < i : o

Ad\-rantages and limitations similar to those existent in the telescope model program
will be found in nearly all hardware studies. Their influence on the value of the
results must be evaluated on the basis of a careful analyses of the profotype and

model designs for each specific thermal system.
6.3 TWENTY-FOOT-DIAMETER UNFURLABLE ANTENNA

The third and last complete system to be considered in this report consists of an
orbiting 20-ft-diameter unfurlable antenna where thermal deformations of the

parabolic shape are of prime concern.
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A schematic of the system under consideralion is shown in Fig. 23. The antenna
extends from flexible mountings on the outer surface of the cylindrical spacecraft
which houses necessary electronic components to perform the flight mission. The
required parcabolic shape is provided by flexible ribs that furnish support for a
metallic coated loosely woven cloth which serves as the reflecting surface. Prior to
launch, the supporting ribs are wrapped around the spacecraft and locked in that
position, When orbit is achieved the locking mechanism is released and the ribs

unfurl to provide the necessary antenna shape.

s O
— = o/ —

Fig. 23 Prototype Configuration of Unfurlable Antenna

The nylon cloth consists of woven threads which are coated with a thin metallic over-
coating to provide desirable electrical properties and then again overcoated with a
dielectric to obtain an acceptably high infrared emittance. The cloth weave is non-
uniform with roughly twice as many threads rumming in one direction as there are in
the othier. This is shown by the enlarged view in Fig. 22. Each thread has a diam-
eter of Iapproximately 0. 025 cm with an average spacing between threads of ¢. 18 cm.

The weave provides a normal transmittance-of incident energy equal to 67%.
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The.supporting ribs liave a slight curvature to provide the necéssary spring action and
final rigidity and become smaller in height as they extend farther from the central

vehicle, Their thickness is constant at 0. 317 cm. -

During early design stages, it became apparent that a thermal aceeptance test of the
system would be desirable so that thermal deformations of the antenna could be
measured and the influence on antenna electrical performance evaluated. However,
the overall vehicle size exceeded that of available iest facilities which led to a study to
determine the feasibility of modeling the system at roughly one-half scale. The
objective of the model would be to provide data on the antenna and cloth thermal and
structural behavior. Thermal modeling of the central satellile vehicle was excluded

from the scope.

The major difficulty in'modeling of the antenna is associated with the thermal and
structural properties of the woven cloth. The cloth is a nonuniform weave resulting

in variable structural properties in the X and Y directions. Laboratory measurements
also disclosed that the coefficient of thermal expansion of the cloth is a strong function
of temperature and hoth positive and negative coefficients were obser-ved over the

temperature range of interest (165 to 360°K).

Recalling that the structural modeling criteria are given by

" Forces F* = o*LA° = EXLACy(AT)*
Moments M* = *LF° = ExyLA° aF (AT)*
Distortions  y* = e¥L* = L*y¥AT)*
The thermal criteria are, as before
S K*A¥ T+ 4
¥ o= Q¥ = — 2 Ak
. A"il Q T AiT
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Preservation of forces, moments, and disfortions in the antenna requires that a
specific, single valued, ratio of E*y* be obtained under all operating conditions. To
achieve this objective for a material whose thermal and siructural properties are
completely nonlinear becomes a major limilation in pursuit of a modeling program.
The purpose of the remaining discussion in this section is to consider procedures

which potentially circumvent the limitations imposed by the antenna cloth,

A-cursory examination of the properties of woven fabrics leads directly to the conclu~
sion that materials are not available that would provide a constant E*y* over the
temperature range of interest. Likewise, fabricating a "model" of the cloth using a
different weave holds little promise unless a sizeable program is devoted to the develop-
ment effort. Under these conditions it becomes necessary to use the same cloth in the
model as is used in the prototype and also a T* = 1 which guarantees preservation of

the required thermal-structural properties.

With T* = 1 and identieal cloth in the model, {he thermal model criteria, based ﬁpon
cloth properties, become '

AT Q Th 1
Quite obviously, the resulting L* = 1 dictates a full-scale thermal model which fails

to circumvent the problem of test facility size.

An’ evaluation of the above result requires that one review the procedures used to
derive the general modeling criteria. As previously menlioned, the criteria may be
based either upon dimensional considerations applicable to the dominant heat transfer
mechanisms existent in the radiafion conduction coupled spacecraft system, or upon
a specific equation resulting from an energy balance on a given system. Either

approach should-result in identical modeling criteria.

For the specific case at hand, i.e., the thermal behavior of the cloth, an energy

balance on a single strand was established and included terms for solar absorption
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and infrared emission on the outer surface and 2 term for conduction along the thread.
Internal energy dissipation was not included. Because of the complex nature of the
doubly cvercoated thread, each of which contains roughly 20 strands, an exact analyli-
cal determination of the relative importance of internal conduction and external

radiation in selting the temperature dis'tribution along the thread length was not obtained.
Howe%rer, the results of hand computations coupled with laboratory measurements
indicated that conduction along the threads was of secondary importance when compared
to radiative equilibrium of the outer surface. It was observed experimentally that
llumination of a circular area of antenna cloth within a simulated space environment
resulted in heating of the spot, but that areas removed from the spot by 5 to 10 thread
diameters experienced a negligibie increase in temperature. These observations permit
the assumption, for purposes of designing a2 model, that point to point temperatures

in the cloth are set entirely by radiation equilibrium with the surroundings and that
thermal coﬁductivity can be neglected. Therefore, the thermal model criteria for.

the cloth become A’iI‘I* = A"{T*q‘ , and with T#* = 1, A’E = A"{ . The previous assump-
tions of identical surface properties in the model and prototype still apply. These
criteria may be satisfied by use of the same cloth in the model as that used in the

prototype.

Use of the same cloth in the model and prototype gives E¥* = 1, v* = 1, and with.
T* = 1, ag desired for the test, the model criteria become:
For the cloth

-~

.T*

(AT)* = E¥ = L =Cg>l-<=_'-F'*=1

A%
i

I}

* ’ z
AI . L

For all remaining componentis

D - O = A% = = A%
S Q¥ = A7 o= - 2%
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The thermal and structural properties of the ribs must be in accord with the above

criferia,

The first modeling approach‘to attempt in any program is to establish a design where
identical geometry can be used in the model and prototype. This is of particular

importanc‘ae where both thermal and structural properties are to be studied since con—
ducting paths and strength properties are both of importance. TFor the ribs, preser-
vation of geometry with ¥* = T* = T%* = 1 gives A’g = A’*{ = A"f = L*z. The mate-

rial must, for roughly a one-half scale model, then conform to K* = 1/2,E* = 4,

A survey of solid materials was performed in search of properties which would satisfy
these values al the model temperature. Table 10 presents a partial list of the mate-
rials reviewed and covers the full range of properties studied at room temperature.

The summary provided in Table 10, which spans nearly the {ull range of available
material properties, clearly indicates that no material has hoth the conductivity and
stiffness required for solution of the problem. For example, while ingot iron
(available in sheet form) and phosphor bronze provide a K* near 0.5, their E* is far
removed from the necessary value of 4, Additionally, only a few materials have an
Y* that approaches unity. -The largest thermal expansion coefficient found for any
metal having a low thermal conductivity was 0. 91, that of a iron base alloy (W545).
However, its E* and K* are not acceptable. The remaining materials surveyed led
to the conclusion that a nondistorted, geometriczally identical thermal-structural

model could not be designed fromr commonljr available material,
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Table 10
MATERIAL PROPERTIES AT ROOM TEMPERATURE

X - Ex106 . o *
Type W/enm-°K) | & (Newtone/MZ2) B (°K)-1 o

7075 Al .21 |1 6.9x10F |1 [21.2x107%}1
Ingot Iron 0.66 0.54 | 20.6x10% {2.8]12.2x10°6]|0.58
Low Carbon Steel 0.47 0.39 | 20.7x10% {2.91) 15.1x10°8])0.71
Iron Base (Cr-Ni)16-25-6 0.26 0.21 . 19.5x10% [2.7 | 16.9 %1076 0.80
Iron Base (Cr-Ni)W545 0. 18 0.15 | 19.6x10% |2.7]19.2x107%)0.01
Stainless Steel 304 0.16 [0.13| 19.3x10* [2.7 | 17.3x1078}0.81
Cobalt Base Alloy 4 -6
Haynes 25 1605 0.23 0.19 | 23.4x10% [3.3] 16.9x1076]{ 0.79
Phosphor Bronze 521 (.62 0.52 11.0 % 104 1.5 { 18.2 x 1076 0. 85

That no single material conforms to the model design is not unusual considering the
restrictions already placed on the model. In fact, when more than one scale ratio
.is fixed because of scale size, materials limitations, or some other requirement,

it is the exception rather than the rule that geometric identity can be maintained.

The apparent lack of a suitable material for maintenance of geometrical identity forces

: the designer to consider geometrical disiortion to satisfy certain of the model ¢riteria.
For the antenna ribs it is recessary that the model preserve stiffness, elongation,
solar absorptance and infrared emittance o provide the necessary similarity of thermal
distortions. Since the ribs are long, slender, of uniform thickness, attribute their
rigidity mainly to the curved cross-section, and have negligible thermal gradients -
through the thickness, it is a possibility that similarity could be obtained through geo-

- metrical distortion of thickness. Assuming that thickness distortion is allowable,
it is possible to pursue a design where the rib thickness does not conform to L* while

* the overall design provides proper values for F* and K*A"I‘1 . Representing the rib

thickness by t and its cross-sectional area by An gives

Ak = Igkp¥
n
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http:16.9x10-0.80

where the rib major dimensions are still represenied by L*, i.e., they are not disg-

torted. The thermal modeling crileria for the ribs may now be written as

K*A*
B Tl
gr - 1P KL
which gives
t*¥ = L*z/K*

The structural criteria become
F* = E*L* = E*L*t* = 1

t* 1/E*L*

1

These results show that a length ratio for the model will depend upon the thermal and
structural properties of the material used, Solving the two independent relations lov
L* gives L¥ = [K¥*/E¥] 1/3. Table 11 presents computed length and thickness ratios

for a variety of potential modeling materials.

Table 11

TENGTH AND THICKNESS RATIOS IFOR THICKNESS DISTORTION
(All Properties at Room Temperature) .

Material Type K* E* L* t¥* o*
Phosphor Bronze " o.515|1.54 | 1/1.44|0.935 | 0.855
Magnesium AZ 61 A-F 0.486 {0.625(1/1,08 | 1.73 |1.19
Nickel Base. Alloy U500 0.202|3.0 |1/2.46|0.82 |0.830
304 Stainless Steel " Jo.134)2.69 | 1/2.72]1.01 |0.814
Iron Base (Cr-Ni) Alloy W545(0.15312.73 | 1/2.62 | 0.96 | 0,907
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Of the materials listed in Table 17, the best solution appears to be obtainable using
the iron base alloy (W545) which gives an L* = 1/2,62, a-t¥ - 0,96, and an

a* = 0.907. The greatest drawback here is that y* is 10% too low; however, as
was previcusly indicaled, none of the high strength mater.ials have an o as large as
aluminum. The ¥ of 0. 96 would allow use of the same gage materials for the model
while T* = F* = 1 are also obtained. The measnred distortions of the model would
be in accordance with L* = 1/2, 62,

An actual model -of the unfurlable antenna was not designed, constructed, and iested,
Therefore, test data are not available for inclusion in this report. The program
planned for the model study called for considerable additional analytical work to be
performed to assure that the suggested thickness distortion was thermally and struc-
turally allowable. The variation of K* and vy* with temperature from 100 to -300°F
was to be established either from the literature or by direct laboratory measurement.
It is entirely possible that changes in thermophysical properties over this range could
seriously degrade model performance, Additional work was planned to confirm the
assumption that thermal conductance in the antenna cloth could be neglected in modeling

the system.

It is obvious that the deviations taken from the model criteria would result in less than
an exact simulation of prototype behavior. However, the test effort on a model of
the system could be used as a basis for éonfirrning the accuracy of analytical predic-

tions and thereby establish the confidence required for prototype design.,

6.4 SUMMARY OF COMPLETE SYSTEM MODELING

There are many other complete sysiems that could be used as further examples of the
problems associated with modeling of complete systems. The three described by this
report were included since all required information was available fo the investigator.
. They provide typical examples of some of the limitations existent in modeling of com-
plex syslems and offer examples of satisfactory methods for achieving a realistic

thermal model. Other prototype systems have been studied and reported in the
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literature, and demonstrate other sources of difficulty. -Since each separate space-
craft desipgn has unique features, it is obvious that no general solutions can be offered
for accomplishment of model studies. What is important to note is thatl possibilities
frequently exist' for achieving a model design using geometric distortion, materials
substitution, temperature ratios other than unity, and compressed or expanded time
scales, These methods are best utilized in conjunction with a thorough thermal
analysis so that the sensifivity of prototype thermal behavior to changes in design

parameters can be properly evaluated,

The combined analytical and experimental programs used for study of the solar probe
and large aperture telescope serve as examples of programs where limits imposed
by the prototype were successfully overcome so that a meaningful model test could
be completed. Results obtained from the test programs provided a realistic base for
evaluation of the prototype designs and also clarified the accuracy of analytical pre-
dictions., Following completion of the programs, it was possible to suggest prototype
design changes and changes in analytical procedures with an attendant increase in

confidence that the final prototype thermal designs would be successful.
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Section 7
LIMITATIONS IN MODELING MULTILAYER INSULATION

7.1 INTRODUCTION

Multilayer insulation as commonly used in the aerospace industry is constructed of a
number of layers of highly reflective radiation shields ﬁrith or without an inferposed
low-conductivity spacer material. Mylar of 0.25-mil thickness which has been alumi-
nized on both sides to approximsately 500 A thickness is a common reflective shield.
Spacer materials vary from none (in which case the reflective layer is mechanically
deformed from perfect smoothness in order to lower conductive heat transfer) to a
variety of low-conductivity materials (nylon, polyurethane, glass fibers) in a variety
of forms (foams, nets, fiber mats). The properiies of these multilayer composite
insulations vary a great deal as can gne observed in Table B-2. The dominant charac-
teristic of all multilayer systems is the very low effective thermal conductivities

(~ 1077

to the insulation layers.

