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ABSTRACT

The work reported 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 conductances, correlation of the
messured Joint conductances, programing an improved method of thermal
radiation analysis, and performing an experimental comparison of predicted
radiation exchange for a simple geometrical system.,

Three types of structural and three sizes of component mounting joints
were tested and 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 teat of a spacecraft model,

A method of radiation analysis has been programed which uses directional
thermal radiation propertiss and accounts for the specularity and/or
diffuseness of these properties. The results of this program can be
readily incorporated intc 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 aimple gecmetrical arrangaments has been compared o experiment.

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

The study has developed several important technical areas which are
worthy of further evaluation. The first is the extension of the correlation
techniques to include filled component joints and filled or unfilled
structural joints. Continuation of the general measurement of joints to
develop a large knowledge of practical joint conductances is also indicated.
The comparison of exverimental and predicted radiation exchange has shown
that a more extensive ytudy is needed of thermal radiation properties to
determine the division of these properties into specular and diffuse
components., The non-gray errcor of radiation analysis has also been shown
to be an important area for further study.
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1, INTRODUCTION AND SUMMARY

The program, "Prediction of Space Vehlcle Thermal Performance," was
initisted on 1 July 1964, under Contract AF 33(615)-1725. The purpose of
the study can be stated as: Glven the necessary analytical methods and
experimental datsa, how well can the thermal performance of & space vehicle
be predicted? The subject program was the first step towards sscuring an
answer to this guesation.

The problem provides two natural divisions. The first is the
examination of the analytlcal procedures needed and the experimental infor-
mation required for analysls, The second is the verification of the
predictions of analysis by & thermal test of a model space vehicle. The
present program wes intended to satisfy the first need and to provide a
transition to the second. Since a model is required to verify analysis,
ita design will dlctate the nature and scope of the experimental studies
performed to support analysls. In particular, the subsequent construction
of a test model will requlirse the selection of atructural and component
Joints in anticipation of the design. Depending upon the type of joint
selscted and the degree of experimental measurements made, the thermal
reaistance of the jointe 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 detall, the model configuratiocn.
The experimental measurements of joint thermal resistance were restricted
to those joints to be used in the model. Only in this manner could the end
purpose of the study, the teet of prediction, be achieved within the
allocated rescurces and time.

The specific tasks undertsken in the study were:

(a) Selection of a model for determination of the experimental
Joint thermal conductance measurements

(b) Experimental measurement of component and structurel joint
thermal conductance

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

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

(e) Development of & computer program for a specular-diffuse
analysis (4)

(f) Experimental measurement of radiation exchange with real
surfaces

The following report will consider the above tasks in the order shown.
It should be re~emphasized that the purpose of the program and hence,
the goal of each task, is to provide the necessary data for a comparison
of thermal analysis and thermal teat of a spacecraft model,



2. SPACECRAFT MODEL SELECTION

An important initial task was the conceptual design of the model of
the space vehicle to be teated in the subsequent phase of the program.
The size, method of construction and shape of the model greatly affects
the type of fasteners, the physical dimensions and the shape of the joints.

The model which has been selected is shown in Figure 1. Alternative
shapes, cylindrical and spherical, were considered but the rectangular
parallelepiped was chosen for economy and ease of fabrication., Further-
more, the gecmetrical shape 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 largs to demonstrate the effects of
construction variations, thermal gredients, and internal dissipation.

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

A welded framework is indicated. This method of construction was
gelected to reduce the number of structural jJoints that had to be tested.
There are three structural joints with the frams: the side panels, the
end panels, and the component mounting platform. The side and end panels
are 1/16-inch aluminum; i.e., thin encugh to sustain a thermal gradient.
The mounting platform is 1/8-inch aluminum. In actual space vehicle
construction, this mounting plate would probably be 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 also varies widely for
different types of honeycomb., Thus, use of a honeycomb 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 aluminum plate, it will be satisfactory for application to
a honeycomb material (assuming the properties of the honeycomb are known).

The external panels can be changed to provide different external
thermal radiation properties. This may not be important in the initial
testing to be performed with the model but will be useful should further
testing be desired or required. These panels can be coated to simulate
solar cell thermal radiation properties, low a/e properties or even be
inaulated without affecting the basic model physically. A louver system
could be used in place of any panel to determine the effects of variable
emission. Hence, the model will be of much more value than Just for
the program contemplated in Phase II,
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Figure 1. Spacecraft Model - Size and Shape



3. THERMAL CONDUCTANCE OF JOINTS

Completely riveted joints were excluded from the study. In spacecraft
practice, riveted systems are used in order to save weight. However, the
thermal conductance of such joints is not considered reproducible and
variations of 100 percent have been 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 resistance is 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 repregentative of typical component base sizes. Simulation of
the actual component box was not deemed neceassary since this would only
involve changes in the radiation shape factors used. The assumption was
made that the base plates would have a uniform areal power dissipation.

The experimental variables examined were bolt-torgue, 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 tested are presented in Figure 3 and all are
bolted joints. The structural Joints were selected to satisfy the require-
ments 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 panels are bolted to the frame by means of nut plates which are
riveted in place {second joint). This joint can be considered to be a
combination of a rivet and belt fastener. The third joint shown represents
the joint between the component mounting platform and the frame. A4s with
the component joints, the variables of power dissipation level, filler
material and reproducibility were examined., The experimental test method
and results are given in Section 3.2.

These joints are 'practical! ones; i.e., representing actual
febricated joints. As a result, variations in the thermal conductance must
be expected from "identical" joints. An attempt was made to apply
idealized theories to these jolnts to obtain a correlation of the test data.
The results of this effort are given in Section 7.

3.1 COMPONENT JOINT EXPFRIMENTAL TESTS

The component joints were simulated by bolting & plate 1/16 inch thick
of the necessary dimensions to a base plate 1/8 inch thick. The component
base plate dimensions used were 6 inches square, 6 inches by 12 inches,
and 12 inches square. The plates upcn which the base plates were mounted
were 2 inches greater in each dimension than the component plate; e.g.,

8 inches square for the é6-inch square component plate. The bolt size and
placement for each joint are shown in Figure 2. A heater made of 40 gage
constantan wire sandwiched between 1 mil Mylar was bonded to the upper
surface of each component base plate. The mounting plate had 1/4 inch
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copper cooling coils attached to its underside. The whole assembly was
wrapped in 20 layers of super insulation and suspended within a bell jar,
This bell jar was evacuated to a pressure less than 10" torr. Figure 4
shows & component joint after testing; the final assembly and the vacuum
syatem are illustrated in Figure 5. The thermocouples have been removed
from this sample so that surface roughness measurements can be made.

Te test procedure consisted of placing the insulated and instrumented
Joint within the bell jar, msecuring a vacuum on the system, and setting
the initial heating rate. Bquilibrium was determined by plotting the
various tempsratures as & function of time. Once these temperatures had
stabilized 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 electrical circuit used to messure the power dissipated by the
heater is shown in Figure 6. The power was determined by measuring the
voltage across the heater terminals at the component joint and measuring
the current flowing in the heater with a standard resistor. This procedure
1s commonly referred to as the four terminal resistor technique. The
potentiometer used for these two measurements was a Leeds angu Northrup
Type K-3 Potentiometer., This instrument has three ranges: 1.6 volts,

0.16 volts, and 16 millivolts. The least count on these three ranges is
50, 5, and 0.5 microvolts, respectively.

Initially, tempsratures were to be measured with nickel resistance
temperature senscrs. These sensors were obtained from the RAF Corp.,
Hudson, New Igampshire, and were calibrated by the vendor to within plus
or minus 0.5°F. The first tests did not yleld consistent results. This
was traced to the resistance sensors. Devlations as large as 2°F were
found between initial and final calibrations for a run. Since the o
temperature differences across a joint were generally smaller than 2°F,
this initial data had to he-discarded and the sensors replaced with
differential copper-constantan thermocouples. The subsequent data was
reproducible and consistent for a given test configuration.

Resistance thermometry has the inherent advantage of measuring an
area rather than a polnt; i.e., a local average. When properly calibrated,
it is alsc a more accurate sensor since the impurities in the metals used
are less important in resistance than in thermoelectric effects. However,
this accuracy can only be achieved at a significant increase in cost
relative to thermocouples. The inetrumentation method required for differ-—
ential reslstance thermometry is quite different than that used for
realstance thermometry. The ratio of the resistances of two elements
mist be measured, the absclute value of one of these elements is needed,
and two sets of lead resistance corrections are necessary. This involves
two different bridge circuits (and/or instruments) and a means for
electrical switching. The alternative umse of thermocouples can provide
s 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 is offset by the "point" measurement characteristics of a thermo-
couple. For this series of tests, 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 and Northrup
Type K-3 Potentiometer. On the millivolt range, this instrument has a
least count of 0.5 microvolts. Deutch No. 14657-37T vacuum feed
throughs were used for the thermocouples to avoid a discontinuity in the
thermocouple circuitry. When a filler material was used, 1t 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 wlth a straight edge rpsting on the wires.
Before the material set, in the case of RIV-11 filler material, the
component plate was placed on the mounting plate and bolted down. The
bolt torques for all joints were set with a calibrated torque wrench.

No special instructions were given to the person assembling the joint
relative to the order of tightening the bolts. This was intentional
since the randomness of a fabricated Joint was desired.

The results are sumarized in Tables 1, 2, and 3; the actual data and
the techniques used in its reduction are given in Appendix I. Included
in the Appendix are schematic diagrams showing the placement of the
temperature sensors. Three specimens of sach Qoint were run with the
exception of the G 683 sillicone gremse filler.” This material was found
to be less suitable for use as fliller than the silicone rubber. The
primary difficulty with the grease was the contamination of the other
areas around the joint; l.e., it was messy. Furthermore, it did not
yield joint conductances as large as the RTV-1l material.

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

The most obvious result of the testas was the inconsistency of the
results for "identical" joints. Joint No. 2 of the é6-inch square joints
is a good example. An examination of the second joint showed the component
base plate to be bowed by 0.007 inches (coneave upwards); Joint No. 1 was
bowed 0,003 inches (concave downwards); and Joint No. 3 was bowed 0.003
inches {concave upwards). Thus a trend of increased conductance with
upward concavity is indicated by these limited tests. In actual
fabrication, a flatness tolerance can be imposed, e.g., plus or mims
.003 inches, which would minimize this effect, Such a constraint is not
unreasonable. The surface roughness of the teat plates was measured
using a diamend stylus profilometer. The results were consistent for all
the plates and ylelded 11 p in. rma across the roll marks and 4 p in. rms
with the roll marks., The surfaces were randomly mated, that is the roll
marks placed elither parallel or perpendicular, but recorded. The results
show no correlation between striation alignment and conductance values.

*
Manufactured by General Flectric Company, Silicone Products Department
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TABLE 2
COMPONENT JOINT THERMAL CONDUCTANCE EXPERTMENTAL RESULTS

THERMAL CONDUCTANCE - BTU/HR FT° °F

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

bolt torque 24 in-lb
Powar Dissipation

Sample No. 10 Watts 20 Watts 40 Watte Filler Material
1 18.5 18,9 18.5 None
1 103 101.5 98 RTV-11
2 103 101 97 RTV-11
3 g0 92 g2 RTV-11
TABLE 3

COMPONENT JOINT THERMAL CONIUGTANCE EXPERIMENTAL RESULTS
THERMAL CONDUCTANCE ~ BTU/R FT° OF
12 inch by 12 inch plate, 1/14 inch thick, mounted to

1, inech by 14 inch plate, 1/8 inch thick using 24 bolts;
bolt torque 24 in-lb

Power Dissipation

Sample No. 20 Watts 40 Watts B0 Watts Filler Material
1 8.4 8.3 8.3 None
1 56.6 55.8 56.1 RIV-11
2 51.7 52.8 51 RTV-11
3 5.4 51.9 52.4 RTV-11
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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/k of the
temperature difference or conversely, 3 to 4 times the heat flow for the
same temperature difference. This should make this type of thermal
resistance less critical in ths thermal analysis and prediction.

The effect of using filled joints must be investigated for each
specific application under consideration. While much higher conductance
values were cbtained, the scatter in the data was larger for filled
than unfilled joints. Therefore, the selection 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 different sized component
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
muber of bolts doubled while the total area increased four times.

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 asseas 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

Inaccuracy in power dissipation (including insulation loss): =+ .5%
Inaccuracy in area measurement: + .050 :l.n2

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:

Mo MAY) L A3, AA_ .1, 025, .0
Y - 1*"'?2*_32

or

ﬂﬂ - 10.5%

The significance of this inaccuracy must be appraimsed in terms of the
application of the data. The error in the measurement of a single joint
is 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 ba either large or small, depending upon the
system examined. For example, if a spacecraft thermal contrcl system is
conduction controlled, this variation might be critical; conversely, if
it were radiation dominated, the differences might be negligible. Tb
determine the lmportance of these variations requires an error analysis
of the specific configuration.

3.2 STRUCTURAL JOINT EXPERIMENTAL TESTS

The test procedures used for the structural joint measuremants were
identical to those used with the component Joints. The structural
Joints tested are shown schematically in Figure 3; an actual test joint
i1z shown in Figure 7. A 4O gage conatantan 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 assembly
was wrapped in 20 layers of super insulation and suspended in a bell jar
(aimilar to Figure 5). The remsinder of the test procedure was identical
to that used for the component Jointa, e.g., the electrical messurement
circult was that given in Figure 6. Based upon the experience with the
component joints, only thermocoupleas were used as the temperature sensora.
The Leeds and Northrup Type K~-3 Potenticmeter was again used for measuring
the thermocouple voltages.

