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NOMENCLATURE

A Apparent area, sq ft

h Thermal contact conductance, Btu/hr sq ft °F
I Current, amps

k Thermal conductivity, Btu/hr sq ft °F
L Load, pounds

2 Thickness, inches

P Pressure, psi

Q Heat transfer, Btu/hr

q Heat flux, Btu/hr sq ft

R Thermal contact resistance, hr sq ft°F/Btu
r Resistance, ohms

T Temperature, °F

AT Junction temperature difference, °F
dt Increment of temperature, °F

W Weight, pounds

dx Increment of length, inches

S Uncertainty increment

0 Density, 1b/ft>

Subscripts

0 Initial

a Apparent

c Per contact

e Effective

vii
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CHAPTER 1

INTRODUCTION

The effects of thermal ccntact conductance must be considered
in many applications. For example, in the aerospace and semiconduc-
tor industries it is necessary to include the effect of thermal
contact resistance in the design of various systems and components
that are exposed to extreme temperature conditions. Also the thermal
control design for spacecraft components, such as reflective and
ablative shields, antenna struts, cryogenic storage compartments,
and platform mounted heat sources, require a knowledge of the
resistance to heat transfer between surfaces in contact.

The existence of contact conductance results in many problems
in engineering applications. Nuclear fuel elements, aircraft joints,
annealing rolled steel, etc., are a few examples of situations in
which maximum heat transfer is desired. The restriction to heat
transfer caused by the contact conductance could be diminished by
increasing the pressure at the ccntact, provided the system compon-
ents can withstand extreme mechanical loading, which may not be the
case. However, it should be noted that thermal contact resistance
can also be useful. Thermal isolation of spacecraft components,
rryogenic storage compartments, etc., is enhanced by the existence

of contact conductance.



In a recent paper by Thomas and Probert (26)*, it was pointed
out that in the past few years several low temperature insulating
systems of very high efficiency, i.e., "superinsulations", have been
developed and that they were all marked by the distinct disadvantage
of low mechanical strength. It was alsc noted that comparatively
small compressive loads could irreversibly reduce the effective
thermal resistivity of such materials by a factor of up to 100 with
possible failure of the insulating system. A suggested approach to
the problem was to make a thermal barrier out of layers of a material
whicn had good mechanical! and thermal properties, such as stainless
steel. Experimentation indicated, however, that the insulating
properties would depend on the thermal resistance of euch interface
and the number of interfaces.

The modes of heat transfer at the contacting surface are
considered to be: 1) solid conduction through the true contact area;
2) gaseous, molecular, or othe-~ conduction through the interstitial
fluid or filler; and 3) thermal radiation. The thermal contact con-
ductance, h , is mathematically defined as

h = Qj/AAT
where Qj 's the heat transferred between the bounding surfaces of
the contact gap, A is the apparent area of contact at tne interface,
and AT is defined temperature difference due to the presence of the

interface. The thermal contact resistance, R , is defined as the

* Numbers in parentheses indicate references



reciprocal of hA. Historicaiy, thermal contact conductance has
been evaluated by experimentalily determining the quantities of the
right side of the above equation for a particular set of :aviron-
mental conditions. The heat flux across the interface can be
determined from either Fourier's equation of heat conduction or an
energy balance on the test specimens. The apparent contact area is
the surface area of the interface projected onto a plane perpendi-
cular to the direction of the heat flow; however, this area usually
differs markedly from the actual contact area, which is a function
of surface roughness and waviness, and the load. The temperature
drop across the interface is usually determined by either a linear
or a curvilinear exirapolation of tne specimen's axial temperature
profile to the contacting surface.

Although many studies have been conducted on the subject of
thermal contact resistance as indicated by the critical reviews of
Hudack (18) and Minges (23), methods for accurate prediction of
thermal conductances between contacting solids with and without
interstitial materials have not been sufficiently established. The
results of the previous investigations ana comparative studies yielded
several different theories, those of Cetinkale and Fishenden (6)
and Laming (20), taking into consideration the effect of interstitial
fluids. Only a very limited amount of data for the contact conduct-
ance of metallic joints with interstitial fillers is tabulated for
ready use, and generzlly onty trends a~e shcwn. Values presented
are dispersed over a wide ra. e . .: nditions, environmental

conditions, and types of inte:-. ..., ::llers and usually emphasize



the improvement of thermal contact conductance of a joint. The

range of test and environmental conditions is illustrated by the

experiments of Hargadon (16) and of Berman {3) which were conducted

in Argon atmospheres at high specimen temperatures and in a vacuum

with the specimens at cryogenic temperatures, respectively. A

represent:tive sample of the metallic specimens and interstitial

materials used by these and other investigators is listed in Table 1.