W/cm®K) which are aitainable for one-dimensional heat flow perpendicular

The temperature dependence of all MII systems precludes exact reduced scale model-
ing of MI1i with the approach commonly referred to as "terﬁperamre preserva'tion” in
which T* = 1 and protofype materials a‘re replaced in the model by materials with
conductivities reduced according to K* = L*. Attempts to model according to the
"materials preservation' scheme (T* > 1) will also be limited by the strong tempera-
ture dependence of the heat transfer properties of the MILI. Consequently, the construc-
tion of a thermal model for even the simplest of insulated systems involves distortion

of the temperature field from that of an exact model. Ingight into applications where
approximations of prototype conditions may lead to serious errors and procedures to
minimize these errors, as well as some recent experiment results, are discugsed in

succeeding seclions.
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The investigation of spacecraft summarized in Section 3 disclosed that applieation «of
high performance insulation could he broken down into two broad categories. Type L.
where it is used as a "relatively adiabatic barrier to divect radiation entering a tem-
perature controlled area; and Type II, where it is used as a caretully designed mini-
mum heat transfer insulation system. The most common .application is Type I. where
the ML{I is installed around an instrument package which has a close thermal connec-
tion to other actively and/or passively controlled components of the vehicle. -In these
situations, the M1 provides a low-weight, economical, aud reliable means of elimi-
nating a varisble and unwanted thermal load to a thermally sensitive area of the vehi-
cle. The thermal performance of the prototype MLI for Type I applications is
generally less than that anticipated on the basis of published one-dimensional values.
This situation arises wherever the insulation system has a large number of '"peneira-
tions" (e.g., relatively high conductivity supporis and wires) passing through the in-
-sulation hlanket.

It has heen showﬁ analytically (Ref. 20) and experimentally that penetrations and other
edge effects will degrade one-dimensional insulation performance significantly. Partly
because of degradalion and' partly hecause of low weight per layer. the protoilype insui-
“ations for Type I applications are overdesigned to the point where an order-of-
magnitude increase in the.ingulation effective conduclivity yields relatively minor per-

turbations in the temperature level of the package.

The consiruciion of moderately reduced scaléa thermal models for ;-I‘_sfpe I applications
can be accomplished without a great deal of attention to accurate modeling of the MLI
thermal properties. In practice (Refs. 14 and 15), the model insulation is commonly
furnished with a distorted thickness so that the one-dimensional heat flow perpendicular
. to the insulalion layexrs is in accordance with the modeling criteria. This is done as a
rough approximation with the knowledge that the two-dimensional heat {low and time
constants of the insulation will be seriously distorted,

In the case of Type II applications, a more exact modeling is required because the

absolute properties of the insulation and heat flow paths are of prime importance,
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One important example of this situation is the application of MLI to containers for
long-ierm cryogenic storage wherein an accurate prediction of boiloff rate is crucial
io sizing the prototype. Here the insulation is installed in large area blankets with
precautions taken to thermally isclate penetrations from the insulation. One-
dimensional heat flow is purposely achieved through careful design of the prototype for
these cases giving the appearance that modeling would be straightforward. However.
since material preservation is absolutely required and temperature preservation is
also desirable (due to the strong temperature dependence of MLI heat transfer at these
temperatures), modeling would seem impossible. In practice (Ref. 21), the problem
of modeling the Type I system is approached using identic;d materials and tempera-
tures, and with insulation discontinuities (joints, penetrations) scaled to the area.

The largest question arising in the procedure is to what extent the two-dimensional
heat flow fails to follow an area ratio assumption. This question is usually answered
with the aid of thermal nelwork calculations which may or may not (due in large extent
{o unknown variables and ungovernable parameters) be susceptible to extrapolation to
prototype sizes. One important parameter that is seldom mentioned in connection with
such problems is that o_f constructing and installing MII systems with any high degree

of reproducibility.

Further discussion of the Type II case will be given in the next section in which the
modeling criteria are developed. For Type I appliqations, the same modeling pro-
cedures should be followed when feasible, although the experimental effort required
to develop an accurate insulation blanket may be considerably shortened by relying

on published M LI data.

7.2 MULTILAYER INSULATION MODELING AT ELEVATED TEMPERATURE
(T* > 1)

For very low temperatures in the prototype, it is frequently advantageous to work
with elevated model temperatures. When MLI is an important thermal component,
such modeling reguires an accurale knowledge of the temperature-dependent proper-

ties of the prototype insulation. A relationship has been developed and successfully
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employed to correlate experimental data on one-dimensional MLI heat flux and bound-

ary temperatures (Ref. 22), and is given by:

( r
- : H 4.67 4.
@A = B(Ty + T) + (TH T

Where TH and TC are the hot and cold boundary temperatures, N is the number
of layers per unit thickness, and { is the insulation thickness. The coefficients B
and C relate to solid conduction and radiation heat transfer in the insulation and are |
temperature independent. The sohd conduction coefficient is dependent on the layer
density (the conduction is essentlally controlled by interface contact resistance be-
tween layers) and is determmed by flttll’lc" Eq (7.1) to experimental data. The co-
eff101ent C canbe evaluated from basm optical properties of the components of the .
MLL. The appearance of temperature to the 4,67 power is a resuli of the temperature
dependence of the reflectwe shield emissivity. In many cases, expemmental data can

4

be satisfactorily fitted by Eq (7.1) with the radiafion term in the form 'I‘H ’I‘c

where C is treated as a free parameter to accommeodate a slowly varying emissivity.

Although it is not possible to explicitly define a thermal conductivity for MLI due to
its discontinuous properties, it is useful for understanding of the modeling approach
to make use of an effective thermal conduct1v1ty concept, This may be defined by

dividing Eq. (7.1) throughby (Tg T }/t. This conductivity can then be used Lo

characterize the insulation overal_l performance based on boundary lemperatures.

The effective conductivity is given by

e 4.6%
K = B(Ty + Tg) +_9(T§{ ") (7.2)
| HT el TN (T - T
Using this definition the heat flux is
(Ty - Te) .
= KIA _f_i___{_____g__ (7.3}
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g,

As shown hy Eq. (7.1), the conductance of MLI depends not anly on material proper-
ties but also on spacing of the lavers. At wide spacings, where the layers are notl in
contact, the conductivity is totally a function of thermal radiation transfer through the
muliiple layers. As the blanket is made thinner, solid conduction begins fo increase
the conductivity until at high layer densities (i.e., approximatély 40 layers/cm) the

conduction is dominant in determining the insulation properties.

Heat flow in a dirvection parallel tc-n.the insulation layers is governed by a thermal
conductivity which is typically two to three orders of magnitude higher than the con-’
ductivity normal to the insulation layers. The parallel conductivity is generally con-
stant above room temperature for MLI systems employing a spacer materizil and
exhibits a linear femperature dependence down to ‘cryogenio temperatures (Ref. 23).
Since conductance along the layers degrades the one-dimensional properties, insula-

. tion systems designed for maximum efficiency arve constructed with barriers to mini-
mize parallel heat transfer. A first approximation to MII modeling is therefore taken

~ as the preservation of heat transfer in the normal direction. Once this is accomplished,
the effect of distortion on heat flow in the parallel direction can be evaluated quanti-

tatively from the modeling criteria.

Recent measurements on an aluminized mylar-silk net M LI system, us-in_g a fixed
number of layers at various densities, show the increase in heat flux as layer spacing
is.decreased. The measurements were made using fixed boundary temperatures of
278° K and 86" K. Results for zero spacing were obtained by extrapolation from the
lowest density used.

Heat Flux Density (Q/A) for Various Layer Densities in MLI
(aluminized inylar-silk net)

Layer Density . Layer Density ' Heat Flux Density
Layers/cm Layers/in. _ W/M2

0 o 1.64 x 1077
16 a0, ©.3.36 x 107"
24 60 . 6.76 x 107"
31 80 _ . 12,0 x 107
39 100 " 18,9 x 107!
55 140 _ . 38,2 X 1071
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Assuming that the radiation term in Eq. (7.1) accounts for the heat flux at zero layers
per cm, it is-seen {hat the cqnduct.iﬁon term becomes of equal importance for a spacing
as low as 16 layers/cm. At 31 layers/crh, the conduction begins to dominate the
system. It is of interest to note that most wraps in current use utilize densities on
the order of 30 layers/cm. '

7.2.1 Material Preservation at Elevated Temperature
The basic criteria for constructing a complete system thermal model are given by:

* Tk
e VICHTE  REA T 4 o

where the nomenclature is as defined in_section 2.1, Thus, to model a prototype for

which radiation and solid conduction are intercoupled. it is necessary that

w

>
* .

K¥ = b LA ©(7.5)

in order to preserve the temperature field, If geomeiric identity is mainiained

(i.e., A;“ = L*2 , etc.) then all conductivities must be in the ratio
. CRE = TATS - T T (1.6)
With ma;cerials preservation,‘ K =1 s and the témperature ratio is given by
'1"*3 ——Ll,,; | '  (7. 7
However, this immediately becomes an approximation due to the temperature depend-

ence of the conductivities of all materials used in the prototype.
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As shown by Eq. (7.1), the MII conductivity is strongiy temperafure dependeni:.

. Therefore, errors can be quite significant for even slightly reduced materials preser-
vation scale models operated at elevated temperatures, To circumvent increases in
thermal conductivity due to an increase in temperature, it is possible to distort the
_wrap thickness so that t* > L* with T* maintained at the proper value for the inner

and outer boundaries only,

An estimate of the distortion required can be gained through use of Eq. (7.1). From

that equation the model criteria for MIJI are given by:

axprre? _ crasat- 6T
- T T TENF

L Q* (7.8)

Using a materials preser,va;cion approach, it is assumed that the model wrap will be '
constructed using the same materials as the prototype (gives C* = 1}, and layer
density and compressive load will be the same (B* = N* = 1), However, the number
of layers and thickness will not be identical to the prototype (t* # 1}. Using this

assumed approach on the model gives

- As? _ Ak 67-
QF = . t*

. {7.9)

This relation can be satisfied oﬁly for T# = 1 indicating that an elevated temperature
model cannot be achieved for a wrap where conduction and radiation are of equal im-
portance. The data presented above show that this condition is present for layer den-
sities in the range 0 < N = 24 layers/cm. For densitiés greater than the upper

" limit it is apparent that conduction dominates the behavior and as an approximation

the radiation term in Eq. (7.1) can be ignored for formulation of model criteria. For the

the higher layer densities, the model criteria for the insulation become

. e 2
Q¥ = Sy (7.10)
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Recalling that the criteria for the remaining components with K* = 1 are

A% T* ) 4
* = B = AR
Q % AiT
gives
A*T*2 _ AI*{ T*

O

Since for the perpendicular direction A;: = A% = L*2 and the model is designed to

conform to T* = (1/1%)*3 | we find

0

g o= TRLF = (1/04)0 1x o 1425 (7.11)

Thus, on thé baéis of a conduction dominated M LI system, it is found that the number
of layers or conversely the insulation thickness should be modeled to two—-thirds of the
overall scaling ratio for a materials preservation model. For example, if a materials
preservation model were ﬁesigned to a scale ratio of L* = 1/2 and the prototype con-
tained a 36 layer wrap of MLI then the model wrap would have t* = (1/2 )2/ 3 - 0.63
- and consist of 22 layers. This example is discussed in more detail in section 7.3

where tests were performed to establish the validity of this approach.

* If ap MLI system is émployed in which the solid conduction term of Eq. (7.1) is small,
the K* ratio would increase faster than T”=3 . The model criteria for this case are

according to Bq. (7.1)-given by

. 4,87
CKA*T* *
QF = R (7.12) -

4
¥

Once again, this ratio must be the same as the conductive ratio i‘or all other portions

of the spacecraft. Therefore, we must preserve
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T A R
ravpst 6T _ KHAMT
PESNES Tx

= Apret (7.13)

Asg before we assume that C¥% = N¥ = K¢ =1, A¥ = A;‘ = Af for the perpendicular

1/3 )

direction, and that the temperature ratio is given by T* = (1/L*) This gives

for the thickness ratio

tF = (1/L=k)0‘22 (7.14)

This result indicates that the model would require an insulation with a t* > I for
L* <1, This situation is not the usual one since most wrap densities are rot in the

very loose regime where radiation dominates.

Prototypes for which the assumption of one-dimensional flow is invalid, or at best is
a poor approxima:tion, can still be adequately modeled according to the preceding
methods. Whether the model will be seriously in error will depend.on a combination
of the scale ratio, the temperature dependence of the particular MLI, the type of use
for the MII (see section 7.1), and the nature and size of the temperature gradients in
the MLI. An exact evaluation of the errors introduced by MLI thickness distortion .

can often only be answered with the help of a complete thermal network analysis or

subsidiary experimentation.

In general, the necessity to use t* > L* will serve to increase the ’heat transfer in
the parallel direction. If the insulation temperature levels are essentizlly fixed by
external conditions or insignificantly perturbed by the nonmodeled parallel heat trans-
fer, then the conductive heat transfer in the parallel direction, Q; , is modeled

acbording to

Q= % Q* (7.15)
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http:depend.on

where @* is the normal L*z/ 3_ scale ratio for materials prescrvaticn heat transfer
for all other components of the model. KE has been taken as unity although it has a
slight temperature dependence (Ref. 23). This enhanced heat transfer in the parallel
direction (over and above that called .[or by the modeling criteria) will result in an
increased heat fransfer in the normal direction due to degradation of K; of the model
in the vicinity of penetrations. On the other hand, it will have a small eifect on the
normal heat transfer when it arises from gradients along the boundary layers of insu-
lation. The latter case is presented in the discussion of recent experimental work in

section 7. 3.

A commonly occurring prototype configuration is an MLI blanket attached to thin sup-
porting skin. The skin fnay be treated as isothermal in the normal direction and in
most cases will have a much higher conduciance than the insulation in the parallel di-
rection. Thus, t‘{le insulation dominates the heat transfer in the normal direciion and
the skin dominates the heat transfer in the parallel direction. In this case, the model
will be accurate, pariicularly if the MLI boundary not in contact with ihe skin is not
subject to highly assymetric heat loads and can therefore be taken as fairly isothermal.
Even for the cases in which the surface has sizeable temperature gradients, the model
will produce good results for the total heat transfer through the insulation.

For completeness, it is convenient at this point to mention the availability of distor-
tion of the skin. This is necessary in problems dealing with highly clevated model
temperatures in order to allow for.the temperature dependence of the skin material.
or in other cases it is simply convenient to use a substitute skin material prescribed
by .

