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ABSTRACT

The work repor'ed herein is the first phase of a program to improve
the prediction of spacecraft thermal performance. The study has consisted
of measuring actual joint thermal conductan~es, correlation of the
measured joint conductances, programing an improved method of thermal
radiation analysis, and performing an experimental comperison of predicted
radiation exchange for a simple geor trical system.

Three types of structural and three sizes of component mounting joints
wers tested ani the conductances measured. A successful method of
correlation was developed for the unfilled component mounting joints. All
joints were selected for their applicability to the next phase of the
program, a thermal test of & spececraft model.

A moethod of radiation analysis has been programed which uses directional
thermal radiation properties and accounts for the specularity and/or
diffuseness of these properties. The results of this program can be
readily incorporated into most existing thermal analysis programs. The
user has the choice of the specular, the diffuse, or the specular-diffuse
assumption. The prediction of radiation exchange using these assumptions
for simple geometrical arrangemsnts has been campared to experiment.

Although the results were within the overall experimental tolerences, further
improvement in the predicted values is believed possible.

The study has developed several important techmical areas which are
worthy of further svaluaticn. The first is the extension of the correlation
techniques to include filled component joints and filled or unfilled
structural joints. Continuation of the general measuremcnt of joints to
develop 4 large knowledge of practical joint conductances ies also indicated.
The camparison of expsrimental and predicted radiation exchangs has shown
that & more extensive study is needed of thermal radiation properties to
deteraine the division of these properties into specular and diffuyse
compongnts, The non-gray error of radiation analysis has also been shown
to be an important area for further etudy.
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SYMBOLS
Section 3
Area - ft2
Thermal conductance - Btu/hr £t° °F; heff = effectjve h
Heat flow - Btu/hr

=

q

1, Temperature - °F

Section 4

A Area of a surface -ft2

B Quantity introduced by Gebnart - Btu/hr ££° °RY (Section 4.1)

C Heat capacity - Btu/hr

D Diffuse irradiation - Btu/hr £2 ster. (Section 4.2)

F Geometrical shape factor

8 "Seript F"

J Radiosity - Btu/hr £t°

M Number of surfaces within the enclosure

N Number of time intervals

R Thermal conduction resistance - hr °F/Btu (Equation L-3)

R Hottel's radiant power leaving a surface - Btu/hr £t °R*
(Section 4.1)

T Absolute temperature - R

a Coefficient (Section 4.2)

b Coefficient (Section 4.2)

c Cuefficient (Section 4.2)

d Coefticient (Section 4.2)

1,3,k Indices representing surfeces within the enclosure

q Heat flow Btu/hr

x,¥,2 Indices

/f

Absorptance

Fmittance

Convergence factor (Fquation 4-8)
3.1415927

Reflectancu

Stefan-Boltzmamn constant - Btu/hr ft
Time
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a SYMBOLS (Cont.)
[ Square matrix
[ ]"'1 Inverse square matrix
{1 Column matrix
Section 5
Symbols defined in the text.
Section 6
Q Source heat flow - Btu/hr
p(e) Directional reflectance at angle 6
0 Angle between the normal to the surface ard the

incident or reflscted radiation - degrees

Section 7
A Area, ft°
Q Heat flux, Btu/hr ft?'
R Radius -~ in.

e T Temporature, F
a Bolt diameter, in.
b Twice the plate thickness, in.
e Effective -cntact radius, in,
d Bolt major thread dia.
h Thermal conductance - Btu/hr £t° °F
k Thermal conductivity - Btu/hr ft °F
r Radial position, in.
t Plate thickness - ft.
n Nondimensional radius ratio - r/R
L Nendimensional radius constant R /R
Appepddx IV
TR « "Receiver" tempersture ]

Tl( = "Mirror" temperature °r
1‘0 = "3ink" (cold wall) temperature °R
. T. = "Source”" temperature °r
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1, INTRODUCTION AND SUMMARY

The progrem, "Prediction of Space Vehicle Thermal Performance," was
initiated on 1 July 1964, under Contract AF 33(615)-1725. 'The purpose of
ths study can be stated as: Given the necessary analytical methods and
experimental data, how well can the thermal performance of a space vehicle
be predicted? The subject program was the first step towards securing an
answer to this question. v

The problem provides two natural divisions. The first is the
examination of the analytical procedures needed and the experimental infor-
mation required for analysis, The second is the verification of the
predictions of analysis by a thermal test of a model space vehicle. “he
present program was intended to satisfy the first need and to proviie a
transition to the second. Since a model is required to verify analysis,
its design will dictate the natnre and scope of the experimental studies
performed to support analysis. In perticular, the subsequent construction
of a test model will require the selection of structurel and component
Joints in anticipation of the design. Deperding upon the type of joint
selected and the degree of experimental measurements made, the thermal
resistance of the joints can be critical to the experimental verification
of any predictions made. Consequently, it was necessary at the start of
the present program to select, in reasonable detail, the model configuration.
The experimental meacurements of joint thermal resistance were restricted
to those joints to be used in the model. Only in this marmmer could the end
purpose of the study, the test of prediction, be achieved within the
allocated resources and time.

The apecific tasks undertaken in the study were:

(a) Selection of a model for detsrmination of the experimental
Joint thermsl conductance measuraments

(b) Experimental messurement of component and s’ ructurel joint
thermal conductance

(c¢) Examination of the results of the joint thermal conductance
reaults to ascertain if a correlation were possible

(d) Comparison of the analytical techniques of Hottel (1),
Gebhart (2), and Oppenhein (3).

(e) Develomment of s computer program for a specular-diffuse
amlysis (L)

() wul measurement of rediation exchange with real
surfaces

The following report will consider the above tasks in the order shown.
It should he re-emphasized that the purpose of the progrem ard hence,
the goal of each task, is to provide the necesesary data for a compkrison
of thermal analysis and thermal test of a spececraft model.




2. SFACECRAFT MODEL SELECTION

An important initial task was the ronceptual design of the model cf
the space vehicle to be tested in the subsequent plase of the program.
The size, method of construction and shape of the mc ‘el greatly affects
the type of fasteners, the physical dimensions and the shapes of the joints.

T™e model which has been selected is shown in Figure 1. Alternative
shapes, cylindricel and spherical, were considered but the rectangular
parallelepiped was chosen for economy and ease of fabrication. Further-
more, the geometrical shaps can not be a critical factor in a test of
the prediction of thermal performance, The indicated dimensions,

24" x 24" x 36", are sufficiently large to demonstrete the affects of
construction variations, thermal gradients, and internal dissipation.

The model will conveniently fit into most environmental test chambers and
available solar simulation facilities. Also, the size is rapresentative
of many present day space vehicles.

A welded framework is indicated. This method of construction was
selected to reduce the number of structurel joints that had to be tested.
There are three stractural joints with the frama: the side panels, the
end panels, and the component mounting platform, The side and end panels
are 1/16-inch aluminum; i.e., thin enough to sustain a thermal gradient.
The mounting platform is 1/8-inch aluminum. In sctual space vehicla
construction, this mounting plate would probably bs a honeycomb structure
to reduce weight. Such materials are anisotropic and the thermal
conductance in the x, y, and z directions are variable from sample to
sample of the same material. The conductance alsc varies widely for
different types of hcneycomb. Thus, uss of a honeycomkt structure would
introduce a major undetermined factor in the thermal analysis. This
could easily obscure the validity of the comparison of prediction and
experiment. The aluminum mounting plate avoids this without affecting the
value of the test to be conducted. Thus, if the analysis can properly
predict for the sluminum plate, it will be satisfactory for application to
a honeycomb material (assuming the properties of the honeycomb are known).

The axternal panels can be changed to provide different axternal
thermal rediation propertiea. This may rot be important in the initial
testing to be performed with the model but will be useful should further
teating be desired or required. These panels can be coated to sim:late
solar cell thermal rediation propertiea, low a/c nroperties or svan be
insulated without affecting the basic model physically. A louver system
could be used in place of any panel to determine the effects of varisble
emission. Hence, the model will be of much more value than just for
the progrem contemplated in Phase II.

"~y
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3. THERMAL CONDUCTANCE OF JOINTS

Completely riveted joints were excluded from the study. In spacecraft
practice, riveted systeams are used in order to save weight. Howeve., the
thermal conductance of such joints is not considered reproducible and
variations of 100 percent have bsen found in supposedly identical joints (5).
Since the goal of the program is to test the ability to predict thermal
performance with reliable input information, the introduction of such an
uncontrolled thermal resistancs jis not desired. This would not test the
prediction of thermal performance but only the uncertainty of knowledge.

The effect of the variable thermal resistance can be demonstrated ana-
lytically, once the analysis has been verified.

Two general types of joints were studied: component and structural
joints. The component joints are shown in Figure 2. The dimensions were
chosen as representative of typical component base sizes. Simulation of
the actual component box was not deemed nscessary since this would only
involve changss in the radiation shape factors used. The assumption was
made that the hase plates would have a uniform areal power dissipation.

The experimental variables examined were bolt-torque, power dissipation
level, filler material and reproducibility of the joints. A detailed
description of the test method and the results will be given in Section 3.1.

The structural joints lested are presented in Figure 3 and all are
bolted joints. The structural joints were selected to satisfy the require-
mants of the proposed space vehicle model (see Section 2). The first
configuration corresponds to the joint between the side panels and the frame,
The end panea’s are bolted to the frame by .neans of nut plates which are
riveted in place (second joint). This joint can be considered to be a
combination of a rivet and bolt fastener. The third joint shown represents
the joint between the camponent mounting platform and the frame. Ae with
the component joints, the variables of power dissipation level, fillar
material and reproducibvility were examined. The experimental test method
and results are given in Section 3.2,

"These joints are "mactical” ones; i.e., representing actual
fabricated joints. As & result, variations in the thermal conductance must
be expected froa "identioal" joints. An attespt was made to apply
idealised theories to these joints to obtain a corralation of the test data.
The results of this affort are given in Section 7.

The component joints were similated by bolting & plate 1/16 inch thiek
of the necessary dimensions to & base plats 1/8 inch thick. Te component
base plate dinensions used were 6 inchee square, 6 inches by 12 inches,
and 12 inches aquare. The plates upon which the base plates were mounted
were 2 inches greater in each dimension than the component plate; e.g.,

& inches aquare for the 6-inch equare component plate. The bolt sigze and
placement for each Joint sre showa in Figure 2. A heater made of il gage
constantan wire sandwiched between 1 mil Mylar was bonded to the upper
surface of esch componsmt base plate. The mounting plate had 1/4 inch
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copper cooling coils attached to its undersids. The whole ascembly wes

vrapped in 20 leyers of super insulation and suspended \githin a bell jar,
This bell jer was evecuated to a pressure less than 1077 torr. Figure 4
shows 8 component joint after teating, the finsl assembly and the vacuum

syaterm zre illustratcd in Tigure 5. The thermeccouples have btoon removed

from this sample so that surface roughness measurements can be mude.

The test procedure consisted of placing the insulated and instrumented
joint within the bell jar, securing a vacuum on the system, and setting
the initial heating rate. Equilibrium was determined by plotting the

variouz temperatures as a function of ti_me. Once these temperatures had
stabilizad to less than plus or minus 1°F. per hour, a set of data was

taken. The observed temperature drift was caused by drift in the cooling:
water temperature.

The electirical circuit used to measure the power dissipated by the
heater is shown in Figure 6. The power was deteritined by measuring the
voltage across the heater terminals at the component joint and measuring
the current flowing in the heater with a atandard resistor. This procedure
su _omminly referred to as the four terminal resistor technique, The
potentiometer usod for thesc two measurements was a Leeds an '“orthmp
Type K-3 Potentiomster. This instrument nac three ranges: 1.6 volts
0.16 volts, and 16 millivolts. The least count on iise three ra.nges is
50, 5, and 0.5 microvolts, respectively.

Initially, temperatures were to be measured with nickel resistance
temperature sensors. These sensors were obtained from the RdF Corp.,
Hudson, New gampshire, and were calibrated by the vendor to within pius
or minus 0.5°F. The first testa did not yield consistent resulfs. This
was traced to the resistance sensors, Deviations as large as 2°F were
found between initial and final calibrationa for a run. Since the o
tomperature differences across a joint wers generally smaller than 2°F,
this initial data had to be discarded and the sensors replaced with
differential zopper-constantan thermocouples. The subsequent data was
reproducible and consiatent for a given test configuration.

Resistance thermometry has the inherent advantage of measuring an
area rather than a point; i.a. , & local average. When properly calibrated,
it is also a more accurate sensor since the impurities in the metals used
ere less important in resistance than in thermoelectric effects. However,
this accuracy can only be achieved at a significant increase in cost ,
relativ. to thermoccouples. The instrumentation method requiied for differ-
ential rosistance thermometry is quite different than that used for
resistancs thermomstry. The ratio of the resistances of two elements
mist be measured, the ubsolute value of one of these elements is needed,
and two setas of lee.a resistance corrections are necessary. This involves
two different bridge circuits (and/or instruments) and a means for
electrical switching. The alternative use of themocouples can provide
& differential accuracy of approximately plus or minus 0.1°F if the
thermocouples are cut from the same roll of wire and careful experimental
procedures used. The cost is much less, both in construction and use.

This i8 offset by the "point" measurement characteristics of a thermo-
couple. For this series of tusts, the thermal conductivity of the
aluminum joint material was sufficient to minimize this problem.

.
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The emf of the test thermocouples was measured with a Leeds amd Northrup
Type K-3 Potentiometer. On the millivolt range, this instrument has a
least count of 0.5 microvolts. Dasutch No. 14657-277 vacuum feed
throughs were used for the thermocouples to avoid a discontinuity in the
thermocouple circuitry. Wheh a filler materisl was uced, it was applied
by placing two 0.050 inch wires on the surface of the mounting plate,
putting an ample quantity of the filler material between the wires and
scraping the excess off with a straight edge rgsting on the wires.
Before the material set, in the case of RTV-11 filier material, the
component plate was placed on the mounting plate and bolted down. The
bolt torgques for all joints were set with a calibrated torque wrench.

Ne special instructions were given to the person assembling the joint
relative to the crder of tightening the bolts. This was intentional
since the randommess of a fabricated jJoint was desired.

The results are summarized in Tables 1, 2, and 3; the actual data and
the techniques used in its reduction are given in Appendix I. Included
in the Appandix are schematic 1iagrams showing the placement of the
temperaturs sensors. Three specimens of each joinv were run with the
exception of the G 683 silicona grease filler.” This material was found
to be less suitable for use as fililer than the silicone rubber. The
primary difficulty with the grease was the contamination of the other
areas around the joint; i.e., it was messy. Furthermore, it did not
viald joint conductancec as large as the RTV-1l material.

The results for the 6~inch square joint (Table 1) shows that the
effect of heat flux level was small. This was a temperature gradient
effect aid for the small range involved in this test (from 2.5°F to 10°F
for a typicel case), it was not important. Similarly, the change in
bolt torque from 12 to 30 inch-pounds was rot significant. The effect of
the RTV--11 was, however, quite significant, It increased the thermal
conductence of the 6-inch square joints by a factor of 4 and the larger
joints by a factor betwsen 5 and 6.

The most obvicus result of the tests was the inconsistency of the
results for "identical" joints. Joint No. 2 of the 6-inch square joints
is a good example. An examination of the second joint showed the component
tase plate tc be bowed by 0.007 inches (concave upwards); Juint No. 1 was
bowed 0.003 inches (concave downwarda) ; and Joint No. 3 was bowed 0.003
inches (concave upwsrds). Thus a trend of increased conductance with
upward concavity is indicated by these limited teasts. In actual
fabrication, &« flatneas tolerance can be .mposed, e.g., plus or mims
.003 inches, which would minimize this effect. Such a constraint is not
unreasonable. The surface roughness of the test plates was measured
using a diamond stylus profilometer. The results were consistent for all
the plates and yi1slded 11 i in. rms scross the roll marks and 4 p in. rms
with the roll marks. The surfaces were randcniy mated, that is the roll
marks placed either perallel or perpendicuiar, but recorded. The results
show no correlation r>twsen striation alignment and conductance values.

*
Manufactured by General Electric Comparny, Silicone Products Department
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TABLE, 2
COMFONENT JOINT THERMAL CONDUCTANCE EXPERIMENTAL RESULTS

THERMAL CONDUCTANCE - BTU/HR FT° °F

6 inch by 12 inch plate, 1/16 inch thick, mounted to 8
inch by 14 inch plate, 1/8 inch thick using 18 bolts;

bolt torque 24 in-l1b
Powsr Dissipation

Sample No. 10 Watts 20 Watte L0 Watts Filler Material
1 18.5 18.9 8.5 None
1 103 101.5 98 RIV-11
2 103 101 97 RTV-11
3 90 92 92 RIV-11
TABLE 3

COMPONZNT JOINT THERMAL CONDUCTANCE EXPERIMENTAL RESULTS
THERMAL CONDUGTANCE - BTU/MR FT° °F

12 inch by 12 inch plate, 1/16 inch thick, mounted to
1, inch by 14 inch plate, 1/8 inch thick using 24 bolts;
boll torque 24 in-1t

Power Dissipation

Sample No. 2 Watts 40 Watte 80 Watts Filler Material
1 8.4 8.3 8.3 None
1 56.6 55.8 56.1 RIV-11
2 - 517 52.8 51 RTV-11
3 5L.L 51.9 52.4 RTV-11
13




Te value of the filler for component mounting boxes is apparent.
For the proposed test of a spacecraft model, the component boxes will be
similated by resistances dissipating pre-determined values of power.
This is very similar to an actual spacecraft system. The higher values
of conductance will permit the same heat flow with 1/3 to 1/L of the
temperature difference or conversely, 3 to 4 times the heat flow for the
same temperature difference. This should mske this type of thermal
resistance less critical in the thermal analysis and predictioen,

The effect of using filled joints must be investigated for each
specific application under consideration. While much higher conductance
values were obtained, the scatter in the data was larger for filled
than unfilled joints. Therefore, the selecticn of filled or unfilled
joints depends upon whether joints of high conductance, not precisely
defined or joints of low conductance, more accurately described, are
desired.