The test results ars given in Tables 4, 5, and 6; the actual data
from which these results wers reduced are given in Appendix II. The
first joint tested, Configuration 1 of Figure 3, is representative of
the trends indicated for all three Joints. Within the range of power
dissipations used, no dependency upon power level is indicated for
the unfilled joint; i.e., for small temperaturs differences, the
conductance ia 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 unfilled case.
However, opposite results were obtained for two different RTV-1l filled
Joints with this configuration; i.e., in one cass the nut plate side had
a8 higher conductance and in the other, it had a lower one. No difference
between a bolted joint and & nut plate joint could be concluded from the

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

The results of the filled structural joint tests show wide variations
in caleculated conductance. The moat probable reason for these variations
is the temperature measurement error. The temperature difference acroas
the interface was of the same order of magnitude as the expected temperature
srror. In ldeal joint conductance teats appearing in the litsrature
(see Section 3.3), the temperaturs profile of the mating parts is
accurately plotted and the data projected to the interface to obtain the
temperatura difference. The heat flows are normally much higher than in the
present study and much higher temperature differences result. In the
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Figure 7. Typical Structural Joint
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TABLE 4 20

STRUCTURAL JOINT CONDUCTANCE - BTU/HR FT° °F

6 inech joint, 2 bolts, 24 inch-pounds torque, Configuration 1

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

la 70.3 Th.2 75.7 None
1b 80.5 80.6 85,3 None
Za 103.5 100.1 100.9 None
2b B8.5 90 98.5 None
3a 78.5 794 77.0 None
3b 7.5 76,8 g8l.8 None
1a 1042 906 715 RTV-11
1b 1042 995 895 RTV-11
la 602 595 542 G~-683
1b 681 652 645 G-683

§ inch Jjoint, 3 bolts, 24 inch-pounds torque, Configuration 1

Joint No.* Filler
7.5 Watts 22.5 Watts 37.5 Watts

la 116.0 98,5 100.8 None

1b T4.0 75.3 7.9 None

*
The notation & and b are used to dlstinguish the side of the joint next
to the heater and the cooling coll, respectively.
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6 inch joint, 2 bolts, 24 inch-pounds torque, Configuretion 2

Joint No.

ls (Bolt)
1b (Nut Plate)
2 (Bolt)
20 (Nut Plate)
3 (Bolt)
3b (Nut Plate)
la (Bolt)
1t (Nut Plate)
la (Bolt)
ib (Nut Plate)
2a (Bolt)
26 (Nut Plate)

9 inoh Joint, 3 bolts, 2, inch-pounds torque, Configuration 2
Filler

Joint No.

la (Bolt)
1b (Nut Flate)

TABLE 5

STRUOTURAL JOINT CONDUQTANOE, BTU RR ¥

5 Watts
8.2
99.0

105.5
‘a ] b
’9 5
93.5

127

520

438

3

L

1892

7.5 Watts

93.5
84.1

15 Watte
eL.5
100.8
102
8L.4
8.5
99.3
1227
514
La¥
5
ns
Ly66

22,5 Vatts

95.2
a7.8

18

? °p

25 Watts

8s5.0
1‘10-’3
100.8
83.2
92.6
105.2
105
490
420
375
669

37.5 watts

.
97.

1
6

Fller

None
None
None
None
None
None
RIV-11
RTV-11
G-683
G-683
RTV-11
RIV-11

None
None



TABLE 6 o
STRUCTURAL JOINT CONDUCTANCE, BTU HR FT2 F

6 inch jJoint, 2 bolts, 24 inch-pounds torque, Configuration 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 11z2.2 108.5 106.5 None
1 1110 1273 1242 RTV-11
1 1328 1262 1231 G-683

@ inch Joint, 3 bolts, 24 inch-pounds torque, Configuration 3

Joint No. Filler
7.5 Watts 22.5 Watts 27.5 Watts
1 142.2 139.0 135.5 None
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present investigation, ths real Joints had two dimensional heat flows. It
was not possible to project gradient measurements to the interface,
Furthermore, the heat fluxes used were selected 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 4 and 5
(Configurations 1 and 2) for each test joint. The experimental system
was instrumented to obtain the conductance from either plate to the
angle. The effective gonductance from plate to plate is determined
(by analogy to an electrical circuit) as:

) 1
Beer = T, L
hy "

If this effective conductance is computed for "identical" joints and
conditions, the variations between the measurements are reduced signifi-
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 Configuration 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 three configurations. No
significant differences in the measured conductances were ohbserved. Hence,
the end losses from the test Joint are considered to have been negligiblae.

The third configuration tested was the one to be used for connecting the
internal mounting plate tc the frame. The measured reaults were similar
to those obtained for the other two configurations.

The test results obtained indicate a filled structural joint to be
more variable than an unfilled one. The conductance is significantly
higher, of course. This variability may be nullified by the higher value
obtained. As discussed in Section 3.1, this can only be assessed by
performing an analysis of an actual spacecraft system using these opposing
conditions. The choice will depend upon the relative importance of the two
modes of heat transfer, radiation and conduction, for the joint analyzed
and the particular system used. However, if filled joints are used, a
formerly conduction dominated system may become radiation controlled. For
example, the total effective conductance of an unfilled joint is of the
order of 40 to 50 Btu/hr ft2 OF waere as an RT™W-11 filled joint has a
conductance of over 500 Btu/hr ft< °F.
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4. 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:

dT,
C. i
15 = (ady * (apd; + (qp)y h-1
where q = net heat transfer from an external source or by internal
dissipation
qp = net heat transfer by radiation
q, = net heat transfer by conduction

The quantity q_ is generally a function of time, This is a result of
orbital conditlons and/or of mission imposed duty cycles., Solutions of
Equation 4~1 are required for each surface of the spacecraft (internal
and external) as a function of time in orbit,

Foer computer solution, the technique of finite differences is used.
Equation 4-1 is written

Ti(e +48) = T&(e) + [%fj <[qx(B)J; + [ﬁc(e)ji + [qr(G)Ji} L=2

Thus, the temperature of surface i at time @ + A8 is expressed in terms of
the temperature and net energy transfers at time 8. The variation of Ay

with time is assumed to be known or imposed by external constraints upon

the spacecraft. However, both conduction and radiation contain the
temperaturs variable, The expression for q, is

M
0Ty

et

(qc)i =
k=1

The expression for q,, can be given by either the network method cor

¥*
by Hottel's "gseript F." The equations which must be solved to obtain
(qr)i by the two methods is given in Section 4.1. They are

M
Hottel: (q.)y =;1Ai LA gf—T.lL*) b=

3*

The simple aguivalence of Hottel (1) and Gebhart (2) methods (see
Section 4.1) is such that for all practical purposes, they may be assumed
to be ldentical.
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Network: (g ). =4 (3) (TAJ) L-5
S S B Ty L B -

M
4
Jy = eqaTy + oy z Fiick 4=6
=
or M
I
(q.)5 = A4840Ty "Lieikzl Fix % b7

The difference between the two methods for radiation calculations becomes
apparent by examining the above equations. At each time interval, the
network method requires a new solution of the radiation problem; the
ngeript F' technique requires the radiation problem to be solved once to
determine the values of &,, . The determination of &, dces not need to be
repeated unless the prope%"]fies are changed. It shouiﬁ be noted that if
the problem is not transient and no conduction is involved, neither method
has any computational advantage over the other. '

The procedure for obtalning the "script F'" values for a given enclosurse
can be that described by Hottel (1) or from the network method (6). In
both methods of securing ﬂi , one matrix inversion ia required; if the two
matrices are compared (see References 1 and 6), they differ only by the use
of the areas of the surfaces in the diagonal of Hottel's matrix; i.e., no
computational or accuracy advantage.

The inversion process and the time interval increments used in Equation
4-2 provides a quantitative means for determiming the "cost" of solving
Equation 4~2 by the radiosity method. A matrix of the coefficients of the
various J's must be inverted once at the start of the entire problem and
can be used again with the valués of temperature obtained at subsequent times.
Hottel's method for calculating "script F" requires a similar matrix inversion.
In each case, after the matrix inversion, secondary calculations are required
to determine the various 8, , or the new radiosities. However, with "script
F," this does not have to %A repeated at each time interval. Hence, for N
time intervals and M surface enclosure, the number of calculations using
radiosities is:

NM2 + the matrix inversion

The reciprocity relationship Aiﬂi j© A jn'j 51 can be used in conjunction with
the method given by Reference 6 to obtain ﬂi:] in a time corresponding to
that given for the network method of:

1/2 (M){M+1) + the matrix inversion

Consequently, the "script F" method is significantly more economical than
the network method.



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

# M ]
(q ), + (qr) + Z

a x 1 i k=1 il

Ti - Tl (l—'ﬂ) + 1 M J+"8

1
o e

where 7 represents thehconvergence factor; i.e., T = o with convergernce.
Equation 4-8 must be solved for all surfaces i, e.g., by iteration. If, for
each iteration, a new solution for the values of {q Si is required, the number
of caleculations required is identical to the time interval problem. If how-
ever, (q,); is represented by Equation 4~4, 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 F' 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
"seript F" form, and the same arguments will hold relative to 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., specular versus diffuse
properties. The second part is the accuracy of computation. The as-
sumptions of the analysis is the dominant factor in determining the degree
to which & method approximates a real system,

4.1 COMPARISON OF THE ANALYTICAL METHODS OF HOTTEL (1), GEBHART (2),
AND OPPENHETM (3) FOR CALCULATION OF RADIATION HEAT TRANSFER

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

(1) The thermal radiation properties of all surfaces involved in the
heat transfer are diffuse {independent cf 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 emitted and/or reflected from any one surface is
reflected and/or absorbed by the other surfaces.

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

(4) No effects occur as a result of polarization, diffraction
or fluorescence.
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Three different methods of viewing the solution of this radiation exchange
problem are available. These are generally known as the "script F

method (Hottel), Gebhart's method, and the network (Oppenheim).
Intuitively, these methods must be identical since they are based upon

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 developlng the methods of Hottel and Gebhart
from the network method. Since the "script F" method has been advocated
as a more useful approach in complex transient radiation exchange, the
"geript 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 temperature; the remaining
surface has an emission rate of unity, i.e., oTy" = 1. He then considers
the quantity iR., the power per unit area leaving surface J as & result
of the power emftted by surface i; for surface i, the radiation leaving is

ey * iRi‘ The exchange between surfaces 1 and J are expressed as
- b ok _
where the reciprocity relation has been used, i.e., Aiﬁij =Ajaji'
The quantity .R, is related to &,, by:
1] 1
E
AB = RA, —i) 410
11) 1 g ] Pj

Thus, the ineident power per unit area (.R./p.) is absorbed in the
fraction £.. This absorbed power is a rés&ltaof an emission from surface i
of unity afid must be increased by the factor oT. . Correspondingly, the
absorbEd power of surface i1 from emission by surface J must be increased
by oT;*. The "script F" is, therefore, a quantity which collects the
interteflections 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 surfacE j by surface i (iRj/pj) can be expressed

for an M surface enclosure (cTi = 1) as:
M
&, T
o " T3 YL P iR h-11
J k=1



Multiplying through by e jAj/Ai gives

A
Ay afy Z £ ijk i (Ek] 12
Aipj

With Equation 4-10 and noting A,F i3 = Aiji’ this gives

= p E -
15 = €184F13 +§: (e Fy 4) e—k- %‘— X 5Py
k=1 x i Pk
or
M
- N Py g -1
aiJ elaJFlJ ) Bijj = % 4~13
k=1 K

Equation 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 B'j to represent the
effects of interreflections within the enclosure. ““B., is the fraction
of radiation emitted by surface i which is absorbed by surface j. The
heat leoss of a surface was expressed by Gebhart as:

M
. = e.A 0T % =) B, .e.4.0T." h-1ha
J JITY |t
or M
A, T 5 L-14b
43 = €shs0 Ll 9 -1
l.—_

The corresponding expression for Hottel's method is:

4 Z AJEJNTJ Z A:I.G:chTh 4-15
143 173

The first term of Equation 4-15 simplifies by noting the total radiation
leaving surface j is e.oT.%, l.e., Ii =0
M 373

T
E oTy" 853 = £40Ty" = ¥y50T;
13
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or
= -16
Y 8y = e b

Equations 4-14 and 4-15 must represent the same net heat loss by surface j.
Equating these two relations gives:

ho_ 4
2 by BT "ZsljalAlc’Ti

This can only be true if:

B3 &Py L-17

Consequently, Gebhart's B'j is equal to Hottel's ﬂij divided by €y

The gquations representing the network method of solution utilize the
radlos:Lty of a surface. The radiosity of a surface can be expressed as:

J- = &, O'T zpi 4=-18

The net heat flux leaving a surface is:

ey L
i = 5 ("Ti -y h-19
i
This can also be written as (since ey * Py = 1):
9 = Ay - A Y Py d 420
K=1

Now consider the case of an enﬁlosure with all surfaces at zero temperaturs
except surface l which has gT = 1.

Iy =P Z Pk h-21
M
a5y Ay Ay ) Tadk hee2
k=1
or
- N S O
Yy = A5 pj) 39 423

#Radiosity is the sum of the emitted ar:?% reflected radiant power from a surface.



But by Equation 4-9 for the assumed constraints on surface temperatures

Uy T A Ny T AT

Hence
:il'

15

Substitution of Fquation 4-24 into Equation 4-20 yields
M
Pk)
Gij = SiEjFij +-§: ejEkj (ek Gik 4L=-25

This is identical to Equation 4-13.

SUMMARY

The method 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 Gi identical to that

obtained from Hottel's method (Equation 4-13 and h-QS). Therefore, there is

ne difference in the methods and by algebraic manipulation, one method
can be expressed in the terms of either of the other two.

4.2 IMPROVED METHOD OF RADIATION ANALYSIS

The available methods for radiation heat transfer analysis have been
restricted by the assumptions given in Section 4.1 Recently, a review
of the problem has been made and a procedure is now available for eliminating
the restriction to nondirectional diffuse properties (4). The use of non-
grey thermsl radiation properties can be used in the manner described by
Bevans and Durkle (8). Perfectly specular properties can be treated 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
deseribed in Reference 4. The following discussion will describe the
adaptation of this method to development of a "script F."

The second approximation of Reference 4 considers surfaces which
have directicnality and components of reflection which are diffuse and
specular. The expression for the heat transfer to a surface within an
enclosure under the assumptions of wavelength independent properties is:

¥*

¥*
This later restriction can be easily removed but is not pertinent to the
ensuing discussion.
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A = A& Z AP 3Ty

Z )H: A 1P1 351 17xs Ji’T

=1 i=1

- i A i1 %P1 3P sF 9101

o=

This can be written as:

M
- 4 N
" —Zl hees (BapFys * P33 gFigFga 0Ty
T

M M
- Z g kq'kjpi;]kp jFKJFjJ.Dl

In matrix notation this becomes:

o | (—s Th-‘ ra a a | "
Q| 1971 11 %12 © © %M ;o
| |
Q| egeTt P21 f22t vt P ; o
o ;
: | b |
U EMGT J I A M2 a'MMJ ? o
byy byy ¢+ - By !Dl
|
f i
N _bm Pro Pl Py
where M

o
|

=~ (A e F + A a e F F
w -7 Aty 22:1 PPy v 2y’

v
2=l
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The quantity D, is given by:

M M M
' 4
D = '}; Z SjchjLij * % Z Z P13 kgF 30T
=1 j=1 =1
M M
* Z Z leleijFlel

J=1

i=1

In matrix notation, these equations can be written:

~-

d

where

dll d12 .

d21 P IREE

1

=S

z=1

B r )
dlM . !
Dy
ol
d | Py
— [ -
F
Pralys xz” 7y

M

Cll 012 .

€91 22 -

(x #y)

.1_2 pxzxpszszzx (x = v)

Z yzx yz szzy

If Bquation 4-32 is now solved for the quantities D, we have

{D}

= [4]

-1
(] foT}

4=31

4-32

4-33

=34

3
L4=35

¥*
The notation [ ] has been introduced to dencte a square matrix, e.g.,

the d or c ma
as the D or o

Y

indicated matrix
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Solution of Equation 4-35 yields the various Dk's required in Equation
L4L~28. Fquation 4-28 can then be expressed as:

{q} = oo} + [a] doT*} + [b] (D] 136

A directional diffuse-specular "script F" can be obtained with Equations
4-35 and 4-36. Using Hottel's concept of a "seript F," i.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 (q) are then
%eje With this condition:

Yaggh = fof + {agh + 101 P } =

and
3+

o} - a1 {cjk} 4-38

The solution then proceeds as follows:

(1) An index k is selected and the pertinent coefficients L
selected, J

(2) Djk is computed for all ] by Eguation 4-38.