1 (7.16)

K¥t
s s

7.2.2 Transient Modeling

’

From Eq. (7.4), the time scale ratio for the condition T*3 = 1/L* is given by
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oL
J*V ¢

I
which reduces to

o = 1 (7.1~

for identical thermal propertics and geometry. If the onc-dimensional steady stute

model is employed for the ML, it will operate with a time-scale ratio of

t*
= Cf‘ (—L';E) o¥ {7.1%

Lt

For moderately elevated temperatures, C* =~ 1 and the time constant of the insula-

tion is lengthened by the thickness distortion parameter t*/L*,
Equation (7.19) can be rewritten in terms of the MLI thermal properties as

Oi“ = Cf‘ Kf‘ 0* (7.20)
As both CI and KI increase with increasing ternpérature (CI having a weaker tem-
perature dependence), Bi*‘/ 0* will increase with decreasing scale ratio or increasing
T*, "Thus, transient behavior of a MLI model will be considerably distorted from the
remainder of the model. This may not be a serious detriment to the model when the
one-dimensional steady state performance is modeled correctly and sets the average
hot and cold boundary temperatures and the M LI transient is small compared with
other transients in the system. This is often the case where the MLI is supported hy
a thin skin. The skin can be taken as a lumped heal capacitance, and in most cases
will have a heat capacity per unit area many times that of the entire thickness of the
insulation. Under these circumstances, large cyclical heat fluxes on the outside layer
of insulation will result in only minor temperaiure excursions from the average al the

immer skin.
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It is sometimes feasible in dealing with simple systems that can be modeled for ma-
terial preservation steady state conditions to allow the transient response to follow
' Gf‘ of the insulation. Thus, for a MLI and supporting skin combination for which the

skin may be treated as isothermal, requiring 6; = Bi“ yields

pECHVF ’
ST = cikaL*Z . (1.21)
or
p¥ Ct ='C¥ Kik - (7.22)

Since the quantity on the right side of Eq. (7.22) increases rapidly with i{'lcreasing
temperature, the modeling will require a material substitution. Alter:nz;tély, the skin

thickness may be distorted so that Eq. (7.21) yields

prCx \L*/ = CFE* (7.23)

Here the same skin material can be used and the thickness distortion may allow for

any temperature dependence of the skin spe;::ific heat.

A 'secénd é.ppli'cation can arise wherein the steady state model is accomplished for the
above gystem with the skin distorted according to Eg. (7.16) to preserve parallel
gr;;.dients in the skin. In this case, the time scale ratio for heat flow in the normal
direction (for which the skin is isothermal) and for heat flow in the parallel direction

are both given

. " t*
0% = p* c¥ L* (;;,) (7. 24)
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Requiring the transient response of the skin in the parallel direction and of the MLI

in the normal direction to be equal results in

& UK
’s s = C¥ K* (7.25)
K I 5 :

The MLI experiment deseribed in Section 7.8 gives values of Ci“ K%‘ of 1.7 for a
half-scale model. Although Eq. (7.25) appears restrictive in selection of a substifute
material for the model, the tables of Section 3 show that the condifion can be satisfied
in many cases. A high-conductivity alloy of alﬁminu'm or stainless steel could he
modeled with a lower conductivity alloy of the same {ype. With a scale ratio as high
as 1/6.5 and Ci“ Kf‘ = 4,5, suitable suhstitutions appear feasible,

7.2.3 Modeling of MI1I with Undistorted Thickness

Mulilayer insulation may be modeled with no distortion of the insulation thickness
from the length scale ratio by using Eq. (7.3) to define a length scale ratio in terms

of the MLI parameters:

£
L* = KI3 = 1(t ,t )" (7.26)
T* PR

When the insulation has a small solid conduction term and the prototype temperatures
arc high, Ki" may change with temperature at a rate higher than ’I"‘*3 . In such
cases, reduced scale modeling is not possible. With most insulatlions this will not he
the case, although the model hased upon'M LI properties will have a higher T* for a
given L* when compared with the usual material preservation modeling approach.

Other materials of the prototype musi be modeled with substitute materials with con-

ductivities increased in proporilion to that of the insulation:

K* = Ki“ (7.27)
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Alternatively, the steady state model may employ distortions to matc:h conductances
where allowable.

The MLI transient response will scale as

PICE 2
Kf L* (7.28)

=t

and s1nce the temperature dependence of pICI is consuierably less than that of the
conduct1v1ty, the insulation time scale ratio 15 reduced below the material preserva-
tion value of L’*‘2 . 'To model the transient response throughout the system in accord-

ance with the insulation transient féquire's that the substitute malerials comply with

pT Cf

ok C* T

K* _Kf"

This condition is suffiéieniz for modeling only when thé condition of Eq. (7. 28) is im-
‘material (e.g., the material can be assumed isothermal). since otherwise both K=
and p* C* must scale as theil_* insulation counterparts. Thus, the conditions im-
posed on the :substitute materials are very resirictive and the modeling would require
the use of some type of distortiod such as was discussed under material preservation

modeling.

As an example of the application of this m‘odeling, an extrapolition of the conduelivity
data reviewed in section 7.3 will be utilized. ' Prototype insulation hot and cold bound-
ary lemperatures of 350 and 250° K a-re assumed. If the model temperatures are ele-
vated by T#* = 1.26, the resultant Ki‘ = 1.62- gives L* = 1/1.23 by Eq. (7.26). 1

the prototype temperatares are doubled (giving T, = 700°K the maximum permissible

H
insulation test temperature), the-calculation resulls in L* = 5.76/8 = 1/1.39. For
this insulation and example prototype, the modeling is severely limited 1n available

length scale ratio. This situation would improve for lowesr protoly pe temperafures.
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and for the telescope medel discussed In section 7.3 0 value of &4 L/6.43 was pos-
sible. Anather application could exist In eryogente starage situntions except for the
limitations discussed in section 7.5. Also, this modeling is limited to cases in which
the protfotype insulation temperatures can he fairly well defined beforehand,

7.3 ELEVATED TEMPERATURE EXPERIMENTS WITH MLI

In this section, a review of the experimental results of material preservation model-
ing of MLI will be presented. These experiments are reported in more detail in

Ref. 15 and a portion of the program ‘described therein was to establish the feasibility
of constructing thermal and structural models of large-aperture space telescopes.
Completion of the program required definition of the one~dimensional M LI heat trans-
fer characteristics of the insulated system and tests fo confirm the behavior of the
insulation under the modeling concepts dgvelcpad under thig contract and previously

presented in section 7. 2.

The insulation investigated consisted of 36 layers of alternate sheets of 0.0064-mm-
thick {1/4 mil) double aluminized Mylar and glass-{iber paper {Dexiglas*). The in-
sulation thickness was controlled to approximately 1.27 cm, with a resultant nominal .
layer density of 28.3 layers/em. This insulation was aftached to a stainless steel

skin using Teflon buttons on 15.2-cm centers. These buttons eonsist of a thin Teflon
thread (0.081-¢m in diameter) holding together two thin Teflon disks.. The length of
the thread establishes a maximum- insulation density, the density between butitons

being in general slightly less.

. The configuration used to determine the one~-dimensional heat flow characteristics of
i{he insulation is shown in the sketch of Fig. 24. The insulation was wrapped internal
to the stainless sieel (0.064-cm) cylinders in three sections with two buit joints and
two corner joinls. (The edges of the laiter were protected from direct radiation heat

inputs by the interposition of Dexiglas insulation.) Insulated end plates covered the

*C. H, Dexter and Sons Paper Co.
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Fig. 24 One-Dimensional Test Arrangement

ends of the cylinders, giving a tloséd insulation system. All surfaces interior and

exterior were painted with a high-emissivity (e ~ 0.92) black paint.

The testing of the insulation éystems was performed in a vacuum chamber with liquid
nitrogen cooled walls. The interior of the cylinder- was operated al various uniform
hot‘boundary temperatures by an interna_l heat source. This source consisted of sov-
eral tungsten filament lamps, with the heat input to the system determined from a

measure of the Iiower input to the lamps.

A half-scale model of the prototype shell was construcled with scaling according to
maferial preservation. The insulation installed on this shell was designed according
io the one-dimensional heat flow results of the full-scale tesis and the criterion of

section 7.2, :

Three sets of steady-stale temperature data were obiained for the lull-scale insula-
tion and used to define a linear relationship between the experimental conductivity

and the radiative potential: .
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P =0Ty + TH)ATE ¥ lei) ’

The data are shown in the plot of Fig. 25 along with a czﬁculated conductivity curve
based on calorimeter data (Ref. 6). The calculated curve is representative of an
insulation with no butfons or jeints and a carefully established one-dimensional heat
flow. The approximately three~fold higher conductivity of the test insulation is not

unexpected; such findings are normal for this material.

Values of K* were calculated from this curve and are ﬁresented in Table 12, where
the primed variab@és refer to the half-scale model. In this calculation, T’H = 1.26 Ty
and the TC values are assumed unchanged as they are closely coupled to the unscaled
liquid nitrogen wall. This was acceptable since small changes in 'I‘C do ndt have a
large effect on the value of P or K. Over the full scaling range of the experimental
data (TH = 220°K and TH = 335°K, giving the maximum ’I‘H = 422°K), the
variation in K* ig 20 percent. The full-scale point chosen for modeling was taken as

3.0 . e
A FULL-SCALE INTERNAL WRAP
~—=CALCULATED, Tg = 120°K
&~ 2.0 p—
lO
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x
Ed
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Fig. 25 Insulation Thermal Conductivities for the Full-Scale
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Table 12

COMPARISON OF MEASURED AND CALCULATED THERMAL
CONDUCTIVITY MODEL RATIOS (K*)

To Ty Ty P " "
CR | R | B | Wem2-2k « 1074y | (W/em2-K x107%) | Bmeas | Xeale
120 220 277 1.21 . 2.05 1.30 1.46
121 270 240 1.64 ’ 3.41 1,42 1,87
1256 335 422 . - 3.34 6.01 1.54 1.68

270° K, with a resultant K* = 1.42. From Egq. (7.2), t¥ = L*K¥ = 0,71, The num-
ber of layers N' for the model is determined from a constant layer densify condition

as

N!' = Nt*

(3&) (0.71) .

]

25.6

The sctual insulation for the half-scale model was taken as 27 layers, t* = 0. 75,
This overdesign was used to ﬁérmit adjustment of the insulation by removal of layers
rather than adding. The 27-layer wrap corresponds- toa K* = 1,50 and represents
an exact result for TH = 3156°K, TIII ="397°K, and P = 2.86 ><_10“4_. S
The experimentally determined conductivities are presented in Fig. 26, The half-
scale data exhibit very nearly the same slope as the calculated curve, and a fairly
good correlation can be obtained by increasing the solid conduction texrm of Eq, (7.1)
by a factor of 5.5. In comparing the two sets of experimental data, it can be ascer-
tained that the half-scale results exhibit a slightly higher solid conduction component
and a smaller radiatio.n heat;transfei_: component. The former could easily result
from a slightly compressed insulation in the half~-scale case or could reﬂect'the in-

creased conduction via ‘the unscaled Teflon buttons., The lov;rer radiative heat transfer
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Fig. 26 Isulation Thermal Conductivities for the
Full and Half-Scale

oceurring in the half-scale insulation apparentlj results from less;ened joint and edge
effects. This is an unexpected result as the two-dimensional effects-arising from in-
sulation joints should have relatively‘greater effect on the smaller model, particularly
~ with the h_igfl thickﬁess distqrtion of the insulation. Thus, the inferred reduction in

two-dimensional heat flow effects must reflect better quality of joint and edge construc-
tion in the hali-scale model than in the full-scale model. S

A comparison of the interior hot boundary T;empera’cure for the half- and full-scale

. test is made in'Fig. 27, The total heat input and temperatures of the half-scale tests
. have been multiplied by 1/0.63 and 1/1.26, respectively, to produce a direct com-
parison with the full-scale results. A straight line has been fitted to the three points
of the full-scale tests and can be used to estimate the deviations. of the half-scale model
" points. Excellent agreement is achieved, with the modeled temperafures falling
slightly below those observed in the full-scale case. If allowance is made for the
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. Fig. 27 Correlation of Infernal Teﬁlperamres for
One-Dimensional Heat Flow

5%~over desigh of the insulation (1.4 layers out of 27 layers), the heat rate of all the
points would be reduced. .'I‘his would result in the higher temperature points.model-
ing to temperé.tures higher than ﬁéeded énd the lower temperature points still model-
ing to temperatures lower than desired. Thus, with the correct number of ingulation
layers, the data of Fig. 27 would reflect essentially the behavior of the conductivity
curves and to a lg_ssér extent the ejffeet of nonconstant K¥ wvalues for the various

) 1
temperature conditions.

Ag an example of the influence of ’éhe femperature variation of the conductivity on the
insulation distortion, the half-scale data can be 1}Sed to represent the behavior of a

" prototype insulation. If these data are used to model the same lemperature point
(270°K), the calculation used previously with-the full-scale insulation data now gives

Ki“ = 1.25. Thus, a prototype of 36 layers would scale to hall size with {¥ = 0.625
and N!' = 22,5 layers. This 15% reduction in the insulation thickness gives a much
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smaller distoriion of the insulation and shows that insulation with lower temperature

dependences are more easily modeled,

Transient tests were performed with the full- and half-scale insulations. by modifica-
tion of the one~dimensional {est configuration. The three insulated cylinders were
Separa%ed to provide thermal isolation with regard to solid conduction in the axial
direction. The insulated end plate was removed from Section B and replaced with an
uninsulated cylindrical Section A, Variable lemperature levels of this section and the
top of the insulated cylinders could be maintained by a system of tungsten filament
lamps which directly illuminated the outside of these regions. This system was tested
with a constant heat flux input to the top of the insulation and a cyclically controlled
temperature distribution on Section C, ) : ‘

Representative temperature data for the full-scale insulation system are shown in
Fig, 28. These transient data were obtained after numerous heating a/x;d cooling
" cycles had established reproducible temperature behavior. Data for the half-scale

system are shown in Fig. 29, where the temperature and time values are scaled hy
factors of 1/1.26 and 4.0, respectively. The tendency of the internal insulation fem-

peratures of the half-scale model to iag behind those of the full-scale model in the °
cooling portion of the cycle is mainly due to the too-slow cooling rate of Section A of
the smaller model. Section A was modeled accurately, however, for the heating por-
tion of the cycle, and here the inferior insulation temperatures show a slightly slower
transient response, ILess than half of this effect arises from the distortion of the
p*V*C* of the insulation occurring from the thickness distortion and the temperature
dependence of the specific heat. The remainder of the effect results from the identical

paint thicknesses used on the interior surfaces of both models.

Within the accuracy of the experiment, the relative fransient behaviors of the tem-
peratures on the bottom exterior of Section C are identical. Comparison of the abso-
lute value of the minimum temperatures results in considerable error because this

area is controlled to a considerable extent by the unscaled cold wall.
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"Fig. 28 Transient Temperatures; Section-A Cycled and Top Exterior of Sections B,
C, and D Subjected to Average Heat Flux

A compilation of the temperatures at the end of the heating and cooling cycles is given -
in Table 13, along \-;vith the errors occurring for comparison of hali-scale predictions
of full-scale behavior. At the end of the cooling cycle, the interior temperatures are
somewhat low owing to the subcooling of Section A by the cold wall. At the end of the
heating cycle, the temperatures are in good agreement, with only the previously

mentiohed discrepancy found for the hollow exterior temperature of Section C.