The differences in conductance for diffc.rent sized comporent
mounting plates was also of interest. The filled conductance decreased
by a factor of 2 when the dimensions of the square component base was
increased from 6 to 12 inches. This decrease is expected since the
number of bolts doubled while the total area increased four timeas,

This effectively causes an increase in the conduction pathlength of the
mounting plate. These factors will be considered in more detail in
Section 7, "Correlation of Experimental Results."

The overall accuracy of the tests is difficult to assess properly.
However, the experimental accuracy of the various tests quantities can
be given:

Inaccuracy in temperature difference measurement: + 0.1°F

Inaccuracy in temperature measurement: + O. 5°F

L.iccuracy in power dissipation (including insulation loss): + .5%
Inaccuracy in arsa measurement: + .050 in2

Inaccuracy in bolt torque: + 0.5 inch-pounds
These values may be combined in a linear error analysis to approximate

the total measurement inaccuracy. That is, the error in measured
conductance (h) of a typical unfilled joint is:

t + - .’_oo *0
.&. Au—)....m M -l —%i -LS%
or

A | :
ot = 10.5%
The significance of thias inaccuracy must be appraised in terms of the

application of the data. The error in the measurement of a single joint
i1s less than the lack of reproducibility between joints. Hence, the more
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important factor is the variation of the conductance of "identical"
joints. As shown in Tables 1, 2, and 3, this is approximately plus or
minus 25 percent. However the influence of such a variation upon a
thermal analysis can be either large or small, depending upon the
system mxamined. For example, if a spacecraft thermal control system is
conduction controlled, this vaviation might be critical; conversely, if
it were radiation dominated, the differences might be negligible. To
determine the importance of these variations requires an error analysis
of the aspecific configuration.

3.2 STRUCTURAL JOINT EXPERIMENTAL TESTS

The test procedures used for the structural joint measurements wers
identical to those used with the component joints. The structurali
Joints tested are shown schematically in Figure 3; an actual test joint
is shown in Figure 7. A LO gage constantan and Mylar heater was bonded
to one edge of the joint. On the opposite edge, a.1/4 inch copper cooling
tube was bonded to provide the necessary heat sink. This whole assambly
was wrapped in 20 layers of super insulation and suspended in a bell jar
(similar to Figure 5). The remainder of the test procedure was identical
to that used for the component joints, e.g., the electrical measurement
circuit was that given in Figure 6. Based upon the experience with the
component joints, only thermocouples wers used as the temperature sensors.
The leeds andi Northrup Type K-3 Potentiometer was again used for measuring
the thermocouple voltages.

The test results are given in Tables 4, 5, and 6; the actual data
from which these results were reduced are given in Appendix II. The
first joint tested, Configuretion 1 of Figure 3, is representative of
the trends indicated for all three joints., Within the range of power
dissipations used, no dependency upeon powsr level is indicated for
the unfilled joint; i.e., for small temperature differonces, the
conductance is a constant. A much higher value of joint conductance was
obtained with the use of a filler material along with an apparent heat
flow dependency. Configuration 2 used nut plates on one side instead of
bolts. This had little effect upon conductance for the untilled case.
Howevar, opposite results were obtained for two different RTV-1ll filled
Joints with this configuretion; i.e., in one case the rut plate side had
a higher conductance and in the other, it had a lower one. No difference
between & bolted joint and a nut plate joint could be concluded from the

results for Configuration 1 and 2 because of this conflicting data. A
strong dependensy with heat flow is also noted for the filled joint.

The results of the filled structural joint tests show wide variaticns
in caloulated conductance. The most probable reason for these variatioria
is the temperature messurement error. The tempersture difference across
the interface was of the came order of mgnitude as the expected temperature
error. In ideal joint conductance tests appearing in the litersture
(see Section 3.3), the temperature profile of ‘he mating parts 1s
acourately plotted and the data projected to the interface to obtain the
temperature difference. The heat flows are normally much higher thar 1 the
present study and mach higher temperature differcnces result. In the.

15
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Figare 7. Typiecal Strictaral Joint
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8 TABLE 4 .
STRUCTURAL JOINT CONDUCTANCE - BTU/HR FT° °F

6 inch joint, 2 bolts, 24 inch- vunds torque, Configuration 1

Joint No.* Q - Heat Supplied Filler
5 Watts 15 Watts 25 Watts

la 70.3 .2 75.7 None
b 80.5 0.6 85.3 None
2 103.5 100.1 100.9 None
2 88.5 90 96.5 None
Ja 78.5 79.4 77.0 None
b 77.5 79.8 8.8 None
la 1042 906 75 RTV-11
1b 1042 995 895 RTV-11
1a %02 595 542 G-683
W 681 652 645 G-683

9 inch joint, 3 bolts, 24 inch-pounds torqus, Configuration 1

Joint No.* Filler
7.5 Watts 22.5 wattis 37.5 Watts
1a 116.0 98.5 100.8 None
1b 74.0 75.3 77.9 None
*
mwumambnuuwumuwhm.Moorem Joint next
‘ to the heater and the cooling soil, respectivaly.

17
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TABLE 5 o
STRUCTURAL JOINT CONDUCTANCE, BTU HR F’1’2 | 4

6 inch joint, 2 bolts, 24 inch-pounds torque, Configuration 2

Joint No. Filler
5 Watts 15 Vatts 25 Watts
la (Bolt) 8.2 81.5 85.0 None
1b (Nut Plate) 99.6 100.8 1i0.3 None
2a (Bolt) 105.5 102 100.8 Ncne
- 2b (Mut Plate) 82.4 8l.4 83,2 None
3a (Beclt) 89.5 88.5 92.6 None
3b (Nut Plate) 93.5 99.3 105.2 None
la (Bolt) 1427 1227 1050 RTV-11
1b (N:t Plats) 520 5Lh 430 RTV-11
la (Bolt) ,38 425 420 G-683
1b (Nut Plate) BN 345 375 c-683
2a (Bolt) ' 889 735 669 RTV-11
2b (Nut Plate) 1892 1466 800 RTV-~11 O

9 inch Joint, 3 bolts, 24 inch-pourds .urque, Configurati-n 2

Joint Mo. Filler
7.5 datts 22.5 Vatts 37.5 Watta
la (Bolt) 93.5 95.2 9.1 None
1b (Mut Plate) 3.1 67.8 97.4 None




TABLE 6 o
STRUCTURAL JOINT CONDUCTANCE, BTU HR F’lz P

6 inch joint, 2 bolts, 24 inch-pounds torque, Conflguration 3

Joint No. Filler
5 Watts 15 Watts 25 Watts
1 147.0 144.2 142.0 None
2 194.0 180.0 174.0 None
3 112.2 108.5 106.5 None
1 1110 1273 1242 RTV-11
1 1328 1262 1231 G-683

9 inch joint, 3 bolts, 24 inch-pounds torque, Configuration 2

Joint No. Filler
7.5 Vatts 22,5 vatte 27.5 vatts
1 2.2 139.0 135.5 None

19
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present investigation, the real joints had two dimensional heat ‘lows. It

was not possible to project gradient measurements to the interface. -
Furthermore, the heat fluxes used were sele~‘ed as representative of those ( ,-‘
to be encountered in an actual spacecraft, and the temperature gradients

were correspondingly small.

Two values of joint conductance are given in Table L and 5
(Configurations 1 and 2) for each test joint. The experimentai system
was instrumented to obtain the ronductance from either plate to the
angle., The effective conductance from plate to plate is determined
(by analogy to au electrical circuit) as:

.
1 ‘
Rats ©

+

I
Nl

If this effective conductance is computed for "identical" joints and

ronditions, the variations between the measurements are reduced signifi- B
cantly for the unfilled joints. In the case of Configuration 1, the .
variations in total conductance are less than plus or minus 15 percent;

for Configurstion 2, it is less than plus or minus 7.5 percent. The

filled joints have a much wider variation as is indicated by the measure-

ments.

Two lengths of joint were tested for all throe configurations. No
significant differences in the measured conductances were observed. Hence,
the end lossea from tiie test joint are considered to have been negligibdle. G

The third configuration tested was the ons to be used for conne~ting the
internal mounting plate to the frams. The measured results were simdlar
to those obtained for the other twd configurations.

The teat resulta obtained indicate a filled structural loint to be
more variable than an unfilled cne. The conductance is significantly
higher, of course. This variability may be nuilified by the higher value
obtained. As discussed in Section 3.1, this can only be ansesssd by
performing an analysis of an actual spacecruft syatem using these .pl.sing
conditions. The choice will depend upon the relative importance of the two
modes of heat transfer, redistion and conduction, for the joint amalyzed
and the particvlar system used. However, if filled joints are used, «
formerly conduction dominatcd system may become rediation controlled. For
example, the tot. . otfocuv! cenductance of ar unfilied joint is of the
order of 40 to 50 Bty /'hr ft< OF Wjere as an RIV-11 filled joint has &
condactance of over 500 Btu/hr ft .




L. DEVELOPMENT OF ANALYTICAL METHODS FOR THERMAL PERFORMANCE ANALYSIS

The transient energy equation which must be solved for each surface in
space vehicle thermal analysis is:

4T,
i \
LRy @y i

vhers = nat heat tranafer from an external source or by internal
dissipation

q, = Dev heat transfer by radiation

c

9, * net heat transfer by corduction

The quantity is generaliy a function of ti-s, This is a result of
orbital conditfons snd/or of mission imposed duty cycles. Solutions of
Equation 4-1 are requi-ed for each surface of the spacecraft (internal
and axternal) as a function of time in orbit.

Por camputer solution, the technique of finite differences is used.
Equation 4-1 is written

T,(s +de) = T,(2) : {éf <[q‘(e)]1 * [qc(e)J1 ‘ [qr(e)ji} 42

Thus, the temperature of surface 1 at time § + 48 is expressed in terms of
the temperature and net energy transfers at time §. The variation of Qy

with time is assumed to be xnown or impcsed by external constraints upon
the spacecraft. However, both conduction and rediation contain the
texperature variadle. The expression for % is

N

TK-T

(qc) - z; x4 4~3
Y4 A

The expression for q, can be given by either the network methcd or

ty Hottel's "sc-ipt l’."’ The equations which must be solvad Lo obtain
(q‘,)1 by the two methods is given in Section 4.1. Thay are

| |
Bottal: (a)y =) A Sye(fg bt
¥ i

»
e wTh valence of Hottel (1) and Geblart (2) methods
f:e“t.:o:d .I)Em that for all prectical purpo-&o? they w(g:.uamsd

a




£y L
Network: (c;‘_)i = Ay ;: (rﬂ'i -Ji) =5
TOM
Jy - eiaTiL * Py Z Fi.ka L6
k=1
or M
(q.) =Arng‘—Aie}': Fiv L=7
36 B R Lo i

The difference between the two methods for radiation calculations becomes
apparent by examining the abcve squations. At sach time interval, the
notwork method regquires a new solution of the radiation problem; the
"script F" technique requires the radiation prcblem to be solved oa~: wo
deterrine the values of §... The determination of &§,,, does not nexi Lo be
rep=ated unless the propef'%ies are changed. It sho be noted Lhat i
the problem is not treansient and no conduction is inveclved, neithsr method
haa any computationsl advantage over the other.

The procedu=e for obtaining the "script F" values for a given anclosure
can be that described by Hottel (1) or from the network method (6). In
both methods of securing Ni , one matrix inversion is required; .l the two
mtrices are ¢ red (see E;.ersrur.tcea 1 and 6), they differ only by the us=e
o? the areas of the surfaces in the diagoral ot fottel's mtrix; i.e., no
computational or accuracy advantage.

The inversion process and the time interval increments nssd in Equation
4-2 provides a quantitative means fcr determining the "cost" of solving
Equation 4-2 by the radiosity method. A mairix of the coefficients of the
varicus J's must be inverted once at the start of the entire problsm and
can be used again with the values of temperature obtained at subs .uent times.
Hottel's method for calculating "script F" requires a similar matrix inversion.
“n each case, after the matrix inversion, secondary calculations ar: requi red
to determine the various 3, , or ‘he new radiosities. lowever, with "script
F,” this does not have to %Q repeated at each time .nterval. Hence, for N
time intervals and M surface en~losurs, the numl.r of calculations us.ng
radiosilies is: :

N)fa' + the matrix inversion

The reciprocity relationship Ai:U - Ajaji can be used in conjunction swith
the mathod given by Referenca & to obtain 0“ in a time corre~jonding to

that given for the network method of:
1/2 (M)(M+1) + the matrix inversion

Consequantly, the "script F" mu.hod is significantly more ecoramical tha:
the natwork method.




The steady stats case is 2lso more readily solved by the "script F"
method when radiation snd conduction are both present. Equation 4~1 for
the steady state case can be written with the aid of Equation 4-3 as:

1 L.
). )

. ‘ j(qx tlady v+ 3
L =T (l-ﬂ)+!1

Ml
2R

vnere r represents the convergence factor; i.e., T = o with convergence.

oAl

4-8

~ HEquation 4=-8 must be solved for all surfaces i, a.g.5 by iteration. If, for
i

cach iteration, a rew soluticn for the values of (.)j is required, the numbor
of calculaticns required is identical to the time interval prot’em., If how-
ever, (qr)i is represented by Equation 4~i, the iteration process is inde-
pendent of recalculation of the radiation problem.

This discussion of the relative merits of the network method and the
"seript ¥" method is not based upon the assumptions inherent in either
procedure. Another technique based on less restrictive assumptions will
be described in Section 4.2. It can be used in either a network or a

"script F" form, and the same arguments will hold relative tc the method
of solution to be used.

The accuracy of any method can be separated into two parts. The first
is that inherent in the assumptions; e.g., spesular versus diffuse
properties. The second part is the zccuracy of computation. The as~
sumptions of the analysis is the dominant factor in determining the degree
to which a method approximates a real system.

4.1 COMPARISON OF THE ANALTTICAL METHODS OF HOTTEL (1), GESWART (2),
AND OPPENHEIM (3) FOR CALCULATION OF FABIATION HEAT TRA..FER

The calculation of radiation heat transfer is generally based upcn
several simplifying assumptions:

(1) The thermal radiation properties of all surfaces involved in the
heat transfer are diffuse (independent of angle), grey (inde-
pendent of wavelength), not dependent upon temperature, and
surfaces are opaque.

(2) An "enclosure" can be constructed which contains and/or bounds
all of the surfaces involved in the radiation exchange such that
all radiation emittec and/or reflected from any one surface is
reflected and/or .bsorbed by thc other surfaces. ‘

(3) Any single surface used in the calculations is igothermal and
uniformly irradiated; this may necessitate the subdivision of a
large natural surface into several parts in order tc approach
this condition,

(4) No affects occur as a result of polarization, diffraction
or fluorescence.

23

LT v,




Three different methods of viewing the solution of this radiaticn exchange

problem are available. These are generally knoi™ as the "script F" i
metnod (Hottel), Gebhart's method, and the network (Oppenheim) . {
Intuttively, these methods must be jdentical since they are based upoil -
the same physical assumptions and the conservation of energy. However,

it is important that this equivalence be demonstrated. Sparrow (7)

has recently shown this by developing the methode of Hottel and Gebhart

from the networx method. Since the "script F" metnod has been advocated

&s a more useful approach in complex transient radiation exchange, the

ngeript F" method will be used here as the method of comparison.

Hottel's method is based upon the superposition of the radiant
exchange within an enclosure. To do this, he assumed all of the surfaces
except one within the enclosure to be at zero teﬁperature; the remaining
surface has an emission rate of unity, i.e., oTy = 4. He then considers
the quantity iR , the power per unit area leaving surface j as a result
of the power tted by surface i; for surface i, the radiation leaving is

€y * iRi‘ The exchange between gurfaces i and } are expressed as
= - /m h_ L ' -
N Qij = Aiﬂija\ 4 Tj ) L=9

where the reciprocity relation has been used, i,e., qigij =A‘iaji'
The quantity iR 3 is related to Bi 3 by:

AS ., = .RA -e-i 4-10
i74) ijjpj ()

Thus, the incident power per unit area (;R /p j) is absorbed in the
fraction ¢,. Tris ahsorbed power is a restllt of an emission from surface i
of unity and must be increased by the factor oT: . Correspondingly, the
ab.:.orbgd power of surface i from emission by surface ] mist be increased
by oT,*. Te ngeript F" is, therefore, a quantity which collects the
interg'eflections within the enclosure and provides a measure of the
radiant interchange between two surfaces by direct and reflected (from all

surfaces) exchange.

The irradiation of suz(-facg 3 by surface i (iRj/pj) can be expressed
i

for an M surface enclosure gT.% = 1) as:
M
i—R‘l = Fae, Z F
by © 1 g1 1% h-11
k=1
. 2




Hultiplyirg through by € JA_ j/Ai gives

M
Ajej iRj _ Aijieis] +Z elAiFik iR’, (p-k) (i) 112
Aipj Ai k-1 Ai Pl &

With Equation 4-10 and noting AF, 3 A jF 5 this gives

M
P
*Z (e4Fy) X % %iFk

3,, =¢,e,F
13" By L oy
or
M
N p -
By = e8Fiy L Cafy X By h-13
k=1 %

Fquation 4-13 will be developed by the network method in order to
indicate the equivalence of the two techniques.