(3) The values of a i are selected and the values, of G 5 for all j
are computed with Equation 4-37.

(&) 3, is then computed with the definition:

U
. A—j*i 4-39

(5) The next value of k is selected, and the calculation continues
until all M surfaces have been computed. The reciprocity
relationship Aj Ejk = Akakj is used to reduce the number of

computations,
(6) X is used in the same manner as with Hottel's method and the

gsolution of Equation 4-2 or 4-8.

* - - N - ;‘
%e1 g (alk c]_k

-~ %2 0 . a c |
S bl IR AR S R
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The equations presented in this section may appear to be more
complicated and hence, more difficult than with the diffuse property
Mathematically, this is not the case. The computations are

assumption.
more time consuming and require added computer time and storage space.
This is only the penalty paid for mors exact computations.
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5, COMPUTER PROGRAM FOR DIRECTIONAL SPECULAR-DIFFUSE METHOD

The procedural steps required to caloulate & "script F" (3) from
the equations for the directicnal 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 § procedure rather than the network
approach have been discussed in the first portion of 3ection 4., For
the reasons given there, most computer programs for thermal analysis have
been written in terms of O. Thus, the existing analysis programs could
incorporate a directional specular-diffuse J as an input quantity with
a minimum of slteration., Furthermore, the direction specular-diffuse J
requires a much larger working computer storage than a diffuse 3. If
an attempt was made to assemble a single J and analysis program, the
number of surfaces would have been seriocusly limited. It is for these
technical and practical reasons that the & calculation was programmed
as & separate entity, The flow chart of the program is shown in Figure 8
and a complete printout in Appendix III. The symbols used are thoase of
Section 4.2.

5.1 RBEQUIRED INFUT DATA

The physical factors which are required for the directional specular-
diffuse 8 are:

(a) the areas of'the surfaces involved (Ai, i=1,2,3...)

(b) the nurber of surfaces used to subdivide the enclosure
{N; N < 20)

(¢) the directional reflectance of surface i in the direction
of surface } (pij of Reference 4; designated RHf in machine
language)

(d) the geometrical bidirectional reflectance of surface } for
radiation from surface i which ie reflected to surface k by
surface J (p of Reference 4; designated R in machine
hnmgeg 19k 13k

(e) the geometrical diffuse shape factors between surfaces (Fi j)

The only quantities which are not used in conventional diffuse §

analysis are pig (FHY) and Py (Rijjk)' The use of the usual diffuse

(
i

shape factors j) is made possible by assigning the deviations from

diffuseneas to the reflectancea. This is described in greater detail in
Reference L and leads to the concept of geometrical reflectances, i.e.,

a property which is weighted by the geometry and nondiffuseness of the
surface. The directional emlttance of a surface is incorporated in the
program &s: 1 - Psqe This introduces the gray radiation assumption, i.e.,

Properties independent of wavelength., If desired, either a band
energy or monochromatic analysis could be performed (see Refsrence 14).
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If pj3 <05 p35= Pyy

and Rin = pjl for all 1 and k
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-
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ot J

Continued on next page.

Figure 8, Computer Program Flow Chart
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Figure 8. Computer Program Flow Chart (Cont.)
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Values of Py and Py (RH@ and Rijk) can be approximsted 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 INFUT PROCEDURE

The input format is shown in Figure 9. The quantities indicated
are as follows:

N = the number of surfaces within the enclosure to be examined.
The present program is astorage limited to a maximum of 20 surfaces.

CLR = a flag directing the program to clear itself of input information
(CIR = 1), prior to proceeding to the next case, or instructing
the program to retain input information (CLR = O) for the follow-
'ing case. When CLR is set to zero, only those quantities that
vary from case tc case need be entered, all other information
will be retained.

L = a flag used in the column labeled "FRE" 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 column labeled "PRE."

M = a flag used in the colurn labeled "PRE" of the load sheet, It
instructs the program to clear the input matrix of information
prior to storing data.

= RHY = the directional reflectivity of surface i in the direction
of surface j. For program convenience, Piq 1s set equal to the

negative value of the hemispherical reflectance for a diffuase
gurface.

Fij = F = the shape factor of surface J as viewed by surface i, Only
the lower triangular half of the shape factor matrix need be

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

Rijk = Geometrical bidirectional reflectance of surface J for
incident energy from surface i and reflected to surface X.
Bildirectionsl reflectivitles are inputed in 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 triangular portion
of the three dimensional Rijk matrix need be entered. That is,

lel for j =1 to n is entered for the first matrix, X = 1; le2
R2j2’ for J = 1 to n is entered for the second matrix, K = 2;
leB' R233’ 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.
Ai = A = surface area of node i.
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b .

Figure 9.

Program Input Format
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An unlimited number of cases may be "stacked"; all that is required
to run several cases together 1s an END card between cases. Outpyt
quantities & and 3-area products, are printed out in matrix form.

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

(=)
surface (1) and (2)
(3) L surface (3) is space
(1) Py = Py = 0.9; Py = 0
£

Input information:

(a) Pipy = P13 = Ppy ™ Ppg = 0.9
=0

= 0.414214
F.. = F., = 0.585786

{(b) F

|

=
1

&
I

(e¢) R =R = R = 3212 = pq = 0.9

112 313
By93 = Bgpy = Bypy = Bypy = 05

(d) 4 = Ay = 1.0, AB = 2.0
The load sheet for the above problem with diffuse surfaces can be found in
Figure 10. The result of this computation is 0,0933965, which can be
compared to the value given by Reference § of 0.09340.

213

= 0'9

It should be noted that in addition to comfaring very favorably with
the 3 matrix evaluated by hand, using Hottel's techniques, the following

holds

M
& = E: akj = hemispherical emittance
=1

as it should.

*
It should be noted that all guantities should be left justified within
their respective fields,
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03, 03 0.41421%
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2 1.0 }
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E [ND
R IO
Figure 10. Lload Shest for Two Parallel Infinite

Diffuse Strips of Unlt Width and Separation




5.3 EXAMPLES OF INPUT FOR DIFFUSE, SPECULAR, AND SPECULAR-DIFFUSE

The following problem has been selected to illuatrate the input
required for the three cases of diffuse, specular and directional
gspecular~diffuse. The § computer program given here can treat these
cases by manipulation of the quantity Rijk (pijk)‘ As discussed

in Reference 4, this factor is approximated by:

F,
ik

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 set equal to zero.

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

/

g
~}

wl

(2)

Surface 1: p1 = 0.973 (vacuum deposited aluminum)
Py = 0.116 (3M black paint)

1l

Surface 2 P
and 3:
Surface 4: Py

0 (surrounding space)

Flo= Fpy = F

44 = Och
1Ay =Ay=1
4, =3

= F,, = F, =F. = 0.2

31 32 AL 43

e

The diffuse assumption input sheet is shown in Figure 11.
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QATE PAGE OF
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FRAOBLEM ND. KEYPUNCHED BY S
NC. OF CARDS . ——— YERIFIED B Y —_
1 ? T3
H1 SAMPLE FROBLEM
H2 DIFFUSE ASSUMPTION
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>
1 z 7 " 7 (2]
19 Jao 28 as 20 s
37 1M CE] 53 M LK}
80 |84 41 __;_P_l__ 18t T u
SYmMBOL FRE .oC, YALVE EXP Loc. Y ALUE EXF
N S
CLR 1
M| RHg 2, 20
01, 01 =0.973
02, 01 -0.116
03, 01 -0.116
04, 01 0.0 _ 4 —
M| F 20,20
01, 02 0.2
02, 01 0.2 .
03, 01 0,2
03, 02 0.2 _._
04, 01 0.2
04, 02 0.2
04,03 0.2
oL, 0L 0.4 o
ARFA
1 1.0 _';_”F"' T
i 2 1.0 | L
3 1.0
4 3.0 . -
E_ND
> . )
ol —
Figure 11. Load Shest for Sample Problem; Diffuse Assumption
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The specular assumption utilizes the same data as above, but
the reflection is assumed to be perfectly specular. For this condition,

R o f_zzml
213 12 F21F13f

2.0897
The quantity Rh12 is obtained by ncting for Rijk

fl

n
P 5k =_Zl Ry F 31 =2
1=

i.e., conservation of energy. Thus,

P12 7 F3113 s
1

Use is made of reciproeity to find R312 = R213, Rzlh = Rh12’ and

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

of the directional 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, the directional reflectance and hence directional

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

the near normel value was used for p23 and p32. To obtain Pops & heat

Bio =

balance was used, i.e., for the general case of surface 1

n
(py)y = %7 Z P 383 F; 5 5-3
1 j:l
where
(pH)i = hemispherical reflectance of surface i.

The value of Poy WS obtained from:

(egly = Faopog
4 le

P21
or

Py = 0.1275
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DATE PAGE . . . OF . ..
NAME PRICRITY
FROGLEM NO. KEYRUNCHED BY
NO, OF CARDS YEMIFIED &Y
1 T T
H1 SAMPLE PROBLEM
H2 SPECULAR ASSUMPTION
p—
>
112 7 " 1) 2 7 17
1w |20 H{ ] 1 19 j20 Fi] $ 1)
a7 [sa 1] L] ] 37 {as 43 L%
% |98 .l kA 58 |se L1 "
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01, 02 0.2 03, 01 0.9323
02, 01 0.2 U3, 0 “1.0025
03, 01 0.2 0L, U2 0.118
03, 02 0.2 04, 03 0.116
04, O1 0.2
04, 02 0.2
0k, 03 0.2
M Q.4
,_ABEB
1 1.0
3 10 —
3 1.0
L 3.0
M Rl 20,20
1,-02 0,136
0l, 03 0,116
M| R2 N, 20
' 03 O.Llé
L

ATL FORM 1803 REV, 12/42

Figure 12.
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Reciprocity was utilized to obtain Po1 = P1gr p31 _ 913, etc., Using

the procedure described for Poy: the values of the other geometrical
reflectances were:

P1p = P13 = 0.9716
plL, = Oog?m
p23 = p32 = 0,07

The load sheet for this problem is shown in Figure 13.
The computer results for the above configuration will be found in
Section 6.
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FRCBL M MO,
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T

T
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ol. 02 012 03’ 01 Ougzh
02, 01 0.2 03, 02 0.07
03, 01 0.2 0L, U1 1008
03, 02 0.2 04, 02 0.1338
0L, 01 0.2 Q4, 03 0.1338
04, 02 0.2
Ok, 03 0.2
Ok, O4 0.4
AREA
1 1,0
2 1.0
k| 1.0
L 1.0
M R 0, 0 -
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Figure 13. Load Sheet for Sample Problem; Dlrectional
Specular-Diffuse Assumption
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6. EXPERIMENTAL COMPARISON OF SPECULAR, 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 conceptually and physically. Other-
wise the effects of geometry, conduction, convections, extranecus heat
losses, etc.,, will not be controlled. The experimental configurations
chosen are shown in Figure 14. A test consisted of placing the experiment
within a cold wall vacuum chamber (to eliminate convection), insulating
the non-radiative surfaces, supplying a known quantity of power to one
of the surfaces and measuring the equilibrium temperatures of the other
surface(s). The experimental results were then compared to the predicted
values using the directional specular-diffuse analysis (4), the specular
property assumption and the diffuse property assumption.

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

6.1 EXPERIMENTAL METHOD AND PROCEDURE

The configuration selected for test are shown in Figure 14,. The
test surfaces wsre six such squares of 1100 aluminum 0,0625 inches thick.
In esach case the lower surface was selected as the heat source and the
remaining surface(s) allowed to reach an equilibrium condition with the
environment. The heated surface had a heater of approximately 200 ohms
cemented to its underside (the non-~radiative side)., This heater consisted
of 40 gage constantan wire sandwiched between two sheets of 1 mil Mylar,
Voltage leads were attached at the heater boundary and the four terminal
resistance method used (see Section 3.1} to calculate power dissipation.
The electrical measuring circuit was the same as shown in Figure 6 of
Section 3 with a Leeds and Northrup 868A substituted for the Type K 3.

Originally, the back of each surface was insulated with 20 layers of
super insulation. However, the edge heat leak was found to be too large
relative to the heat absorbed by 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 insulation and adjusting the digsipation until
the temperature difference across the insulation was zero, i.s., no heat
flow through the insulation. The edges of the insulation, guard heater,
and test surface were covered with 1/4 mil thick aluminized Mylar,
aluminum side out. 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. 'his was satisfactory for all test surfaces except
the surface coated with vacuum deposited aluminum, The radiative heat loss
or gain from such a surface was the same order of magnitude as the adge
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.

46



Pigure 1;. Configuration Used for Test of Radiation Analysis
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Figure 15. Test Configuration in Test Fixture
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Each test surface was supported within a framswork by dacron
cords attached to phenolic stand-off attachments., In this manner
the test surfaces were isolated from the framework but properly positioned
and restreined (see Figure 15). This framework was mounted within a LN,
cooled baffled gnd the assambly placed within a vacuum syatem. A
pressure of 1072 torr or lower was cbtained during the teating. The system
is iliustrated in Figure 16.

Thermocouples were placed on at least two peints of each test surface;
one at the center of the surface and one within one-half inch of the edge.
No signifiecant gradient across the test surface was observed in any of the tests;
i.e., the surfaces were essentially isothermal. The thermocouple material was
copper—constantan. All thermocouples were taken from the same roll., The
voltages generated by the thermocouples were measured with a Leeds and
Northrup Type 8486 potentiometer using a conventional ice junction compensation
systan.

The test procedure consisted of the following steps:

(1) setting the predicted power dissipation for the source surface
(2) setting estimated guard heat dissipation(s) for the receiving
surface(s)
(3) observing the temperature of the receiver surface(s) and
adjusting the guard power dissipation(s)
(4) when the receiver surface(s) and guard heater{(s) indicated
a negligible temperature difference for thirty minutes,
at least two sets of data were recorded within the next
thirty minutes.

The latter step insured that the surfaces were in equilibrium for
approximately one hour., The accuracy of the measuremsents are estimated
to be:

Temperature difference + 0.1°F
Temperature 1°F
Total power dissipated by 1.5%

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

6.2 ANALYTICAL 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),
specular (7), and the directional specular-diffuse (4). The prediction
served to test the utility and practicality of the computer program
developed for this study (Section 5) as well as provide a basis of
comparison between theory and experiment.