The good correlation obtained in these transient experiments indicates the adequacy
of the one-dimensional heat flow model used for the insulation. This was accomplished
in the presence of sizable temperature gradients on the exiternal skin, with the resuli-

ant insulation two-dimensional heat flow, These parallel gradients were properly
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Fig. 29 Transient Temperatures; Section A cycled and Top Exterior of Sections B,
C, and D Subjected o Average Heat Flux

modeled by correct modeling of the highly conductive skin, the influence of the insula-

tion on the parallel direction temperature distribution being small.

The larger inaccuracies arose from an unmodeled surrounding temperature and
errors in the thermal control of the heat inputs to Section A. The distortion of the

transient response attributable to the distorted insulation thickness was minor for
this half-scale test.
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Table 13

MODELING RESULTS FOR SECTION A CYCLED AND TOP EXTERIOR
AT CONSTANT HEAT FLUX

{(T* = 1.26; Temperature —° K}

. Tp Tm Tm /T*

Location Full-8cale Hali~-Scale Predicted AT

End of Cooling Cycle
Interior B 144 170 i35 -9
Interior C 146 180 143 -3
Interior D 149 ’ 184 146 -3
Exterior C 210 269 213 3
Exterior C. 105 117 93 ~12
Top Section A 140 152 121 -19
Bottom Section A 142 155 123 ~-19

End of Heating Cycle

Inferior B 317 398 316 -1
Interior C ) 304 381 302 =2
| Interior D - 302 375 298 -4
Exterior C 213 270 2156 2
1.Exterior C 121 . 136 108 -13
Top Section A 318 403 319 1
Bottom Section A 409 508 404 -5

The final portion of this program, which involved multilayer insulation modeling, was
the testing of a 1/6.43-scale ratio model of a proposed 2-m aperfure OTES (Optical
Technology Apollo Extension System) telescope. The model geometry for this tele-
scope was presented in section 6 and is shown in Fig..14. The prototype insulation
to be modeled consisted of 36 layers of the previously tested MLI with a néminal

1.27-cm thickness. The performance of the model was compared with the results

127

LOCKREED PALO ALTO RESEARCH LABORATORY
LOCKHEED MLISSIELES & SPACE COMPANRY
A GROUP DIVISION OF LOCKHKHEED AIRCRAFT CORPORATION



obtained from a thermal analyzer neiwork compulation used to define proteiype

behavior.

To provide an insulation which would nominally model the OTES prototype msulatmn
the data of the preceding MLI experiments were utilized to determine a scaling cri-
terion for specifying the number of layers. The more precisely -defined thermal con-
ductivity versus radiative potential curve for the half-scale insulation model was

used in characterizing the prolotype insulation.

The boundary temperétures calculated for the prototype system were in some cases
much lower (~ 60°R) than could be achieved in the test chamber with a liquid nitro-
gen cold wall, It was therefore necessary to extrapolate the data of Fig. 26 down to

P =10,36 x 10—4 . This was accomplished by allowing the linear curve to fall to zero
as P approached zero in the same manner as the calculated-curve. For the boundary
temperature extreme corresponding to P = 1.02 x 10_4, K* remains fairly constant,
ranging from 2.35 to 2,56, - This behavior is coincidental with the prototype tempera-

tures lying in the region of sharply decreasing K.

To determine the insulation configuration for the model, K* = 2.36 was used,

giving

k*L* = 0.367

Pk =

n = n_t*

m P

n = 36(0.367)
n = 13.2

m

This value for the number of layers for the r.;m_del -(nm) is further reduced (maximum
reduction of 5% ) ,by the n/(n - 1) dependence of the radiative component, so that

13 layers were taken for the model.
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The time-scale ratic for one-dimensional heat flow through the insulation is given by
Eq. (7.2) as K* Cf 142 . For this case, C* = 1.88 (Ref. 6) results in §* = 1/9.35
compared with 1/41.8 for pure materials preservation and with 0* = 1/26 desired

_for the overall telescope system.

The telescope model was tested with precalculated cyclic heat inputs and the data were
compared to prototype predictions of a thermal celeulation. The trend of the data was
for the experimental internal temperatures to be about 20°K too low. This discrep-
ancy was not associated with the performance of the insulation. However, the exact
behavior of the model insulation therefore cannot be assessed from the experiment and,
"in fact, an accurate evaluation would i‘equire an experiment similar to the one-

dimensional heat flow e}cperiments used earlier in this work.
7.4 TEMPERATURE PRESERVATION

The problems associated with modeling of MLI using an identical material approach
were seen to be associated with obtaining a model wrap thickness with the desired

K* = 1 and the distribution of the two~dimensional field since the required t* = L*,
These same problems are existent in modeling MLI where a temperature preservation
approach is desired. According to the criteria given by Eq. (2. 1), the temperature

.preservation (T* = 1) model must be designed to provide satisfaction of

COURE AR
® V¥ Ok n
Q* =2 = g = A;.f‘ {7.30)

g%

- —ﬁ 2 .
From this we find that a geometrical similar model, A;i; = A’i*‘ = 1%, must have

K = L* (7.31)
and

g% = p¥* CF L* = p* C* K* . (7.32)
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Reduction of model material thermal conductivities in proportion. to the length ratio
[Eq. (7.31)] is feasible for many of the structural components. However, such a
reduction for the MLI insulated regions is frequently not possible since the prototype
system has already been designed to have minimum properties at the prototype tem-
perature. In addition, not only would the perpendicular conductivity require reduction,
but also the parallel conductivity which, as previously mentioned, is dominated by )
solid conduction along the layers. Concurrent and controlled, reductions of conductivity

for both directions through implementation of materials substitution is highly unlikely.

The most practical approach to modeling MLI with T* = 1 has been found by these .
investigators to be the use of identical materials with thickness distortion. Once
again this leads to considerable distortion of heat transfer in directions parallel to the
layers, the influence of which must be assessed fof each complete model in terms of

overall system thermal performance

Using model criteria derived from Egq. (7.1) with T* = 1 gives
e _ BEAX _ C*A* R
Q’F = t* = t* N* (7. 33)

-

From Eq. (7.30) Q% = L¥°, therefore

B* A* C* A* 2

-

Using an identical wrap results in B* = C* = N*¥* = 1, and assuming that thickness
distortion does not result in surface area distortion (i.e., A* = 1+2 for insulated

inner and outer surfaces ) gives
tf =1 (7.35)

Satisfaction of this result means that an identical wrap is used for the model as that

. for the protoiype resulting in complete geometric distortion of the protolype insulation
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thickness (i.e., L= tp instead of t, = L* tp). This procedure resulis in
. accurate preservation of Q% = L"*:'3 for heat transfer perpendicular to the layers.

Heat transfer parallel to the layers is cbviously mcreésed above that in the prototype.

For the composite system, where one-dimensional heat transfer has been assumed
for the model MLI, it is still necessary that all remaining components be modeled in
accordance with Eq. (7.30) where strict geomeiric compliance assures proper simu-
lation of the complete heat transfer system. From that equation with T* = 1, we

find that the system time response is governed by
g% = pk Ok K (7.36)

If the transient bebavior of the MLI regions is an important consideration in setting
the time response for the complete system, it is then necessary that the system 8*-
be the same as the insulation 8%, Since we have selected an identical wrap for the
model as that used in the prototype, the relation that must be satisfied for the system

is
p¥ C*K* = g% = 1 (7.37)

- The difficulty of applying Eq. (7.37) can be ascertained by referring to the property
charts of Section 4. These charts show that there is relatively little variationin pC
(about 1:2}, and thus Eq. (7.37) will limit K* =~ 1 /2. This materials limitation sets
the scale ratio. As a specific example, the magnesium alloy AZ8C-T5 can be modeled
with 410 stainless steel with p*C*K* = 1,03 and K* = L* = 1/1.83. The modeling
of other components of the system to satisfy the transient condition 6* =1 can, of
course, be accompﬁsﬁed with geometric distortion so that the K* = L* requifement
can be ;elaxed. This approach is useful in treating the combination of MLI and sup-

portive skin.

Assuming that the heat flow in the MLI remainé one~dimensgional, then mulfidimen~

sional heat flow modeling for other components would still be accomplished according
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to the conditions of Eqs. (7.30), Satisfaction of the criteria in the case where a thin
skin acls as supporting structure for the MLI and dominates the heat flow processes
in the direction parallel to the insulation thickness can frequently be accomplished
through thickness distortion.* In this case the heat tr:a\nsfer area is represented by ‘
A;}; = t* L* and the criteria became _

EOVET KMk
CLTCTLE R | gapr = 1A% o L (7.38)

6* = =

The steady state conduction parallel to the skin requires that the conductivity be

modeled according to

2
%

K* = 2o (7.39)
5

The modeling of the transient behavior of the skin to match the MLI transient requires
that

* o= AR URER =
0% = pxCXtx = 1 (7.40)

In many practical cases, the skin may bé treated a;s isothermal in the pell"pt_andicular
direction. 'I:herefore, Egs. (7.39) and (7.40) specify the conditions to be satisfied ‘
for multidomensional heat flow in a thin skin. (This type of distortion is.also applic~
able to other componénts where assumption of isothermality along the small dimen-

sion is valid, e.g., thin wall tubing.)

*The assumption of one-dimensional flow in the MLI with temperature gradients
along the supportive skin can only be approximate. However, because of the large
ratio (-~ 100:1) of the parallel to perpendicular conductivities of typical M1I, the
approximation is a good one for closed wnsulzlion systems.
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Equations (7.39) and (7.490) may be combined to give eriteria for the thermal proper-

{ies as

%
pscg 1
K = 2 (7.41)

The application of this-equation can be made (see Section 4) fo model aluminum alloys
with stainless steel alloys, giving L* ~ 1/1.4, Again, Eq. (7.41) is only necessary
. in cases for which the transient model response must be mated with that of the insula-
tion. Otherwise, the resiriction of Eq. (7.40) is lifted and Eq. (7.39) can then be
easily satisfied.

7.5 TEMPERATURE PRESERVATION EXPERIMENTS

In this section, the experimental portion of this program involving the application of
the criteria developed in section 7.4 will be described. Temperature preservation
was chosen as very little modeling has been attempted with this method for which the
insulation was a sensitive component of the system. Thus, one of the objectives of
this study was to investigate a system in which the characteristics of the MLI domi-
nated the thermal modeling problem. Af the same time previcus experience has -
demonstrated the need for careful one-dimensional heat flow characterization of the
MII. For these reagons, the sérstem decided upon conisted of a 36~-layer MLI cylin-
der with closed ends wrapped on a lightweight stainless steel tubular framework.

The outer boundary was subjected to a controlled (+0.2°K) room temperature en-
vironment and the internal temperature controlled by axial I.xeating wires from which
the infernal power dissipation was accurately measured. One-dimensional steady
state and transient data were taken for a prototype system and 1/2- and 1/4-scale
models. Two-dimensional heat flow effects were introduced by cutting a circular hole
through the insulation and the steady stale and transient measurements repeated. An
attempt was made to elﬂlanée the sensitivity of this two-dimensional test by construct-
ing a high gualily insulation blanket with the minimum number of two-dimensional per-

turbations from joints and buttons.
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7.5.1 Multilayex“ Insulation Test Articles

The insulation used for prototype and scale models consisted of 36 layers of 0. 25-mil
thick Mylar aluminized on both sides separated by 3-mil thick glass-fibre paper
(Dexiglas). This insulation was installed on a lightweight cylindrical framework con-
structed from thin wall stainless steel tubing. The innermiost layer of insulation had
é single aluminized surface with the nonaluminized high emissivity surface facing into

the cylinder to facilitate isothermal conditions interior to the cylinder.

The insulation was supported from the framework by a number of button attachments.
The buttons were made from two 1/2-in. feflon disks held to either side of the insula-
tion byha 0.030-in, Dacron filament which penetrates through the insulation thickness.
The prototype and scale model insulation systems are shown in Figs, 30 and 31 mounted
to the vacuum chamber door. In this photograph the vertical sirips running under the
buttons are 1/2-in, Dacron ribbon which serves to distribute the suspension weight
throughout the insulation blanket. The entire system is suspended from the door by

10-mil étainless steel wires which attach to the internal tubular framework.

All of the systems tested had three insulation joints., All of these joints were of the
staggered overlap variety. In these installations these jc')ints consisted of four nine-
iayer blankets butted together in a staggered fashion such that no single discontinuity
existed through more than 1/4 of the blanket, Two of these joints were used on the top
and boftom flat ends where the cylindrical portion of the blanket was folded over the
corners to join v‘-ri}c.h end insulation. The third joint was an axial joint where the two
sides of the‘cylinder insulation met. An additional joint was necessax:y for the larger
(178-cm length by 96.5-cm i.d.) profotype system due to the limited available width
of insulation materials. This was a circumferential joint located in the central plane

of the cylinder.

The insulation test articles were instrumented with 3-mil copper-constantan thermo-

couples. Ten of these were localed on the internal surface and served to define the
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hot boundary temperature. An additional set of thermocouples was installed on the
exterior. This surface was then painted black to provide good thermal coupling with
the chamber wall. The internal heaters were made from 10-mil resistance wires

positioned near the axis of the cylinder.
7.5.2 Test Procedures

Following the installation of the test articles the vacuum chamber was evacuated to

1 % 10"5 mm Hg and the insulatién allowed to pump out for 24 hr. At this time a
transient heating cycle was performed in which the interior temperature was raised
rapidly to the operating level (420°K) and the decay in heater power monitored. After
stea:dy stale conditions has been attained,a the one-dimensional heat flow data were re-
corded and the heater shut off. The decay of the internal temperatures was recorded
as a cooling transient. The heating transient experiment was essentially a function of
the insulation only while the cooling transient depended on the internal framework and
heater assembly thermal mass. The steady state data served to define the effective
insulation conductivity. Only single temperature points were taken for the scale
models whereas three temperature points were obtained for the prototype system.
These latter data gave the temperature dependence of the insulation and allowed cor-

relation with other experimental data.

Two-dimensional effects were introduced into the insulation by cufting a hole (approxi-
mately 15-cm diameter for the prototype) through the insulation. This hole was then
shielded with a single disk of aluminized Mylar at the cold boundary side. The inside
surface of this shield was painted black and the outside surface kept as a low emissivity
aluminum, With this arrangement, the radiation coupling of the exposed edges to the
hot interior was I-I_Laximized giving a large two-dimensional perturbation of the insula-
tion around the hoie. The increase in heat flow via radiation from the low emissivity
side of the aluminized Mylar disk was small and calculatable. Additional thermo-
couples were placed around the hole to measure any radial gradients and one thermo-

couple placed in the center of the aluminized Mylar shield,
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Steady state and transient data were obtained for this configuration in a mamner simi-
lar to that.for the oné-dimensional configuration,

7.5.3 Test Results

The data acquired for the steady siate experiments are presented in Tabie 14. The
heat flow through the insulation is the net heat {low arrived at by subtracting calculated
lead wire conduction losses (Ref. 24) from the observed heater power. It should be
noted here that the insulation thickness, t, was not identical for the different test
articles, The thicknesses given in the table are‘apprdximate thickness measured

after testing was completed. This error in insulation thickness is responsible for the
inaccuracies in the modeling of Q/A The 1nab111ty to mainfain a uniform thickness for
the three 36-layer insulation blankets is attributable to the light-weight framework and
the ‘fact that a minimum number of consiraining button attachments were used. Thus,
the larger area specimens were less firmly constrained allowing the insulation fo fluff

ou’c‘ to much lower densiti!es between buttons.