Author

TABLE I

PREVIOUS INVESTIGATIONS

Metallic Specimen

Interstitial Material

Brunot and
Buckland (5)

Weills and
Ryder (28)

Dailey and
Kaspareck (9)

Cunninqgton (8)

Jansson (19)

AISI M27 Steel

SAE 4140 Steel .
AMS 4846 Bronze
Aluminum

6061-T6 Aluniinum
AZ91C Magnesium
Almag 35
Aluminum 356

6061-T4 Aluminum
AZ-31 Magnesium

Aluminum
Beryllium

Steel Shim (22 mil)

Texaco AE0-120 0il

Silicone Vacuum Grease
Indium Foil
Aluminum Foil

Indium Foil
Silicone Vacuum Grease
Dow Ccrning DC-340

Epoxy Cement
Indium Foil
Lead Foil
Aluminum Le-7
Gold Leaf



Fried and
Costello (13)

Fried (12)

Cetinkale and
Fishenden (5)

Barzelay (2)

Clausing and
Chao (7)
Berman (3)

Mikesell and
Scott (22)

TABLE I (Cont'd)

AZ-31 Magnesium

- 2024-T3 Aluminum

2024-T-4 Aluminum
304 Stainless
Beryllium

AZ-31 Magnesium

Steel
Brass
ATuminum

2024-T6 Aluminum
2024-T3 Aluminum
Inconel X

Brass

AZ-31B Magnesium
303 Stainless
2024-T4 Aluminum

Copper

Brass

Lead Foil
Aluminum Foil
Copper Screen

Silicone Vacuum Grease
Silicone Rubber

Air
Spindle 0il
Glycerol

Aluminum Sheet

Brass Shim

Asbestos Sheet
Teflon Sheet

Zinc Chromate Primer

Silicone Yacuum Grease

Copper Disk (0.005 in)
Steel Disk (0.001 in)
Teflon Disk (0.012 in)
A1203 Powder
Monel Disk (0.017)
Stainless Steel 304 Disk
(0.0195 in)
Stainless Steel 302 Disk
(0.0008 in)
Pyrex-Glass Spheres
(0.375 in diz.)
Soda Lime Spheres
(0.42 in. dia.)
Ceramic Spheres
(0.39 in dia.)
Micarta Linen-Impregnated
Spheres (0.375 in dia.)



TABLE I (Cont'd)
Thomas and
Probert (26) Copper "Staybrite" F.S.T.
Stainless Steel
"Speedicut 14" Tool Steel
"Ever Ready" Stainless
Steel
Razor-Blade Blanks
“Carp" Fabric Laminated
Phenolic Resin
Brass Shimstock
Some specific work with insulating materials for low tempera-
ture storage equipment was reported in 1956 by Mikesell and Scott
(22). They conduzted tests on two types of thermal insulating
supports which could be used in cryogenic storage vessels: 1) non-
metallic spheres (pyrex glass, sodalime, ceiamic and micarta linen-
impregnated), and 2) multiple-contact supports in the form of stacks
of thin metallic plates or spirally wound strips. For an axial load
of 300 pounds per sphere and mean junction *emperature of 48°K, the
pyrex glass spheres reduced the neat transfer at the junction to less
than 0.17 Btu/hr per sphere. In contrast, the multiple layer column
of metal sheets provided both good thermal and mechanical properties.
For a column of 315 stainless steel 0.0008-inch-thick plates at 1000
psi and a mean temperature cf 48°K, the thermal conduction was found
to be only 2 percent of that of a solid cenductor of the same dimen-
sions. Later, Thomas anc Probert (26) also considered multiple-

layer insulations by conducting experiments on stacks of thin layers

of stainless steel, tool steel, razor blade steel, phenolic laminate



and brass to determine the variatiuns of thermal conductances with

applied Toad. They found that the decrease in the contact conduct-
ance per unit area with reduction of contact pressure was more rapid
than Holm's (17) prediction of the square root of the pressure. It
w#as also noted that for their results the equivalent thermal conduct-
ivity of the test samples was proportional to the square root of the

bulk thermal conductivity of the test materials.