The Gebhart method is a variation of the "script F" phrased in
different language. Gebhart utilized a quantity Bi j to represent the
elfacts of interreflections within the enclosure. Bi is the fraction

of radiation emitted by surface i1 which is absorbed by surface j. The
heat loss of a surface was expressed by Gebhart as:

M
- e,A,0T.% -) B, & A qT " 4-Lia
5 TS I et Y A F R R L
or M
= h - -
9y = skl izl %Y 4-Lib

The corresponding expression for Hottel's method 1is:
M M
L 4
14 173

The first term of Equation 4-15 simplifies by noting the total radiation
leaving surface j is eJqT “, i.e., Ti = 0
M

by woaph. 4
2 o 8y = eonyt - 0T,
173
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T x
Z Bji = fy L~16
i=1 '

Equations 4-14 and 4~15 must represent the same net heat loss by surface J.

Fquating these two relations gives:

M M
b _Z b
i=1 i=1

This can only be true if:

855 7 :Bay 4-17

Consequently, Gebhart's Bi 3 is equal to Hottel's “i j divided by €.

The equations representing the network method of solution utilize the
radiosity” of a surface. The radiosity of a surface can be expressed as:

M
_ i
Ji = eg0Ty "Z"iFika 4-18
k=1

The net heat flux leaving a surface is:
€
i 4
Q5 = Ay ;; oTy 'Ji) 4-19

This can also be written as (since g; * 05 = 1):

M

Now consider the case of an englosure with all surfaces at zero temperature

axcept surfsce }:}. which has °Ti .

o=
Iy= ey ) Fak 421
k=1
M

or

1, - |®
Uy = Ay -5 =" "1)

3 oyl s i

LY

*Radiosity is‘the sum of the emitted aréd6 reflectsd radiant power from a surface.
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But by Equation 4-9 for the assumed constraints on surface temperatures
Uy = = Ay aij = - Ajaji
Hence
: il ‘
O3 7 lpjl /s h=24

Substitution of Equation 4-24 into Equation 4-20 yields

!
‘l

‘ -,
"13 = eiejFij +Z eijj (-e;) aik L=-25
-1

This is identical tv Equation 4-13.

SUMMARY

The nethod of Gebhart has been shown to be directly convertible to the
"seript F" of Hottel by the'use of Equation 4-17. Similarly the network
method has been shown to yleld an expression for 3., identical to that

obtained from Hottel's method (Exgustion 4-13 and 4-25). Therefore, there is

no difference in the methods and by algebraic manipulation, one method
can be expressed in the terms of sither of the other two.

4.2 IMPROVED METHOD OF RADIATIOH ANALYSIS

The available methods for radiation heat trensfer analysis have been
restricted by the assumptions given in Section 4.1 Recently, a review
of the problem has besn made and a procedure is now available for sliminating
the restriction to nondirectional diffuse properties (4). The use of non-
grey thermal rediation properties can be used in the mamner described by
Bevans and Dunkle (8). Perfectly specular properties can be trested by the
method of Eckert and Sparrow (9) but the properties must be considered to
be nondirectional. The case of polarization can also be treated (10)
but the practicality is limited to a few cases. The most practical
new technique is believed to be that given by the second approximation
described in Reference 4. The following discussion will describe the
adaptation of this method to development of a "script F."

The second approximation of Reference i considers surfaces which
have directionality and components of reflection which are diffuse and
specular. The expression for ths heat trensfer to a surface within an
enclosure under the assumptions of wavelength independent properties is:

s _
This later restriction can be casily removed but is not pertinent to the
enauing discussion.
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g = A&k °Tk Z A P T
H M ( '
L 426
- Z Z A& P 5L g 17T

=1 1=l
i i Ao P nPssFy FsyD
55 KCx PPy 121
This can be written as:
M
s ok b
g = A&HIT ‘Z z i(elk i pijksiijJFji)oTi 4-27

i=h 3=l

M M
- Z A P1 Py st 3104
=1 5
In matrix notation this beccmes:
TR [ g
q| & 8 312 * * " 1M on
.‘ a:
4y ,ezc'rzh Ay 8yt vt o oy,
L[] . ¢ 9 - ‘ ) l
R | O
|
. h‘ { .
Gy LE)FTH } i 8 S S | oTy
bll b12 . o o bm ‘ Dl
! bzl b?ﬁ P ) bm 02
- " . . . ‘ . ‘0'28
e . b
! .

‘b te  Gm | D

- -

where
nv--(Aa eyxxy Zkuvpnxnnzy, 4-29

-
b, =~ A G P 4,-30
¥ xnyzxxzsxr.
= v O
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The quantity D is given by:

M ¥ M L
l i l A 1 . [/
i Z EjkaT:]quj * Z Py ®1sRis" 117
=1 J=1 i=1
M M
P L L Pupisfsuls i
j=1 i=1
In matrix notation, these equaticns can be written:
[ 1] e INEX
dudlzc -dm l cll\-lzno.cm cl
dyy dpp + - - iDZ €1 Cop + ¢ * Coy ;gTzlb
i
M . = . . ) » L-32
. . ‘
H . L] .z‘
e he] N (oo 7%
— - [N - - -
where
[ M
-~
‘ py'xpyanFzy (x #y) L-33
d Z“l
XNy
h“z Pl xaFafex (X =7)
z=1
N
o " L e ,Z N 434
g=1
If Equation 4-32 is now solved for the quantitiee D, we have
-1 , -
tn} = [a] (el {o7) 4-35

¥
The notation [ ] has been introduced vo dencte a square mairix, e.g.,

the d or ¢ mai, ix of Bquation 4~32; the | ]} denotes a colum matrix rach
s the D or oT% matrix of Bquation 4=32; and [ T is the inverse of the
indicated matrix ’
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Solution of Bquation 4-35 ylelds the various D, 's requirad in Equation
4-28. Equation 4~28 can then be expressed as:

L

{q} = feoT} + [a] b0} + [b] (D) =36

A directional diffuse-specular "script F" cen be obtained with Equations
L-35 and 4-36. Using Hottel's concept of a "script F," 1.e., set all
temperatures except one within the enclosure equal to zero and the
remaining one equal to unity (say surface k}, the heat flows (3) are then
qkj' With this condition:

lagf = fRif + {agef + 01 o} =
and
n,} - [a)? {cjk} 4-38"

The solution then proceeds as tollowa:

(1) An index k is selectad and the pertinent coefficients 3
selected.

(2) Bjk is computed for all j by Equation 4-38.

(3) The values of a, are selected and the values of qy for all j
are computed with Equation 4-37.

(s) 0y is then computed with the definition: O

b

Qk.
. 4=39
X R,

(5) The next value of k is selected, and the calculation cuntinues
until all M surfaces have been computed. The reciprocity
relationship Ajujk - AKG” i1s used to reduce the mmber of

computations.
(6) Njk is uzed in the same manner &5 with Hottel's mathod and the

solution of Equation 4-2 or 4-8.

' P%ll 0 -.1}1- cu :
h 4 (.) .z; ¢ l
{\J} . ; 13)‘} I & {'jk}- s {cjx} - |
. *x L
b L S Y
L] L0 [ - A




The esquatiors presanted in

complicated and henc

e, more dif?

this section may appear to bs more
1cult than with the diffuse property

assumption. Mathematically, this is not the case. The computations are
pore time consumng and require added computer time and storage space.
Tnis is cnly the pemaliy mid for mora exact coaputations.
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5. COMRITER PROGRAM FOR DIRECTTONAL SPECULAR-DIFFUSE METHOD

The procedural steps required to calculate a "script F" (8) from
the equations for the directionel specular-diffuse analysis have been
described in Section 4.2 This method has been programmed for an IBM 7094
as a program separate from any general program for thermal analysis.

The technical basis for selecting the 1 procedure rather than the network
approach have been discussed in the first portion of Section 4. Por

the reascns given there, most computer programs for thermali analysis have
been written in terms of 3. Thus, the existing analysis programs could
incorpurate a directional specular-diffuse 3 as an input quantity with

a minimum of alteration. Furthermore, the direction specular-diffuse 3
requires a much larger working computer storage than a diffuse 3. If

an attempt was made to assemble & single J and analysis program, the
number of surfaces would have been sericusly limited. It is for these
technical and practical reasons that the 8 calculation was programmsd

as & separate entity. The flow chart of the program is shown in Pigure 8
and a complste printout in Appendix III. The symbols used are those of
Section 4.2.

5.1 REQUIRES INPUT DATA

The physical factors which are required for the directioral specular-
diffuse J are:

(a) the areas of'the surfaces involved (.-\1, 1=1,2,3...)

(b) the number of surfuces used to subdivide the enslosure
(N; N £ 20)

(c) the directional reflectance of surface i in the direction
of turfc;o 3 (pn of Raference 4; designated RH# in machine

°

(d) the geomctrical bidirectiomal reflectance of surface j for
rediation froa surface i which is reflected to surface k by
surface ! \pijk of Reference 4; desigmated Rijl. in maciine
language)

(e) the geometrical diffuse shape factors between surfaces 015\

The only quantities which are not used in convenitional diffuse 8

analysio are p,, (FHf) and Py (R Jlt). e use of the usual diffuse
shape factcrs ﬁ ) is made pouiblo by essigring the deviations from
diffussness to t.ho reflectances. This is described in greater detail in
Reference 4 and leads to the concept of geametrical reflectances, i.e.,

& prcperty wdich is weighted by the geometry and n ndiffuseness of the
surface. The directivnal emittance of a surface i. incorporated in the
Frogrea as: 1 - pij‘ This introduces the gray radiation assumption, i.e.,

propertise independent of wevelength. If desired, elither & band
energy or monochromatic analysis could be parformed (see Refarence 4).
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Cortinued on naxt page.

Pigure 8. Compater Progrem Mow Chart
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Figure 8. Computer Program Flcw Chart (cont.)
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Values of p, 3 and p, x (RH¢ and Ry Jl() .an be approximated with data

obtained in many Thermophysics Laboratories (4). The methods suggested
for this approximation will be illustrated in Section 5.3 and 6.2

5.2 INPUT PROCEDURE

The input f~ormat is shown in Figure ¥y. The quantities indicated
are as follows:

ik

the number of surfaces within the enclosure to be examined.

The present program is storage limited to a maximum of 20 surfaces.
a flag directing the program to clear itself of input information
(CLR = 1), praor to proceedirg to the next case, or inatructing
the program to retain input information (CLR = O) for the follow-

'ing case. When CLR is set to 29ro, only those quantities that

vary from case to case need be entered, all other information
will be retained.

a flag used in the column larsled "PRE" of the load sheet.

The quantity L is used in conjunction with CLR = O. An input
matrix is not cleared of information if the quantity L is
inserted in the cclumn labeled "PRE."

a flag used in the colum labeled "PRE" of the load shset. It
instracts the program to clear the input matrix of information
prior to storing daca.

= RHP = the directional reflectivity of surface i in the direction

of surface j}. For program convenience, P11 is set equal tc the T

negative value of the hemispherical reflsctance for a diffuse
surface.

= F = the shape factor of surface j as viewed by surface i. Ouly

the lower triangular half of the shape factor matrix need be

entered; that is: Fll’ le, F22, FBl’ F32, F33, o o o Fppe

= Geometrical bidirecticnal reflectauce of surface J for

incident anergy from surface i and reflected to surface k.
Bidirectional reflectivities are inputed ir block form as

indicated by the sample load sheet. The block number corresponds
to the third subscript k, and the other two subscripts are
contained within the k'th block. Only the upper trianguler portion
of the three dimensicnal Rijk matrix need be entered. Tat is,

lel for J =1 to n i3 entered for the first matrix, K = 1; le2
RZJZ’ for j = 1 to n is entered for the second matrix, X = 2;

RLJB' RQJB’ R333 for J = 1 to n is entered for the third matrix,

K = 3; and so on until the full matrix is entered for K = n.
A = surface area of nude i.
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Figure 9.

Program Input Format
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An wnlimited number of cases may be "stacked"; all that is required
to run several cases together is an END card between cases. Outpgt
quantities 3 and J-area producte, are printed out in matrix form.

Tne following is s very simple problem which illustrates the
input loading. Consider two infinite ditfuse strips of unit width and
separation, as shown below:

(2)
surface (1) and (2)
(3) L surface (3) is space
(1) Py =Py =0.95p5 =0
4

Input information:

(8) p1p = P13 = Py = Pp3 = 09 ,
931=932=p33=0 ,

(b) Fy, = Fp = Fyy = 0.LL2L,
Fly = Fpy = 0.585786

(€) By * Fap = Ryng = Ry = 01 = 09 | 5
Rog = Rypp = Bypg = Bygy =P = 0u9

(a) &, =4, = 1.0, Ay = 2.0

The load shee®: for the above problem with diffuse surfaces ca:n be found in
Figure 10, The result of this computation is 0.0933965, which can be
compared to the value given by Reference 9 of 0.09340.

It should be noted that in addition to com v favo
the § matrix evaluated by hand, using Rottel e ot ory favorshly wr}xgth
holds
M
%" Z 3,(3 = hemispherical emittance
J=1
as 1t should.

*It should be noted that all quantities should be left Justified within
their respective fields. (_)
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Figure 10. lLoad Sheet for Two Parallel Infinite
Diffuse Strips of Unit Width and Separation
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5.3 EXAMPLES OF INPUT FOR DIFFUSE, SPECULAR, AND SPECULAR-NIFFUSE

The following problem has been selected to illustrate the input
required for the three cases of diffuse, specular and directional
specular-diffuse. The J computer program given here caa trest theae
cases by manipulation of the quantity R, 3K (pijk)' As discussed

in Reference L, this factor is approximated by: .

Pygc = (pD)j ("s)j {ij Fji 5-1

If the perfectly diffuse assumption is to be made, the specular reflectance

of surface j (ps) is set equal to zero; if the perfectly specular
assumption is made, the diffuse reflectance (pD) is sat equal to zero.

The configuration to be used to illustrate the input is shown below:

(3
(1) i
(2)

Surface 1: py = 0.973 (vacuum deposited alivwinum)

Surface 2 p, = o5 = 0,116 (3M black paint)
- and 3: -
Surface 4: P = 0 (surrounding space)

Fla=Fn =F5 = Fy
B = 0ok
A=Ay m Ay =l

n, =3

The diffuse assumption input sneet is showa in Figure 11.

=F =F

1" FLB = 0,2 K

0

40

e

T T T s bt AT Wi BN SN O, IO, "L A

%




DAYR e e ——— e PAGE nF

NAME e PRIOAIT Y

PROBLEM NO.

e e MEYPUNCHED B Y

NC. OF CARDS e = VERIFIED B Y _ _

ﬁ

ﬁ

AL

] 7 — —— o = 77) =
H1l SAMPLE PROBLFM o
| H2 DIFFUSE ASSUMPTION
_ e ~ T F'
L o R .
1 2 T (K]
e |ao til i1}
37 i3 3] 3y
LS LIS LA N a
SYMBOL ’.( LOC. VALUE | & 1.0 vaLulk -
N B ' -
e |1 |
M RHg | 20,20 |
01, Ol -0.973
02, 01| - 0.6 e
—_— 031 Ol ‘7‘777':0‘._17]_.6 B — -
. O, 01| 0.0 o
B ¥ F 20,20 L
j 01, 02| 0.2 T
02, 01 0.2
03, 0 0.2 -
03, 02 0.2 |
04, 01 0.2 |
04, 02 %2 I
oL 03 0.2 ] _
OL, 04 LY S I
~ AREA -
1 o T
o 2 P T O o ——jﬂb
3 1.G i
- 4 3.0 ____
- E ND - -
) SN S A
. S
—— — _ - R—
) . L - S
I
anmd

Figure 11. ILoad Sheet for Sample Pioblem; Diffuse Assumption
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"™e spacular assumption utilizes the same data as above, but
the reflection is asswned toc be perfectly specular. For this condition,

R =g P
23 712 MFp

N = 200897
The quantity RhlZ is obtaired by noting for Ri,jk

n
Z ’ 5-2

i.e., conservation of energy. Thus,

Lh

Pya = Ro
P12 7R3 ass

R =
Fi

412

Use is made of reciproclity to find R312 = 3213, RZU; = RL12’ and

RL12 = RM.B' The load sheet for this problem is shown in Figure 12.
The directional specular-diffuse procedure requires a knowledge

of the directiomal properties of the surfaces. The greatest angle subtended

by surface 3 as viewed from surface 2 is less than 55 degrees.

For the black surface, ths directional reflectance and hence directional

emittance is very nearly equal to the near normal vilue. Therefore,

tne near normal value was used for Poq and Pype To ob*ain Ppys & heat

valante was used, i.e., for the general case of surface i

n
1
(by)y = 57 JZ p15hiFy

where
(pH)i = hemdupherical reflectance of surface i.

The value of Py was obtained from:

(pyly - _3_ &)
Py ©
hFy
or
Py * 0.1275
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Figure 12. Load Sheet for Sample Problem; Specular Assumption
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Reciprocity was utilized vo obtain Poy = Py ‘)3:L 913’ etc. Using

the procedure described for Poys the values of the other geometrical
reflectances wers:

P1s = P13 = 0.5716

N
g

p23 = 932 = .

The load sheet for this problem is shown ir Figure 13.
The computer results for the above configuration will be found in
Section €.
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6. EXPERIMENTAL COMPARISON OF SFECULAR, DIFFUSE
AND DIRECTIONAL SPECULAR-DIFFUSE ANALYSES

The purpose of this task was to obtain an experimental evaluation of
the different analytical methods. Such a comparison must utilize an
experimental system that is simple co.ceptually and physically. Other-
wise the effects of geometry, conduction, convections, extraneous heat
losses, etc., wlll not be controlled. The experimental configurations
chossn are shown in Figure 14. A test consisted of placing the experiment
within a ¢ d wvall vacuwn chamber (to eliminate convection), insulating
the non-raa‘*ative surfaces, suprlying a known quantity of power to one
of the surfaces and measuring the equilibrium temperatures of the other
surface(s). The experimental resulis were then compared to the predicted
values using the directional specular-diffuse analysis (4), the specular
proporty assumption and the diffuss. property as=umption.

The following discunsion will be divided into three parts: (1) the
nxperimental test method, (2) the analytical results, and (3) a discussion
of the comparison of experiment and enalysis.