Table 14
STEADY STATE DATA

Prototype : 1/2 Scale 1/4 Scale

- _ L 1-D I 1:D | 2-D | 1-D | 2-D
Temp. Infernal (°K) 418 | 368 318 419 420 419 418 419
Temp. External (°K) {302 [303 |302 302 1302 [303 |s02 303
Q Insulation (W) 5.461 | 2.329] 0.456| 7.594 | 1.916|2.579] 0.622} 0.928
Ares Ins. (cmz x 10% | 6.90 - - ~ | 1.8t} -~ | o.a72| -
ant 1.0 1. | s.80 14.63 |
Q/A (W/cm x 10 ) 7.9 0.837 10.066 | 10.56 13.18
tem). ‘. 2.54 b e 1.27

ff(W/;:m °K x 107 ) 17.32 |13.18 [10.48 | 17.06 | 14,43
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The three temperature poinis for the protoiype configuration are plotted in Fig, 32
hagainst the expected temperature dependency. The agreement with the predictions of
Ref. 22 is quite good. This agreement is only possible if the value of t = 2.54 cm is
employed. This infers that the insulation was operating with essentially one~
dimensional heat flow and that the joints and other instrumental penetrations contrib-

uted minor two-dimensional effects.

"2.0
w“'\
Ic 1.6 11—
— .
X .
Mo1.2}
- _
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=3 0 EXPERIMENTAL DATA
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H C %367 & 1072

2 e
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Fig. 32 Insulation Conductivity Variation With Temperature

The two-dimensional steady state data presenied in Table 14 was used to determine .

v a QZ—D for the insulation which represents the increase over and above the insulation
one-dimensional heat rate which is induced by the presence of the cuf out, To do this
a radiative heat balance calculation was performed for the low emissivity shield sur-
face and the chamber wall. This and the original one-dimensional heat rates were

" subtracted from the total heat rate to obtain QZ-D' The results are presented in

“x
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Table 15, Altl?ough the calculation of the shield heat rate canm;t be performed accu-
. rately, it can be seen that this value is at most 15% of the increase in the one-
dimensional heat rate, the remainder arising from the two-dimensional heat transfer
accurring in the insulation. The values of Q;_D are plotted in Fig. 33 against Li"{ ,
the ratio of the hole diameter. (This diameter could not be exactly controlled to the
L* ratio of the models.) - The data show a behavior which can be described by

' 1.51
g = * *
R%p = (M)

From the development of section 7.4, the two-dimensional behavior could be expected
to be (Li"i)z'_0 . This would assume that the internal walls of the hole were isothermal
or nearly so. That this was not the case can be shown by calculation of the interior-to-
hole view factors. -These view factors ére not scaled correcily due to the varying and
somewhat uncontrollable insulation thickmess. Therefore, it can be said that the data

have shown the presence and trend of two-dimensional heat flow effects althrough the
exacl magnitude of these effects ina coi‘rectly modeled system are not demonstrated.

Table 15

TWO-DIMENSIONAL STEADY STATE DATA

- Prototype 1/2 8cale |- 1/4 Scale

Qrotal W) 7.5% | 2.579 | 0.s28

Qgierg W) 0.737 0.21 0,086

QU.p ‘ (W) 5.461 ‘ 1.916 0.622

Qyp ) 12.39' T 0.45 0.22

Wy W 10 © o346 | 0.156
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Fig. 33 Two-Dimensional Heat Flow
Variation With Sealing Ratio

The transient response of the systems was to be originally determined by observing the
decay of heater power after rapidly raising the interior boundary temperature to a fixed
value with all initial temperatures at ambient conditions. Since it was difficult to scale
: the initial fast temperature rise, the experiment depended on observing the power de-
crease Qi - Qo after the leading term had dominated the process. This procedure
prm{ed inaccurate due to the marginal precision of the instantaneous power measure-
ment and the persistence of second-order transien’s terms associated with the nonideal

temperature buildup.

The cooling data for the one-dimensional case are shown in Fig, 34. These data are
used to give fairly accurate values of the time constant. The results of these evalua-
tions are given in Table 16 together with the calculated time constant (1) of the in~
sulation and insulation plus framework thermal mass. The inclusion of the framework

improves the absolute correlation of the time constants but has little effect on the time
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© FROTOTYPE

- A 1/2 SCALE
a o 1/4 SCALE
0.01 [ l l
. T 100 500 1000
8 (min)
Fig. 34 One-Dimensional Cooling Data
Table 16
ONE-DIMENSIONAL TRANSIENT DATA
T T. T
OBS T¥ INS T* CALC T*
(min) OBS (min) INS (rain) CALC
Prototype | 1388 1267 1334
1/2 Scale 1049 . 0.756 . 897 0.708 952 0.714
1/4 Scale . 689 0.496 .687 0.542 741 0.555

constant ratios.

The largest error in 7* is 10% for the 1/4 scale model, No error
“can be expected from the varying insulation thickness as the fime constant is a func-

tion of k/t = Q/A AT which was measured in’the steady state experiment.
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The transient two-dimensional cooling data is presented in the graph of Fig. 35 and

compared to the one-dimensional case in Table 17. The prototype cooling data were

lost due to a vacuum chamber malfunction and were not rerun since the heating curve

data were assumed to be valid at that time.

J J J J l

200 400 600 800 1000
8 (min}

Fig. 35 Two-Dimensional Cooling Data

Table 17

TRANSIENT DATA COMPARISON

1200

*
To-D 3D 71-D Ti-D
1/2 Scale 777 - 1050 -
1/4 Scale 576 0.741 690 0.657 -
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7.6 CONCLUSIONS

The problems associated with reduced scale modeling of multilayer insulation for * -
space applications are extensive and lead to severe limitations when a precise model
of the insulation is necessary. Many of these limitations stem from the difficulty in
reproducing the protoiype insulation wrap at reduced scale. In many applications the
insulation is overdesigned to the point where degradation of its performance has little
effect on the overall thermal performance of the system. In these cases, one-

dimensional steady state insulation modeling will meet most of the requirements,

The strong temperature dependency of thermal properties makes elevated temperature
studies unattractive except when the insulation plays a minor role in the thermal de-
sign. Even in the latter cases premodeling insulation tests are advisable except in the
simplest of insulation geometries. Temperature preservation modeling eliminates one
of the above problems but requires insulation thickness distortions.

The modeling of transient heat flow conditions in multilayer insulation can be accom-
plished accurately only with severe distortions and material substitutions of other
prototype system materials, This procedure is probably not feasible except in simple
two-component systems,

When two-dimensional heat flow is present, the modeling is inereasingly difficult.
Limitations arising from two-dimensional effects are not easy to establish., Where
the insulation performance is critical, the evaluation techniques that have been used
consist of isolating and testing of the prototype two-dimensional heat flow area, This
approach has been used in several cryogenic tank storage tests, in the Lumar Module
Vehicle (Ref..25) and in large spacecrafi thermal protection design efforis at Lockheed
Missiles-and Space Company. In each of these cases the isolation of two-dimensional
tests aré used as a design aid. A full-scale flight qualification thermal test is gen-
erally required for each vehicle,
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Although many difficulties are encountered in constructing precise insulation models
successful models have been constructed for systems in which extensive use was
made of multilayer insulation (see section 6). In these systems the insulation was
constructed according to the one-dimensional modeling criteria. Many multilayer
ingulation thermal design problems of this type can he successfully attacked with

thermal modeling.
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Section 8
SPECIAL COMPONENTS

Special spacecraft components frequently require a unique thermal design to assure
maint'enance of thermal levels within narrow tolerances. Tn each of these cases, the
model designer is required to furnish a smaller scale system which simulates the
prototype behavior. FOrtﬁna'f:ely, the very fact that a special design has been gene-
rated results in a well characterized system whose boundary conditions and design
parameters have been specified and tested in detail, The information generated for
specification of prototype design then becomes available to the model investigator and
special procedures-can be implemented to obtain similarity within the constraints of
model criteria,

The special components under consideration for present and future use include:
extremely high and low conductance joints; resistance heater stabilized components;
adiabatic walls using multilayer insulation; phase change thermal sinks; cryogenic
refrigerated sensors; high and low temperature emitter panels; heat pipes; and other
special thermal components and systems, For each of these special components, the
model designer must establish a thermally similar ;.system in the model. 1t is fre-
quently possible to avoid complete duplication of the component through artificial pro-
vision of boundary conditions similar to those of the prototype. For example, the
performance of emitter panels may be duplicated through forced cooling loops in cases
where panel behavior is in itself not of prime interest. Resistance heater stabilized
components can be accurately simulated using temperature monitoring and external
control of electrical energy. Adiabatic walls can be provided on the model using
methods identical to those of the prototype as long as the mismatch of thermal con-
ductance at very low values is of minor importance. The approaches necessary for
modeling of systems using phase change heatsinks, heat pipes, cryogenic refrigera-
tors, and special joints will obviously be unique in terms of each application and will
not be covered in detail herein. However, it is of interest to consider the rather

* formidable problems that arise in connection with thermal modeling of joints.
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In cases where a joint has been carefully designed to provide a maximum or minimum
resistance, the modéling problem will be amenable to accurate solution since design
practices similar to the prototype can be utilized. However, when a common joint
assumes an important thermal role, the modeling problem is considerably more

compiex,

The thermal model criteria for a joint are based upon relations that describe the heat
transfer between the opposing surfaces. Considerable work has been done by numerous

investigators to establish and confirm the required joint conductance theory,

A coetficient of joint conductance for two mating members in imperfect contact has

been defined as

S '
h AAT (8.1)
where
g = heat flux
A = apparent contact area
AT = temperature drop across the interface

A good deal of experimental data is available on measurements of h for various
materials and methods of contact. However, little success has been achieved in

satisfactory correlation of the results with theoretical models.

While advances have been made in predicting joint conductance for carefully con-
. trolled joints in laboratory experiment, success in applying these theories to common

engineering joints has been limited.

Recent work in this field shows promise for developing an appropriate joint conduct-
ance relation. Particularly notable is the work by Clausing and Chao (Ref. 26) and
the work by Rice (Ref. 27).
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Clausing and Chao have atfacked the joint conductance problem assuming that macro-
scopic effects are dominant which differs from previous assumptions that microscopic
effects dominate the conductance,

Clausing and Chao found the joint conductance relation

2xk

h = bre(d) (8.2)
where

k = thermal conductivity

b = diameter of the apparent contact area

x = constriction coefficient (a/b Fig. 36)

g(x) = constriction allevation factor
The value of g(x) has been determined as
. . ‘
g(x) = 1-1.40025x + 0.29591x" + 0, 05254}:5 + 0.02105:{7 + ... (8.3)

Fig. 86 Geometry for Clausings elalion

147

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKHEETD KBISSILES & SPACE COMPANY
A GROUP DIVISION OF LOCKHEED AIRCRAFT CORPORATION



Further, for most metals if can be shown that

' 1/3
SR Ph
x = 1,285 (ﬁa’) (8. 4)
where
P = contacl pressure
E = modulus of elastcity
d =

tolal flainess deviation (d = dl + d2 Fig. 36)
Substituting Eq. (8.4) into Eq. (8.2) gives:

1/3
pp
2. 8% (Ed) k

brg(x)

h o= (8. 5)
A different approach to determining joint conductance was taken by Rice. Using
dimensional analysis and considerations of important parameters, he derived the

following relation for a perfectly flat but roughened surface:

B o= (B} 8. 6)
o \H ’

where

= a constant

= a constant

= {hermal conductiv_i.ty

rms value of the slope of the surface ro;lghness -
= rms value of the surface roughness

= contact pressure

Mg g B m 0 O
0

= mierohardness
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Rice plotted available experimental data on log~log coordinates and found

-a = .85 .
C = 0.55
Thus.. Eq. (8.6) becomes
_ o g (P 5o
h = 0.55k G(H)o.ea (8.7)

8.1 JOINT SCALE MODELING CRITERIA
The general modeling criteria for a joint may be derived through equating the relation
for heat transfer through a joint to that for conduction and radiation transfer elsewhere

in the system. This results in

K®AX Tx

CRAETE o~ T A s
HHRART = AXT
and for geometrical similarity
*
pto= 5= e (8.8)

For a material preéérvation model K* = 1, E* = 1 and the joint must conform to

~1

h¥* = ¥ (8.9)

Applyingr this requirement to Calusing and Chao's results, Eq. (8.5), and rearranging

gives

d* % * 3
pr = & (JAM Bl ) (8.10)
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For geometric similarity b* = L* and

. %
P = 2 (get° (8.11)

Using a similar procedure to reduce Rice's result, Eq. (8.7), to materials preserva-

m¥] 118
PR = TR

Assuming that identical materials produce the same surface roughness on a macro-

tion modeling criteria gives

scopic level, i.e., m* = 1 and ¢* = 1 results in

px - px1-18

(8.12)
The difference in results obtained for Eg. (8.11) and (8. 12) is due to the inclusion of
surface waviness in Clausing's relation[{Eq. (8. 2)]and the assumption of a perfectly
flat surface with microscopic roughness by Rice[(Eq. (8.6)]. The inclusion of g(x)*
in Eq. (8.11) is necessary since it is a function of pressure as well as total flatness
deviation. These properties will not be the same in model and prototype even though

identical materials are used.
In the case of a temperature preservation model T* = 1 and Eq. (8. 8) becomes

K

= 1 ; . (8.13)

h* =

Using h* = 1, and b* = L*, in the Clausing Eq. (8.5) yields

_ 3
p* = E;i* [g(X)*] " (8.14)

< .
Likewise, using the same relations in Rice's Eq. (8.7) gives

Pt = H*[ g* } 8. 15)
m*L* ’
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. Once again the major difference in results ig the inclusion of macroscoplc waviness
in Clausing's relatmn

The above results for scaling:o‘f h through control of joint geometry, preséure, rough-
ness, and waviness are indicative of the difficulties to be found in joint modeling. The
problems in modeling are essentially the same as those in controlling joint conductance
in_the prototype. \ " ' -

AS has been shown, the ]omt conductance value for members in contact is extremely
sensﬂ:lve to the surface conditions. Rlce's equation presents a reasonable prediction
for perfectly flat surfaces. Clausmg and Chao's results take mto account some sur-
face waviness but depend on an aceurate determination of the ratio of total area to -
actual contact area. This value is difficult to determine for cc‘n'nmon engineéring

joints.