As pointed out above and in a previous report (24) results on
thermal conductance of metallic contacts with interstitial fillers are
rather limited. The information which is available is dispersed over
a wide range of interstitial fillers subjected to numerous test condi-
tions with empkasis on the improvement of thermal contact conductance
of a joint. However, only a few investigators (6, 8, 12, 13, 14, 19,
20, 22, 26 ) have tried to find ways of restricting heat flow between
two surfaces in contact. Thus, there exists a need for additional
information on low conductance interstitial materials for the purpose
of designing insulated joints and of predicting the results for
thermal isolation.

The primary objective of this investigation is to provide
additional information on thermal contact resistance for the case of
thermal barriers (insulators) inserted between plane parallel metal
surfaces and to determine which of the tested materials are better.

This is to be accomplished by the following procedure:



Comparative study of a number of interstitial fillers at
varying pressures and temperatures.

Check runs on the better materials for repeatability.

Selection and more extensive study of the better insu-
lating materials.



CHAPTER II
EXPERIMENTAL APPARATUS

The calculation of thermal contact conductance is directly
dependent upon the determination of the heat flux at the junction
and the resulting temperature difference across the junction. For
an investigation of thermal contact conductance the apparatus
should be flexible enough to subject the test samples to a wide
range of environmental and physical conditions, but at the same
time be sophisticated enough to insure accurate mrasurement of
these.conditions. The experiences and recommendations of many
previous investigators such as Blum (4 ), Clausing and Chao (7 ),
Fried (12) and Stubstad (25) were used in formulating the general
specifications for the experimental facility. Since the inter-
stitial materials were to be tested at vacuum conditions, an

environmental pressure of 1073

Torr was necessary in the vacuum
test chamber. Also to yield a uniform heat flux at the specimen
interface radiation shields were installed to minimize surface heat
transfer and thé length of the constant cross-sectional area of the
spggjmgggikas selected to allow the temperature gradients in the
metal specimens ta become uniform. The capacities of the heat
souieé'ééﬁ'iiak~aame chosen to obtain the temperature limits of
approximately 500°F and -300°F, respectively. A range of load

-pressurss from zero $0.1000 psi was selected for the test conditions.



In addition it was desired to be able to vary the load on the test
column or separate the specimens without releasing *he vacuum.
Instrumentation for measuring tempe:atures, vacuum pressure, energy
input, and load pressure were also incorporated. Specific details
of the design and construction of the test apparatus is available
in two previous r-jorts (11,24). However, for the purnose of
clarity a general description is also presented in the following

sections.

Vacuum Facility

A vacuum chamber, oil diffusion pump, mechanical forepump,
chevron cooling baffle, high vacuum valves, and the necessary
vacuum pressure measuring instruments composed the vacuum system.

A schematic of the system is illustrated in Figure 1. The base
plate was manufactured Tocally to fit the design specification for
the test apparatus. To achieve the desired flexibility five
universal feed throughs were installed in the base plate to seal
passages for the test section support rods, the heater power input,
the thermocouples, the high pressure nitrogen for the load bellows,
and the heat sink coolant. Three vacuum valves were installed to
isolate different regions of the vacuum system. These locations
are indicated in Figure 1.

A sch~matic diagram of the water cooling system for the heat
sink, chevron cooling baffle, and the diffusion pump is shown 1in
Figure 2. As a safety precaution a power interlock was installed

in the water line to prevent overheating in the case of a cooiing
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water loss. An NRC Model 507 ionization gage and three NRC Model
501 thermocouple gages were installed to monitor the vacuum system
operation. The locations of these gages are also indicated in
Figure 1. Throughout the test program vacuum pressures from

10'5 and 10'6 Torr were attained by the vacuum system.