6.1 EXPERIMENTAL METHOD AND PROCELDURE

Te configuration & ‘lected for test are shown in Figure 1, . The
test surfaces were 3ix such squares of 1100 aluminum 0.0625 inc..  thick.
In each case the lower surface was selected as the heat source ana the
remaining surface(s) allowed to reach an squilibrium condition with the
environment. The heated surface had a heater of approximately 200 ohms
cemented to its underside (the non-radiative side). This hez.er consisted
of 4O gage constantan wire sandwiched between twe shests of 1 mil Mylar.
Voltage leads were atteached at the heater boundary and the four terminal
resistance method used (ssc Section 3.1) to calculate power dissipation.
Tha electrical measuring circuit was the same as shown in Figure 6 of
Section 3 with a Leeds and Northrup 8686 substituted for the Type K 3.

Originally, the back of each surface was insulated with 20 layers of
super insulation. Howsver, the adge heat leak was found to be too large
relative to the heat absorbed hy the unheated surfaces. A guard heat
system was found to be necessary. This was obtained by placing a heated
plate on the outside of the insulaticn and adjusting the dissipation until
the temperature difference across the insulation wes zero, i.e., no heat
flow through the insulatiosn. The edges of the insulation, guard heater,
and test surface were ccvrared with 1/4 mil thick aluminized Mylar,
aluninum side ou.. These steps reduced the edge and back heat "leak,"
i.e., uncontrolled loss, to approximately 1 Btu/hr for a test surface
temperature of 70°F. This waa satisfactory for all test surfaces except
the surface coated with vacuum deposited aluminum, The racdiative heat loss
or gain from such a surface was tho same order of magnitude as the edge
loss. Hence, this test surface had to be used as a passive surface, i.e.,
a reflector, and no heat balance could be performed for it.
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Configuration Used for Test of Radiation Analysis

L7




Figure 15, Test Configuration in Test Fixture
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Each test surface wag supported within a framswork by dacron
cords attached to phenolic stand-off attechments. In this manmer
the test surfaces were isolated from the framework but properly positioned
and restrained (see Figure 15). This framowork wes mounted within a LN,
cooled baffled %nd the assembly placed within a vacuum system. A
pressure of 10”7 torr or lower was obtained during the testing. The system
is illustrated in Figure 16.

Thermocouples were placed on at least two points of each test surface;
one at the canter of the surface and one within one~half inch of the edgs.
No significant gradient across the test surface was observed in aay of the tests;
i.e., the surfaces were essentially isotiiermal. The thermocouple material was
copper-constantan. All thermccouples were taken from the same roll., The
voltages generated by the thermocouples were measursd with a Leeds and
Northrap Type 8685 potentiometer using a conventional ice junction compensation
system.

The test procedure consisted of the follcwing stsps:

(1) setiing the predicted power dissipation for the source surface
(2) setting estimated guard heat dissivation(s) for the receiving
surface(s) - e
(3) obse-ving the temperaturs of the receiver surface(s) and
edjusting the guard power dissipation(s)
(4) when the receiver surface(s) and guaprd heater(s) indicated
a negligible temperature difference for thirty minutes,
at least two sets of data were recorded within the next
thirty minutes.

The lstter atep insured that the surfaces were in equilibrium for

approximately one hour. The accuracy of the measuraments ars estimated
to he:

(o)

Temperature difference + O.loF
Temperature 1°F
Total power dissipated by 1.5%

the heat source
A complete summary of the experimental data is given in Appendix III.

6.2 ANALYTTUAL PREDICTION

The radiative heat flow from the source surface and the temperature
of the receiver surface were predicted by the analytical methods
based upon the three different property assumptions: diffuse (1,2,3),
spacular (7), and the directional spscular-diffuse (4). The prediction
served to test the utility and practicality of the computer program
developed for thals studv (Section 5) as well as provide a basis of
comparison betwsen theory and experiment.

The test configurations have been described in Section 6.1 and
illustrated in Figure 14, These three configuretions were combined with
different surface coatings to give six different test systems. These
systems are schematically represented in Figure 17. The directional
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Figures 18 through 21.

Fgure 17. Experimental Matrix for Test of Radiation Analyeis
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Receiver Receiver Receiver
ﬁRef;ector
Source Source Source
Qsl Qs 13
(a) (b) (c)
- Test Surface Coatings
Source Receiver Reflector Configuration "
1. "3M" Flat Black "3M" Flat Black (a)
Paint Paint
2. "3M" Flat Black "3M" Fiat Black (b)
Paint Paint
3,  "3M" Flat Black "JM" Fiat Black Vacuum Deposited (c)
Peint raint Aluminum
L. "3¥" Flat Black "3M" Flat Black Rinshed-Mason
Paint Paint Leafing Aluminum (c)
; 5. "3M" Flat Black Rinshed~Mason Vacuum Deposited (c)
Paint Leafing Aluminum Aluminum
3 Paint
{ 6. "3M" Flat Black Rinshed- Mason Anodized Aluminum (c)
' Paint Leafing Aluminum
Paini,
NOTE: The coating material descriptions are described in detail in
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reflectances of theas coatings for a black body siurce at SwoR are

shown in Figurea 18 through ~.. Included in these figures is the specular
reflectance for the same radiation scurcs. The specular reflectances were
measured with a goniometric raflectometsr shown in Figure 22, The
directioral reilectances were measured with a heated cavity reflectometer
similar to that described in Reference 1l.

The method of determining the varicus quantities and establishing
the input for the computer program hes been described in Section 5.3.
The results cf the computer calculations are shom in able 7.

6.3 COMPARISON uF EXPERIMENTAL AND ANALYTICAL RESULTS

An examination of the results presented in Table 7 will quickly
show one consistent fact: In every case, the experimentally measured
temperature exceeded the value predicted by any of the analytical
methods. A hasty conclusion would ba that the axperiments ware in error
in some manner. After re-examining the experimental technique for major
errors, nothing sufficiently significant could be found. Conversely,
many aquestions can be raised relstive to the analytical predictions.
The following discussion will be concerned with the arrors of prediction.
However, the possibility of an unrealized source of srror in the experiments
is not ruled out.

The difficulties with the predictions are believed to be centered
about the thermal rediation properties used. The analyses are base.
upon the gray radiation assumption, i.e., wavelength indspendent
properties. ' The source surface was cperated at Approxunstely 585°R
whereas the receiver aurglcee ranged between 340 and 4i5°R, i.e., a
difference of 170 to 24,5 F. All propertiss usel in the antlysis assumed
a4 mdterisl and source temperature of 585°R for emittance and reflectance.
This "non-gray" error would be particularly noticeable with anodized aluminum
and aluminum paint surfaces, To correct for this, the analyses would have
to be performed on &t least the band energy basis (4).

A recond error was in the measurement of the propertiss. The heaiad
cavity reflectomster is known to have an error due to sample heating (11},
This error could Ls of the order of .,02Z-.04 in directioral reflectance
(or emittance) and would affect the predicted temperatures slightly. I+
would have a more direct effect upon .he predicted heat lcss by the source
surface. In only one case (Test 5), was the measured hea: loass lower
than predicted. In this instance, it was within experimental accuracy for
the nearest prediction. The predicted temperatures and heat fluxes are too
interrelated to separate them except as a first approximation. Thus, no
fim conclusion can be drawn from this one cass, However, the problem
of sample emission 1s not considered to have been a major source of the
discrepanciss as ju'ged from the spectral data.

Folarigation of the energy with the mcnochromator of the heated cavity
cAn also cause an error. For very highly reflective materials, e.g.,
vacuum deposited aluminum, or smooth dielectrics, polarization may cause
an error as large as 10 to 20 percent in the reflectance at high angles.
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D'RECTIONAL REFLECTANCE, o (8)

N

-
‘ .0 p— 4 ™ K
G =3 —

— HEMISPHERICAL EMITTANCE = 0.027 <?
0.8 s
0.6

_ NOTE: NO DIFFUSE COMPONENT

CCULD BE MEASURED

0.4
0.2

0 10 20 30 40 50 60 70 80

8, DEGFREES

Pigure 19. Directiogal Reflectance of Vacuum Deposited Aluminum
to a SLO'R Plack Body as a function of Angle
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DIRECTIONMAL REFLECTANCE, £(8)

1.0 1 1 i T
"IEMISPHEPICAL EMITTANCE = 0.28
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Figure 21. Directional Reflocu:.cooof finshed-Mason Leafing
Atuminum Paint to 8 5407R Black Body as a Punction
of Argle

46




AL e

TABLE 7

SIMMARY (& RADIATION ZXCHANIE ANALYSES AND FXFERIMSNT

o «
Configurstion

1

[}

© Sourzne Heogt

Rxperimental
Direstional Specular~
Diffisae Ansly=is
Spacular~Asounption
Diffuss Assumption

Sxperimental
Directional Specular -
Diffuse Analysis
Sperular-Assunption
iffuse Assumptior.

Experimental
Mirectiona’l. Spscular-
Diffuss Analysis
Spceular-Assumption
iffuse Assumption

Exporimer.tal
Directional Specular-
Diffuse Analysis
Specular-Assumption
Diffuse Assumption

Experimental
Directional Specular-
Diffuse Analysis
Specular-Assumptinn
Diffuss Assumption

Experimental
Directional Specular~
Diffuse Anslysis
Specular-Asaumption
Diffuse Assumptioan

*Sco Figures 14 and 17.
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)
3
Quantity
Bau/ar

29.83

29.L1
29.17
29.17

42.50
42.06

41.2
4.

41.29
40.68

40.93
39.69

AO.7
40.33

40.25
40,54

39.93
40.0

40.3
40.2

40.05
39.21

39.56
40.1¢9

Hecsiver

Temperature

°r

345.2

BLO-I‘»
342.2
342.2
393.8

386
386.4
386.4

428.2
419.4

12,0
393.8

L23.5
415.5

408.8
3974

409.7
391.6

402.5
385.8

398.7
382.3

391.1
387.9
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PERKIN-ELMER MODEL 12C
M1, M5 SPHERICAL MIRRORS 300 mm f.1,

M2, M3, M4 FLAT MIRRCRS

M4

+/NORMAL TO SURFACE

// DETECTOR
IN TYPICAL
A REFLEC™ ANCE
P, | PCSITION
N

T~ _DETECTOR
100% POSITION

Figure 22, STL Goniometric Reflsctometer
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This source of error has also been rscently recognized and the information
required to assess this error is not yet available for the monocnromator
used. In the case of the tests described, only the 3M flat black paint will

be frae of this error.

A fourth source of error was the approximations used to obtain the
geometricasl reflectances; i.e., the interaction betwseen spatial variation
of reflectance and the shapa factor integral. The methods used to
approximate these properties have bsen described in Section 5.3. Until a
spatial distribution of the reflectance property of & number of surfaces
have been obtained and incorporated in the integration of a shape factcr,
the magritude of this error will not be known. Simple analysis of an
extreme case has shown this to be as large as 30 percent (4).

Considering all of these factors together, plus the probable
experimental error, leaas to the conclusion that the rredicted temperatures
should ve re-examined. This would require the analyses to be performed

on a band energy basis and with a more detailed evaluation of tha properties.

The analytical results given in Table 7 also offer an opportunity to
compare the different methods of analysis. The program described in
Section 5 is tased upon the method given in Reference 4. The technique is
an admitted approximation to the integral aquations <escribing the radiation
exchange within an enclosure. The other two methods are also approximations
in that an assumption is made relative to the radiation properties, i.e.,
nondirectional perfectly specular or perfectly diffuse. The approach
programed to this study resulted in a set of equations which were very
similar to those (.tained in the diffuse approximation and could be sclveu
with a slignt *ucrease in time. In contrast, an enclosure with perfectly
specular surfaces can require extensive preiiminary calculation to obtain
the "spacular interreflections."

The test configurations of Figure 17 are examples of very simple
enclosures which ara easily solved by any one of the three methods. They
do not represent a complex enclosure and cannot adequately demonstrate
the differences between the specular, diffuse and directional specular-
diffuse methods. A trend can be inferred, however. For exampie, Test
Configurations 1 and 2 should yield ident.cal results for the specular and
diffuse assumptions. The directional specular-diffuse analysis yields
different results because the emission from source occurs at iarge angles
from the normal. The predicted temperature of the racuiver is higher for
Test 1 and lcwer for Test 2 because of the angular effects ~f absorption.
For Test 3, the specular analysis is suitable but does not account for the
directional properties. The diffuse analysis does not account for specular
reflection and radiation is "diffusely" reflected back to the source. The
directional specular~diffuse result is between these two. Similar
arguments hnld for Test Configurations 4, 5, and 6. These geomnetries are
more complicated by the use of the alumirum paint and anodized aluminum
which have directional and/or specular components of reflection. In more
compiicated enclosures, such a simple explanation of possihle differences
is not practical. The only comment that can be made is that the directional
specular-iiffuse analysis is a more realistic approximation to pliysical
fact.
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7. CORRELATION OF COMPONENT JOINT EXYERIMINTAIL RESULTS

At the request of the Technical Monitor, C. J. Feldmanis, an effort
was made to correlate the experimentally measured vaiuas of jJoint
conduction. This work was & substitute for the completion of the
preliminary design task originally scheduled for the last portion of the
program, This correlation effort has resulted in a simplified approach
based on the conduction flow pattern to a circular cavity(region of the
bolts) in the mating parts. For the thin plates in the component mounting
joints, ths conduction at the bolts was very high and the apparent
contact area small. This led to the conclusion thal macroscopic offects
were of the greatest significance.

A review of the technical literature revealed little information
that would be useful in predicting interface conductance for the bolted
joints of this study. A subsequent study of the pressure distribution
indicated that the apparent contact area occupies only tc a small region
near the bolts. This suggested that the predominant thermal resistance
lies in the mating plates themselves. This correlation effort has
resulted in a simplified expression for the interface conductance based
on the heat flow pattern in a large circular region to a circular sink
at the center. These comments apply specifically to the mounting
plate configuration investigated in this study.

7.1 REVIEW OF LITERATURE

A review of technical literature revaals that the study of vacuum thermal
contact resistance is of recent vintage. Fast emphasis has been upon
Joints in a conducting fluid; s.g., air. This is not surorising since
the need for information on the behavior of heat flow through comnecting
elements in a vacuum was not great until the advent of satellites. An
excellent roview of technical literature iz contained in Reference 12 and
a bibliography on contact conductance is containad in Reference 13;
Appendix V list references that are not reported in Reference 13.

As background to the correlation to be presented, two well known
methods that have been proposed will be cited. The applicability (or
lack of it) to the type of joints considered in the present study will be
indicated.

Fenech and Rohsenow (14) developed an expression for the thermal
conductance of a mathematical model with contacting surfaces idealized
as cylindrical contacts equ 1y spaced in a triangular array. The thermal
conductanco was expressed in terms of the thermal conductivity »f the
metals and of the fluids of filling the voids, the real area in contact,
the number of contact points per unit area, and the volume average thick-
ness of the vcid gaps. A method of obtaining these physical properties of
a contact is contained in Reference 15. The need fo. the profiles of the
contacting surfaces precluded the axamination of this method.

X SN e aman -2




‘ While most investigators were concerned with microscople areas of

( contacts (those due to surface tinish), Clausing and Chao (12) concluded
that macroscopic resistances (that due to large scale waviness or non-
flatness) was predominant over the microscopic resistance for a msjority
of engineering surfaces. The interface conductance was expressed in terms
of the mean thermal conductivity of the two contacting materials, the
radius of the macroscopic constriction ratio, the contact pressurs, the
macroscopic constriction ratio, the harmonic mean of the moduli of the
two-contacting materials, and the total equivalent flatness deviation.
This method requires the measurement of flatness deviation and surface
finish; the latter is readily obtained, but the former is more difficult
to measure. This method was not applied since subsequent studies showed
that the apparent contact area (the region adjacent to the bolts) represents
only a small percent of the total joint area. However, the concept of
constrictive heat flow is employed in the present study, except that it is
applied in a much larger, gross scale. The method is discussed below.

The two methods discussed above considered a physical system without
a disruptive element such as a bolt. Intuitively, the influence of
fasteners should be great. An attempt at correlating joint conductance
data is reported in Reference 16, and the resultant expression is semi-
empirical. The method employed in the present study is semi-analytical
! . and the close correlation with experimental results strongly suggests that
' the governing resistance is centered in the plate itself; at least for the
type of joints considered here. The analytical method is discussed below.

( 7.2 ANALYTICAL DEVELOFMENT
The correlation of joint conductance data was limited to the component
] Joint configurations. An anlytical model was postulated based on the work

: done by previous workers, expsrimental date and engineering judgement.
i The basic concept of the proposed method is that the controlling thermal
resistance is ths plate, It is postulated that the points of contact
which contribute to the conductance are in the small region under and
around the bolts. The problem is than to describe the heat flow in the
plate to the bolt area. Two mathematical models were employed for this
purpose.

S P o, o A 2

7.2.1 ANALYTICAL MODEL I

The first mcdel is shown in Figure 23(a). It is a disc with
uniform heat flux over its surface and conduction to a central area at a
constant temperaturs., The outside surface (r = R) is assumed to be
ingulated. This model is used tc describe heat flow in a joint with only
a few bolte in relation to the total area.
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Figvre 23. Analytical Models for Bolted Component Joint Correlation
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z For an incremental volume at radius r, a heat balance yields,
Q
F ‘
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1 '
Q 2mr dr = - 2 Xtr QI + 2m Ktr ! 7-1
- dr dr
r+dr r
§ or
: kt d dT
3 Q = - » dr (r dr} 7‘2
. with boundary conditions:
at r = R, -;‘@ - 0 (insulated) and
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CoTeTe2 70N 0,7) ¢ 55 = AT 74
The conductance of ons plate is:
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. Substi*iting AT from Equation 7-i »nd changing the limits of
integration gives:

2

‘
5

]
%
¥

QR
1

.
=
1]

1'1_\

T]OJ ’ ﬂ|d‘n 7—6

2
@° 1 g 22y, L
% (M, -"%) +31n
o <
Integrating and substituting the limits yields

%t 1 7-7
2

h =
R% 0%, - n g - /4

The bracketed term of Equation 7-7 is plotied in Figure 2L and the
conductance versus redius for several effective contact radius vaiues is
shown in Figure 25.