The test configurations have been described in Sectien 6.1 and
illustrated in Figure 14. These three configurations were combined with
different surface coatings to glve six different test systems. These
gystems are schematically represented in Figure 17. The directional
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Receiver Receiver Recelver
[Reflector
Source Source Source
Qsl Q:’ SL
(a) (b) (c)
Test Surface Coatings
Source Receiver Reflector Configuration
1. "3M" Flat Black "IM" Flat Black (a)
Paint Paint
2, "3M" Flat Black "IM" Flat Black (b)
Paint Paint
3. "3M" Flat Black "3M" Flat Black Vacuum Deposited (c)
Paint Paint Aluminum
4. "™M" Flat Black "3M" Flat Black Rinshed-Mason
Paint Paint Leafing Aluminum (c)
Paint
5. "IM" Flat Black Rinshed-Mason Vacuum Deposited (c)
Paint Leafing Aluninum Aluminum ¢
Paint
6, "3M" Flat Black Rinshed-Mason Anodized Aluminum (e)
Paint Leafing Aluminum
Paint

NOTE: The coating material descriptions are described in detail in
Flgures 18 through 21.

Figure 17. Experimental Matrix for Test of Radiation Analysis
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reflectances of these coatings for & black body source at 540°R are
shown in Figures 18 through 21. Included in these figures is the spscular
reflectance for the same radiation source. The specular reflectances were

measured with a goniometric reflectometer shown in Figure 22. The
directional reflectances were measured with a heated cavity reflectometer

similar to that described in Reference 1l.

Te method of determining the various quantities and establishing
the input for the computer program has bsen described in Section 5.3.
The results of the computer calculations are shown in Table 7.

6.3 COMPARISON OF EXPERIMENTAL AND ANALYTICAL RESULTS

An examination of the results presented in Table 7 will quickly
show one consistent fact: In every case, the experimentally msasured
temperature exceeded the value predicted by any of the analytical
methods. A hasty conclusion would be that the experiments were in error
in some manner. After re-examining the experimental technique for major
errors, nothing sufficiently significant could be found. Conversely,
many queations can be raised relative to the analytical predictions.
The following discussion will be concerned with the errors of prediction.
Howsver, the possibility of an unrealized source of error 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 based
upon the grey radiation assumption, i.e., wavelength independent
properties. The source surface was cperated at a.pprox:l.mstely 585°R
whereas the receiver aurga.cee ranged between 340 and 415 R, i.e., &
difference of 170 to 245 F, All propert%es used in the analysis assumed
a material 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 at least the band energy basis (4).

A second error was in the measurement of the properties. The heated
cavity reflectometer is known to have an error due to sample heating (11).
This error could be of the order of .02-.04 in directional reflectance
(or emittance) and would affect the predicted temperatures slightly. It
would have a more direct effect upon the predicted heat loss by the source
surface. In only one cass (Test 5), was the measured heat loss 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, ne
firm conclusion can be drawn from this one cass. However, the problem
of sample emission is not considered to have besn a major source of the
discrepancies as judged from the spectral data.

Polarization of the energy with the monochromator of the heated cavity
can also cause &n errcr. 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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DIRECTIONAL REFLECTANCE, p (8)

1.2
u
1.0
— HEMISPHERICAL EMITTANCE = 0.027 | f
0.8
r
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o NOTE: NO DIFFUSE COMPONENT
COULD BE MEASURED
0.4
0.2L
0 10 20 30 40 50 60 70 80
8, DEGREES

Figure 19, Directiogal Reflectance of Vacuum Deposited Aluminum
to a 540°R Black Body as a Function of Angle
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DIRECTIONAL REFLECTANCE, p(8)
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Flgure 21, Directional Reflecta.nce of Rinshed-Mason Leafing
Aluminum Paint to & 540 °R Black Body as a Function
of Angle
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TABLE 7
SUMMARY OF RADIATION EXCHANGE ANALYSES AND EXPERIMENT

Q R
Source Heat Receiver
Quantity Temperature
Btu/hr o
#*
Configuration
1 Experimental 29.83 345.2
Directional Specular—
Diffuse Analysis 29.41 340.4
Specular—Assumption 29.17 342.2
Diffuse Aasumption 29.17 342.2
2 Experimental 42,50 393.8
Directional Spacular-~
Diffuse Analysis 42,06 386
Specular-Assumption 41.2 386.4
Diffuse Assumption 41.2 386.4
3 Experimental 41.29 428,2
Directional Specular-
Diffuse Analysis 40 .68 419.4
Specular-Assumption 40,93 412.0
Diffuse Assumption 39.69 393.8
L Experimental L0.7 L23.5
Directional Specular~
Diffuse Analysis 40.33 415.5
Specular-Assumption L40.25 L08.8
Diffuse Assumption LO. 54 397.4
5 Experimental 39.93 L09.7
Directional Specular-
Diffuse Analysia 40.0 391.6
Specular-Assumption 40.3 02,5
Diffuse Assumption L0.2 383.8
6 Experimental 40.05 398.7
Directional Specular-
Diffuse Anglysisa 39.21 382.3
Specular~Assumption 39.56 391.1
Diffuse Assumption 40.19 387.9

*
See Figures 14 and 17.
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MASK o,
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M2 M4
I NORMAL TO SURFACE

( —=exiTsur ) *\/ DETECTOR
: o IN TYPICAL
on /< REFLECTANCE
QQ A POSITION
\SAMPLE
] / DETECTOR
L 100% POSITION

PERKIN-ELMER MODEL 12C

M1, M5 SPHERICAL MIRRORS 300 mm f.1.
M2, M3, M4 FLAT MIRRORS

Figure 22. STL Goniometric Reflectometer
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This source of error has alsoc bsen recently recognized and the information
required to assess this error 1ls not yet available for the monochromator
used. In the case of the tests described, only the 3M flat black paint will
be free of this errcr.

A fourth source of error was the approximations used to obtain the
geometrical reflectances; i.e., the interaction between spatial variation
of reflectance and the shape factor integral. The methods used to
approximate these propertlies have been described in Section 5.3. Until a
spatial distribution of the reflectance property of a number of surfaces
have been cohtained and incorporated in the integration of a shape factor,
the magnitude 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, leads to the conclusion that the predicted temperatures
should be re-examined. This would require the analysaes to be performed
on & band energy basls and with a more detailed evaluation of the 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 based upon the method given in Reference L. The technique is
an admitted approximation to the integral equations describing the radiation
exchange within an enclosure., The other two methods are also appreximations
in that an asaumption is made relative to the radiation propertiea, i.e.,
nondirectional perfectly specular or perfectly diffuse. The aprroach
programed to this study resulted in a set of equations which were very
similar to those obtained in the diffuse approximation and could be solved
with & slight increase in time. In contrast, an enclosure with perfectly
specular surfaces can require extensive preliminary calculation to obtain
the "specular interreflections.”

The test configurations of Figure 17 are sxamples of very simple
enclosures which are 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 dirsectional specular-
diffuse methods. A trend can be inferred, however. For example, Test
Configurations 1 and 2 should yleld identical results for the specular and
diffuse assumptions. The directional apecular-diffuse analysis yields
different results because the emission from source occurs at large angles
from the normal. The predicted temperature of the receiver is higher for
Teat 1 and lower for Test 2 becauss of the angular effects of absorption.
For Test 3, the speculsr analysis 1s sulitable but does not account for the
directional propertlies. The diffuse analysis does not account for specular
reflection and radiation is "diffusely"” reflacted back to the source. The
directional specular—-diffuse result is between these two. Similar
arguments hold for Test Configurations 4, 5, and 6. These geometries are
more complicated by the use of the aluminum paint and ancdized aluminum
which have directional and/or specular components of reflection. In more
complicated enclosures, such a simple explanation of possible differences
is not practical. The only comment that can be made is that the directional
specular-diffuse analysis is a more realistic approximation to physical
fact.
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7. CORRELATION OF COMPONENT JOINT EXPERIMENTAIL RESULTS

At the request of the Technlcal Monitor, C. J. Feldmanis, an effort
was made to correlate the experimentally measured values of joint
conduction. This work was a 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, the conduction at the bolts was very high and the apparent
contact area amall. This led to the conclusion that macroscopic effects
were of the greatest signirficance.

A review of the technical literature revealed little information
that would be useful in predicting interface conductance for the bolted
joints of this study. 4 subsequent study of the pressure distribution
indicated that the apparent contact area occupies only to 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 expresasion 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 reveals that the study of vacuum thermal
contact resistance is of recent vintage. Past emphasis has been upon
joints in a conducting fluid; e.g., air. This is not surprising since
the need for information on the behavior of heat flow through comnecting
slements in a vacuum was not great until the advent of satellites. An
axcellent review of technical literature is contained in Reference 12 and
& bibliography on contact conductance is contalned in Reference 13;
Appendix V list references that are not reported in Referencs 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 expressiocn for the thermal
conductance of a mathematical model with contacting surfaces idealized
as cylindrical contacts equally spaced in a triangular array. The thermal
conductance was expressed in terms of the thermal conductivity of the
metals and of the fluids of filling the volds, the real area in contact,
the number of contact points per unit area, and the volume average thick-
ness of the void gaps. A method of obtaining these physical properties of
a contact is contained in Reference 15. The need for the profiles of the
contacting surfaces precluded the examination of this method.



While most investlgators were concerned with microscopic areas of
contacts {those due to surface finish), 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 majority
of engineering surfaces. The Interface conductance was expressed in terms
of the mean thermal conductivity of the two contacting materials, the
radius of the macroscoplec constriction ratioc, the contact pressure, the
macroscopic constriction ratio, the harmonic mean of the modull 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 metheod was not applied since subsequent studies showed
that the apparent contact area (the reglon 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, Intultively, 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 anlytlcal model was postulated based on the work
done by previous workers, experimental dats and engineering judgement.

The basic concept of the proposed method is that the controlling thermal
resistance is the plate. It is postulated that the points of contact
which contrlbute to the conductance are in the small region under and
around the bolts., The problem is then to describe the heat flow in the
plate to the bolt area. Two mathematical models were employed for this

parpose,
7.2.1 ANALYTICAL MODEL I

The first model is shown in Figure 23(a). It is a disec with
uniform heat flux over its surface and conduction to a central ares at a
constant temperature. The outside surface {r = R) is assumed to be
insulated. Tis model is used to describe heat flow in a joint with only
a few bolts in relation to the total area.
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: UNIFORM HEAT FLUX

UNIFORM HEAT FLUX

(b)

Figure 23. Analytical Models for Bolted Component Joint Correlation
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For an incremental volums at radius r, a heat balance yields,

or

Q=

with boundary conditions:

at r =

T

Q

=

Q2ﬁrdr=-2nktr€r~ +2ﬂktrg§
r+dr
kt ¢ . 4T
-rdr(rdr)
R,g%‘=0(insulated) and
R, T=-T,
R
L9 1252 ,12, %
T= % l.,.(r'Ro)+2R 1n .
R,
=M g =%
2 T
. o R L1202y 1, o
Tkt z(MM7)+5ng

The conductance of one plate is:

L WE

R

I (T—T°)2n' rdr

R

Q
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Substituting AT from Equation 7-4 and changing the limits of
integration gives:

2
_ 9m
h = T .
2 1
12,2 .1 . 2nMd" 7-6
Lf% h(%-ﬂ)+2hﬂﬂ
ot

Integrating and substituting the limits yields

2t 7~1

1
B2 2, - - 3/

h =

The bracketed term of Equation 7-7 is plotted in Figure 24 and the
conductance versus radius for several effective contact radius values is
shown in Figure 25,

7.2.2 ANALYTICAL MODEL II

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

_ _kt d_ dat
Q= - dr (r dr) 7-8

The boundary conditions are:

r=0, Tis finite

r = Ro’ T = T;

Solutien of Equation 7-8 yields,
: r
o =8 z2.2
T- T, KL LRo T 7~9

Te conductance of one plate is:

2
QR
h = ) -
7 7-10
o
L[ (T-T.) 2rrdr
0
Substituting AT from Equation 7-9 and integrating gives:
8kt
h = -__2 7-11
R,

This equation is plotted in Figure 26.

6L



10.0
8.0

6.0

4.0

2.0

' 1.0
*P°|" 0.8 7
Nlo /

0.4

0.4 /

0.01 0.02 0.04 0.06 0.08 0.0 0.20 0.40 0.60 0.80 10O
RS

-1
Figure 24. The Quantity Lﬂoz-(n’;/a) ~Inn - 3/4_{“ as a Function of T

65



105

10

|

R, =0.22 INCHES

0.3 INCHEST

__Jb

1
\R.u_

T

=1

2_ o _ 3
R M~ 2 lnﬂo._
WHERE:

h = CONDUCTANCE = BTU/HR FT2°F

k = PLATE THERMAL CONDUCTIVITY;

90 BTU/HR FT2oF/FT

t =THICK NES3; — FT( Ll INCH)
o2 \i3

R = RADIUS; FT
R, = CONTACT RADIUS; FT

N =R,
e R
&
£ 03
3 \ \ 1
£
1
: \\\
100
AN
\\
‘00 1.0 2.0 3.0
- INCHES
Figure 25. The Thermal Conductance of a Single Contact Junction

a3 & Function of

Contact Radius (R ) for an Alumnum
Flate 1/16th Inch Thick

66



b - BTU/HR FT2oF

1000

8

b = Skt

R
h = CONDUCTANCE - BTU/HR FT2°F
R = CONTACT RADIUS - FT
I' = PLATE THERMAL CONDUCTIVITY
- 90 BTU/HR FTZ °F/FT

t:+ PLATE THICKNESS - ]'E
FT (-}]_6 INCH)

N

10
0

RO - IN.

Figure 26, The Therfal Conductance of & Peripheral Contact
Junction for an Aluminum Plate 1/16th Inch Thick

67



7.2.3 CONTACT RAGION ARCUND A BOLT

e contact area and conductance of a belt is based on the
deformation of the plates under bolt head. The method used to determine
this quantity is that presented in reference (17). The analysis
given by this reference assumes a uniform loading over the bolt area.
he resultant stress distribution is shown in Figure 27 and can be
expressed as (Equation 56, Reference 17}:

e
[(c/a.)2 -

7 _ r -
- = 1 = (c) 7-12

g

G

ce )

The quantity ¢ is dependent upon the bolt diameter, a, and the plate

thickness, D For a 1/16-inch plate in contact with a 1/8-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 a2 bolt torqued to a preset value is
determined from the approximate relation given in Reference 18,

T = 0.20 Fd. 7-13
where

T = bolt torque, 24 in.-l1b.

F = tensile load, 1b.

d = major thread dia. = .190 in,
ar

F = 530 lbl

This value is conservative for the present application; that is,
it vields a lower conductance than values given by cther referencess.
Aron and Colombo (16), for example, use a value of BCO lb. for 22 in.-1b.
torgque in the same size bolt.