Instrumentation

Since the calculation of the thermai contact‘conductance is
largely dependent upon the temperature measuréments, the accuracy
of the thermocouples and thermocouple readout instrumentation is
of major importance, Thé thermocouple circuits consisting of three
thermocouple switches, cdpper-con:tantan 30 gage thermocouples, two
potted thermocouple feed throughs, terminal strips in the vacuum
chamber, ice junctions and the thermocouple potenti.neter were
calibrated. The uncertainty in the temperature measurement was
estimated to be 0.5 percent (24).

After installing the iastrumented specimens in the test
apparatus, the thermocouple leads were attached to teflon strips.
Each terminal supported twelve thermocouples and was fixed to the
vertical support rods of the apparatus. The thermocouple leads
from the passthrough were likewise attached to the terminal strip
and were shielded from the heated and cooled portions of the test
specimen to maintain isothermal conditions at the terminal junction.
External to the vacuum chamber, the thermocouple leads were attached
to bakelite terminal strips in a shielded region free from air

currents. Leads were run from these connections to switches and

13
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ice junctions through a grounded metal conduit. A reference
‘unction was included in the circuit for each seleccor switch which
in essence provided an individual cold junction for each thermocoupie.
The cold junction thermoccuples were individually placed in small,
oil-filled. glass tubes that were immersed in a distilled water and
ice bath to provide a constant 32°F reference temperature. The
thermocouple outputs were recorded with a Leeds and Northrup Model
8686 millivolt potentiometer. The smallest scale division on the
potentiometer was 5 microvolts which represented 0.2°F tor copper-
ccnstantan thermocouples for the range of temperatures considered.
A schematic layout of the thermocouple system can be found on page
33 of Reference (24).

The apparent pressure on an interface is calculated by ¢ivid-
ing the applied force on the specimens by the cross sectional area
of the interface. The load force was measured with a BLH4 Model
C3PI load cell, which was mounted on a mechanical scrw jack below
the vacuum chamber as shown in Figure 5, and a R.4 Model 120C strain
indicator. To obtain the force actually applied to the interface,
the measured ioad had to be corrected for the effect of the pass-
through bellows and the weight of the test column. The force
correction was determined by measuring the resisting force of the
passthrough bellows as a function of the bellows deflection. The
calibration results and techniques for the load measurement was
discussed in Appendix B of Reference (24).

It was originally planned to control a.c. power input to the

heater system with a variable transformer. The | 2ater voltage and



current then could be measured with a voltmeter and an ammeter.
However, later it was found to be necessary to calculate the inter-
face heat transfer by an energy balance method. This required an
accurate means of controlling and measuring the power input to the
specimen. For this purpose a regulated fiitered d.c. power supply
was installed in series with the powerstat controlling the main
heater. Voltage and current were measured with a potentiometer and
with shunt arrangement shown in Figure 3. The uncertainties in
these readings are estimated as 0.05 volts and 200 microamperes.
Control of the guard heater power was obtained by adjusting a

variable transformer.

Test Section

The test section was composed of the support frame, the test
specimens, the source, the sink, the guard heater, the radiation
shields, and the load mechanism (Figure 4). The test specimens
were mounted in a stainless steel framework as shown in Figure 5.
This particular construction prevented the force applied to the
interface from being transmitted to the base plate. Thus, it was
only necessary for the base plate to support the weight of the test
section.

Design of the test specimens was a major consideration for
several reasons. First, their size and shape dictated the dimen-
sions tor most of the cther test section components. Second, the

technique used to evaluate the thermal contact conductance required
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uniform heat flux above and below the interface. Finally, it was
desirable to keep the geometry of the specimen as simple as possible
to facilitate fabricating the relatively large number required.

A basic cylindrical configuration was specified for geometric
simplicity. The heat metering portions of the metal specimens were
one inch in diameter and two and one-half inches in length. Five
centerline thermocouple holes were drilled at one-half inch incre-
ments starting at one-fourth inch from the interface edge. Three
additional holes, one-sixteenth inch deep were drilled, diametrically
opposed to the five holes, for measurement of surface temperatures.
Detail drawings with the dimensions of the test specimens are pre-
sented in Figures 6 and 7.