7.2.2 ANALYTICAL MODEL II

The model which can be applied to a system having contact arcund the
periphery is shown in Figure 23(b). The equation for this system is:

S - By 1

r dr 7-8

-

{
The boundary conditions are: -

-’

r =0, Tis finite

= T= 1
r Ro' o

Solution of Equation 7-8 yields,

r
_ " 2_2
T-T, Lkt Ry =T 7-9

The conductance of one plate is:

2
QR
h = _.ﬁ_°___ 7-10

Substituting AT from Equation 7-9 and integruting gives:
.-

p) 7-11
RO

This aquation is plotted in Pigure 26. ' ()
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h - BTU/HR FT2 °F

R, =0.22 INCHES

10 o = 0311 INCHESH

WHERE:
h = CONDUCTANCE - BTU/HR FT%°F

k = PLATE THERMAL CONDUCTIVITY;

i
2kt 4

n
R "3--4&-’“’0'1

90 BTU/HR FTCoF/FT
t =THICKNES3; - FT( AN INCH)
192 \16
R = RADIUS; FT
R, = CONTACT RADIUS; FT
=R

R
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N
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Pigure 25. The Therzal Conductance of a Single Contact sunctio

as a Punction of Contact Radius (R ) for an Alxinu
Plate 1/16th Inch Thick
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Pigure 26. The Theiami Coaductance of a Pericheral Contact
Junetion for an Allminum Plate 1/15th Inch Thick
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7.2.3 CONTACT REGION AROUND A BOLT

The ccntact area and conductance of a bolt is based on the
deformation of the plates under bolt head. The method used to determine
this quantity is that presented in reference (17). e analysis
glven by this reference assumes a uniform lcading over the bolt area.
The resultant stress distribution ias shown ir Figure 27 and can be
expressed as (Equstion 56, Reference 17):

) ]
,[<c/a>2 -1
[o8 .
£-1-(3) 7-12

o

™e quantity c is dependent upon the tolt diameter, a, and the plate

thickness, 2. For a 1/lb-inch plate in contact with a 1/d-inch plate,
the effectiVe contact radius, ¢, is given by Reference 17 as 1.35a.

The pressure under the bolt must be computed for use in the above
expression. The tensile load in a bolt torqued to a rreset value is
determined from the approximate relation given in Referenze 18,

T = 5.20 Fd. 7--13
where
= bolt torque, 24 in.-lb.
F = tensile load, 1b.
4 = major thread dia. = .190 in
ar
F = 630 1b.

This valiue is ccusarvative for ithe present application; that is,
it y.elds a lower ronductance than valiues g.van by other references.
Arcon and Colombo (1%), for example, use a valuc of 80C 1lb. for 22 in.-1b.
torque in the same size bolt.

The bolt (NAS 563) has a measursd bearing c¢iameter of 0,344 inches
and the mut (NAS 671) has a measured Learing diametor of 0.312 inches.
The area under the nut wac used to obtain the pressure, assuming unifora
loading (cp = ) d

53 3b., » 13,45 1b/in’ -1
.CL48 in

This result wus used with Zguation 7-12 to ¢blain the pressire
distribution and condvctance a: the bolt. The solution of Eguation 7-12
for az.unug the resulis cf Equation 7-if, are plotted in Pigure 28, The

preasure distribution was used by dividing the area into ar.lar zones
and evaluiting each zcne t) estimete its conductainze. The numerical
values were obtained from the conductance versus pressure plot given in

T
"’H
PA
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Figure 6-3 of Refercnce 19, labeled "Best line throush most of the
Aluminum (II) Data-Vacuum." The results of this calculation yleld

a conductance through ths bolt of 21,000213tu/hr £t °F. This can be

compared to the value of 10,000 Btu/hr ft °F calculated in Reference 19

for a No. 10 bolt tightened to 22 in-lb,torque. - The area under the bolt

in Reference 19 is given as 0.33 inches” (a washer was used in Referencs 19).
The conta~t area under the bolt in the present study was 0.l12 in,<. Thus, the
thermal resistance of the two bolts can be compared:

Present Study:

(o]
_i . . _E hr
R=ix = 057 By

Reference (3)

o]
L gy
R=% " 0% 3

7.3 APPLICATION [0 TEST CONFIZURATIONS

".ree component test configurations were run with fewer than the
normal 12 bolts to evalueie bolt spacing affeciiveness. These tests were
in sddition to those reported in Section 3.L. Thaese configurations are
shown in Figure 29 (a, b, and ¢). 'The sample size was 6 inches by 6 inches,
the upper plate thicknsss was 1/16 inch, and the mounting plate wes 1/8
inch thick. The bolt torque was 24 in. 1lb. for all cases.

Configuration 29-a was divided into four equal areas for purposes
cf analytical correlation. Each *‘rianguler section was assumed to be
deformed into a semicircular shape of the same area ard having a contact
region at the center. The radius of the segment is then 2,38 in., and
the bolt contact area, now semici.cular, has an effective radius of 0.311 in.
These dimensions were substituted in the equatiors described in Section 7.2.1.
ine resulting conductance of the upper plate was found to be: hl = 18.3

Btu/r 3% OF.

The conductance of the lower plate will be cumputed using the same
analytical procedure. Since the heat removal from tia lower plate is not
as uniform as heat supplied to the upper plate, the analytical model is
now a poorer approximation of tha real system., The results were used as
un approximation sinecs an analytical solution of the real heat flow in this
plate would be a lengthy task. Applying this methcd to the lower plate,
which has a thickness twice thst of the uppor plate, results in

"\2 = 36,6 Btu/hr ft2 OF. These two plate thermal conuuctances must be combir |
with the bolt thermal conductance, The thermal circuit for this system is:

Ry - Efk{ W\ 3 1
. % g Py
Ry = % 2A2 M
Figure 30. Thormal Circult fo: Calcilating Overail T..rmal Conductance
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The overall conductance ie given by:
1 1

1 1
+ +
hA ~ hA; hpAg  hA,

Substituting the values gives:

P | + 1 . L
R I %8 ()
1 8o+ .057 + 437
hA

R - 11.7 Btwhr £t° °F

1.368(ﬁ1')

Applying this technique to Configuration 29-b, the corner bolts were
close together and were lumped together to form a quarter circular e-ea
having an effective radius of 0.522 inches. The analytical method
of Section 7.2.1 and theimal cirsuit substitutions yield an overall
conductance of h = 8.0 Btu/hr ft< °F.

Configuration 29 wag dividad by allotting to ‘each corner bolt & .
hemicircular ares of 4 in.“ and each canter bolt a quarter circle of 5 in. .
Using the same technique as above, the thermal circuit gave:

h = 22.0 Btu/hr £t° °F.

The twelve-bolt configuration was analyzed in the same mammer by dividing
thie area into eight equal area segments as shown in Figure 29-d. The
result was:

h = 26.7 Btu/hr £t °F.

The 6 inch by 12 inch component corfiguretion can be approached uaing
the same technique by dividing the area into eight hemici. :ular sectox's2
a-d four quarter circular sectors each with an effective ar.1 of o inch®.
Sirdlarly the 12 by 12 configureation was divided into twelve hemicircles
ana four quarter circles of equal ares, 9 inch<, The results for these
six configuretions are shown in Table 8.

The 6 inch by 6 inch, 12 bolt and 12 inch by 12 inch, 24 bolt
configuraticn: can elso be predicted using the method described in
Section 7.2.2. An effective radius basad on the plate area was used in
Eqration 7-11. The results are 2lso given in Table 8. The results of
these covrelation attempta are comperea? Lo the mensured values in Table 8.
The agreement is adequate in all cases except 29-b where the predicted
value is a 1ittls more hen half of the measured conductance. In spite of
this, the success of the technique is quite saiisfactory. Further
axploitation should bs made of the approach described here. The reeults
have been restrictel to & bolted thii plate without a filler material.
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Figure 29. Method of Subdividing the Test Configuwrations to
Predict Overall Thermal Conductance
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TABLE 8

COMPARISON OF FREDICTED AND MEASURED COMPONENT JOINT CONDUCTANCES

Configuration

29-a
29-b
29~c

29-d
6 x 6, 12 bolts

6 x 12, 12 bolts

12 x 12, 24 bolts

Experimental
h, BTi/hr £t2 OF

13.4
13.7
22.0
96.3
18.5

8.3

Method I (Sec..7.2.1) Method II (Sec

h, BT /hr £t
1.7
8.0
22.0
26.7
18.1

10.5

20

F

h, BTU/hr ft

7'8

3 352.2)




An attempt should be made to extend this to thick plates witn and without
a filler and to thin plates with a filler.
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8. CONCLUSIONS AND RECOMMENDA TIONS

This report presents the results of the first phase of a progran
designed to improve the prediction of spacecraft thermal performance.
The information necessary for the comparison of prediction and test of a
s~acecraft model has been gathered. The continuation of the program to this
natural conclusion is the sscond phase of the study. There has baen no
decrease in the practical needs for this continuation and it is important
to complete this program.

There have been several develomments within this program which
warrant further study. The first is the extensiun of the joint conductance
testing to include a larger number of joint types, The techniques which
have been developed in this program for experimentally measuring the
conductance of practical joints hava proven to be very simple and inexpensive.
The accuracy which is obtained is adequate for such jcints and is a
satisfactory compromise with the cost of such experimentation. The joints
for this additional work should not be chosen on the basis of a thermal test
model but selectad for the frequency with which they are used in actual
practice, e.g., riveted joints, low conductance joints, etec.

The practical correlation of joint conductances should also be continued.
The correlation for the thin plate unfilled component joints was obtained by
assuming the primary resistance to heat flow was in the thin plates. This
primary resistance was found to be sdequately described by radial in the
region surrounding each bolt fastener. The succees with which the component
Joints were correlated by this procedure wes very encouraging. The limitations
of time and resources did not allow a similar attempt to be made to
correlate filled joints or structural jointe. However, such a correlation
is believed to be feasible. This work could be included in the second phase
of the program; correlation of other test joints would be performed as part of
the experimental work dsecribed above or as a separate study. Regardless of
the mechaniam chosen for performing this correlation, this work should be
continued and extended.

The spplication of the directional specular—diffuse method of analysis has
indicated a major gap in our knowledge of thermal rediation properties. A
critical part of this method is the separation of the thermal rediation proper-
ties into the diffuse and specular cosponents. Addi‘ional experimental ard
anal;tical work is required to develop a basis for this sepamation from
Bessurenents of the directionsl and specular reflectances. Such a study
should include sn waxination of the geometrical reflectances (ard emittances)
relative to the distribution of reflected (and emitted) radiation.

Although the comparisons of predicted and experimental rediation exchange
in the eimple geometries were close, further refinament of the predictions
are desired. This prodlem is related in part to the separation of the diffuse
and specular camponents discussed above. Ths effect of nin-grayv ~edistion
properties is probably of equal or grester ikportance. Purth-s study i:
needed for the improvement of the predicted temperstures an’ heat fluxes,
e.g., & prediction using the band energy method.
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In conclusion, the objectives of the first phase of the program have
been satisfied; i.e., the data and methods required to compare the
predicted and test thermal performance of a model spacecraft have been
developed. Other areas for further study have also been found:

(1) practical loint conductance measuranents

(2) correlation of measured joint conductances

(3) tre separation of radiation properties into diffuse and
specular componants for the directional specular-diffuse
analysis

\ +) the importance of the non-gray property assumption

The develommen’ of additional problems is to be expected in a study of this

nature. The second phase of the program should be expected to raise its
own share of new problams.
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APPENDIX I
! EXPERIMENTAL DATA—COMPONENT JOINTS




The experimental data for the 6 x 6 component joint is listed in
Table 9 of this appendix. The thermocouple locatiors are shown on the
full size drawing of Figure 31, In addition to these thermocouples,
thermocounles were placed in the cooling water inlet and outlet lines.
These ar~ absolute thermocouples No. 3 and 4 respectively. The approxi-
mate cooling water flow rate was also recorded, but varied as the water

pressure fluctuated. Tre heater voltage and current are also recorded.

Figure 31 also illustrates the zones which were 1'sed in computing

N L o g o e

the rea weighted temperature difference. A sample calculation for

run 0. 1 is as follows:

w

1.02 41,04 +0.80 +0.77 0

ﬁm: - ry =0.91°%
1
K’i*®= 1.98 °F

Z-T@:z.so F4 1L 25T 5 04 F

-KT@:6.29+6.53 - 6.41 °F

These average AT's are for each zone, obtained by averaging the

differential thermoccuple readings in each zone. The uverall AT is now

i ccmputed by area weighting these values.

}.J‘

4
AT,., = AT, AT —@A ——— A
M @T* @A_*’@) ! T@T

aT,, 3.2 (0.91) + 522 (1.98) + 12 (3.06) + 85 (6. 41)

0.229 + 0.412 + 1,121 + 1.11

ATM =
o
ATM = 2.8712°F
QXN = 3,702 (C.1314) = 4,861 watts

16.6 Btu/hr
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h = oot
ABT,

_ 16.6 Btu/hr
1/4 £t° 2.872°F

23.1 Btu/b> ft* °F

A

Thke experimental data for :he 6 in-h x 12 inch ane 12 inch x 12 iach
component jcints are given in Tables 10 and 1i, respectively, cf this
appendix. The thiermocouple iocations and temperature weighting zones

are shown in Figures 32 and 33 for these two experimential cenfigurations,

Differential therraocouples are located at the same (x, y) coordinates
on the back of the mounting plate and the component plate at the locations

shown on Figures 31, 32 and 33.

The conductance is calculated using the following egnation:

- AAT

The area used in this caiculaticu is the contact area of the mating parts.
For the structural jeints, this was the overlap area between the angle
bracket ond the panel. The AT is an area weighted averag=~ which is deter-

mined by the raethod explained in above.
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Figurs 31. 6" x 6" Component Joint Thermocouple Location
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L) 1
O+ T+ +
f--lpy- +
+ /A] 2
-{
| e o m——
r
o ©
| s | | 3
SN
[ ! |
|
L
- — 4 +
u
|’____{
SR YY a
+ +
7
+ +
+ 6 +
20 -+ + +&7
ZONE 1, 12.40 IN.2 O DIFFERENTIAL THERMOCOUPLES
ZOME 2, 13.15 IN.2 O  ABSOLUTE THERMOCOUPLES
ZONE 3, 25.20 IN.2 +  BOLT LOCATION
2

ZONE 4, 21.25 IN,

ZONE AREAS USED TO
CALCULATE AVERAGE AT

Figure 32. £" x 12" Component Joirt Tiermocouple Location
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ﬁ Table 9. Experimental Data— ¢ by 6 Inch Comwonent Joints
Run No. 1 2 3 4 5
Date 10/26/64 10/26/64 10/2¢/v4 10/26/64 10/27/64
Pressure, Torr 6 x 10-7 6 x 10'7 6 x 1()"7 6 x 10'7 5 x 10-'7
a Absclute T, C.
“ 1-°F 85.7 95.3 107.1 119.0 85.3
2 -°F 80.2 85.6 91.6 97.8 75.8
3-° 74.0 74.5 74.5 74. 13 73.8
4 -°F 74. 1 74.8 75.0 75.0 74.0
1 .
Differential T. C.
| 1 -9 6.53 11.78 18. 28 24.72 6.72
x 2-°F 6.29 11.38 17. 60 23.78 6.48
3-F 2.50 4,56 7.25 9,85 2.52
4 -°F 4.11 7.06 10. 95 14. 90 4.05
5 -°F 2.57 4.64 7.25 9.81 2.63
0 6 - °F 1.02 1.81 2.81 3.81 1.02
7-°F 1.98 3.52 5, 46 7.40 2.00
8 -°F 1.04 1.88 2.92 3,96 1.07
9 - °F 0.80 1.41 2.19 2.97 0.81
10 - °F 0.77 1.31 2.04 2.717 0.74
Voltage. volts 37.02 49.31 61.54 72.04 36.99
Current, amps 0.1314 0.1750 0.2185 0.2560 0.1313
Water Flow, ml/min 725 650 650 630 57%
Boit Torque, in-1b 24 24 24 24 24
Filler T.one None None None None
Sample Number 1 1 1 1 1
Number of Bolts 12 12 12 12 12
h, Btu/hr ft® °F 23.1 22.9 23.0 22.3 22.8
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Table 9. Experimental Data—6 by 6 Inch Component Joints {Continued)

Run Number
Date

Pressure, Torr
Absolute T. C.

1-°F
2 -°F
3.°F
4 -°F
Differential T. C.

- %

(]
o
)

]
o
)

o

O O ~3 O~ W0 B W NV -
] [ |
©c 0 0O 0 9O

o vy o o

[ )
<
C

Voltage, volts

Current, amps

)
10/27/64

5x 10 '

95.1
85.2
74.1
74.5

11.78
11.131
4. 48
7.03
4.60
1.78
3.50
1.86
1.40
1.30

49.73

0.1751

Water Flow, ml/min 525

Bolt Torque, in-ib
Filler

Sample Number
Number of Bolts

h, Beu/hr ft2 °F

24

None

i2

23.2

7

10/27/64

5x 107

107.5
92.3
74.3
75.0

18. 30
17.65
7.25
10.95
7.50
2.7
5.45
2.92
2.16
2.00

61.54
0.2185
525

24

None

12

22.9

8

10/27/64

5 x 1077

118.5
97.3
73 3
74.1

24,72
23.89
9.85
14.88
9.79
3.77
7.37
3.96
2.94
2.171

72.02
0.2559
525

24

None

12

23.1

9

10/28/64

6x 10”7

105.5
89.9
73.2
73.6

18.27
17.68
7.22
10. 90

.78
.50
.94
.19

oV NN N

61.53
0.2185
1175
24

None

12

23.0

10
10/28/64

7x 1077

117.5
102.3
74.7
89.1

18.68
17, 82
7.95
11,32
7.44
2,53
5.04
2.87
2.00
1.82

61.52

0.2185

24

None

12

22.8
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Table 9. Experirnental Data—6 by 6 Inch Component Joints (Continued)

Run Number

Date

Pressure, Torr

Absolute T.C.