The bolt (NAS 543) has a measured bearing diameter of 0.344 inches
and the nut (NAS 571) has a measured bearing diameter of 0.312 inches.
The area under the nut was used to obtain the pressure, assuming uniform
loading (cp = P)

p.E_ 630 1b., = 13,450 1b/in2 714
A L0LEE in
This result was used with Equation 7-12 to obtain the pressure
distribution and conductance at the bolt., The solution of Equation 7-12
for cz,using the results of Equation 7-14, are plotted in Figure 28, The

pressure distribution was used by dividing the area into annular zones
and evaluating each zone to estimate its conductance., -‘The numerical
values were obtained from the conductance versus pressure plot given in
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Figure 27. Stress Distribution in a Bolted Plate for Uniform Bolt Pressure
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Figure 28. The Pressure Distribution Under the Nut of a Bolted
Plate According to Equation 7-12
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Figure 6-3 of Reference 19, labeled "Best line through most of the
Aluminum (II) Data-Vacuum." The results of this calculation yleld

a conductance through the bolt of 21,000 tu/hr ft2 °F, This can be

compared to the value of 10,000 Btu/hr £t OF 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 Reference 19}.
The contact area under the bolt in the present study was 0.12 in.<. Thus, the
thermal resistance of the two bolts can be compared:

Pregent Study:

1 °F hr
BR=%%° 07 Bw

Reference (3)

1 °p nr

R o= e =y

th - Obé pm

7.3 APPLICATION 10 TEST CONFIGURATIONS

Three component test configurations were run with fewer than the
nermal 12 bolts to evaluate bolt spacing effectiveness. These tests were
in addition to those reported in Section 3.1. These configurations are
shown in Figurs 29 (a, b, and ¢). The sample size was 6 inches by 6 inches,
the upper plate thickness was 1/16 inch, and the mounting plate was 1/8
inch thick. The bolt torque was 24 in. 1b, for all cases.

Configuration 29-a was divided into four equal areas for purposes
of analytical correlation., Each triangular sectlon was assumed to be
deformed into a semicircular shape of the same area and having a contact
region at the center. The radius of the segment is then 2.38 in., and
the bolt contact area, now semicircular, has an effective radius of 0.311 in.
These dimensions were substituted in the eguations described in Section 7.2.1.
The resulting conductance of the upper plate was found to be: hl = 18,3

Btu/nr ££° OF.

The conductance of the lower plate will be computed using the same
analytical procedure., Since the heat removal from the lower plate is not
as uniform as heat supplied to the upper plate, the analytical model is
new a peoorer approximation of thg real system. The resulis were used as
an approximation since an analytical solution of the real heat flow in this
plate would be a lengthy task. Applying this method to the lower plate,
which has a thickness twice that of the upper plate, results in

2
h2 = 34,6 Btu/hr ft OF. These two plate thermal condustances must be combined
with the bolt thermal conductance., The thermal circuit for this system is:

R - _ .
1 n,A VW .
11 .
R,, = =%
3 n_A
R, = == *— AAN-
2 h2A2

Figure 30, Thermal Circult for Calculating Overall Thermal Conductance
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The overall conductance is given by:

L=_%._+_.1_+._3.:_
ha ~ hjAy  hphy A,

Substituting the values glves:
1 1

L. . D S S

87+ 057 + L4237

=

or 1

20
= —=—8 = 11,7 Btw/hr £t° °F
e

1.368(3f3)

=

Applying this technique to Configuration 29-b, the corner bolts were
close together and were lumped together to form a quarter clrcular area
having an effective radius of 0.622 inches. The analytical method
of Section 7.2.1 and thermal cirsuit gubatitutions yleld an overall
conductance of h = 8,0 Btu/hr £t< °F.

Configuration 29=c was divided by allotting to each corner bolt a _
hemicircular area of 4 in. and each center bolt a quarter circle of 5 in. .
Using the same technique as above, the thermal circuit gave:

h = 22.0 Btu/nr £t° °F.

The twelve-bolt configuretion was analyzed in the same manner by dividing
this 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 componant configuretion can be approached using
the same technigque by dividing the area into elght hemicircular sec'l:.orei2
and four quarter circular sectora each with an effective area of 6 inch”.
Similarly the 12 by 12 configureation was divided into twelve hemicircles
and four quarter circles of squal area, 9 inch®. The results for these
six configurations are shown in Table 8.

The 6 inch by 6 inch, 12 bolt and 12 inch by 12 inch, 24 bolt
configurations can alsc be predicted using the method described in
Section 7.2.2. An effactive radius based on the plate area was used in
Equation 7-11, The results are alaso given in Table 8. The reaults of
these correlation attempts are compared to the measured values in Table 8.
The agresment is adequate in all cases except 29-b where the predicted
value 1s a little more than half of the measured conductance, In apite of
this, the success of the technique is quite satisfactory. Further
exploitation should be made of the approach described here. The results
have heen restricted to a bolted thin plate without a filler material.
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EXPERIMENTAL SYSTEMS
AND
ANALYTICAL APPROXIMATIONS
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Figure 29. Method of Subdividing the Test Configurations to
Predict Overall Thermal Conductance
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TABLE 8
COMPARISON OF PREDICTED AND MEASURED COMPONENT JOINT CONDUCTANCES

Experimental Method I (Sec..7.2.1) Method II (Secé 7.2.2}

Configuration h, BTU/hr £t< OF h, BTU/hr £t° OF h, BTU/hr £t2 OF
29-2 13.4 1.7
29-b 13.7 8.0
29-c 22.0 22,0
29-4 |
6 x 6, 12 bolts 26.3 26.7 29
6 x 12, 18 bolts 18.5 - 18.1
12 x 12, 24 bolts 8.3 10.5 7.8
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An attempt should be made to extend this to thick plates with and without
a filler and to thin plates with a filler.
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8. CONCLUSIONS AND RECOMMENDATIONS

This report presents the results of the first phase of a program
designed to improve the prediction of spacecraft thermal performance.
The information necessary for the comparison of prediction and test of a
spacecraft mode]l has been gathered. The continuation of the program to this
natural conclusion is the second phase of the atudy. There has been no
decrease in the practical needs for this continuation and it is important
to complete this program.

There have been several developments within this program which
warrant further study. The first is the extension 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 have proven to be very simple and inexpensive.
The accuracy which is obtained is adequate for such Joints 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 selected for the frequency with which they are used in actual
practice, e.g., riveted joints, low conductance jJoints, etc.

The practical correlation of Joint conductances should also be continued.
Te 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 adequately described by radial in the
region surrounding each bolt fastener. The success with which the component
Joints were correlated by this procedure was very encouraging. The limitations
of time and resources did not allow a similar attempt to be made to
correlate filled Joints or structural joints. However, such a correlation
is belleved 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 described above or as a separate study. Regardless of
the mechanism chosen for performing this correlation, this work should be
continued and extended.

The application of the directional apecular-diffuse method of analysis has
indicated a major gap in our knowledge of thermal radiation properties. A
critical part of this method is the separation of the thermal radiation proper-
ties into the diffuse and specular componenta. Additional experimental and
analytical work is required to develop a basis for this aeparation from
measurements of the directional and specular reflectances. Such a study
should ineclude an examination of the geometrical reflectances (and emittances)
relative to the distribution of reflected (and emitted) radiation.

Although the comparisons of predicted and experimental radiation exchange
in the simple gecmetries were close, further refinement of the predictions
are desired. This problem is related in part to the separation of the diffuse
and specular components discussed above. The effect of non-gray radiation
properties is probably of equal or greater importance. Further study is
needed for the improvement of the predicted temperatures and heat fluxes,
e.g., & prediction using the band energy method.
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In conclusion, the objectives of the first thase of the program have
been satisfied; i.e., the data and methods required to compare the
predicted and test thermsl performance of a model spacecraft have been
developed. Other areas for further study have also been found:

(1) practical Joint conductance measurements

(2) correlation of measured joint conductances

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

(4) the importance of the non-gray property assumption

The development 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 problems.
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APPENDIX 1
EXPERIMENTAL DATA~—COMPONENT JOINTS
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The experimental data for the 6 x 6 component joint is listed in
Table 9 of this appendix. The thermocouple locations are shown on the
full size drawing of Figure 31. In addition to these thermocouples,
thermocouples were placed in the cooling water inlet and outlet lines,
These are absolute thermocouples No. 3 and 4 respectively. The approxi-
mate cooling water flow rate was also recorded, but varied as the water

pressure fluctuated., The heater voltage and current are also recorded.

Figure 3] also illustrates the zones which were used in computing
the area weighted temperature difference. A sample calculation for

run No, 1 is as follows:

BT - L02+1.04 40,80+ 0.77 _ o 4%
AT, = 1.98 °F

) 9
= _2.50 +4.11+2.57 _ o
AT®_ 3 = 3,06 'F
AT =M=6.410F

2

These average AT's are for each zone, obtained by averaging the
differential thermocouple readings in each zone. The overall AT is now

computed by area weighting these values,
A A A A

_ @ &) @

ATM = AT@T + AT@E—T— + AT@"A“TT— + AT@'—-—'-

M = 52 (0,91 + 1522 (1.98) + 1352 (3. 06) + 23 (6. 41)

P
3
i

ATM =0.229 + 0,412 + 1,121 +1.11
- o

ATM =2,872°F

QIN = 3.702 (0.1314) = 4,864 watts

H

16.6 Btu/hr



. 16.6 Bru/hr
1/4 o2 2.872°¢

h = 23, 1 Btu/hr £t °F

The experimental data for the 6 inch x 12 inch and 12 inch x 12 inch
component joints are given in Tables 10 and 11, respectively, of this
appendix, The thermocouple locations and temperature weighting zones
are shown in Figures 32 and 33 for these two experimental configurations.

Differential thermocouples 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 equation:

Q
h= AT

The area used in this calculation is the contact area of the mating parts.
For the structural joints, this was the overlap area between the angle
bracket and the panel. The AT is an area weighted average which is deter-
mined by the method explained in above.
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6" x 6" COMPONENT THERMOCOQUPLE LOCATION
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Figure 31. 6" x 6" Component Joint Thermocouple Location
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6" x 12 COMPONENT THERMOCOUPLE LOCATION
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Figure 32. 6" x 12" Component Joint Thermocouple location
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12" x 12" COMPONENT THERMOCOUPLE LOCATION
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Figure 33, 12" x 12" Component Joint Thermocouple Locaticn

8L



Table 9.

Run No.
Date
Pressure, Torr

Absolute T.C,

1-°F
2 -°F
3-°F
4 -°F

Differential T. C.

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

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

Sample Number
Number of Bolts

h, Btu/hr ftz' o

1

10/26/64

6 x 10"7

85.7
80.2
74.0
74.1

23,1

2

10/26/64

6 %107

95.3
85.6
74,5
74.8

11.78
11.38
4. 56
7.06
4.64
1.81
3.52
1.88
1.41
1.31

49,31
0,1750
650

24

None

12
22.9

85

3
10/26/64
6x 107

107.1
91.6
74.5
75.0

18,28
17.60
7.25
10.95
7.25
2.81
5,46
2.92
2,19
2,04

61,54
0.2185
650

24

None

12
23.0

Experimental Data—6 by 6 Inch Component Joints

4

10/26/64

6 x 10_7

i19.0
97.8
74,3
75,0

24.72
23.78
9.85
14. 90
9.81
3.81
7.40
3.96
2.97
2,77

72.04
0.2560
650

24

None

12

22.3

5

10/27/64

5 x 10-7

85,3
79.8
73.8
74.0

6.72
6. 48
2,52
4,05
2.63
1.02
2.00
1,07
0.81
0.74

36.99
0.1313
575

24

None

12
22.8



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

Run Number
Date
Pressure, Torr

Absolute T. C.

1 -°rF
2-°F
3 -°F

- %

Differential T, C.

4]

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

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

Sample Number
Number of Bolts

h, Btu/hr ft2 °F

6

10/27/64

5% 107

95.1
85.2
74.1
74.5

11.78
11. 31

.03
.60
.78
. 50
. B6
.40
.30

P I R VR R - SN |

49,33
0.1751

525

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

. 45
.92
. 16
.00

N I INoW

61.54
0.2185
525

24

None

12

22.9

86

8

10/27/64

5x 107"

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
2.71

72.02
0.2559
525

24

None

12

23,1

g

10/28/64

6x 1077

105.5
89.9
73.2
73.6

18,27
17.68
7.22
10. 90
7.19
2.78
5.50
2,94
2,19
2,02

61.53
0.2185
1175
24

None

12

23.0

10

10/28/64

7x10° 7

117.5
102.3
74,7
89.1

18. 68
17.82
7.95
11.32

.53
.04
.87
.00
.82

= N N N

61,52
0.2185
21

24

None

12

22.8



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

Run Number
Date
Presgsure, Torr

Absolute T. C,

1-°F
2-°F
3-%
4-°

Differential T, C.

(o]

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

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

Sample Number
Number of Bolts

2o

h, Btu/hr ft© °F

11

10/29/64

7Tx 10-7

85.0
79.8
73.8
74.0

6.22
5.88
2.23
3.88
2,45
0.62
1.83
0.91
0.66
0.74

37.00
0.1313
525

30

None

25,0

12
10/29/64
7x10°7

94, 2
84.9
73.9
74.3

10.90
10.29
4,02
6.74
4.30
1.10
3,21
1.6l
1.19
1.31

49.32
0.1751
550

30

None

12
25,2

13

10/29/64

7x 1077

105, 7
91.9
73.7
74,3

17.20
16,30
6.62
10.52
6.80
1.73
5.04
2.57
1.87
2.04

61.54
0.2185
550

30

None

12

24.8

14

10/29/64

7% 107"

117.8
97.5
73.6
74.4

23,37
22.10
9.10
14,31
.30
.32
. 81
. 50
.53
.73

N N w O N O

72.02
0.2559
550

30

None

12

25.0

15

10/30/64

5% 107

84,8
79.5
73.6
73.6

6.27
5.93
2.90
3.90
2,55
0,68
1.84
0.95
0.70
0.79

37.0
0.1313
500

18

None

12

23.9



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

Run Number
Date
Frezsure, Torr

Absolute T. C.

8]

1-°F
2 - %%
3. 9F
3 - °p

"vfierential T. C.

Op

tarmt
1
o

SO0 = O o W e P
]

c o O 0O 0 ¢ 0

NN R B

o]

Voeltage, volts
Curzent, amps
Water Flow, ml/min
Bolt Torque, in-lb
Filler

Sample Number
Number of Bolts

h, Btu/hr £t °F

16

10/30/64

5 x 10‘7

94,1
84,8
73.7
74.1

10.99
10, 34
4.10
6.76
4. 46
1.19
3.21
1,67
1.24
1.38

49,30
0.1750
525

18

None

12

24.8

17

11/2/64

6 x 10_7

8l.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

i2

76.9

88

18

11/2/64

6 x 1()'-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

24

RTV 11

12

82.5

20

11/2/64

6 x 10-?