Based on the temperature requirements a 300 watt Acrawatt BLOEF
band heater was selected for the heat source. The heater el.ment
was one and one-half inches in diameter by three inches long and
was capable of safely wfthstéhding temperatures up to 600°F. The
cooling element was constructed from a one and one-half inch diameter
copper bar. A one-fourth inch copper cooling coil was attached to
the external surface of the sink with silver solder and the metal
test specimén was threaded into a one inch diameter hole centered
in the copper bar. Cooling fluids such as water, steam, air, or
liqbid nitrogen can be used.

The heated test specimen was insulated axially and radially
to minimize the heat losses. The radial insulation was PFW glass
insulation loosely packed around the heater and held in place by a

thin sheet of aluminum fcil. To shield other components and further
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reduce the radial heat loss, an aluminum radiation shield was
located about one inch away from the insulated heater. An aluminum
cap was placed over the cylinder formed by this outer shield to
prevent radiation to the instrumented section of the specimen. The
axial insulator was formed from threec layers of asbestos board
sandwiched between two one-sixteenth inch thick aluminum disks. A
guard heater located as shown in Figure 4 provided a more positive
means of controlling the conduction heat losses along the specimen.
This control was especially important for the energy balance calcu-
lation of the junction heat transfer.

Radiation shields were also installed ts minimize the surface
heat transfer from the instrumented sections of the test specimens.
Several different shield configurations were tested. One such con-
figuration was as follows:

The heated specimen shiela was constructed from WRP felt

formed into a cylinder cne and one-half ianches in diameter

and two and one-half inches in length. A layer of aluminum

foil was secured to the inside surface of the cylinder. A

split mica disk covered with aluminum foil and containing

a one and one-quarter inch diameter hole was used to cover

the top of the shield to insure complete enclosure of the

heated specimen. The cooled specimen's shield was made

from heavy duty aluminum foil formed into a cylinder one

and one-half inches in diameter and two and one-half inches

in length. Wire rolled into the edges of the foil was used

to maintain the cylindrical shape of the shield and to provide



a means of attaching the shield to the cooler.
The results of the shield configuration test yielded the following
conclusions:
1) Shields should be maintained as close as possible to the
test specimens
2) They should cover the lengths of the specimens
3) Because of a large AT between the test specimens, a
cold specimen shield connected to the sink and a hot
specimen shield isolated from the heater are necessary
to maintain a small temperature difference between the
shields and specimens
4) Multiple shields only add complexity to the installation.
Thus, the final shield configuration used in this investigation was
composed of two one and one-half inch in diameter aluminum foil
cylinders two and one-half inches in length. The mounting proce-
dure used was in accordance with statement three above.
The mechanical pressure applied to an interface has a major
influence on the resulting thermal contact conductance. Therefore,
the experimental apparatus had to incorporate a means of applying a

variable load to the test junction, and adequate instrumentation to

measure the load accurately. For load application to the test column

a high pressure nitrogen gas bellows chamber and a Simplex Model J2
worl.~-gear screw jack were installed as integral parts of the test
apparatus. The stainless steel bellows was designed for the
pressures necessary to provide the required one thousand psi speci-

men loading. A diagram of the high pressure nitrogen system is

23



shown in Figure 8. The screw jack, located external to the vacuum
chamber and below the passthroughs bellows, has a two ton capacity
and a 15:1 gear ratio. Its purpose was tc provide a means for
raising and lowering the specimen. The three support rods below
the base plate (Figure 5) also served to keep the passthrough
bellcws and the interface in alignment.

The resulting experimental apparatus was tested over a
temperature range of +300°F and -300°F with water and liquid
nitrogen coolants, respectively, and a pressure range of zero to
1000 psi. Surface and centerline temperatures generally agreed
within 0.5°F with a maximum difference within 2.0°F for the
extreme temperature cases. The experimental values of thermal
contact conductance determined with this apparatus were found to

be repeatable and comparable to other putlished data.
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CHAPTER III