1-°F
2-°F
3 -%F
4 -°F

Differential T.C.

- %

'
Q
)

Qo ©

]
[o]
n oo

Q

'
©
o

L
[+]
oo

*}

V.. RS B, IRV I R
i

—
[ =]
©

Voltage, volts
Current, amps
Water Flow, ml/min

Bolt Torque, in-lb

Filler

Sample Number
Number of Bolts
h, Btu/har ft

o —

11

10/29/64

T x 10'7

85,0
79.8
73.8
74.0

6.22
5.88
2.23
3.88
Z2.45
0.62
1.83
0.91
0.66
0.74

37.00
0.1313
525

None

12
10/29/64
7x 10‘7

94.2
84.9
73.9
74.3

10.9C
10.29
4.02
6.74

4,30

1.10
3. 21
1,61
1. 19
1.31

49.32
0.1751
550

30

None

12
25.2

13
10/29/64
7x 10-7

105.7
91.9
73.17
74.3

17.20
16.30
6.62
10.52
.80
.13
.04
.57
.87

— N N e O

61.54
0.2185
550

14

10/29/64

7 x 10'7

117.8
97.5
73.6
74. 4

23.37
22,10
9.10
14.31
.30
.32
.81
.50
.53
.73

NNV W NV O

72.02
0.2559
550

30

None

12

25.0

15

10/30/64

5 x 10-7

84.8
79.5
73.6
73.6

.27
.93
.90
.90
.55
. 68
. 8¢
.98
.70
.79

O O O = O N W N U O

(™)
~3
]

0.1313
500
18

None

12
23.9




Table 9. Experimental Data- -6 by 6

Run Number
Date
F ~essure, Torr

Absolute 1. C.

W N
'
)

Differential T.C.

B o

0 o 0 ©
o

o]

O ® =3 O O W W N
]
[o] [+]
ny

L]
[«
wowy ooy

[
(=
[+

Voltage, volts
Current, amps
Water Flow, ml/min
Bolt Torque, in-lb
Filler

Sample Number
Number of Bolts

b, Btu/hr ft2 °F

16

1¢/30/64

5% 1077

54,1
£4.8
73.7
74.1

10.99
10.34
4.10
6.76
4, 46
1.19
3.21
1.67
1,24
1,38

49.3¢C
0. 1750

525

None

12

24.05

17
11/2/64

6 x 10-7

81,5
78.9
73.2
73.4

2.20
2.25
0.50
1. 49
0.43
0.27
0.52
0.15
0.28
0.45

37.00
0.1313
600

24

RTV 11

12

76.9

Inct

18

11/2/64

6 x 10-7

88.4
84.0
73.6
73.9

3.76
3.87
0.83
2.50
0.72
0.47
0.83
0.25
0.44
0.73

49.34
0.1751
600

24

RTV 11

12

81.5

19

11/2/64

6 x 10-7

96.1
88.9
73.4
73.9

5.76
5.94
1,27
3.90
1. 11
0.71
1.26
0.38
0.67
1.11

61.50
0.2183

600

Component Joints { Continued)

20
11/2/64

6 x 10-7

104.5
94.7
‘0. 891

7.83
8.05
1.73
5.27
1.52
0.98
1.71
0.53
0.91
1.49

72.74
0.2558
600

4

RTV 11




Tabie 9.

Run Number
Date
Pressnra, Torr.

Absolute T.C.

W N e
'
o]
)

Differential T. C.

- %

[} [
o O
o

]
[o]
)

Q

t
[ o]
S

Q

O ® N O W N e
'
o]

-
o
o O

Voltage, volts
Current, amps
Water Flow, ml/min
Bolt Torque, in-1b
Filler

Sample Humber
Nuwunber of Bolts

20

h, Btu/hr 1t° °F

21

11/6/64

8x10"7

8l.4
76.0
73.3
73.4

5.76
5.1%
2.88
2.29
0.65
1,36
0.95
0.48

37.03
0.1315
1300

None

12
24.7

22

1176/64

8x107

91.0
80.2
3.8
74.1

11,60
10.29
5.85
4.62
1.32
2.7
1.97
1.02

53.01
0.1883
675

12

None

12
28.5

23

11/9/64

9 x 10’7

83.7
4.2
70.9
71.1

5.69
5.06
2.87
2.23
0.45
1.26
0.91
0.44

37.01
0.1314
575

24
None

2

12
29.1

24
i1/9/64

9x 10

86.8
71.5
71.7
72.1

9.82
8.71
4.92
3.82
0.76
2. 17
1.55
0.74

49.33
0.1752
575

24

None

12
30.1

Experimental Data—6 by 6 Inch Component Joints (Continued)

25
11/9/64

9 x 10-7

95,
80.
72.
72.

W =~ O WU

15,25
13,56
7.65
5.96
1.18
3.38
2.44
1. 17

61,53
0.2186
575

24

None

12
30.1

L




Table 9.

Run Number
Date
Pressure, Torr,

Absolute T.C.

B W N
'
)

Differential T. C.

o

1-°F

2 -°F

3-°F

4-°F

5 - °F

6 -°F

7 - °F

‘ 8 - °F
9 - °F
10 - °F

Voltage, volts

Current, amps

26

11/9/64

9 x 10-7

104.7
84.5
72.1
73.0

20,93
18.57
10. 51
8.19
1.63
4.62
3.4
1.63

72.03

0.2560

Water Flcw, mi/min 5§75

Bolt Torque, in-lb

Filler
Sample Number
Number of Bolts

2o

h, Btu/hr 1t“ °F

o S—— Bt .

Mone

12

30.1

e

27

11/10/64

1 x 10'6

88,2°
77.4
70.8
71.3

11.30
10.09
5.74
4.50
0.84
2.54
1.78
0.89

53.01
0.1883
575

30

None

12

30.0

28

11/13/64

1l x 10-6

81.2
75.4
69.9
70.4

3.78
3.38
1,38
0.72
0.29
0.20
0.26
0.26

53.03
0.1883
575

12

RTV 11

12

123.0

29

11/17/64

1x 10’6

71.6
69.0
66.0
66.4

1.80
1.61
0.63
0.31
0.21
0.091
0.095
0.09

37.02
0.1314
625

24

RTV 11

f9

12

128,1

Experimental Data—6 by 6 Inch Component Joints (Continued)

30

11/17/64

1 x 10'6

75.7
70.9
70.9
66.5

3.08
2.76
1.1
0.58
0. 36
0.20
0.20
0.27

49,31

0.1751

600

12

127.0
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Table 9. Experimental Data—6 by 6 Inch Component Joints (Continued)
Run Number 31 32 33 34 35
Date 11/17/64 11/17/64 11/19/64 11/20/64 11/23/64
Pressure, Torr 1 x 10-6 1x 10-6 7 x 10'7 1 x 10—6 1x 10-6
Absolute T. C.

1-°F 81.7 87.0 78.8 80.6 72.1
2 -°F 74.2 76.5 73.4 72.5 68.2
3-°F 66.2 66.1 67.7 66.7 65.2
4-°F 67.0 67.0 68,2 67,1 65.4
Differential T. C.
1 -°F 4.72 6.39 3.39 7.25 3.62
2 -°F 4.25 5,77 3,04 6.20 1.29
3 -9 1.73 2.35 1.12 3. 12 1.57
4 -°F 0.89 1,24 0. 54 2.22 1.07
5 - °F 0.51 0.67 0.31 0.37 0.19
6 - °F 0.30 0.4l 0.17 0.93 0. 45
7-°F 0.29 0.37 0.17 0.53 0.23
8 -°F 0.44 0,65 0.30 0. 42 0.15
9 -°F
10 - °p
Voltage. volts 61.51 72.05 53,01 52.99 37.00
Current Amps 0.2185 0. 2560 0.1883 0.1879 0.1312
Water Flow, mnl/mic 600 600 600 600 460
Bolt Torque, in-lb 24 24 30 12 24
Filler RTV 11 RTV 11 RTV 11 G 683 G 683
Sample Number ? 2 2 2 2
Number of Bolts 12 12 12 12 12
b, Btu/hr 11 °F 129.0 130.0 142.0 55,5 63.0
91
AR
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Table 9. Experimental Data —§6 by 6

Run Numbper
Date
Pressure, Torr

Absolute T. C,

1
2
3-°
4

v “w B
] ]
c o o]
ny ny

o
)

-

™
-

O w »®» Ny
o
o

1

"

Voltage, volts
Current, ampe
Water Fiow, mi/min
Balt Torqne, in-Ib
Fiﬂor

Sample Number
Number of Boltg

h, Bru/kr 0t °¢

26

'1/23/64

1 x 10~6

78.3
71. 4
66.0
66.5

6.20
2.07
2.72
1.86
0. 33
0.77
0. 42
0. 34

49. 31
0.1749

460

37

11/23/64

1 x 10-6

85.7
4.7
66,7
67.4

9. 46
3.11
4,17
2.88
0.52
1.17
0.66
0.56

61,53
0.2183
460
24
G 683

12

66.1

92

38
11/23/64

1x 108

92.4
77. 4
66.5
67.5

12.83
4. 15
5.63
3.89
0,67
1.56
0.87
0.77

72.04
0. 2556
460
24

G 683

12

67.1

39

11/23/64

1x 1078

79.9
71.7
65,9
66, 4

7.15
6.15
2.99
2,137
0,27
0.72
0. 44
0. 34

£2. 6o
0.1878
475

30

G 683

12

57.0

Lnch Compornent Joints (Continued)

40
11/24/64

5x 10"

88,1
73.9
€6.7
67.1

13,58
13,37
6.59
4,72
1.07
3.35
2.22
1.18

52.96
0. 1880
560

12

None

12

24.8




Table 9. Experimental Data—6 by 6 Inch Component Joints {Continued)

Run Number

Date

Pressure, Torr

Absclute T. C.

1
2 -

L
)

4 -

Differential T.C.

O = N Wl WY e
|}

]
(o]

Voltage, volts
Current, amps
Watar Flow, ml/min

Boli Torque, in-lb

Filler

Sample Nu.uber
Number ot Bolts

h, Btu/hr {t

F
c
F

°p

o}

o 0 O o 9
o mp ]

o
ry

*
See Appendix VI,

41

11/24/564

5x 10/

92.6
81.8
66.6
67.0

17.64
17.70
11.94
7.46
1.80
7.80
10.18
10. 40

13.4

42

11/25/64

5 x 10°°

88.4
74.9
65.9
b6, 4

14,32
13.93
7.36
4.97
1.11
4,26
3.26
2.53

52.95

0.1880

22.0

93

43

11/25/64

5 x 10'6

92.7
75.0
66.4
66.9

18.42
18.45
10.19
10.59
9.44
7.95
3.64
1,61

52.95
0.1880
550

24

Nore

13,7

44

11/25/64

5 x 10—7

7.5
0.7
66.8
67.0

6.70
6.65
3.17
2.26
4.78
1.57
0.93
C.4y

37.07
0.1313
625

24

None

12

2,1

45
11/25/64

5x 1077

85.0
72.9
66.2
66.7

11.50
11,44
5.45
3.92
0.8C
2,67
1.65
0.92

None

12

25.9
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;{ Table 9. Experimenta! Data—6 by o Inch Component Joints (Continued) -
: -1
; Run Number 4¢ 47 48 49 50
; Date 11/27/6=  11/27/64 11/30/64 i2/3/64  12/3/64
’ - - -7 -7 -
§ Prassure, Torr 5x 10 7 5x 10 7 6x 19 ° 4x1]¢C 4x 10 7
§ Absolute T.C.
g 1-°F 94.6 105, & 81,8 73.0 79.1
g 2 -°F 75.7 79.6 72.17 68.8 71.5
§ 3 .9F 55. 4 65.5 66.0 65.3 65.8
] 4 -°F 66.0 66.4 66.5 65.6 66.3
g Difterential T. C.
2
H 1-°F 17.67 23.95 5.63 2.63 4,54
] 2 -°F 17.59 23.80 6.21 1,00 5,14
& 3.7F 8.36 11,31 1,8} 0.76 1.32
: 4 -°F 6.02 8.20 0.75 0.27 0.45
5. °p 1.26 1.69 0.24 0.14 0.21
6 - °F 4. 14 5.60 0.24 0.13 0.20 Q
‘ 7 -°F 2.59 3.54 0.24 0,12 0.23
. 8 -°F 1.49 2.02 0.37 0.05 0.23
9 -°F
10 - °F
Voltage, volts 61.52 72.06 53.01 37,00 49, 34
Current, amps 0.2134 0.2560 0.188] 0.1313 0.1751
Water Flow, ml/min 600 600 600 550 550
Bolt Torque, in-1b 24 24 12 24 24
Filler None None RTV 11 RTV 11 RTV 11
Sample Number 3 3 3 3 3
Number of Bolts 12 12 12 12 12
h, Btu/hr ftZ °F 26.2 26.6 84. 1 91,0 93,5
9%
e - T —
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Tabie 9.

Run Number
Date
Pressure, Torr

Absolute T. C.
1
2
3-°F
4

Differential T.C.

o

1-°F
2-°F
3-°F
4-°F
5 - °p
6 - °F
7-°F
8 - °F
9 - °F
10 - °F

Voltage, volts
Current, amps
Wate: Flow, ml/min
Bolt Torque, in-1b
Filler |
Sample Number
Number of Bolts

h, Btu/hr ftz op

51

12/3/64

4x 107

86.8
74.8
66.2
66.9

6.95
7.86
2.03
0.70
0.30
0.29
0.37
0.44

61.54
0.2184

550

RTV 1li

12

94.8

52

12/3/64

4x10°7

94.9
78,5
€6.2
67.1

9. 44
10,62
2.77
0.96
0.40
0.40
0.52
0.67

72,05
0.2558
550

24

RTV 11

12

95.4

95

53

12/4/64

5x 1077

83.5
72.2
65.6
66.0

8.95
9.19
3.22
2,25
0.26
0.92
0.70
0.42

53,01
0.1878
650

12

G 683

12

47.0

Experimental Data—6 by 6 Inch Component Joints (Continued)

54

12/4/64

2x10°°

75.6
70.0
66.7
7.0

4.52
4.48
1.59
1.09
0.12
0.42
0.28
0.11

37.05
0.1312
600

24

G 683




Table 9. Experimental Data—6 by 6 Inch Component Joints (Continued)

Run Number

Date

Pressure, Torr

Absolute T.

1-°F
2-°F
3-°F
4 -°F

C.

Differential 1.C.

W o NN W N
)
o
e

—
(=]
0

Voltage, voits

Current, amps

Water Flow, ml/min

Bolt Torque, in-1b

Filler

Sample Number

Number of Bolts

h, Btu/hr ft

20

F

55

12/4/64

5x 10-8

81.9
72.9
63.5
64,3

7.70
7.74
2.76
1.91
0.22
0.74
0.54
0.33

49.36
0,1748
600

24

G 683

12
48,2

56
12/7/64

.

1x10°°

88.0
72.9
63.5
63.4

11.80
11.88
4.25
2.98
0. 36
1.09
0.81
0.51

61,52
0.2180
500 -
24

G 683

12
48.8

96

57

12/7/64

1x 10-6

97.1
76. 4
63.8
64.7

15.93
16.05
5,74
4,02
0.48
1.48
1. 10
0.76

72.C4
0.2554
500

24

G 683

12
49.5

58

12/8/64

5x 107

71.0
66.3
63.1
63.5

3.12
3.2¢
0.85
0.48
0.15
0.18
0.73
0.

37.02
0.1311
525
24
G 641

12




Table 9. Experimental Data—6 by 6 Inch Component Joints (Continued)

Run Number
Date
Pressure, Torr
Absolute T. C.

1 -°F

2 -°F

3-°F

4 -°F
Differential T.C.

1-°F

2-°F

3-°%

4 -°F

5 - OF

6 -°F

7-°F

8 -°F

9 -°F

10 - °F
Voltage, volts
Curreat, amps
Water Flow, ml/min
Bolt Torque, in-1b
Fi er
Sample Number

Number of Bolts

h, Btu/hr ft2 °F

59

12/8/54

5x 1077

77.8
69.7
63.9
64.4

5.36
5,58
1.47
0.85
0.22
0,33
0.20
0.10

49.35
0. 1748
525

24

C 641

79.0

60
12/8/64

85.8
73.2
64.5
65.2

8.20
8.56
2,27
1,34
0.32
9,51
0,37
0.45

61.52

0.2180
525

24

G 641

12
79.0

9

61

12/8/64

5% 107

93.8
76.8
64.8
65.8

11,10
11.56
3.07
1.81
0.40
0.70
0.54
0.69

72.02
0.2553
525

24

G641

12
79.5




Table 10,

Run Nuinber
Date
Pressure, Torr

Absolute T. C.

- %

Q

1

2 F
3-°F
4 F

(=]

[*]

Differential T. C.