Both of the resultg presented here require uniform pressﬁré at the joint, This
generally is not achieved for bolted or riveted jointed. Some work has been pérformed
trying to scale bolted joints (Refs. 28 and 29); however, the best scalmg achleved was _
on the order of 30% under Very carefully controlled condltlons

The presence ’of surface filmg <;n joinéd metals has not been inclu;ied m ;malyiieal
treatments. Surface films prés’ent problems even when using material pre servation
techniques since the thickness of a film on a given material with similar surface con-
ditions will tend to be constant and uncontrollable. Scaling of the film thickness to
conform to model criteria would be most difficult. Duplication of surface film
I.Jroperties for a temperature preservation model would be even more difficult since

material substitution would be necessary.

Clausing and Chao have reported that joints made with dissimilar materials frequently
exhibited directional effects. That is, a higher temperature drop is measured across

a dissimilar metal joint depending upon the direction of heat flow. This phenomena quite
obviously introduces a definite limitation in modeling with T* = 1 since material
substitution is necessary. Since the cause of directional effects is not entirely under-

stood, there are as yet no criteria to use as guidelines in model design.
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Strain relieving due to changes in temperamr:e. and temperature dependent thermal con-
ductivities also change joint conductance, Since in material preservation the terpera-
tures of the model may differ substantially from that of the prototype, these eifects

must be considered in terms of model thermal performance.

If must be concluded that analytical and experiméntal resulis on joint conductance
indicate that accurate thermal modeling of common engineering joints is not within

the grasp of current technology. Predictable metal-to-metal joints have been manu-~
factured, However, .this has been accomplished only for very simple geometries using
extreme care in surface preparatién and cleanliness. Aftempts to predict the thermal
conductance of assembly line engineering jqints {i.e., bolted, riveted, -Spot welded,

K

etc. ) have generally been completeiy unsuccessful.

In recognition of the wide variations observed in joint conciuctémce, it is becoming
standard practice in spacecraft manufacture to design all thermally important joints
to have either maximum or minimﬁm achievable conductances. Where this is done '
through shorting straps, filler compounds, or insulating standoffs, then the model
designer can pursue the same solution (o eliminate thermal depender-xce of the com-
ponent on joint(c_onductance. Where a thermally important joint is found as a result
of model tests, then suggestions should be made to the prototype designer io institute

procedures to eliminate the thermal sensitivity to joint properties.
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Section 9
" CONCLUSIONS

A discussion of the nu}‘nerous limitations facing the thermal model designer has been
included in each of the major sections of this report. Therefore, only a review of

the major conclusions drawn from the st'udy are included ir} the following ﬁaragrapﬁs. -
The review of Spacecraft geometrlcal and thermal des1gns disclosed that all of the
vehicles considered were amenable to thermal modeling. Size and geometry of the
protoiypes are not presently consuiered as a limitation in thermal modehng studies.
The smaller vehicles rep1esentat1ve of unmanned satellites can be modeled at between
1/2 and full secale and the larger ones down to 1/7th scale. At the smaller scale
ratios, the problems associateii_' with model construction, instrumentation, and
materials selection become increasingly difficult. Scale ratlos in the range 1/2 to
1/4 are far more convenlent in terms of these problem areas

Model de51gns based upon elther materlals preservatlon or temperamre preservatlon
techniques are more dlfﬁcult to achieve than those requiring neither of these restric-
tions. Setting a value for T*, K*, C’E , OFY 6* , restricts the total flexibility avail-
able in selection of the most promising property and length ratios for a given model.
When all model ratios are leit unrestricted, it is possible to pursue several model
designs and selec:t the most optlmum in terms of closely matching the model criteria
with a minjmum of dlstortlon When one of the ratios is mltla_lly fixed, the number

of possﬂale d851gns is considerably reduced. Thus, the most desu'able model approach
is to make no apriori decisions on scaling ratios thereby mamtammg maximum flexi-

bility in model design.

Of the iwo preservation techniques, that of temdperature preservation is preferred

over materials preservation, Using temperature preservation permits materials
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substif;ution and, through selection of appropriate materials, compliance with model
ceriteria which include the influence of thermally dependent thermophysical properties.
Distortion of thicknesses will often be necessary to accomplish the requ{red matching
of thermal paths; however, the dependence of the model on material properties can
be preserved. '

Materials preservation is the least promising model approach since the required change
in model temperature (i..f%. , T* = L*-l/ 3) negates satisfaction of K* = C* = 1,

Most materials experiériée sufficient changes in K and Cp with temperature to
significantly alter the assumed preservation of initial properties. It has been sug-
gested by previous invéstigators that this difficulty can be eliminated through mate-
rials preservation with T* = 1. Satisfying the model criteria with both restrictions
requires georriétric distortion of all components which in most complex systems is

not poséible.

Other difficulties associated with materials preservation when T* # 1 are the need
for intense solar simulation and high temperature ratios. Since most preéent—day
solar simulators are limited to I* on the order of 2, length ratios on the order of
1/1.68 are the smallest available using materials preservation and irue solar simu-
lation. Smaller length ratios require higher intensities (I* = L*"4/ 3) which are
provided using infrared simulation and may result in high temperature failure of

surface coatings,

Stuéies of simple shapes such as flat plates, cylinders, a\.‘nd spheres with prescribed
b;)undary conditions are useful in establishing design limits in scale ratios for the
complete model. The analyses of a rotatiﬂg thick plate presented in Section 5 led to
the establishment of dimensionless parameters whose values provide ranges within
which similarity may be assumed even thoug}{ the model criteria are not strictly
adhered to, For example, when (K/creT?’avg L) > 102 for the prototype then a negli-
gible thermal gradient will exist through the thickness of a rotating plate. The model
can then be designed with any larger value of K/ UGTB;,vg L) as long as other con-
trolling parameters are adhered to. Additional information of this type can easily be

obtained through use of Groeber charts for the simple shapes.
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Studies of the multilayer insulation systems provided several indications of limitations
exigtent in modeling of this material, For any prototype using multilayer insulation
gimply as an adiabatic boundary, there exists the possibility of overdesign of the
prototype. Thdt is, many such designs suffer negligible changes in temperature of
enclosed surfaces for order of magnitude increases in insulation conductance, In
these cases, modeling must only accomplish a satisfactory adiabatic condifion and
accurate modeling of blanket properties is unnecessary. For applications where per-
formance is significantly dependent on the blanket conductivity, the model design is

considerably more difficult.

For modeling multilayer insulation with temperature preservation, the best approach
appears to be maintenance of K*/t* = 1 using the same blanket materials with fewer
layers. This corresponds to concurrent preservation of materials and temperature
through geometric distortion and allows the designer to use prototype blanket proper-
ties. Most important is that the approach aveids temperature dependent properties

of aliernate materials. Using a distorted thickness results in distortion of the three- 4
dimensional thermal field in the vicinity of penetrations. However, this is generally

not of importance for most practical systems.

A materials preservation approach with T* # 1 is most difficult for the multilayer
':system since the temperature dependence of these insulation systems is quite strong.
Performa.mce of the study then requires that a thorough experimental program similar
to the one reported in Section 7 be conducied to accurately specify the thermal con-
ductivity of the model. The difficulties associated with laboratory measurements of
K for the material are considerable since the measured wrap must correspond in all
details with that to be used on the model. In general, it is undesirable to pursue a
design approach of this type due to the need for a sizeable supporting effort on mate-
rial property measurements with little guarantee that desired thermal properties and

temperature coefficients will be achieved.
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Modeling of common joints with any degree of acceptable accuracy does not appear

to be a possible procedure at the present time. The influences of surface roughness,
waviness, and confact pressure are interrelated and sufficiently uncontrollable so that
design of prototype joints with erescrihed properties is not possible with less than

30% error. A larger error can be anticipated in the model joint in view of size effects,
surface preparation difficulties, and other unknowns. Modeling of special joints with
designs tailored to circumvent a thermal problem is entirely possible since the

influence of surface properties will normally be absent in the prototype.
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AIAA/IES/ASTM, Philadelphia, 1967

R. E. Rolling, and K, N. Mai:shall Thermal and Structural Modeling of a Large
éperture Space Telescope, Final Report NASA/Marshall Space I‘hght Center,

. Contract NAS 8-20411, Sep 1968

Billy P. Jones, "Theory of Thermal Similitude with Applications fo Spacecraft —
A Survey," Astronautica Acta, Vol. 12, No. 4 (1966) pp. 258—-271

J. M. F. Vi‘ckers, "Thermal Scale Modeling, " Astronautics and Aeronautics,
Vol. 3, No. 5, May 1965, pp. 34—3%

----- . Developmént of Thermal Testing Techniques at High Solar Intensities,
NASA- CR-7 3098, Final Report for Confract NAS 2-3164, NASA/Ames Research
Center, Jun 1867
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19. K. N. Marshall and R, E. Rolling, "Seale Modeling of Multilayer Insulated
Spacecraft for use in Preliminary Design Studies," ATAA 4th Thermophysics
Specialists Conference, San Francisco, Calif,, 16—18 Jun 1969, AIAA paper
69-318 * :

20, —-—-= , Performance of Multilayer Insﬁ:lation Systems for Temperatures to
700°K, NASA CR-907, 1967

21. ‘--7-—_—-, A Study on High-Performance Insulation Thermal Design Criferia, Final
Report Contract NAS 8-20353, Lockheed Missiles and Space Company, Jun 1967

22. G. R, Cunnington and C. L. Tien, YA Study of Heat Transfer Processes in
Multilayer Insulations, " Progress in Astronautics and Aeronautics (AIAA Series)
to be published, Academic Press 1970,

23. G. C, Vliet and R. M. Coston, "Thermal Energy Transport Parallel to the
Laminations in Multilayer Insulation, ' Advances in Cryogenic Engineering,
Vol. 13, p. 671,

24, A. R. Shouman, "An Exact General Solution for the Temperature Distribution
and the Radiation Heat Transfer Along a Constant Crogs-Secticnal-Area Fin "
Heat Transfer Division ASME, Nov 1967

25, M. N. Tawil and P. Caloger, "The Use of Multilayer Insulation on the LM
: Vehicle," AIAA 4th Thermophysics Conference, Jun 1969

26. ~A. M. Clausing and B. ‘T. Chao, "Thermal Contact Resistance in a Vacuum
' Environment, v ’.I'ransactions of the ASME Series C, Vol. 87, May 19265,
pp. 243—-251 )

27. R. E. Rice, Thermal Conductance of Metallic Joints, University of California

Mechanical Engineering Department, Berkeley, Ca., May 1966

28. H. C. Héwitt, A, M. Smith, K, W, Nutt, "Thermal Modeling of Bolted Joints,
ATAA 3rd Thermophysics Conference, AIAA #68-7G2, Jun 1968

28. C. Shih, Thermal Scaling of Bolted Joints, Martin Marietta Corp., Denver,

Colorado
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Appendix A

SOURCES OF INFORMATION FOR REVIEW OF
SPACECRAFT DESIGNS

All sources of material used for the review covered in Section 3 are presented in
tabular form in this appendix. Readers interested in obtaining the details of a

particular spacecraft design are referred to the sources indicated here.
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Table A-1

SOURCES OF INFORMATION FOR REVIEW OF SPACECRAFT DESIGNS

Apollo Application Program

1.

7.

Final Report for ATM/Rack Thermal Control Study, Augmentation Task
No, 7, LMSC-A842255, 7 Jul 19687, prepared by Lockheed Missiles &
Space Co. for NASA/Marshall Space Flight Center Apollo Applications
Program Office under Contract NAS §-21003,

ATM Thermal Control Study, Augmentation Task No. 32, LMSC-~-A842323,
5 Sep 1967, prepared by LMSC for NASA/MSFC under Contrace NAS 8-21003.

Final Report for Multiple Docking Adapter (MDA) Thermal Model, Augmen-
tation Task No. 14, LMSC/HERC-A842023, 6 Jul 1967, preparcd by LMSC
for NASA/MSFC under Contract NAS 8-21003.

Cluster Thermal Model, Final Report, LMSC-A842205, 1 May 1967,
prepared by LMSC for NASA/MSFC under Contract NAS 8-21003.

Part I, Contract End Jtem Detail Specification, Performance and Design
Requirements CEL 014000A, Multiple Docking Adaptex for Apcllo
Applications Program AAP-2, NASA-CP114A10000264A, 22 May 1967,
prepared by Systems Criteria Section, Systems Requirements Branch,
Vehicle Systems Divisien, Propulsion and Vehicle Engineering Laboratory.

Cluster A Design Reference Mission (DERM), LMSC-A842147, 11 Mar 1967,
prepared by LMSC for NASA/MSFC under Contract NAS 8-21003.

Personal Communication with Membexrs of LMSC Orbit Thermodynamic
Analysis Group, Oct 1967,

OGO (Oribiting Geophysical Observatory)

1‘

2F

3x

Final Report, Orbiting Geophysical Observatories I, II, and II, p. 2-1
through 2-77, furnished hy W. E. Scull, Project Manager for OGO at
NASA/ Goddard Space Flight Center.

W. E. Scull, "The Mission of the Orbiting Geophysical Observatories, "
The Observatory Generalion of Satellites, NASA-3P-30, Mar 1963, pp. 1-148,
prepared by Goddard Space Flight Center, Greenbelt, Md.

G. E, Gleghorn, "The Engineering Design of the Orhiting Geophysical
Observatories, ! The Observatory Generation of Satellites, ! NASA SP-30,
Mar 1963, pp. 11-24, prepared by Geddard Space Flight Center, Greenbelt,
Maryland,

*Also published in Advances in the Astronautical Scicnces: Scientific Satellifes,

Vol, 12,

27 Dec 1962, edited hy Irving E. Jeter, Western Periodicals Co.,

North Hollywood, Calif,
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Table A-1 (Cont.)

OGO (Cont.)

4, G. J. Gleghorn and W. T. Wiggins, '"Design and Development of the
Orbiting Geophysical Observatory,' Civilian and Military Uses of
Aerospace, annals of the New York Academy of Sciences, Vol. 134,
Art. 1, pp. 205-233, 22 Nov 1965,

5. J. B. Rittenhouse and J. B, Smgletary, Space Materials Handbook,
. 2nd Edition, Supplement 1, M-54-65-1: ML-TDR-64-40, Dec 1965,
Lockheed Missiles &.Space Co., Sumnyvale, Calif.