104.5

94.7
D.891

7.83
8.05
1,73
5.27
1.52
0.98
1,71
0.53
0.91
1.49

72,04
0.2558
600

24

RTV 11

12

83.2



Table 9, Experimental Data—#6 by 6 Inch Component Joints {(Continued)

Run Number 21 22 23 24 25
Date 11/6/64  11/6/64  11/9/64  11/9/64  11/9/64
Pressure, Torr. 8x1077 8x10"' 9x10°7 9x10"' 9x10°"7

Absolute T, C,

1 -°F 81,4 91,0 83.7 86.8 95,5
2-°F 76,0 80,2 74.2 77.5 80.9
3-°F 73.3 73.8 70.9 71.7 72.1
4-°p 73.4 74.1 71.1 72. 1 72.5

Differential T, C.

1-° 5,76 11,60 5.69 9,82 15,25
2 -°F 5,11 10.29 5,06 8.71 13.56
3-% 2.88 5.85 2.87 4,92 7.65
4 .- °F 2.29 4,62 2,23 3,82 5.96
5 - °p 0.65 1.32 0. 45 0.76 1.18
6 - °F 1.36 2.76 1,26 2.17 3,38
7 -°F 0.95 1.97 0.91 1,55 2.44
8 - °F 0. 48 1,02 0.44 0.74 1,17
9 - °F
10 - °F
Voltage, volts 37.03 53,01 37.01 49,33 61.53
Current, amps 0.1315 0.1883 0.1314 0.1752 0,2186
Water Flow, ml/min 1300 675 575 575 575
Bolt Torque, in-lb 12 12 24 24 24
Filler None None None None None
Sample Number 2 2 2 2 2
Number of Bolts 12 12 12 12 12
h, Btu/hr ft° °F 24.7 28.5 29.1 30. 1 30. 1



Table 9.

Run Number
Date
Pressure, Torr,

Absolute T. C,

[ T
i
ry

Ditierential T, C.

o)

fa—
P

F

[#]

W 00 = O U e e B
e O O 0o o o Q
S I R R

-
=
o

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

Sample Number
Number of Bolts

h, Btu/hr f1;2 °F

26

11/9/64

9% 1077

104.7
84,5
72,1
73.0

20,93

18.57
10. 51

8.19
1.63
4,62
31,34
1.63

72.03
0.2560

575

30.1

27

11/10/64

1l 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

20

28

11/13/64

1:-;10'6

8l.2
756.4
59.9
70.4

3.78
3.38
1.38
0.72
0.29
0.20
0.26
0.26

53,03
0, 1883
575
i2

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
0.091

37.02
0.1314
625

24

RTV 11
2

12

128.1

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

30

11/17/64

1x IO-EJ

5.7
70.9
70.9
66.5

3.08
2,76
1.11
0.58
0. 36
0.20
0.20
0.27

49,31
0.1751
600

24

RTV 11

12

127,0



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

Run Number 31 32 a3 34 35
Date 11/17/64 11717764 11719764 11/20/64 11/23/64
Pressure, Torr 1x10% 1x10® 7x1007 1x10® 1x10°®
Absolute T. C.

1 -°F 81,7 87.0 78. 8 80, 6 72.1

2 - 74,2 76.5 73.4 72.5 68,2

3.-% 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 -°p 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 0.41 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 - °Fp

10 - °F
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, ml/min 600 600 600 600 460
Bolt Torque, in-1b 24 24 30 12 24
Filler RTV 11 RTV 11 RTV 11 G 683 G 683
Sample Number 2 2 2 2 2
Number of Bolts 12 12 12 12 12
h, Btu/hr ft® °F 129,0 130. 0 142, 0 55, 5 63,0
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Table 9. Experimental Data—&6 by 6 Inch Component Joints (Continued)

Run Number 36 37 38 39 40
Date 11/23/64 11/23/64 11/23/64 11/23/64 11/24/64
Pressure, Torr 1 x 10-6 1x 10-6 1x 10"6 1 x 10-6 5 x 10_7

Absoclute T, C,

1 - °F 78.3 85,7 92.4  79.9 88. 1
2 -°F 71.4 74.7 77.4 71.7 73.9
3 - %F 66.0 66.7 66.5 65.9 66,7
4-°p 66.5 67.4 67.5 66,4 67. 1

ifferential T, C,

1 - °F 6.20 9. 46 12.83 7.15 13,58
2z - °F 2.07 3. 11 4.15 6.15 13, 37
3 .9 2.72 4,17 5.63 2.99 6.59
4 - 1. 86 2.88 3.89 2.37 4,72
5 . °F 0.33 0.52 0. 67 0.33 1,07
6 - °F 0.77 1,17 1. 56 0,72 3,35
7 - °F 0.42 0. 66 0.87 0,44 2,22
g - F 0. 34 0. 56 0.77 0. 34 1.18
9 - °p
10 - °F
Voltage, volts 4%, 31 61.53 72.04 52.96 52,96
Current, amps 0.1749 0.2183 0.2556 0.1878 0.1880
Water Flow, ml/min 460 460 460 475 560
Bolt Torque, in-1b 24 24 24 30 12
Filler G 683 G 683 G 683 G 683 None
Sample Number 2 2 2 2 3
Number of Bolts 12 12 12 12 12
h, Btu/hr ft° °F 65.0 66. 1 67.1 57.0 24,8

92



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

Run Number 41 42 43 44 45
Date 11/24/64 11/25/64 11/25/64 11/25/64 11/25/64
Pressure, Torr 5 x 10-7 5 x 10-6 5 x 10-6 5x 10_’7 5 x 10_7

Absolute T, C.

1 -°F 92.6 88. 4 92,7 77.5 85.0
2 -°F 81.8 74.9 75.0 70,7 72.9
3-°% 66.6 65.9 66.4 66.8 66.2
4 - °F 67,0 66.4 66.9 67.0 66.7

Differential T. C.

1 - °F 17. 64 14,32 18, 42 6.70 11,50
2 - %% 17. 70 13.93 18. 45 6,65 11.44
3.-°F 11.94 7.36 10,19 3,17 5, 45
4 - %% 7. 46 4.97 10.59 2,26 3.92
5 - °p 1.80 1.11 9, 44 4.78 0.80
6 - °F 7. 80 4.26 7.95 1,57 2.67
7-°F 10.18 3,26 3. 64 0.93 1,65
8 - °p 10. 40 2.53 1,61 0. 49 0.92
9 - °p
10 - °F
Voltage, volts 52.96 52,95 52,95 37.01 49, 32
Current, amps 0. 1880 0.1880 0.1880 0.1313 0.1751
Water Flow, ml/min 700 575 550 625 625
Bolt Torque, in-1b 24 24 24 24 24
Filler None None None None None
Sample Number 3 3 3 3 3
Number of Bolts 4* 8* 8* 12 12
h, Btu/hr ft* °F 13. 4 22.0 13,7 22,1 25,9

*
See Appendix VI,
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Table 9. Experimental Data—&6 by 6 Inch Component Joints (Continued)

Run Number 46 47 48 49 50
Date 11/27/64 11/27/64 11/30/64 12/3/64 12/3/64
Pressure, Torr 5 x 10-.7 b x 10-7 6 x 10-7 4 x 10_7 4 x 10-7

Absolute T, C.

1 -°F 94, 6 105.5 81.8 73.0 79,1
2 -°F 75.7 79,6 72.7 68.8 71.5
3.-°F 65. 4 65.5 66.0 65,3 65.8
4 -°F 66.0 66.4 66.5 65.6 66.3

Differential T. C.

Q

1 -°F 17.67 23.95 5.63 2.63 4,54

2 -°F 17.59 23,80 6.21 3.00 5.14

3.-°F 8. 36 11,31 1,81 0.76 1.32

4 -°p 6,02 8,20 0. 75 0.27 0. 45

5 - °F 1,26 1.69 0.24 0. 14 0.21

6 - °F 4,14 5,60 0.24 0.13 0,20

7 -°F 2.59 3. 54 0,24 0,12 0.23

g8 - °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 0,2184 0.2560 0.1881 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 ft2 °F 26,2 26.6 84. 1 91.0 93. 5

9



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

Run Number 51 52 53 54
Date 12/3/64 12/3/64 12/4/64 12/4/64
Pressure, Torr 4 x 10-7 4x 10-7 b x 10-.7 2x 10 -6

Absolute T. C,

1-°F 86.8 94,9 83.5 75.6
2-°F 74.8 78.5 72,2 70.0
3-°F 66.2 66.2 65.6 66,7
4 - °F 66.9 67.1 66.0 67.0

Differential T. C.

1 -°rF 6.95 9. 44 8.95 4,52

2-°F 7. 86 10.62 9.19 4.48

3 -% 2.03 2.77 3,22 1.59

4 -°F 0. 70 0. 96 2,25 1,09

5 - % 0.30 0. 40 0.26 0.12

6 - °F 0.29 0. 40 0,92 0.42

7 -°F 0. 37 0,52 0.70 0.28

8 - °p 0. 44 0.67 0.42 0.11

9 - °F

10 - °F
Voltage, volts 6l.54 72.05 53.01 37,05
Current, amps 0.2184 0.2558 0.1878 0.1312
Water Flow, ml/min 550 550 650 600
Bolt Torque, in-lb 24 24 12 24
Filler RTV 11 RTV 11 G 683 G 683
Sample Number 3 3 3 3
Number of Bolts 12 12 12 12
h, Btu/hr ft* °F 94,8 95. 4 47.0 47.3
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Table 9, Experimental Data-~6 by 6 Inch Component Joints (Continued)

Run Number

Date

Pressure, Torr

Absolute T, C.

W I
o

Differential T. C.

o

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

Voltage, volts

Current, amps

Water Flow, ml/min

Bolt Torque, in-lb

Filler

Sample Number

Number of Bolts

h, Btu/hr ft° °F

55

12/4/64

5x 108

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

48.2

56

12/7/64

1 x 10'6

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

1 x 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

72,04
0,2554
500

24

G 683

12

49.5

58

12/8/64

5% 107

71.0
66.3
63.1
63.5

3.12
3.25
0.85
0.48
0,15
0.18
0.73
0.

37.02
0.1311
525

24

G 641

12

17.5



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

Run Number 59 60 61
Date 12/8/64 12/8/64 12/8/64
Pressure, Torr 5 x 10-7 5 x 10_7 b x 10“7
Absolute T. C.
1 - % 77.8 85.8 93,8
2 -°F 69.7 73,2 76.8
3.-% 63,9 64.5 64.8
4 - °F 64.4 65.2 65.8
Differential T, C.
1-°F 5,36 8.20 11.10
2 -°p 5,58 8. 56 11.56
3-°F 1.47 2.27 3.07
4 -°F 0.85 1, 34 1.81
5 - °F 0.22 0.32 0.40
6 - °F 0. 33 0.51 0.70
7 -°F 0,20 0.37 0. 54
8 - °F 0.19 0. 45 0. 69
9 - °F
10 - °F
Voltage, volts 49, 35 61,52 12,02
Current, amps 0.1748 0,2180 0,2553
Water Flow, ml/min 525 525 525
Bolt Torque, in-lb 24 24 24
Filler G 641 G 641 G641
Sample Number 3 3 3
Number of Bolts 12 12 i2
h, Btu/hr ft° °F 79.0 79.0 79.5
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Table 10. Experimental Data—6é by 12 Inch Component Joints

Run Number 62 63 64 65 66
Date 12/9/64 12/9/64 12/9/64 t2/10/64 12/10/64
Pressure, Torr Ix 10-7 3 x 10-7 3x 10-7 5 x 10-7 5x 10_?

Absolute T, C.

1 -°F 74, 4 84,9 106. 0 74. 9 70.0
2 -°F 67.7 71.6 79.0 68.1 66.7
3-°F 63.8 63.9 63.5 64, 0 64.5
4-°F 64.3 64. 8 65.2 64. 6 64.9

Differential T. C.

o

1-°% 2,43 5,93 8.94 3. 02 1,35

2 -°F 1.94 3. 87 7.90 1.96 0. 98

3-% 5.83 11,57 23.50 5,87 2.94

4 - °F 5,22 10, 40 22.02 5,17 2.59

5 - °F 3,15 11, 71 29, 30 7.22 3. 64

6 - °F 2. 49 4,95 10. 20 2. 47 1.24

7-°F 0.73 1. 43 2. 85 0. 75 0. 39

8 - °F 1,33 2. 61 5.37 1,31 0, 66

9 . °F 0. 50 1, 00 2. 09 0.51 0. 25
Voltage, volts 35, 48 50. 00 70. 70 35, 47 25, 00
Currents, amps 0. 2837 0. 4000 0.5667 0. 2840 0. 2001
Water Flow, ml/min 575 600 600 550 550
Bolt Torque, in-lb 24 24 24 24 24
Filler None None None None None
Sample Number 1 1 1 1 1
Number of Bolts 18 18 18 18 18
h, Btu/hr ftZ °F 22.17 19,5 18.5 18.5 18.5
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Table 10,

Run Number
Date

Pressure, Torr.
Absolute T, C,

-°F
- °F
- %

4 -°p

W e
Q

Differential T, C.

- °F

@ ~ O U b WY e
1
0 0 0 0 0 O
W B W N b h g h

o]

0
[¢]

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

Sample Number
Number of Bolts

20

h, Btr/hr £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

24
None

1

18
18,9

68
12/14/64
4x10’

70.4
67,9
64.6
65.1

¢.32
0,22
1.25
1,06
1.585
0,22
0,19
0.18
0,12

35.47
0,2839
625

24

RTV 11

18
103,0

69
12/14/64
¢x 10”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

18
101.5

Experimental Data=—6 by 12 Inch Component Joints

70
12/14/64
4x 107

88.3
77.6
66.5
67.7

1.68
0.95
5.26
4.24
6.15
1,02
0.80
0,91
0.61

70.73
0.5669
625

24

RTV 11

18

98.0

71

12/17/64

6 x 1077

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. Experimental Data—#é by 12 Inch Component Joints (Continued}

Run Number 72 73 T4 75 76
Date 12/17/64 12/17/64 12/21/64 12/21/64 12/21/64
Pressure, Torr. 6 x 10-7 6 x 10-7 6 x 10-7 b x 10-7 6 x 10-7
Absolute T. C.

1 -°F 75,5 88.5 67.5 73.5 86, 2

2 -°F 68.8 75.0 64,2 67.0 73.4

3.°% 62.6 62.8 61.1 61.1 61,6

4 -°F 63.6 64.8 61,6 61,9 63.3
Differential T, C.

1-°F 1,37 2.85 0,71 1.41 2.88

2 -°F 0.59 1.21 0,27 0.52 1,05

3.% 2.52 5,50 1,26 2.48 5,02

4 -°F 2.13 4,30 1.21 2.37 4.74

5 - %p 2,86 5,76 1.79 3.51 7.05

6 - °F 0. 33 0,71 0.17 0. 30 0.57

7 - 0.12 0.23 0.11 0.20 0. 36

8 - °F 0.11 0,26 0. 16 0.30 0.61

9 . °Fp 0 0.08 0.17 0. 38
Voltage, volts 50,02 70. 64 35, 48 50,01 70,71
Current, amps 0.3980 0,5628 0.2834 0.3995 0.5651
Water Flow, ml/min 575 575 650 650 650
Bolt Torque, in-1b 24 24 24 24 24
Filler RTV 11 RTV 1t RTV 11 RTV 11 RTV 11
Sample Number 2 2 3 ' 3 3
Number of Bolts 18 18 18 18 18
h, Btu/hr ft> °F 101.0 97.0 90.0 92,0 92.0

100



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

Run 77 78 79 80
Date 12/22/64 12/22/64 12/22/64 12/28/64
Pressure, Torr 4x 1077 4x10°7 4x 10”7 6x 107

Absolute T, C,

1 -°F 80, 5 100, 2 138. 6 69.9
2 - % 66, 3 1. 6 82.3 65. 6
3-°F 61. 1 60.9 61. 4 61.8
4 -°F 62. 0 62.8 65. 2 62.8

Differential T. C.