(o]

1-°F
2.0

3-°F
4.°F
5 - °F
6 - °F
7-°F
8 - °F
9 -°F

Voltage, volts
Currents, amps
Water Flow, ml/min
Bolt Torque, in-lb
Filler

Sample Number
Number of Bolts

20

h, Btu/hr ft° "F

62
12/9/64

3x 1077

74. 4
67.7
63.3
64.3

.43
. 94
. 83
.22
15
. 49
.73
.33
50

© - O N W U Vv e N

35, 48
0.2837

575

None

18

22,1

63

12/9/64

3x 10‘7

84.9
71.6
63.9
64.8

5.93
3.87
11,57
10. 40
1..71
4.95
1. 43
2. 61
1. 00

50. 00
0. 4000
600

24

None

18

19.5

98

64

12/9/64

I x 10-7

106. 0
79.0
€3.5
65,2

8.94
7.90
23.50
22.02
29.30
10.20
2.85
5.37
2.09

70.70
0.5667
600

24

None

18

i8.5

Experimental Data—6 by 12 Inch Component Joints

65
12/10/64

5x 16™"

74.9
68.1
64.0
64. 6

. 0?

. 87
.17
.22
. 47
.75
.31
. 51

Q == O N NN e W

35,47
0. 2840
550

24

None

i8

18.5

66 !
12/10/64

5 x 10-7

70.0
66. 7
64.5
64.9

.35
. 98
.94
.59
. 64
. 24
.39 )
. 66
. 25

O O © = (W vV IV O =»

25 00
0.2001
550

24

None

18

18.5




Table 10. Experimental Data—6 by 12 Inch Component Joints

Run Number
Date
Pressure, Torr.
Absolute T, C.

1 -°F

2-°F

3.-°F

4 -°F
Differential T.C.

- °F

o 0
ny by

'
0
hy

0

o I I I |

o

o

OV ® 9 W N e
"
2] [
)

Voltage, volts
Current, amps
Water Flow, ml/min
Bolt Torque, in-lt
Filler

Sample Number
Number of Bolts

h, Btr/br £t °F

67

12/10/64

5 x 10-7

86.5

73.3
65,2
66.2

4.72
3.86
11,60
10. 37
14, 36
4.95
1. 46
2.60
1.02

50.00
0.4005

550

None

18
18.9

68

12/14/64

4x10"

70,4
67.9
64.6
65,1

0.32
0.22
1,25
1.06
1,55
0.22
0.19
0.18
0.12

35.47
0.2839
625

24
RTV 11

18
103,0

69
12/14/64

4x10°7

76.0
70.8
65.0
65.9

0.66
0.44
2.52
2.09
3.06
0.48
0.37
0.4l
0.29

50. 00
0.4004
625

24
RTV 11
1

18
101.5

70

12/14/64

4x 1077

88.3
77.6
66.5
67.7

1.68
0.95
5.26
4,24
6.15
1.02
0.80
0.94
0.61

70,73
0.5669
625

24

RTV 11

18
98,0

71

12/17/64

6x 10"

68.6
65,2
62.0
62,6

0.64
0.28
1.27
1.05
1.42
0.15
0.08
0.04

35.49
0.2822
575

24

RTV 11

18

103.0




Table 10.

Run Number
Date

Pressure, Torr.
Absolute T. C,

1

2
3.-°7F
4
Differential T, C.

[o}

1-°F
2-°F
3-°F
4 -°F
5 - °F
6 - °F
7-°F
8 - °F
9 - °F

Voltage, volts
Current, amps
Water Flow, ml/min
Bo.it Torque, in-lb
Fil'er

Sampie Number
Number of Bol's

20

h, Btu/hr ft° °F

72

12/17/64

6 x 10-7

75.5
68.8
€2.6
63,6

1,37
0.59
2,52
2.13
2,86
9.33
0.12
0.11

50.02
0.3980

5875

RTV 11

18

101.0

73

12/17/64

6 x l()'7

88, ¢
75.0
62.8
64.8

2.85
i.21
5.50
4.30
5.76
0.71
0.23
0.26

70,64
0.5628
575

24

RTVY 11

18

97.0

10

74

12/21/64

6 x 10'7

67.5
64,2
6l.1
61.6

0.71
0.27
1.26
1.21
1.79
0.17
0.11
0.16
0.08

35.48
0.2834
650

24

RTV 11

18

90.0

75

12/21/64

6x 1077

73.5
67,0
61.1
61,9

1.41
0.52
2.48
.37
.51
0.30
0.20
0.30
2,47

ro

(]

50,01
0.3995
650

24

RTV il

18

92.0

Experimental Data—6 by 12 Inch Component Joints (Continued)

76

12/21/64

6 x 10’-7

86.2
73.4
61.6
63.3

2.88
1.05
5.02
4.74
7.05
0.57
0.3%6
0.01
0.38

70,71
0.5651
650

24

RTV 11

18

92.0

O




Table 11, Experimental Data—12 by 12 Inch Component Joint

Run 17 78 79 80
Date 12/22/64 12/22/64 12/22/64 12/28/64
Pressure, Torr 4 x 10-7 4 x 10-7 4 x 10°7 6 x 10-7

Absolute T, C,

1-°F 80. 5 100. 2 138, 6 69.9
2-°F 56, 3 71.6 82.3 65. 6
3-°F 61.1 60.9 64. 4 61.8
4-°F 62.0 62.8 55, 2 62.8

Differential T. C.

o

1 -°F 0.58 0.92 1. 64 0. 51

2-°F 1.89 3. 85 7.73 0.28

3-°F 1.35 2. 75 5.19 0.18

4-°F 3.29 6. 75 13, 40 0.10

5 . °F 12. 10 24.50 48. 60 1. 49

6 - °F 16, 42 33,20 65. 80 3. 14

7-°F 1.30 2.69 5.36 0.12

8 -°F 5,78 11.59 22.90 0. 70
Voltage, volts 29. 60 41.90 59. 20 29. 64
Current, amps 0.€753 0. 9543 1. 1427 0.6748
Water Flow, ml/min 550 550 550 600
Bolt Torque, in-lb 24 24 24 24
Filler None None None RTV it
Sample Number 1 1 i i
Number of Bolts 24 24 24 24
h, Btu/hr t% °F 3. 36 8.32 8. 34 56. 6

101




Table 11, Experimental Data-—12 by 12 Inch Component Joint (Continued)

Run 81 82 83 84
Date 12/28/64 12/28/64 1/5/65 1/5/65
Pressure, Torr 6 x 10-7 6 x 10"7 8 x 10-8 8 x 10-7
Absoiute T, C,

1 - °F 7.7 93.3 68. 7 7.3

2-° 69. 0 76.0 64. 5 69.5

3-°F 61. 5 61.7 60. 5 64.4

4.%% 63. 4 65. 3 61. 7 63.5
Differential T. C.

1 -°F 0.72 0.98 0. 31 0.55

2 -°F 0.53 1. 04 0. 20 0. 37

3-°F 0,37 0. 62 0.20 0. 35

4.°F 0.22 0, 48 0.12 0.20

5. % 2.95 5. 94 1,74 3.39

6 - °F 6. 25 £2. 41 2.6 5. 42

7-°F 0.27 0. 55 0.14 0.25

8 - °F 1.48 2. 54 1. 06 2.10
Voltage, volts 41.83 50.22 29.53 41. 54
Current, amps 0.9527 1. 3460 0.6747 2.952¢
Water Flew, ml/min 600 600 550 550
Bolt Torque, in-1ih 24 24 24 24
Filler RTV 11 RTV 11 RTV 11 RTV {t
Samp!e Number 1 1 2 2
Number of Bolts 24 24 24 24
h. Btu/hr ft° °F 55.8 56. 4 51,7 52.8




Table 14, Experimental Data—12 by 12 Inch Component Joint (Continued)

Run
Date
Pressuvre, Torr

Absoclute T. C.
1
2
3.7F
4

Differential T.C.

e o]

]
Q
P

WX 4 O O e W N e
'
o 0

[ ]
0O O
I L

Voltage, volts
Current, ampe
Water Flow, ml/min
Bolt Torque, in-1b
Filler

Sample Number
Number of Bolts

b, Btu/hr ft¢ °F

85

1/5/65

8x 10"

95. ¢
79.2
63. 4
67. 1

1. 06
9. 77
0.65
0.37
6.80
10, 80
0.63
4.64

59. 26
14,3425
550

24

RTV {4

24

51.0

86
1/7/65

8 x 10'7

69.0
64.8
60. 6
61.6

0. 42
0.17
0.13

1.89
2.91
0.14
0.93

29. ("
0. 6750
550

24

RTV 11

24

51. ¢4

103

87
1/7/65

8 x 10

76.9
68. 3
60. 4
62.3

0.57
0.32
0.28

3.76
5.72
u. 30
1.85

41,85
0.9518
550

24

RTV 14

<4

51.9

88
1/8/65

5x 10" '

-~
tn
W o g

0.37
0.66
0. 60

7.54
11. 40
0. 64
3.58

59.25
1. 3440
500

24

RTV {1

24

52. 4




APPENDIX II

STRUCTURAL JOINT TESTS
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The experimental cata for structural joint configuration No, 1
(Figure 3 of main report) is given in Table 12 of this appendix. The loca -
tion ol th=rmocouplee is shown in Figures 34 and 35, The average AT for
each joint, called “a" and "b," was ohtained by dividing th: ;oint area into
zones, Two zones were used, a one inch square zone at each bolt, with
the bolt in the center, and the remaining area aa the other zcue. The
water fiow rate and temperatures were monitored as in the component
joints, . ~d absolute therinocouples 2 and 3 measure inlet and outlet tem-
peratures respectively, For run number i, the conductance calculation

fer join! "a" is as foilows:
- o
AT@ =3.56F

~=  6.10+8.17 _ o
AT = ~=—g—— = T.13°F

— Ai‘—‘

A

o--j>' t\-’>>

2

AT, = %(3. 56) + -g (7.13)

- _ o
ATM—5.95 F

Q 22.05(0.2312) = 5. C99 watts

N
= 17. 4 Btu/hy
h, = Q
AET,,
h, = -6—‘-3'—?—- = 70. 3 Btu/%r ft° °F
m X 5. 95

Thermocouples 1, 2, and 3 are used to calcalate the conductance of
joint "a," ba' and thermoccouples 6, 7, and 8 to calculate the conductance

of joint ‘nh," hb.

105
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Bl 4 o, -

Table 13 lists the exper.ir.-enial data for structural joint cunfigura-
tion 2. The thermocoupls locations are shown in Figures 34 and 35, This

conriguration util'zes nut plates on one joint, called joint "b" in Table 13,

The results for configuration 3 are shcwn in Table 14, and the
thermocouple locations in <iguree 26 and 37. Differential thermocouples
are located at the same (x, y) ccordinates on the back of the angle brackets

and parels at the locations shown on Figures 34, 35, 36, and 37.
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6 Inch Structural Joint, Configurations

1l and 2, Thermococuple Locations

Figure 24.
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Figure 35.
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; c Table 12. Experir;'xental Data —Structural Joint Configuration 1
% ,
) Run Number 1 2 3 4 5
g Date 2/16/65  2/16/65 2/16/65 2/117/65 3/1/65
. Pressure, Torr 2 x 10-6 2 x 10-6 2 x 10-6 1 x 10-6 1 x 10-6
Absclute T, C,
] 1-°F 93.0 126.2 158. 4 196. 7 88. 0
2-°F 63.5 63.8 63.0 60. 2 63.1
3.9 £3.9 64. 4 63.9 61. 4 65.5
Differential T T,
$
1 -9 3.56 7. 46 11. 32 16. 00 0.22
2-°F 6.10 12. 48 18, 32 25.55 0. 54
; 3.9 8.17 17.05 26, 55 37.70 0. 45
4-°F 7. 89 16. 82 26. 30 36. 95 7.95
5 - °F 0. 50 0.97 1,51 2.13 0. 06
, 6 - °F 3.30 7.00 10, 72 14. 99 0. 20
( 7-°F 5,14 11. 47 17. 60 23.93 0.33
8 - °F 7. 24 14,72 23.28 31,60 0. 65
9 . %y 6. 72 13, 8§ 21. 44 30.10 7. 3G
10 - °F
Voltage, volts 22.05 2.2 40.17 48. 17 22.00
Current, amps 0. 2310 0.3376 C. 4216 0. 5061 0. 2306
1 Water Flow, ml/min 750 750 7au 550 700
Bolt Torque, in-1b 24 24 24 24 24
i Filler None Nor.e None None RTV 11
i Sample Number i 1 ) 1 1
Joint Length, in, 6 6 o 6 6
Number of Bolts 2 2 2 2 2
h,, Btu/hr £t °F 70. 3 2.0 . 74.2 75.7 1042
hy, Stu/hr £t °F 80. 5 80. 6 82. 6 85. 3 1042
11
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Table 12. Experimental Data —Structural Joint Configuration 1 (Continued)

Run Number
Date
Pressure, Torr

Absolute T, C.

1.°%
2. %F
3.°

Differential T, C.

'
c
+y

[= 2V B RS B - DS L Y S VS N
]
Q
S I B

O 0 0 0 0 o o©

—
[e]

Voltage, volits
Current, amys
Water Flow, ml/min
Belt Torque, in-lb
Fiiler

Sample Number
Joint Length, in,
Number of Bolts

20

ha' Btu/hr {t°“ “F

20

hb, Btu/hr £t °F

L R ———— =

6
3/1/65

1 x10°

141.0
62.8
63.6

0.88
1.95
1. 64
5.10
.33
. 68
. 08

N » O O M

22,58

39.52
0. 4149

700

906

995

4
3/1/65

1 x 10

176. 6
62. 6
63.7

2,30
3.36
2. 177
38. 6C
2.75
0.82
.05
. 89
3.75

w W N

48. 40
0.5085
700

i4

RTV 114

715

695

2

2/19/65

1 x 10'6

88. 4
61.1
61.6

2. 58
4. 08
5. 44

8. 06
y)

3.50
4. 50
6.17
7.82

22. 01
0.2319
650

24

None

103.5

88.5

9

2/19/65

4 x 10-6

149. 8
62.3
63.1

8.25

14 20
18, 88
26,22
0.04

11, 24
14.80
19.93
24. 17

39.99

650
24

None

100. 1

90Q

10

2/19/65

1 %107

184.9
61.3
62.5

11. 31
20, 52
27. 42
37.95
0.13

15.88
19. 80
26. 08
34.85

47.92
0.5067
650

24

None

100.9

9¢.5
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Table 12. Experimental Date —Structural Joint Configuration 1 (Continued)

Run Number
Date
Pressure, Torr

Absolute T. C.

1. °F
2 -°F
3-°F

Differential T, C,

o

1. °F
2 -°F
3-°F
4 -°F
5 .°F
6 -°F
7-°F
8-OF
9 - °F

10 - °F

Voltage, volts
Current, amps
Water Flow, mi/min
Bolt Torque, in-lb
Filler

Sample Number
Joint Length, in.
Number of Bolts

2o

ha' Btu/hr it °F

hy. Bta/hr £t °F

e a e - it e = v e i e

i1

3/5/65

2 x 10'6

90.5
63.5
63.9

-d

.12
.98
.61
.24
.74
21
. 87
. 84
98
.37

I . L,

o Y

-~

21.58
0. 2327
675

24

None

78.5

77.5

12
3/5/65

2x 40

142.5
63.4
4.1

None

79. 4

79. 8

e e eim e =

b

13
3/8/65

1 x10°

192. 1
62.9
64.0

None

77.0

81.8

14
3/9/65

8 x 10°

87.7
62.8
63.1

50
.75
.17
.92
. 35

. 65
.16
.98

21.8s
0. 2289

750

v

602

6ot

15
3/9/65

8 x 107"

134. 7
62.5
63.1

2. 44
2. 27
23,70
1 02
0. 07
2. 08
3,53
20. 47

37.83
0.3972

750

5958

h52

T et o B Bty




Table 12. Experimental Data—Structura! Joint Configuration 1 (Continued)

Run Number
Date
Pressure, Torr

Jbsolute T, C,

1 - °F
2 -°F
3-°F

Differential T. C.

- °%F

[+aNNNRY (RN - R VU I
t

C O ©

LI )

® -
i

0 0 ©

it ) G B/

o]

10 -
Voltage, volta
Current, amps
Water Fiow. ml/min
Bolt Terque, in-ib
Filler
Sampls Number
Joirt Lergth, 1n,
Number of Bolts
h. Brujhr ft° °F

h,. Btu/hr nl °f

16

3/9/65

8 x 10"’

176, 5
62,17
63.8

2, 48
4. 5%
3.82
37.45

17

3/15/65

8 x 10'7

88.
62,
63,0

wn [ 1}

S I~ Y " I SR S =
[a¥]
-

[
@x
[«

19. 4+
0, 3841
700

24

None

3/15/65

6 x 10

18

138.9

62.
63,

7.85

13,
15.
26.

85
75
40

4,55

11,
18,
19,
23,
13,

98.

75.

28

58
25
80

.13

3

3/16/65

19

6x 10

189.1

62.
64.

i2.
22.
25,
43,

6
2

53
80
65
30

7.48

16.
28.
31
37.
21.

43,

70
B5
45
20
77

55

0.8623

625

24

None
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Talle 13, Experimental Data —Structural Joint Configuration 2

Run Number
Date
Pressure, Torr

Absolyte T, C.

1.°F
2-°F
3.°F

Differential T.C.

1]
o 0 o & O
no ey

]
o ©
M o o

L B e T o B ¥ R e S N
+
[

[oS

Voltage, vclts
Current, amps
Water Flow, ml/min
Bolt Torque, in-lb
Filler

Sample Number

Joint Length, in,

Number of Boits
h‘ai Beyihr i'.ta Sy

h,. Btu/hr ft* %%

20

3/23)65

5x 10

87.8
63.7
54.0

. 61
. 20
.19
.03
At
.32

S o O N

[P L VS N |
e
[

35
7. 24

]

21.89
0. 2284
715

24
Noqe

1

6

2

34,2

8. 0

7

21

3/23/6%

5x 10

134, .
64. 4

s
03,

[

B.02
16,1490
20.95
<4 35
-0.23
9.70
10, 84
15.914
21. 40

37, 8%
0.3956
175

24

None

Bt &

160, 8

7

22
3/23/65

5 x 10-7

178.8
64.0
65.0

12.75
25. 80
33.75
38, 85
0. 05

15,35
16. 33
24.62
34. 10

23

3/25/65

7 x 1()-7

89.3
63.5
63.9

pmwcamuw
S
w

24
3/25/65

7% 1077

140, 4
64,2
64.9

6.53
12,42
17,25
21,60
G. 54
L. 44
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Teble 12, Experimental Data-——>3tructural Joint Conrignratio

Run Number
Date

Pressure, Torr
Absolute T. C,

{1 -7F
2 - 'k

3J-°F

Differential T. C.