. 6.- J. B, Ritterhouse and J. B. Singletary, Space Materials Handbook,
- 2nd Edition, Supplement 2, L-58-67-1: AFML~TR-64-40, Mar 1967,
‘Lockheed Missiles & Space Co.., Sunnyvale Calif,

'OAO (OrbltmgAstronomlcal Observatory)

1% R. R. Ziemer and J. E. Kupperlan, Jr., ”The Misgion of the Orbltlng

"~ Astronomical Observatory,' The Observatory Generation of Satellites.

NASA SP-30, Mar 1963, pp. 45-52, prepared by Goddard Space Flight

Center, Greenbelt Maryland

2.* - W. H. Scott, "The Engineering De51gn of the Orbiting Astronomical
'Observatory, " The Observatory Generation of Satellites, Nasa sp-30,
“Mar 1963, pp. 53-62, prepared by Goddard Spaee I‘llght Center,
Greenbelt Maryland.

3. L. H: Hemmerdinger, "Thermal Design of the Orbiting‘Astronomical'

"Observatory, ' Journal of Spacecraft and Rockets, Vol. 1, No, 5, Sep—0Oct

1864, pp.- 477-483,

4, J. Mockoveiak, Jr., "Engineering an Earth Satellite, ¥ Mechameal
Engineering, May 1963 pp 48-51.

5. J. B. Rittenhouse and J." B. Singletary, Space Materlals Handbook, 2nd
Edition, Supplement 2, L-58-67-1: AFML-TR- 64 40, Mar 1967, Lockheed

- Missiles & Space Co., Sunnyvale, Calif.

A0SO (Advanced Orbiting Solar Obsgervatory)

1* J. C. Lindsay, "The Mission of the Advanced Orbiting Solar Observatory,"
The Observatory Generation of Satellites, NASA SP-30, Mar 1963, pp. 25-30,

_ prepared by Goddard Space Flight Center, Greenbelt, Mavryland,

2% A, J. Cervenka, "One Approach to.the Engineering Design of the Advanced
"Orbiting Solar Observatory, " The Observalory Generation of Satellites, NASA

SP-30, Mar 1963, pp. 31-44, prepared by Goddald Space Flight Cenler,

Greenbelt Ma.ryland

*Also published in -'A'dvances‘ in the Astronautical Sciences: Scientific Satellites,
Vol, 12, 27 Dec 1962, edited by Irving E. Jeter, Western Periodicals Co.,
North Hollyweod, Calif.
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AOSO (Cont. )

3. AOSO Phase I Final Report, Thermal and Structural Sections, (pp.
through 1-279), furnished by F. J. Cepollina, NASA Goddard Space I‘llght
Center, |

GEOS {(Geodetic Satellite)

1. J. E. Phenix, "Structural Design Analysis and Testing of the GEQS Satellite, "
' Technical Memorandum TG-730, Sep 1965, The John Hopkins University —
Applied Physics Laboratory, Silver Spring, Maryland,

ATS 4 (Applications Technology Satellite)

1, An'Advanced Study of an Application Technology Satellite (ATS-4) Mission,-
Vol. 1, Book 1, Final Study Report under Contract NASw-1410, Geperal
Electric Co., Missiles and Systems Div., Philadelphia, Penn., Nov 1966,

+ .(NASA-CR-81767, Doc. 665D4522, Vol. 1, Bk. 2).

"2, TFinal'Report ATS-4, Vol 3 of 8, prepared by Fairchild Hiller Space Systems
Division for Goddard Space Flight Center, CR-81603, Dec 1966.

P-11 (Orbital-Launched Satellite)

-, 1., Lockheed P-11 Orbital-Launched Satellite (sales brochure), 15 Febh 1964,
"~ " Lockheed Missiles & Space Co., Sunnyvale, Calif.

2. Personal Communication with Pat Denicore of LMSC P-11 Structural
"Design Group.
Nimbus

1. R. A. Stampel and H. Press, '"The Nimbus Spacecraft System," Aerospace
" Engineering, Vol. 21, No. 7, Jul 1962, pp. 16-28.

Space Materials Handbook, 2nd ed., Supplement 1, op. cif.

3. Drawings containing some information on materials and spececraft
e conﬁguratlon
"Mechanical Interface Design Spec., Control Drawmg, " General Elcetric
ER475J207702.
"Mechanical Interface, Nimbus Altitude Control Subsystem, ' General
Electric 47J207723.
"Sensory Ring Configuration, ' General Electrxc 47J209953.

Multi-Purpose Communications Satellite

1. Multi-Purpose Communications Satellite Study, Final Report, Vol. II,
Satellite Design, LMSC-A881659, 20 Jul 1967, Lockheed Missiles & Space
Co., Sunnyvale, Calif., prepared for Communications Satellite Corporation.

2. Personal Communications with L.MSC personnel.
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Pioneer VIand VII
1. Space Materials Handbook, 2nd ed., Suplt-alement 2, op. cit.

2. Personal Communication with J, P. Kirkpatrick and J. Frank, NASA
Ames Research Center, Moffet Field, Calif.

Mars Orbiter

1. Mariner Mars 1969 Orbiter Study, Final Report M-29-64-1, 4 Oct 1964,
a prepared by Lockheed Missiles & Space Co., Sunnyvale, Calif., under
Contract JPL-950877. -

2. "'Mariner Mars Orbiter Structural Analysis, " Interdepartmental Communi-
cation, Lockheed Mlssﬂes & Space Co,, Sunnyvale, Calif,, 11 Aug 1964,

- - -

Orhital Tanker

1. Orbltal ‘Tanker Desgign Data Study, ‘Final Report, Vol. 1, LMSC-A748410,
30 May 1965, prepared by Lockheed Missiles & Space Co., Sunnyvale,
Calif., for NASA/MSFC under Contrac NAS 8 11326,

OTES (Optical Technology Ixperiment Svste:m)

1, Optical Technology Experiment System (OTES), LMSC Inpuf to Phase I

: Final Technical Report, LMSC~A820889, 1 Sep 1966, submitted by Lockheed
Missiles & Space Co. to The Perkin-Elmer Corp. in support of Prime
Contract NASA 8-20255 (MSIC).

2. Study for an Optical Technology Apollo Extension System, Interim Report,
No, 8319, 15 Apr 1966, prepared by The Perkin-Elmer Corp. for
NASA/MSFC.

3. Additional information obtained as a result of LMSC activity on research
Contract NAS 8-20411 (Thermal Similitude).

Agena

1, Standard Agena Space Vehicle Model SSO1-B, Description Manual, LMSC-
A397890, 15 Oct 1967, Lockheed Missiles & Sapce Co., Sunnyvale, Calif,

Personal Communication with C. MacQuiddy of LMSC Agena Engineering.

3. Drawings:
Structure — Forward Section, No. 1393253 (LMSC)
Structure — Aft Seclion, No. 1393373 (LMSC)
Tube Structure — Forward Section, .No. 1325062 (LMSC)
Ring Segment — Forward Section Structure, No. 1395156 (LMSC)
Beam Assembly — 30, Aft Section, No., 1383214 (LMSC)
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Advanced Multi-Purpose Space Exploration Spacecraft

1, Starlet/Starlite System, Technical Description, L1\’.[SC-A847990 17 Apr 1887,
) Lockheed Missiles & Space Co., Sunnyvale, Calif, (LMSC Proprietary
” design). ’ : )

Space Materials Handbook, 2nd ed. , Supplement 2, op. cit.

20 Surveyor V, A Preliminary Report, NASA SP-163, Dec 1967, National
- Aeronautics and Space Administration, Washington, D.C.

3. Personal Communications with J. Fortenberry, J. Smith, and B. C. Jones,
Jet Propulsion Laboratory, Pasadena, Calif, .

4, Drawings: : : :
Surveyor Spacecraft General Arrangemen‘t 3025125 (Hughes Aircraft
Company)

"Subassembly installation drawings useful for defining details of con-
figuration: Hughes Aircraft Co. Nos. 230084-3, 230093-2, 230108,
230126-3, 230128-3, 230135-2, 230136—1,230167—-3, 261336, 261487,
264238, 264272, 264292, 264449-3, 276167, 276500, 285919-3,

- .2B6124-2, 3025733, 286405, 286582-1, 292005, 292130, 3025093,
3025156, 3025188, 3025203, 3025262, 3025288, 3025353, 3025354,

Marmer .
‘ Space Materials Handbook, 2nd ed., Supplement 1, op. ¢it.

Voyager (LMSC proposed Configuration)

" Voyager Spacecraft Sysiem Proposal, Vol. 1, 22 Feh 1965, LMSC—A733418,
Lockheed Missiles & Space Co., Sunnyvale, Cahf

. ‘Explorers . . . - o o
" 1. ‘Space Materials Handbook, 2nd ed., Supplement 1, op. cit.

2. Space Materials Handbook, 2nd ed., Supplement 2, op. cit.

3. - J. M, Madez and R. C. Bawmann, Structures for Small Scientific Satellites,
NASA-TM-X-55285, Jul 7, 1965.

Lunar Orbitor

1. Space Materials Handbook, 2nd ed., Supplement 2, op. cit,

Ranger - .
" ' 1. Space Materials Handbook, 2nd ed., Supplement 1, op. cit.
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ESRO I (European Space Research Organization)

i1, D. M. Squires and C. R. Hume, "Structural Design of the ESRO II Solar

3.

Astronomy Satellite," presented at the Collogue Sur Les Structures De
Satellites, 8 Jun 1965, copies available through AIAA Technical Information
Service,

"The Design of ESRO II, " Systems In Space: A Regular Survey of Space
Engineering Progress, 1965,

A. W. Lines, "Design of Spacecraft for Experiments in the ESRO Scientific
Program, " Journal of the Royal Aeronautical Society, Vol, 69, No, 1965,
pp. 759-762. C- .

San Marco {Italy)

1,

2,

L. Broglio, The San Marco 1-A Scientific Satellite, XVI International
Astronautical Congress, Athens, Greece, 1965.

""The Siructural Configuration of the San Marco Satellite, "' Sciences Et
Industries Spatiales, 9/10, 1966.

U, K. -3 (England)

1, J. 1. Bloﬁstein, Progress with U.K. -3, 1965, British Aircraft

In addition to the references listed above, the following documents were found to
coniain useiul information on spacecrait configurations and/or materials:

1.

TRW Space Log, a quarterly publication of TRW Systems Group, Redondo
Beach, Calif., (pertinent information on the foregoing spacecraft in:

Vol. 4, No. 3, Fall 1964; Vol. 5, No. 2, Summer 1965; Vol. 5, No. 3,
Fall 1965; Vol. 6, No. 1, Spring 1966; Vol. 6, No. 2, Summer 1966;

"Vol. 6, No. 3, Fall 1966; Vol. 6, No. 4, Winter 1966~67; Vol, 7, No, 2,

Summer 1967; Vol. 7, No. 4, Winter 1967—68).

Review and Fvlauation of Recent Structural Development Programs, Vol. 1,
15 Aug 1966, R-ME-IT-10044, Internal Note, NASA, Marshall Space Flight
Center.

Proceedings of the ATAA/ASME 8th Structur es, Structural Dyanmics, and

.-Materials Conference, Palm Springs, Calif., Mar 29—31, 1967,

Program 461 Spacecraft Materials Handbook, LMSC-A327227, May 1964
Lockheed Missiles & Space Co., Sunnyvale, Calif.

Proceedings of the ATAA Fifth Annual Structures and Materials Conference,
Palm Springs, Calif., 1 -3 Apr 1964, ATAA Publication CP-8,

Space Materials Handbook, Second Edition, Jan 1965, edited hy C. G.
Goetzel, J. B. Riftenhouse, and J. B. Singletary, ML-TDR-64-40, Air
Force Materials Laboratory, Wright-Patterson Air Force Base, Ohio.
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Appendix B
. THERMOPHYSICAL PROPERTIES

The table and figui'es of thié appenﬁix conta'in information on the thermophysical
properties of materials in current use on spacecraft. The information may also

be used to assist in initiating design of a thermal model.

The data represent best values available at the present time and are not intended

as an accurate value for a specific éample. Considerable differences in properties
are frequently found on the literature surveyed requiring judgment and averaging

to be used to establish values for the following compilatibn. Therefore, the reader
is likely to find numerical differences between the quoted values and those measured
for a specific sample. However, the data are considered an excellent indication of
‘variations in p and Cp for various metal alloys, insulations, ‘and composites, and

of considerable aid for initiation of model design.

Following the‘présgantati'on of data in numerical and graphical form isa listing of

references used for preparation of this appendix.
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Table B-1

THERMOPHYSICAL PROPERTIES OF TYPICAT, SPACECRAFT AND
MODELING MATERIALS ]