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 29.61
Current, amps 0.6753 0.9543 1.3437 0.6748
Water Flow, ml/min 550 550 550 600
Bolt Torque, in-lb 24 24 24 24
Filler None None None RTV 11
Sample Number 1 1 1 1
Number of Bolts 24 24 24 24
h, Btu/hr ft* °F 8. 36 8. 32 8.34 56. 6
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Table 11. Experimental Data—12 by 12 Inch Component Joint (Continued}

Run 81 82 83 84
Date 12/28/64 12/28/64 i/5/65 1/5/65
Pressure, Torr 6 x 10h? 6x10-7 8x10"8 8x‘10'?

Absolute T. C,

1. °%F 7.7 93. 3 68,7 77.3
A 69. 0 76. 0 64. 5 69. 5
3. °F 64. 5 61.7 60. 5 61. 4
4 - °F 63, 4 65. 3 61,7 63.5

Differential T. C,

(e}

1 - °%F 0,72 0.98 0. 31 0. 53

2 - % 0,53 1. 04 0,20 0.37

3. UF 0,37 0. 68 0. 20 0. 35

4 .°F 0,22 0. 48 0.12 0. 20

5 - %F 2.95 5,91 1,74 3. 39

6 - °F 6,25 12, 41 2,76 5,42

7. °F 0,27 0. 55 0. 14 0. 25

§ - °F 1. 48 2.94 1. 06 2.10
Voltage, volts 41. 83 59. 22 29. 59 41, 84
Uurrent. amps 0.9527 1. 3460 0, 6747 0.9521
Water Flow, ml/min 400 600 5680 550
Belt Torque, in-lb 24 24 24 24
Filler RTV 11 RTV 11 RTV 11 RTV 11
Sample Number 1 1 2 Z
Number of Bolts 24 24 24 24
h, Btu/hr ft> °F 55,8 56. 1 51,7 52.8
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Table 11,

Run
Date

Pressure,

Absolute T.C,

1 .-
2 -°F
3-°F
4-°F

Differential T. C,

_op

1 ¥ i ]
©c 0 0 O ©
o I B B

o
+q

- °F

W 3 O U b W N~
1

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

Bolt Torque, in-lb

Filler

Sample Number
Number of Bolts

h, Btu/hr ft

85

1/5/65

8x 10”7

95. 6
79.2
63. 4
67. 4

1.06
0. 77
0. 65
0.37
6.80
10. 80
0.63
4,64

59, 26
1.3436
550

24
RTV 114

24

51,0

86
1/7/65

8 x 107

69.0
64.8
60. 6
61.6

0. 42
0.17
0.13

1.89
2.91
0.14
0.93

29. 65
0.6750
550

24
RTV 141

24
51. 4

103

87
1/1/65

8 x 10-7

76.9
68.3
60. 4
62.3

06.57
0.32
0.28

3.76
5.72
0.30
1.85

41, 85
0.9518
550
24

RTV 11

24

51.9

Experimental Data—1412 by 12 Inch Component Joint (Continued)

88
1/8/65

5x 10°

92,7
75,7
59.1
63.3

0. 87
0. 66
0. 60

7.54
11. 40
0.64
3.58

59. 25
1. 3440
500

24

RTV 114

24

52.4



APPENDIX 1I

STRUCTURAL JOINT TESTS
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The experimental data for structural joint configuration No. 1
(Figure 3 of main report) is given in Table 12 of this appendix. The loca-
tion of thermocouples is shown in Figures 34 and 35, The average AT for
each joint, called "a" and "b," was obtained by dividing the joint 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 as the other zone. The
water flow rate and temperatures were monitored as in the component
joints, and absolute thermocouples 2 and 3 measure inlet and outlet tem-
peratures respectively, For run number 1, the conductance calculation

for joint "a" is as follows:

H@ = 3. 56°F

Z.—f@: 6,10+ 8,17 - 7.13%F
— A A,
ATM=X,E.AT1+I;E.A 2

—_— 2 4
ATy, = 7 (3.56) + 7 (7.13)
AT, = 5.95°F

Q... = 22, 05(0, 2310} = 5, 099 watts

IN
= 17.4 Btu/hr
h, = Q
AAT,,
h, = 1.4 _ 70,3 Btu/hr £t OF

Thermocouples 1, 2, and 3 are used to calculate the conductance of
joint "a," ha’ and thermocouples 6, 7, and 8 to calculate the conductance
of joint "b," hb'
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Table 13 lists the experimental data for structural joint configura-
tion 2. The thermocouple locations are shown in Figures 34 and 35. This

configuration utilizes nut plates on one joint, called joint "b" in Table 13,

The results for configuration 3 are shown in Table 14, and the
thermocouple locations in Figures 36 and 37, Differential thermocouples
are located at the same (x, y) coordinates on the back of the angle brackets

and panels at the locations shown on Figures 34, 35, 36, and 37.
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Table 42. Experimental Data —Structural Joint Configuration 1

Run Number 1 2 3 4 5
Date 2716765 2/16/65 2/16/65 2/17765 3/1/65
Pressure, Torr 2 x 10'6 2 x 10-6 2 x 10"'6 ix 10_6 1 x10°
Absolute T, C,
1. 93,0 126.2 158, 4 196. 7 88.0
2-° 63,5 63.8 63,0 60. 2 63.1
3-° 63.9 64, 4 63.9 61. 4 63.5
Differential T, C,
1 -°F 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 47,05 26.55 37.70 0. 45
4.°F 7.89 16. 82 26, 30 36. 95 7.95
5.% 0. 50 0.97 1,54 2.13 0. 06
6 - °rF 3,30 7. 00 10, 72 14. 90 0, 20
7 - 5,14 11, 47 17. 60 23.93 0. 33
8 - °F 7. 24 4. 72 23,28 31, 60 0. 65
9 . %F 6. 72 13. 88 21, 44 30,10 7.30
10 - °F
Voltage, volts 22.05 32,24 40,417 48,17 22.00
Current, amps 0. 2310 0. 3376 0. 4216 0. 5061 0. 2306
Water Flow, ml/min 750 750 750 550 700
Bolt Torgue, in-lb 24 24 24 24 24
Filler None None None None RTV 44
Sample Numbe: 1 i 1 1 1
Joint Length, in, 6 6 6 6 6
Number of Bolts 2 2 2 2 2
h,, Btu/hr ft2 °F 70. 3 72.0 74,2 75.7 1042
h,, Btu/hr ft® °F 80. 5 80, 6 80. 6 85. 3 1042

bl

111



Table 12. Experimental Data—Structural Joint Configuration 1 {Continued)

Run Number 6 7 8 9 10
Date 3/4/65 3/1/65 2/19/65 2/19/65 2/19/65
Pressure, Torr 1 x 10-6 1x ‘10-6 1x 10-6 1x 10-6 ix 10’6

Absolute T, C,

1 - °F 141, 0 176. 6 88, 4 149, 8 184, 9
2-°F 62.8 62. 6 61.1 62.3 61,3
3-°F 63. 6 63.7 61.6 63.1 62.5

Differential T, C,

o]

1 -°F 0. 88 2.30 2.58 8. 25 11,31
2 - °r 1.95 3.36 4.08 14. 20 20,52
3 - °F 1,641 2.77 5. 44 18. 88 27. 42
4-°F 25.10 38. 60 8. 06 26. 22 37.95
5. % 0. 33 2. 75 0 0. 04 0,13
6 - °F 0, 68 0. 82 3. 50 11. 24 15, 88
7-°% 1,08 2. 05 4,50 14.80 19, 80
8 - °F 2. 28 3. 89 6.17 19.93 26,08
9 -°% 22.58 33. 75 7.82 24.17 34, 85
10 - °%
Voltage, volts 39.52 48. 40 22,01 39.99 47,92
Current, amps 0. 4149 0. 5085 0.2319 0.4223 0. 5067
Water Flow, ml/min 700 700 650 650 650
Bolt Torque, in-lb 24 24 24 24 24
Filler RTV 11 RTV 11 None None None
Sample Number 1 1 | 2 2 2
Joint Length, in, 6 6 6 | 6 6
Number of Bolts 2 2 2 _ 2 2
h_, Btu/hr £t% °F 906 715 103, 5 100. 1 100, 9
h,, Btu/hr it? °F 995 895 88.5 90 96. 5
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Table 12, Experimental Data —Structural Joint Configuration 1 {Continued)

Run Number 11 12 13 14 15
Date 3/5/65 3/5/65 3/8/65 3/9/65 3/9/65
Pressure, Torr 2 x 10"6 2 x 10'6 1 x ‘10'6 8 x 1077 8x10""
Absolute T, C.
1 -°F 90. 5 142. 5 192. 1 87.7 134, 7
2-°F 63,5 63. 4 62.9 62.8 62. 5
3-°F 63.9 64,1 64. 0 63, 1 63.1
Differential T. C,
i-° 7.12 21,30 35,8 0.50 1,50
2 -°F 5,98 18. 07 30, 82 0. 75 2. 44
3-° 2,61 7. 99 13,70 0. 77 2,27
4 -°F 7,21 21. 42 36,0 7.92 23.70
5. °% 1,74 4.96 7. 85 0. 35 1. 02
6 - °F 7.24 21, 05 32,65 0 0. 07
7 -°F 5.87 17.37 28.5 0. 65 2, 08
8§ - °F 2. 84 8. 36 14, 4 1.16 3,53
9 - %F 6,98 20. 05 33,15 6.98 20. 47
10 - °F 1.37 3,84 5, 49
Voltage, volts 21.58 37.50 48. 22 21,83 37.83
Current, amps 0, 2327 0. 4050 0.5217 0. 2289 0.3972
Water Flow, ml/min 675 675 700 750 750
Bolt Torque, in-1b 24 24 24 24 24
Filler None None None G 683 G 683
Sample Number 3 3 3 1 1
Joint Length, in, 6 6 6 6 &
Number of Bolte 2 2 2 2 2
h_, Btu/hr £ OF 78. 5 79. 4 77.0 602 595
h., Btu/hr ité OF 77.5 79.8 81,8 681 652
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Table 12. Experimental Data —Structural Joint Configuration 1 (Continued)

Run Number
Date
Pressure, Torr

Absolute T. C,

[v]

1.°%
2-°F
3. °F

Differential T. C.

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

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

2o

hb’ Btu/hr it~ °F

16

3/9/65
8 x10°

176.5
62. 7
63.8

2.48
4, 59
3.82
37.45
1.66
0.21
3.26
5.7
31.90

47, 80

0.5024

750

542
645

11

3/15/65

8 x 10”7

88.5
62.5
63.0

. 96
. 05
.59
.62
.21
.64
.02
57
.70
. 86

W o~ O O W o= D b e

19, 44
0, 3841
700

24

None

116

74

18

3/16/65

6 x 10"7

138.9
62.2
63.3

7.85

13. 85
15,75
26, 40
4, 55

11,28
18. 05
19,58
23,25
13.80

0. 6672
625
24

None

98.5

76.3

19

3/16/65

6 x ‘10-?

189.1
62. 6
64, 2

12.53
22,80
25,65
43,30
7. 48

18. 70
28.85
31.45
37.20
21.77

43.55
0.8623
625

24

None

100. 8

77.9



Table 13, Experimental Data-—S8tructural Joint Configuration 2

Run Number
Date
Pressure, Torr

Absolute T. C,

Q

1-°F
2 -°
3.-%

Differential T, C,

. °F

o © O 0O

[ TN e T « RS DR~ T ¥ L B - Oy WE R ¥ I
1
o O

CECET S ST

y

Q

[+]

.
Q

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

Sample Number
Joint Length, in.

Number of Bolts

20

ha' Btu/hr £t °F

2o

h , Btu/hr ft° °F

bl

20

3/23/65

5 xtio'

87.8
63.7
64,0

2.61
5.20
6.79
8,03
-0, 114
3,32
3,75
5,35
7.24

21.89
0. 2284
715

24

None

84.2
99.0

7

21

3/23/65

5x 10

134.5
64. 4
65.0

8, 02
16.10
20. 95
24, 35
-0, 23
9.70
10, 84
15.91
21. 40

37,85
0. 3956
775

24

None

81.5
100.8

15

v

22

3/23/65

5x 10-7

178.8
64.0
65.0

12. 75
25, 80
33.75
38. 65
0.05

15, 35
16.33
24,62
34.10

48.97
0.5126
715

24

None

85,0

110, 3

23
3/25/65

7x10°"7

89.3
63.5
63.9

2.14

7. 37

3.53
5,25
6. 72
7. 07

21,88
0,2279
625

24

None

105, 5

82.4

24

3/25/65

7x 10"

140. 4
64. 2
64,9

6.53

12. 42
17.25
21. 60
0.94

10, 44
15,20
19, 88
20,22

37.99
0. 3964
625

24

None

102. 0

81. 4



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

Run Nummber
Date
Pressure, Torr

Absolute T. C,

1-°F
2 - °p
3 . %F

Differential T. C.

- 9%

[ SRRV o TN » o BER S TR = 0 T 2 BN -SSR % TR o5 S
[}
o o o O O o G 0
o uf o A W onf e e

e
Q

Voltage, volts

Current, amps

Water Flow, ml/min

Bolt Torque, in-lb

Filler
Sample Number
Joint Length, in.

Number of Bolts

h_, Btu/hr ft2 °F

h., Btu/hr ft° °F

b,

25
3/25/65

7x 107

188. 6
63.8
65.1

t11.05
20,80
29,35
34,70
1,53

17. 48
24,20
32,45
32.80

49. 00
0.5121

550

100. 8

83.2

26

3/26/65

3Ix ‘10_6

94, 0
64. 7
65.0

.54
. 89
.41
35
.02
.69
.31
.24
.91

@mnhwh‘:da\lhl\)

21.86
0.2308
700

24

None

89.5

93.5

116

27

3/26/65

3x 10-6

149.7
64.5
65.2

8. 00

14,73
19,12
21.92
2.50

10. 814
11.94
14,55
19.87

37.75
0.3993
700

24

None

88.5

99.3

28

3/29/65

Zx ‘10'6

206, 2
64.8
65,8

12, 35
23.78
31, 00
37.80
3.65

17.25
18.55
23.10
32.10

48, 88
0.5179
650
24

None

92.6
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Table 13, Experimental Data—Structural Joint Configuration 2 {Continued)

Run Number 29 30 31 32
Date 3/31/65  3/31/65  3/31/65  4/1/65
Pressure, Torr 7x10"7  7x10"7  7x10"7 1x10°®

Absclute T, C.

o

1 - °F 84, 2 124, 7 165, 0 84, 0
2 - °F 63,3 63.5 63.5 62,7
3.% 63. 6 64. 1 64, 7 63. 0

Differential T, C.