H ] t
©c 9 O ¢ G © ©
IR I T O )

o]
ny o n

(=R < B R I -ATNN * LI N Ve )
H i
© Q

[N

Voltage, voltsa

Current, amps

Water Flow. ml/min

Bolt Torque. in-ib

Filler

Sample Number
Joint Leagth, 1n,
Numbér of Boits

h . Btu/hr 042

b

o iias it

°F

h,. Btu/hr £t° °F

25

3/25/65

7% 1077

188. 6
63.8
65. 1

20.80
29,35
34.70
1,53

17. 48
24.20
32. 45
32.86

49. 00
0. 512¢

550

None

tu

1C0. 8

ce
[
tJ

26

3/26/65

3 x 10—6

94. 0
64. 7
65.0

.54
. 89
1

oo

.02
. 69
.31

.24
.91

[=ATERY L Y

21.%6

3. 2368

115

27

3/26/65

3 x 10'6

149.7
54.5
65.2

8. 00
14.73
16.12
21.92
2.50
10. 81
1£.94
14.55
158,87

11,75

g.3993

“ontinued)

v
(8]

3729765

2x10

206. 2
64.8
65.8

12,35
23.78
31. 00
37.80
3.865

17.25
i8, 55
23 190

210

850
i4

None




z Table 13, Experimental Data —Structurai Joint Lonfiguration 2 (Continued)

RQun Number 29 30 34 32
Date 3/314/65 3/31,/65 3/31/65 4f1/65
Pressure, Torr 7 x 10'7 7 x 10°7 7 x 10'7 1x 10'6

Absolute T. C.

1 -°F 84.2 124.7 165. 0 84, 0
2-°F 63.3 63.5 63.5 62.7
3.9 63. 6 64. 1 64,7 63.0

Differential T. C.

o

1 -°F 0. 70 2.51 4, 46 0.95
2 -°F 0,07 0.08 0 34 0.67 .
3.°F 0. 09 0. 40 1. 05 1.17
4-°F 7.73 22. 85 37.85 7.53
5.°F 0,32 0.91 1.37 0,20
. 6 - °F 0. 48 1.50 2.19 0.54
L 7 .°F 0. b4 1.9 | 3,70 0. 80
e -°F 1,24 3,72 6. 65 2.24
9.°F 7. 42 21,50 34,75 7. 49
j 10 - °F
Voltage, volts 21.93 37.87 48.93 21,83
Current, amps 0. 2289 0. 3958 0.5420 0.2279
!
Water Flow, ml/min 650 650 650 575
Bolt Torque, in-1b 24 24 24 24
Filler RTV 11 RTV 11  RTV 14 G 683
Sample Number 1 1 1 |
Joint Length, in, 6 6 6 6
Nurnber of Bolts 2 2 2 2
h,, Btu/hr it% °F 1427 1227 1050 438
O h,, Btu/hr 1% °F 520 514 490 341
117




Table 13, Experimental Data—-Structural Joint Configuration 2 (Continued)

Run Number
Date
Pressure. Torr

Absolute T. C,

1 -°F
2 -°r
3.°F

Differential T. C.

]
o
o)

QO W O 9 > U bk W
)
o 0
I N M !

o
ny

Q

o]

[e]

<]

o

(]

[SS

Voltage, volts
Current, amps
Water Flow, ml/min
Bolt Torque, in-lb
Filler

Sample Number
Joint Length, in,
Number of Bolts

20

ha’ Btu/hr ft° °F

20

hb, Btu/hr ft° “F

33

4/1/65

i x 10-6

126. 90
62.9
63.8

3.54
1.89
.33
22,40
0. 50
1.73
2. 44
6.53
21.75

(€8]

425
345

34

4/2/65

7x 1077

167. 2
63.1
64.5

6.13
3.10
5. 44
36.95
0, 64
2, 66
3.74
10,03
35.15

48. 96
0.5124
550

24

G 683

420

375

35
4/5/65

1x10°

88. 8
64.2
64. 6

eV N o @ AN
o
N

un
[
w

19. 43
0.3865
600

24

None

93.5
84.1

8. 04
11,92
18.92
26. 80
0. 74
8. 35
15.50 13
18, 28
23,00
14,95

33.66
0.6710
600

24

None

95.2

87.8 (.
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Table 13, Experimental Data—Structural Jcint Configuration 2 {(Continued)

Run
Date
Pressure, Tor~

Absolute T, C,

i -°F
2-°F

(o]
3-°F

Differential T, C.

- °%F

Q

o]

[+]

o]

o O

O O W ~J O U W NN e
[ ]
o [*]
Won omy o b oM ny

o
ry

[ S

Voltage, volts
Current, amps
Water Flow, ml/min
Bolt Torque, in-1b
Filler

Sample Number
Joint Length, in.

Number of Bolts

20

ha' Btu/hr ft° °F

20

hb' Biu/hr £t° °F

37

4/5/65

t x 107

i82. 2
64.6
66,2

12.58
20.5¢
32.44
45,32
1,28

12.05
23.56
27.59
36.90
25,22

43. 44
0.8674
600

None

94. 1
97.6

38
4/6/6%

8 x 10"

85.1
64.0
64. 4

.16
.39
.83
.33
.35
A7
.13
. 35
.4

-~ O O O O v O O ©

21,89
0.2281
625

24
RTV 114

889
1892

19

39
4/6/65

8x 10"

126. 0
64. 4
65.1

0.60
1.44
2. 61
22,00
1.05
0.65
0.51
1.36
21.60

37.99
0. 3960
625

24
RTV 114
2

&

2

795
1466

40

4/6/65

8x 107"

162.2
64.0
65.0

1.26
2,99
4.95
36.10
1,87
3.43
1,44
2.86
35.02

48, 99
0.5119
625

24

RTV 11

669
800




Table 14,

Run Number
Date
Pressure, Torr

Absolute T.C,

1 -°F
2 -°F
3.9

Differantial T.C,.

[*]

o O
)

. °F

W =3 O U b W NV =
[
[¢]

Voltage, volts
Current, amps
Water Flow, ml/min
Bolt Torque, in-lb
Filler

Sample Nnmber
Joint Length, in,
Number of Bolts

2o

h, Btu/hr it° °F

4
5/8/65

1 x10°

70.3
62.7
63.0

.42
.12
. 83
. 62
.22
. 66
A1

N W >

W N O W

21.93
0.2284
600

24
None

i

6

2

147

42
5/8/65

1 x40

84.5
62.6
63.3

4,55
Q, 34
11,61
10.91
0. 36
8.30
9.55

37.94
0. 3949
600

24

None

144.2

43

5/8/65

1x 10'6

98.1
62.2
63 4

7. 80

15,78
19.67
18.90
1.15

14. 35
16. 40

49. 01
0. 5106
600

24

None

142

Experimental Data —Structural Joint Configuration 3

44

5/9/65

1 x 10'6

69.6
63.5
63.9

A1
. 35
84
Y
43
.92
.98

- T

21.89
0. 2268
575

24

None

194

45

5/9/65
1 x10°®

80.0
63.1
64.0

4, 06
7. 48
8. 90
11,20
1. 55
6. 15
6. 41

38.014
0. 3943
575

24

None

180
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Table 14, Experimental Data—~Structural Joint Configuration 3 (Continued)

Run Number
Date
Pressure, Torr

Absolute T.C,

1-°F
2-°F
3.°F

Differential T. C.

1-°F
2 -°F
3-°F
4-°F
5 - °F
6 - °F
1-°F
8 -°F

Voltage, volts
Current, amps
Water Flow, ml/min
Bolt Torque, in-1b
Filler

Sample Number
Joint Length, in.
Number of Bolts

h, Btu/hr ft° °F

46
5/9/65

1 x 107

89.7
62.5
63.7

7. 11
12.79
15,31
16. 00
1.94
10.50
10, 81

49,04
0. 5084

575

174.0

47
5/13/65

6x 107

72,2
65.0
65.3

. 69
. 82
.91
.01
. 07
.1
.66

W W O b bW

21,88
0. 2385
575

24

Hone

112.2

48

5/13/65

6 x 10"7

86. 8
66.0
66.9

7.94
11. 62
14,60
11.79
C. 43
11,08
10, 52

37.20
0. 4059
575

24

None

108.5

49

5/13/65

7
6 x10 '

13.30
19.90
24.80
20, 30
0.76

18.82
17.78

48. 00
0.5244
575

24

None

106. 5

50
5/15/65

5x10°

70,7
62. 4
62.8

.107
. 583
.414
84

-0. 458
. 307
0.222

w O O ©O

o

21,91
0.2279
425

24
RTV 11
i

6

2

1110

2

e <

<L S . S 3

I




Table 14. Experimental Data — Structural Joint Configuration 3 (Continued)

Run Number
Date
Pressure, Torr

Absolute T. C.

1 -°F
2 -°F
3.°F

Differential T, C,

A

® 3 O WU W N -
]
© O 9 O
Mon W e W

o]

o ©

- F
Voltage, volts
Current, amps
Water Flow, ml/min
Bolt Torque, in-lb
Filler
Sample Number
Joint Length, in.
Nurmnber of Bolts

h, Btu/hr ft° °F

51
5/15/65

5x 107

87.7
63.7
64.8

0. 461
1.560
0.979
11.52
-0.282
0.735
0.630

38.00
0. 3956
375

24
RTV 11
1

6

2

1273

52
5/15/65

5 x 10_7

102, 5
63.4
65.0

0. 827
2. 441
1.672
19.50
-0. 218
1.260
1.088

48.99
0. 5104
450

24
RTV 11
1

6

2

1242

53

5/16/65
2

4x10 "

74. 3
66.0
66. 3

0.222
0.284
0. 418
3.89

-0. 515
0. 3914
0. 3114

21.90
0.2278
450

24

G 683
1

6

2

1328

54

5/16/65

4x10°7

91.3
8,0
68.9

0,723
G. 991
1.208
11. 711
0. 491
1.104
0. 835

38. 00
0. 3955
575
24

GG 683

1262
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Table 14, Experimen.al Data—Structural Joint Configuration 3 {Continued)

Run Number
Date
Pressure, Torr

Absolute T, C,

1-°
2-°F
3.9

Differential T. C,

- %p

[ Y R
1
o 0 ©O© O

t
]
I I

. °F

W 3 O n
2]

Voltage, volts
Current, amps
Water Flow, ml/min
Bolt Torque, in-lb
Filler

Sample Number
Joint Length, in.
Number of Bolte

20

h, Btu/hr ft“ °F

55
5/16/65

4x 107

103. 2
63.9
65.1

1.273
1.678
2.043
19.85
0. 80

1.905
i.440

49. 04
0.5105
625

24

G 683

1231

56
5/19/65

7x 10-7

75.0
68.0
69.2

. 44
.10
.10
.10
40
64
. 84
. 00

W W b O W -

18.98
0. 3958
575
24

None

142.2

123

57
5/19/65

7 x 10-7

87.0
69.2
70.2

4.4
9. 46
12. 64
12,39
1.50
14. 00
11, 61
9.18

32.84
0. 6852
575

24

None

139

58

5/20/65

4x10”'

96. 8
67.2
68.9

7.60
16. 21
21.63
21,08
2.78
23.78
19.60
15. 47
42. 45
0. 8860
575
24

None

135.5
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APPENDIX IV
] EXPERIMENTAL DATA —

RADIATION EXCHANGE EXPERIMENT




The experimental data used in the verification of the analytical

techniques described in Section 6 are shown in Table 15. The predicted

receiver temperature was calculated from a heat balance between the sur-
faces of the experimental enclosure. The heat balance equation for the

receiver is

4 4 4 4\ _ (. 4 4
AS US_R(GTS - G'TR ) + AM UM-R(UTM - (TTR ) = ARUR-O\UTR - U'TO ) + QLOSS

4 4 . 4
4 ASBS-RUTS +AM BM—RGTM +AR R-OUTO

G'T = )
R AsTs R P AM™MR T ARTR-O

- Qp 0ss

For Configuration 3, run number 7, using the directional analysis to

obtain the ¥'s

4 _ 0.0593(271.84) + 0, 0013(62.85) + 0,159(1.0) - 0,57

°Tp = 0. 2196
O'TR4 =53.0
_ o
TR = 419.4 R
This temperature can be compared to the experimentally measured
value of 428. 2°R.

The net heat lost by the source, QS’ is computed by summing the

heat leaving the source and received by each surrcunding surface

= 9%.m*9%.R * 9.0+ Uoes

_ 4 4

Qs.M = A5 us-M("Ts Y )
i 4 4

Q.r = As Un-s("Ts -7Tg )
i 4 4

Qo = Ag :JR_O(«TS - 0T, )
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Using the data from Run 7, directional analysis

Q. = 0,0013(201. 84 - 62. 85) + 0,0593(201. 84 - 57, 62) + 0.159{201.84-1.0)

S
QS = 40, 68 Btu/nr

This value compares o the experimental quantity of 41, 29 Btu/hr,

As described in Section 6, a guard heater method was used to mini-
mize tne extraneous heat losses [rorn each test surface, Figure 38 shows
the measured heat losses from a vacuum deposited alumirum coated sur-

face and a 3M black paint coated surface. These results were used to

correct the experimentally measured source radiation and in the predic-

tion of the temperature of the receiver temperature,
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Flgure 38, Measursd Heat Loss from Test Surfaces of Radiaticn Experiment
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Table 15. Summary of the Data Obtaired in the Experimental
Testing of the Analytical Prediction

Run Number 1 2 3 4 5
Date . 3/18/65 3/19/65 3/19/65 3/23/65 3/4/65
Pressure 4x10® 4x10® 3x10® 4x10® 510"
Configuration * * * o 1
Source
Center T.C. - °F  129.9 -4.0  -150.9  +4.4 73.8
Corner T.C. - °F  129.1 -L.5 151,77 +4.4 72.2
Guard T.C. -°F 129.9 0.3 -147.4 41,9 73.1
Mirror
Center I.C. - °F
) Corner T.C. - °F
Guard T.C. - °F
Receiver
Center T.C. - °F -114.5
Corner T.C. - °F -145.0
Guard T.C. - °F -114.8
Source Voltage, volts 50.5 30.4 13.5 6.86 41,114
Source Current, amps 0.276 0.167 0.0776 0.0373 0.2266

¥
Single black plate

.k
Single vacuum deposited aluminum plate
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Table 15,

Run Number
Date
Pressure
Coufiguration
Source
Center T.C.
Corner T.C.
Guard T.C.
Mirror
Center T, C,
Corner T. C.
Guard T. C.
Receiver
Center T.C,
Corner T.C.
Guard T. C,
Source Voltage,

Source Current,

Summary of the Data Obtained in the Experimental
Testing of the Analytical Prediction (Continued)

y

)

'
(]
)

o
)

- F

volts

amps

6 7 8 9 10

3/28/65 4/1/65 4/5/65 4/6/65 4/8/65

2 x 10-6 3 x 10“6 4 x 10"6 5 x 10“6 7% 10-6
2 3 4 5 6
124. 6 125. 8 124. 7 125.0 124.5
124.5 125.8 124.3 124. 6 124.1
125. 1 125.3 123. 7 126. 7 125.5
-22. 4 -51.8 -74. 7 -63.5
-22. 4 -51,7 -74. 7 -62.6
-23. 7 -51.7 -73.5 -60.3
-66.1 -31,0 -36.5 -50.3 -61.3
-66. 4 -31.7 -37.0 -50.3 -61.2
-65, 4 -24. 4 -35.2 -£2. 4 -61. 7
48,7 48. 0 47.7 47,3 47. 4

0.267 0. 2635 0. 2615 0. 259 0.2592
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Three experimnental tests were corducted to verify th= _esult: of

tie correleticn tagk  The experimental me: suremen®~ are given in
Table 16. The thermocounle locations and dat= reduction technique arc

described in Appendix I. The bolt location: for these three tests are

shewn in Figure 39.
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BOLT LOCATION-CORRELATION TASK

+
+ +
+
+ +
+ +
+ +
+ +
+ 4+
+
+ +
..|...
+ 4
Flgure 39,

Bolt Locations for Corcelation Task Experiments
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Table 16. Additional Component Joint Correlation Data

Rur. Number 41 42
Date 11/24/64 11/25/64
Pressur~» 5 x 10'7 5 x 10'6
Absolute T. C.

1 -°F 92. 6 88. 4

2 - %% 81.8 74.9

3.°F 66.6 65.9

4-°F 67.0 66. 4
Diiferential T. C.

1-° 17. 64 14,32

2-°F 17.70 13.93

3.°F 11.94 7. 36

4-°F 7. 44 4,97

5.° 1,80 1,11

6 - °F 7. 80 4.26

7-°F 10. 18 3,26

8 - °F 10. 40 2.53
Voltage, volts 52. 96 52.95
Current, amps 0.1880 0, 1880
Water Flow, ml/min 700 575
Bolt Torque, in-lb 24 24
Filler None None
Sample Number 3 3
Number of Boits 4 2
h, Btu/hr £t °F 13. 4 22.0
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5x 10~

43

11/25/64

6

75.
66.
66.

O b D =2

18, 42
18. 45
10. 19
10.59
9. 44
7.95
3.64
1.61

52,95
0.1880
550

24

None
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