. ' .
Matoring Density CoTnE:l:ga?:ty Speclos et nﬁ‘:ﬁi!'v'?.', Coell .ltevnelf:ﬁ hermal
{Em/em3) Mrfem=K) . fem?/aoc) Expansion
{at 395°K) (E295°K) | (i 385°K) | qln Jin./"h) (256 10 373°K}
Btrustursl
1 Abmimm - Y . o -
1100-0 27 2.22 0oz 088t 226 v 107°
: ~ 1100-H14 . s 2m 2.20 TR 0.885 2.8 x 1070
1100-H18 2.1 218 092 0,818 2,36 x 1070
2014-T0 . . 2.60 |° 103" 8,96 078 2,30 x 107°
2004-T4 z 80 L . o3 | o.4s0 $30%x1075 '
2014-T6 . 2,60 1584 0.6 0573 2.30 x 107
2020-T0 21 1.05 - - 2.28 x 1070
. 2020-T4, —T6 A 2,71 088 - - - 2,28 x 107%
" o2k - . . 2.7 188 0.52 0,755 232 x 107°
2024-T3, -T4. -T351 | 2.8 .21 .92 6,47 232v 1078
. 2219-T0 B - 2,83 a4’ . e P R T T R
2219-T§ 2.53 1.12 - - 232 % 107
2219-T81 . . . 2.43 " 1,26 096 . L0460 2.23 % 107° . -
3003-0, -Hi8 2.7 1,76 0,62 0.699 232 %100
5052-T0, ~432, ~H3d - 2.8 1.3 gz | o580 2,38 x 1075 -
§061-T0 . 270 1 0.96 0,660 2,36 % 107°
s T L 2,70 . 1.5 0.56 . 2,599 2,38 x 1070 .
1039 -~ _ 1- - [ SRR
y | . 707810 - 2,80 L 0.96 0.636 236 % 107°
1075-T6, 1651 1oz | na | b - .44 2,36 x 16°F s
7073-T6, -TasL _ 2,75 125 .95 0.474 238 x10°%
- T178-T6, -TG51  ° 2 83 126 .56 | o460 * 2.9z %1078 FENE
368-T6 . 2.6 151 0.95 0,595 2.14 % 107
Structural Metels i E A O N ' . .
Magnosium
Mag, (39.9+% pure) 1T b.54 ' 1.03 0 860 z 61 x 1075
AZ31B-0, Hz4 17 0.78 1.00 0430 2.68 % 1070
« | Tazsim-F , .17, 0.76 | - e 0.425 2,63 x 10°F
AZ80-T5 1.80 09.502 1,05 0,288 2 83 % 10°°
HK3A-G - 1.78 1.08 1.3 - | .0.575 2.63 x 10”
HK3LA-H24 1.78 L 1.02 0.619 269 x 1078
WMZIA-TE | 1 1.37 1.05 0,734 2.63x 107"
HM31A-T5 1.90 1.05 105 0.556 2,63 x 1075
ZHOOA-F 1.8 117 1.05 0 6lo z,51 x 1078
ZKOCA-TS 1.83 121 1,05 0.630 2,61 % 107°
ZHBIA-TS 1.85 L.09 1.03 0.512 2.65 x 107°
‘Magnesium=Lithium
LAIA-TT LM 0.4 - 1,45 0.226 2.92 % 1075
Btatnloss Staal 1}
A-286 . 7.9 0.237 042 0,071 1.85 x 107
264 8.05 0 183 0.50 0.042 1.72 x 1073
szk 7.83 0.134 0.50 0.034 1.68 x 1075
1 s 8.06 9,161 o 60 0.040 1.67 x 1077
- 10 176 4,275 0 48 0.077 0.99 x 1075
18-8 - 8.05 0.159 0.45 0 044 1.73 » 1075
Maraging stosk (16 Ni) 8,06 - - - 1.0t % 1078
PH-15-7 Mo 7.85 0.161 - - (0.0 10 1.02) % 107
‘BerylHum -
Commsrakally Pure 1,85 182 1,89 0 B19 115 x 108
Lockalloy {Gommerciaty 2.0 213 - 1.69 0 510 1.66 x 1075
Be-ou Allay (Ba-1 8%, Co-0.2%){Cy-| 8.30 113 0.42 0,324 1.67 = 1078
Fltantum
Commerclatly Puro 4.6 0170 0,52 0,012 1.045 x 1075
GA1-4V-0 447 o.0727 © .53 0 0307 0,88 x 1078
8A1-1Mo-1V 4.31 0.088 - - 065 » 16°5
BA1-2,68n 448 0.08% 0.57 0.633 094 x 10°3
13V-11Ce-3A1 £.85 0.069 0,64 0,026 0,07 x 1070

lremporature renge 300°K to 1030°K for A268.
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Table B-1 (Cont,)

Thormal Thermal Avorage
. Materin] Densi Conductivity ?};:;f,g;’“ Diffusivily Cosfilciant of Thormal
- sm/fem®) | (3/emK) {at 295°K) fem2/nsc) Expansion
. (at 265°K) (at 208°K) {in./in, /*K) (295 to 373°K)
Adheéalves » -
8illcone (RTV) . 1.2- 0. 6017~ 1,21~ 0.00117 4
- 1.5 @, 603y 1,55 0. 00133 2,52 ¥ 10 ®
Epoxy 1,21 0.0019 1.18 0.00135 6.8 x 1070
Resin Coments 1.3 0,0024 1.45 0.00127 -
Optical Materialy 7 .
" Funed Silioa (Corning 7540) 2.2 0.0133 0.73 0.0083 6.6 x 1077
Fused Quartz 2.2 0.0138 0.69 0. 0091 5.6 x 106~
Microgheot (Corning 0211) 2.6 - .- - 2.0 x 1077
Honeyeombh ) .
Ti-(Ti-fRoes/Ti-r1gs) - 0.017 - - - =
Ti-(Drplex Core TH/Glaga - 0.008 - - - )
honeycomb-Ti inces) - R . . A R
Rainforced Plestic Faclng & Core - 0.00039 .- - - .-
{cora 1 in. thick) N
Gless fabric-polyesther fsctng/oylon | 0,084 | o.000m1 - -0 T -
phenolic cors, 0.308 in. thick. -
Gisws fabric-polyesther facing /glaos 0.006%} | 0.00087 - - - .,
fabric phenolie cors, 0.311 in, fhick
Staintesa Sieal (17-TPH) - 0.00158 0.55 - “a.8 x 10-500)
(free: 0.032 in. thick; cors: 0.375 X 1.08 x 10-6le:b)
in, cells, 0,625 in. thick) . . ' b
Alumniman {2024-13 - 0. 0053 1.0 - Tl w7 x 107 ’b)
Face: 0.02 in. thick; core. 0.25 tn, : ) . . 198 x 15-6(a,b)
cell Bize; 0,626 In. thick - : - .
Foam (Polyurethane) 0.16 0. 0004 1.47 0.0017 | 6.3 x1078 "
Mylar (0, 008 mm thick) * 1.39 0.0016 1.32 0. 0008 189 x 1070 .‘
Kapton (0. 008 mm thick) 1,42 0, 0016 1.05 0,601 2.7 %1050 °
Aluminized Kapton (0. 025 mm thick) | 1.42 0.0018 - - - .
Hylon : 1.14 0.0038 1.56 0. 002 8.1 x 105, .+
Plexiglass 1.18 0,0015 1.30 0,000 . | 7.0 % 1075
Toflon ~ (P+FE} 2.13 0.0017 1.05 0. 6008 10.0 x 10-5¢ @
Teflon ~ (FEP) - 2.13 "} 0,0021 1 0.0008 8.3 —10.4 x 107>
Qless Fubric Relnforced Epoxy . ’ -
181 glesg fbric/shell X-131 Epoxy 1.87 0.,0037 - - - o
Rexin - ; } . , i}
181 glass fabric/{(Epon/plyophen 1.74 0.0011 - -, i - o
Resin)
Glags Fiber Reinforced Epoxy: ) -6, {f.b)
YM31A glass fibor/DER 333 1,85 0. 0046()™ 0. 845 o.0028) | 16,9 x 107yt
Epoxy Healn 0.0048(1) ©.0031(1) 24,3 » 10-6(1){D
. : 0.0083([ |) 0.0040(] |3 | 5.4 % 1078 )@
A
Miscellanoous - N -
Inconel T18 8.21 0.194 - - 1.88 % 10'5“)
Mo-0.6 T4 . 10.6 1.1%5 0.251 0.45 835 % 10'5(‘) )
Mo-0.5 TI - 0.8 Zr 1022 1,458 0. 27610 0.62  -| 5.35% 167"
, Alloy 510 (Phosphor Bronzo A) 8.88 0,69 0.317 .21 9.9 x 10°% N
g;nnom temperature value, - ) - ’
f d)00re donsity. N
Acrocs thickneas,
“f’]mngﬂudiml .
E ;At room temperature.
(E]At eryogonic lemperitures, 1
(t) = Mozs, in thickness direction of materiel,
{4} = Mozs, perpendicuiar to reinforcoment.
m([ | }= Meas. parallel to reinforcement,
Purse Mo )
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Table B-2

EFFECTIVE THERMAL CONDUCTIVITY OF MULTILAYER INSULATION AS A FUNCTION
OF LAYER DENSITY AND BOUNDARY TEMPERATURES

QITHAIION

JO NOISIAIC 40049 ¥

SEFTIISSIW

v
AHOLVHOEYT HOUVYISIH OLTY OVd QIIHMDON
0L

32 v ds

NOIEYHO4NOD LIVEDHIY GIIHEDOT

AMY IV OD

(W/em *K % 10°) through Multilayer

K

a eff Insulation Uncg:g:srletssed Un;;lnéﬁ;::ze" No..of, No. of

Multidayex Ensulation Deseription Layer Density {Radiation Shields/in.} (g/cmzy) {cm) Shields Spreers
10 30 50 70 90 | 110 | 130 150 ’

Siugle-aluminized crinkled Mylar - 0.052 | 0.045 | 0.052 | 0.065 | 0.080Q s 0.0168 0.56 . II.O . Integral
(0. 25 mal NRC-2), Mylar forms . - \
integral spacer (300/78°K) ' :
Same as above (295/21°K) * - 0.056 | 0.029 {'0,060 | 0.081 | 0,101 0.125 | 0,152 20 lnt:egrnl
Double-alummuzed Mylar (0,25 mil) - - - - 0.025 | 0,026 | 0,030 | 0,037 ©0.0376 0.33 w 1
with Tissuglas (0.6 mil thick) -1 ' ' . 4 ,
spacers (300/78"K) -
Double-aluminized Mylar (0. 25 mil) C - - 0.055 | 0,048 | 0,050 | 0,055 | 0,064 | ~ 0.048 . 0.509 10 11
with Dexiglas (2.8 mil thick) . . : . . “
spacers (300/78 *K) " oo '

Same as above with buttonrs on . : ., 0,037 {120 rad. shields/in.) . . . 40, | 40
8-in. centers (278/77'K) :

Same as above with buttons on . 0.045 {120 rad, shields/in.} ) . . 40 40
8~tn centers (278/21°K) : : . .

Crinkied double-alumimzed Mylar b 0,137 | 0,085 [ 0,070 | 0. 068 | 0,073 | 0.683 | 0.099 - 0.0144 » 0,89 10, 11
{0, 25 mil) wath Tissuglas B

(0.6 mu}) spacers (300/78°K} f

Crinkled double-zluminized Mylar - 0,062 | 0,043 | 0.038 { 0.041 | 0,054 - - 0.0128 ! 1.018 10 11

{0 15 ) wath Tissuglas .
(0.6 mu} spacers (300/78°K) .

‘| Alumuuzed Polyunide Film with - 4 0.82 0,37 0.97 |10 1.23 1.39 - 0,069 1.27
Dexiglas (2 8 mil thick) , ‘. : ,
gpacer (600/271°K) .

10 11

- " . i

#Hot and cold boundary temperatures mven as (/o °K)



Tahle B-3

SPACECRAFT MATERIALS

VALUES OF p C,, pC,K, and pC /K FOR VARIOUS

) Temp = 295°K | Temp = 285°K | Temp = 235°K
Material 5 /‘éIgEoK P Cp/ Kz P f/ K
c:mZ K ——-——-—-gsec/cm
Aluminum o

F1100-0 2.4932 5.5349 . 1.1231

- 1100-H14 2.4932 5. 4850 - 1.1333
1100-H18 2.4932 . 5.43562 1.1437

-~ 2014-T0 2.6880 5.1878 1.3927
2014-T4 2.6880 3.2525 2.2215
2014-T6 2.6880 4,1395 1.7455
2020-T0 -

- 2020-T4-T6 -
2024-T0 2.5576 4.9362 1,3262
2024-T3-T4 2.5576 3.0947 2.1137
2219-T0 ’ -

- 2219-T6 - S
2219-T87 - 2,7168 3.3960 2.1734

- 3003-0-H18 2,5208 . .4.4366 1,4323 .

"5052~-T0-H32-H34 2,4858 3. 4025 - . 1.5158 :
6061-T0 2,8920 4,4323 1.5158
6061.-T4-T16 2.58920 4,0176 1.6723.
7075~T0 . 2,6880 4,5965 1.5719%
7075-76-765L ‘2. 6880 3.4944 2,0677
7079~T6-T651 2.640 "3.300 2,1120 -
7178-T6~T651 2.7168 3.3960 2.1734
356~T'6 2,546 3.8445 1.6861

Magnesimm . o .
99.9+.% pure .1,7922 2.7600 1.1638
AZ31B-0,H2Y 1.77 - 1.3452 2,3289
AZ31B-F 1.7877 1.3587 2.3522
AZ80-TH 1.890 0.9488 3.7649
HK31A-0 1.8437 1.9543 1,7393
HK31A-H24 1.8437 2,1018 1.6173

‘HM21A-T8 1..869 2.9605 1.3642
HM3I1A-TS 1.830 1.9845 1.8000
ZK60A-F 1,922 2.2487 1.6427
ZKG60A-T5 1,922 2.3256 . 1.5884
ZK62A-TH 1.9056 2,077 1,7482
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Table B-3 (Cont.)

Temp = 295°K | Temp = 295°K | Temp = 285°K
Material e Cp P Cp/K p Cp/K
J/gm-"K cm? °K2 1
sec/cme ———
Mag-Lithium .
LA141A-T7 1.943 0.8549 4.4159
Stainless Steel . :
A-286 3.33086 0.7894 14, 0532
304 4,025 0.6802 23.8166
321 3.945 0.5286 29,4403
347 4,025 0.648 25,0000
410 3.565 0. 880. 12.9636
18-8 3.623 0.576 22,7862
Beryllium )
Comm. Pure 3.5154 6. 3980 1.9315
Lockalloy - 4,4091 7.4514 2.6089
~Be-Cu - 3.4860 3.9392 - "3.0850
Titanium :
Comm. Pure 2.3452 0.3987 13.7953
6 Al-4V-0 2.3691 00,1722 32,5873
5 Al-2.5 Sn - 2.5422 0,2135 30, 2643
13 v-11 Cr—3 Al 2.6190 0,1807 37,9565
Optical Materials -
7940 F. 8. 1,606 0.02136 120,75
Fused Quartz - 1.518 0.02095 110,00
Pyrex 1.930 0.02181 170.79
Nylon 1,767 0.00636 490, 83
Teflon (PTFE) 2. 2365 0.00380 1315, 59
Teflon (FEP) 2.4921 0.00523 1186.71
Plexiglas " 1,934 0,.00230 1022. 67
Fiberglass -

181 glass/selection 1.9474 0.00253 1498.00
YM31A/DER Eposy  1.563 0.00719 339.78
Mo~015 Ti 2.661 3,180 2.2268
Alloy 510 (Phospher 3.336 2,302 4.8348

{Bronze) .
Pure Aluminum 2,425 4,947 1.1887
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(Cont.)

Table B-3
Temp =-295°K | Temp = 205°K | L&MP c= /2}{95%
Material P p Cp/K P l13'
: _DK m————
/gm cm? °K? Sec/omZ
Pure Copper 3,428 13.252 0.8881
© 959, Cu 5 Al
(Alum Bronze)
75 Cu, 25 Sn(Bronze) 2.970 0.772 11,423
85 Cu,. 9 Sn, 6 Zn 3.350 2. 030 5.5281
(Red Brass) -
Molybdenum 2.560 3.098 2,1157 -
Pure Nickel _ 3.969 3.572 1,410
Tungsten _ 2.586 4.215 1.5865
silk 0. 080 2.91x107° 174.5
Cotton 0.103 6.077x107°
Honeycomb
ASTEC Mat. A
Alum/Alum 1/4' th
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Fig. B-3 Thermal Conductivity of Aluminum 6061-TO
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Fig. B-48 Log Plot of Logarithmic Dependence of the Thermal Conductivities of Polyurethane Foam
and Teflon (TFE)
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