(o]

1-°F 0. 70 2,51 4, 46 0.95
2 - % 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. 33 0.91 1.37 0. 20
6 - °F 0. 48 1.50 2.19 0.54
7-°F 0. 64 1.96 3.70 0. 80
8 - °F 1. 24 3,72 6. 65 2.24
9-°F 7. 42 21.50 34,75 7. 49
10 - °F
Voltage, volts 21.93 37.87 48,93 21.83
Current, amps 0. 2289 0. 3958 0.5120 0.2279
Water Flow, ml/min 650 650 650 575
Bolt Torque, in-lb 24 24 24 24
Filler RTV 11 RTV 11 RTV 11 G 683
Sample Number 1 1 1 1
Joint Length, in, 6 6 6 6
Number of Bolts 2 2 2 2
h_, Btu/hr % °F 1427 1227 1050 438
h,, Btu/hr it® °F 520 514 490 341
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Table 13, Experimental Data —Structural Joint Configuration 2 {Continued)

Run Number : 33 34 35 36
Date 4/1/65 4/2/65 4/5/65 4/5/65
Pressure, Torr 1 x 10_6 7 x 10_7 1x ‘10_6 1 x ‘10"6

Absolute T, C,

1 -°F 126, 0 167, 2 88. 8 137.0
2 - °F 62.9 63.1 64,2 65, 1
3-° 63. 8 64.5 64. 6 66, 0

Differential T. C,

1 -°F 3.54 6.13 2.78 8. 04
2-°F 1.89 3.10 4. 03 11, 92
3-°F 3.33 5,44 6. 31 18,92
4-°F 22, 40 36. 95 8.51 26. 80
5 - %% 0. 50 0,91 0. 25 0,74
6 - °F 1. 73 2. 66 2.76 8.35
7 . °F 2. 44 3,74 5.23 15,50
g - °F 6.53 10. 03 6. 21 18, 28
9 - °F 21.75 35.15 7.97 23. 00
10 - °F 5.13 14,95
Voltage, volts 37.96 48, 96 19, 43 33.66
Current, amps 0. 3967 0.5124 0. 3865 0. 6710
Water Flow, ml/min 575 550 600 600
Bolt Torque, in-1b 24 24 24 24
Filler G 683 G 683 None None
Sample Number 1 1 1 1
Joint Length, in, 6 ) 9 9
Number of Bolts 2 2 3 3
h_, Btu/hr ft? °F 425 420 93.5 95. 2
h,, Btu/hr ft% °F 345 375 84. 1 87.8
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Table 13, Experimental Data —Structural Joint Configuration 2 (Continued)

Run 37 38 39 40
Date 4/5/65 4/6/65 4/6/65 4/6/65
Pressure, Torr 1x 10-6 8 x 1077 8 x 10-7 8 x 10”7

Absolute T. C,

1-°F 182. 2 85.1 126.0 162, 2
2 - °r 64. 6 64. 0 64. 4 64, 0
3.-% 66,2 64, 4 65.1 65,0

Differential T, C,

1-°F 12,58 0.16 0. 60 1,26
2 - °F 20,59 0. 39 1, 44 2.99
3-°F 32. 44 0.83 2. 61 4.95
4-°F 45, 32 7.33 22,00 36,10
5-°F 1, 28 0. 35 1. 05 1,87
6 - °F 12.05 0.17 0. 65 3, 43
7-°F 23,56 0.13 0. 54 1,44
8 - °F 27.59 0. 35 1, 36 2. 86
9 - °F 36.90 7.4 21.60 35. 02
10 - °F 25.22
Voltage, volts 43, 44 21. 89 37.99 48,99
Current, amps 0.8674 0.2281 0. 3960 0.5119
Water Flow, ml/min 600 625 625 625
Bolt Torque, in-ib 24 24 24 24
Filler None RTV 11 RTV i1 RTV 11
Sample Number ! 2 2 2
Joint Length, in, 9 6 ) )
Number of Bolts 3 2 2 2
h_, Btu/hr £t Of 94. 1 889 795 669
hy, Btu/hr £t2 °F 97. 6 1892 1466 800
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Table 14. Experimental Data —Structural Joint Configuration 3

Run Number 41 42 43 44 45
Date 5/8/65 5/8/65 5/8/65 5/9/65 5/9/65
Pressure, Torr 1x 10—6 1x 10_6 1x 10-6 1 x 10'6 1 x 10_6

Absolute T, C,

(o]

1 -°F 70. 3 84.5 98, 1 69. 6 80, 0
2 - °F 62. 7 62. 6 62,2 63,5 63,1
3-°F 63,0 63.3 63, 4 63,9 64.0

Differential T, C.

o

1 .-°F 1. 42 4. 55 7. 80 1,11 4. 06
2 - °F 3,12 9. 34 15,78 2. 35 7. 48
3-° 3.83 11, 64 19. 67 2. 84 8. 90
4-°F 3. 62 10. 91 18. 90 3.64 11. 20
5 . %F -0, 22 0. 36 1.15 0. 43 1,55
6 - °F 2. 66 8,30 14, 35 1,92 6.15
7-°F 3.1 9.55 16. 40 1.98 6. 41
8 - °F
Voltage, volts 21.93 37.94 49, 01 21,89 38, 04
Current, amps 0.2281 0. 3949 0. 5106 0. 2268 0. 3943
Water Flow, ml/min 600 600 600 575 575
Bolt Torque, in-lb 24 24 24 24 24
Filler None None None None None
Sample Number 1 1 1 2 2
Joint Length, in. 6 6 6 6 6
Number of Bolts 2 2 2 2 2
h, Btu/hr ft° °F 147 144, 2 142 194 180
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Table 14, Experimental Data —Structural Joint Configuration 3 (Continued)

Run Number
Date
Pregsure, Torr

Absolute T, C.

1-%
2 - °F
3.9

Differential T. C,

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

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

Sample Number
Joint Length, in,
Number of Bolts

h, Btu/hr ft2 °r

46
5/9/65

1x 10"6

89.7
62.5
63.7

7.114

12.79
15, 34
19.00
1.94

10.50
10,814

49, 01
0.5084

575

174. 0

47

5/13/65

6x10°7

72.2
65.0
65.3

. 69
82
.91
.01
.07
.M
. 66

W W O B b W

21,88
0. 2385
575

24

None

112.2

121

48

5/13/65

6 x 10-?

86.8
66.0
66.9

7.94
11, 62
14. 60
11. 79
0.43
11.08
10.52

37.20
0. 4059
575

24

None

108.5

49

5/13/65

6 x 10"

64.1

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

5 x 10 ¢

70.7
62.4
62.8

0,107
0, 583
0.414
3.84

-0, 458
0. 307
0,222

21.94
0,2279
425

24

RTV 11
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Table 14, Experimental Data — Structural Joint Configuration 3 {Continued}

Run Number 5 52 53 54
Date 5/15/65 5/15/65 5/16/65 5/16/65
Pressure, Torr 5 x ‘10-"'7 5 x 10-7 4 x ‘10-? 4 x 10-7

Absolute T. C,

1 - % 87,7 102. 5 74. 3 91,8
2-°F 63.7 63. 4 66.0 68.0
3.9 64,8 65,0 66,3 68. 9

Differential T. C,

o

1 -°F 0. 461 0.827 0,222 0, 723
2-°F 1,560 2. 441 0, 284 0, 991
3-°F 0.979 1,672 0.418 1.208
4 -°F 11,52 19,50 3. 89 11,71
5 - °F -0. 282 -0. 218 -0.515 0. 491
6 - °F 0. 735 1. 260 0. 391 1.104
7-°F 0.630 1.088 0. 311 0. 835
8 - °F
Voltage, volts 38,00 48. 99 21,90 38,00
Current, amps 0.3956 0.5104 0.2278 0. 3955
Water Flow, ml/min 375 450 450 575
Bolt Torque, in-lb 24 24 24 24
Filler RTV 11 RTV 114 G 683 G 683
Sample Number 1 1 1 i
Joint Length, in. & 6 6 6
Number of Bolts 2 2 2 2
h, Btu/hr ft° °F 1273 1242 1328 1262
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Table 14, Experimental Data —Structural Joint Configuration 3 (Continued)

Run Number 55 56 87 58
Date 5/16/65 5/19/65 5/19/65 5/20/65
Presaure, Torr 4x ‘10"-f 7 x ‘10-7 7x 10_7 4 x 10-7
Absolute T, C,
1-°F 103. 2 75,0 87.0 96.8
2-°F 63.9 68, 8 69,2 67.2
3-°F 65.1 69. 2 70. 2 68.9
Differential T, C.
t-°F 1,273 1, 44 4. 41 7. 60
2 - °F 1.678 3.10 9. 46 16. 21
3-°F 2. 043 4,10 12. 64 21,63
4 - °F 19, 85 4,10 12. 39 21,08
5 - °p 0. 80 0. 40 1,50 2,78
6 - °F 1.905 4. 64 14. 00 23.78
7-°F 1. 440 3.84 11. 64 19. 60
8 - °F 3, 00 9.18 15. 47
Voltage, volts 49, 01 18. 98 32.84 42. 45
Current, amps 0. 5105 0. 3958 0. 6852 0. 8860
Water Flow, ml/min 625 575 575 575
Bolt Torque, in-1b 24 24 24 24
Filler G 683 None None None
Sample Number i 1 i 1
Joint Liength, in, 6 9 9 9
Number of Bolts 2 3 3 3
h, Btu/hr ft° °F 1234 142. 2 139 135, 5
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APPENDIX IIT

SCRIPT F COMPUTER PROGRAM PRINT OUT
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APPENDIX IV
EXPERIMENTAL DATA —-
RADIATION EXCHANGE EXPERIMENT
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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 4y 4 4
As as_R(“Ts - "TR) ¥ AMGM-R("TM -oTg ) : AR"R-O("TR *To ) *Qross

4 4 4
3 ]
4. 2% rTs TAM t‘1\/1-11"11\4 tAR"R.0"To - “Loss
R As¥s.r T AMM-R T AR7R-0

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

obtain the #&'s

oT 4 0,0593(201,84) + 0,0013(62,.85)+ 0,159{(1,0) - 0,57
R -~ 0.2196
G'TR4 = 53,0
_ o
TR = 419, 4R

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 surrounding surface

Q. =0Q +Q +Q +Q

s .M *"s.r "%5.0 " QLoss
i} 4 4
Qs M = Asas-M("Ts “ T )

&
7
O

I

=S
wn

> |
7
Q

q >

H
mrh

q

H
Orh

——
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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)

5
QS = 40, 68 Btu/hr

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

As described in Section 6, a guard heater method was used to mini-
mize the extraneous heat losses from each test surface. Figure 38 shows
the measured heat losses from a vacuum deposited aluminum 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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HEAT LOSS - BTU/HR

2.0 1 i l
O 3-MBLACK PAINT SAMPLE
{ VACUUM DEPOSITED ALUMINUM SAMPLE
1.5
1.0 =
0.5
0
0
=150 -100 -50 0 50 100

TEMPERATURE = °F

Figure 38. Measured Heat Loss from Test Surfaces of Radiation Experiment
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Table 15, Summary of the Data Obtained in the Experimental
Testing of the Analytical Prediction

Run Number 1 2
Date 3/48/65 3/19/65
Pressure 4 x ‘I.O"6 4 x 10‘-6
Configuration * *
Source

Center T.C, - °F 129.9 -1.0

Corner T.C. - °F  129.1 -2.5

Guard T.C. -°F 129.9 -0.3
Mirror

Center T.C, - °

Corner T.C., - °

Guard T.C. - °
Receiver

Center T.C. - °F
Corner T.C. - °F
Guard T.C. - F
Source Voltage, volts 50,5 30.4

Source Current, amps 0.276 0.167

E3
Single black plate

ok
Single vacuum deposited aluminum plate

1569

3
3/19/65

3Ix 10‘6

P

-150.9
-154,7
-147,4

13.5

0.0776

4
3/23/65

4 x 10‘6

Aok

+4. 4
+4.1

+1.0

6. 86

0,0373

5
3/4/65
5 x 10_6

1

73.8
72,2

73.1

-114,5
-115. 0

-114.8

41, 11

0.2266



Table 15.

Run Number
Date
Pressure
Configuration
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)

- F
volts

amps

6 7
3/28/65  4/1/65
2x10"% 3x10°

2 3
124.6  125.8
124.5  125.8
125.1  125,3

-22.4
22,4
-23.17
-66.1 -31,0
66,4  -31,7
65.4  -24.4
48,7 48. 0
0.267 0.

170

2635

8

4/5/65

4 x

124,
124,

123,

-61,
-51,

-51,

-36.
-37.
-35,

47.

0.

1076

4

2615

9

4/6/65

5x 10°

5

125,
124,

126,

-74.
-74.

-73.

-50,
-50.
-52.
47,
0.

6

259

i0

4/8/65

T x

124

124.

125,

-63.
-62,

-60,

-61,
-61.
-61.

47,

1076

6

.5

. 2592
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APPENDIX VI
COMPONENT JOINT TEST DATA

USED FOR CORRELATION TASK
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Three experimental tests were conducted to verify the results of
the correlation task. The experimental measurements are given in
Table 16. The thermocouple locations and data reduction technique are
described in Appendix I. The bolt locations for these three tests are

shown in Figure 39,
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BOLT LOCATION-CORRELATION TASK

+
+ +
_|_
_',_
+ +
+ +
+
.
+
+ +
_|_
+  +
Figure 39.

4 BOLTS
RUN NO, 41

8 BOLTS
RUN NO. 43

8 BOLTS
RUN NO. 42

Bolt Locations for Correlation Task Experimenta
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Table 16, Additional Component Joint Correlation Data

Run Number
Date
Pressure

Absolute T. C,

1. %%
2 - O
3.
3. °F

Idifferential T. C.
- %F
5]

o}

0 -1 O~ U A W o=
o Q ©
I

8]

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

Sample Number
Number of Bolts

h, Btu/hr it °F

41

11/24/64

5 x 10-7

92.
81.
66.
67.

o o o O~

17.64
17.70
11.94
7. 46
1.80
7. 80
10.18
10, 40

52.96
0. 1880
700
24

None

13. 4

176

42

1_1/25/64

5 x 10-6

88. 4
74.9
65.9
66.4

14.32
13.93

22.0

43

11/25/64

b x 10_6

92.
75.
66.
66.

e N = |

18,42
18. 45
10.19
10, 59
9. 44
7.95
3. 64
1.61

52.95
0. 1880
550

24

None

13,7
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