EXPERIMENTAL PROCEDURE AND TECHNIQUES

The experimental procedure was essentiall: ..2 same for all
tests. First the cylindrical metal specimens were installed and
tested in a bare junction configuration and then a .e ‘inch diameter
disc of the interstitial material was positioned between the meta?l
specimens. The alignment of the test column during the evacuation
of the test cell was maintained by a slight contact pressure. Once
the desired vacuum level was obtained, the test conditions were set
by adjusting; the nitrogen gas pressure in the load bellows, the
power input to the main heater, and the coolant flow rate. The
guard heater was monitored and adjusted to mai. ..n a temperature
difference of less than 5°F between the guard heater and the spaci-
men. A steady-state condition was determined by periodically re-
cording the temperatures of the metal specimens and the main heater.
Steady-state conditions were usually xchieved in six .o sight hours.
Generally the experimental runs, with and without interstitial mat-
erials, were conducted in the order of increasing load pressure.

The thermal contact conductance values listed in the Appendix A
were obtained }rom the ratio of the interface heat fl:'x to the
junction temperature difference. The heat flux was calculated Ly the
product of the thermal conductivity of the metal test specimen and the

temperature gradient. In all tests one of the specimens was at a
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more extreme temperature (+ 300°F or - 300°F), while the other was
mich nearer the ambient conditions of 70°F to 90°F. Since the
temperature measurement error should be less ar.' the assumption of
one-dimensional heat flow better for the ambient temperature speci-
men, the heat flux calculated for this specimen was used in calcu-
lations of the thermal contact conductance. The temperature versus
position plot for the metal test specimen was usually linear and the
slope easily discernable. ilowever, there exists some uncertainty

in the selection of the "best" temperature gradient. This is
especially true for the aluminum test specimens and interstitial
materials with contact conductance values of less than 5 Btu per

hr. ft2°F. For this reason, a maximum and a minimum slope of the
temperature gradient were estimated. This range of temperature
gradient usually gave a difference between the aigh and low values
of contact conductance of from 2 to 3 Btu per hr. ft2°F for h values
less than 10 Btu per hr.ft2°F. The difficulty of ascertaining the
"best" slope was increased with decreasing contact conductance. For
example, with the aluminum test specimens and an interstitial mater-
ial such as the felt* or laminate with 2 value of h less than 2 Btu
per hr.ft2°F, a zero temperature gradient can be obtained by allow-
ing a deviation of 1/2°F in the temperature readings. Thus, to
provide a better estimate of the thermal contact conductance for these
extreme cases (low values of h), the heat flux was also calculated by

determining the energy losses from the heated specimen. This method

is discussed later in this chapter.

* Interstit.al Materials are listed in Table 2.
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Since the thermal conductivity of the metal specimens (which
act as heat meters) is essential to the calculation of the thermal
contact conductance, an apparatus to experimentally verify the use
of the published values of thermal conductivity was constructed. The
apparatus consisted of a central heater sandwiched between two 1 5/8"
diameter x 4" cylinders of the test material. Each end of this test
column was attached to a liquid cooled plate and heater combination.
A selected temperature gradient could be maintained by adjusting 7/
heater power inputs. Temperatures were obtained from thermocouples
inserted into the test material at one-half inch intervals. The
experimental results verified the use of published values of the
thermal conductivity. A discussion of these results is given in
Reference (24). The thermal conductivity values which were selected

are from References (10,27) and are graphically illustrated in Figure

9.

Metal Teét Specimen and Interstitial Material Preparation

Since the surface finish of the metal test specimens (heat
meters) could influence the thermal contact resistance, the contact
surfaces were carefully finished in an identical manner for all test
specimens. Each specimen, after it was machined, was placed in a
brass jig which held the specimen in a vertical position and the
contact surfaces lapped on a Lapmaster 12. After the lapping process
the specimen was polished to remove any oxide layers. The surface
was then checked for flatness deviation by interference refraction of
a helium 1ight source on an optical flat of quartz glass. Traces of

the surface profiles were also obtained with a Bendix Micrometrical
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Proficorder and profilometer. The resulting surface for each of the
specimens was found to have a flavness of 20-25 u in. and a roughness
of 3-5 u in.

Abbott (1) had previously considered several different tech-
niqﬁes for constructing and installing the thermocouples in the metal
specimens. The method which he suggested was followed for the test
specimens u: in this investigation. The thermocouples were con-
structed by twisting approximately one-fourth inch of the copper and
constantan wires together. Then to improve the mechanical strength
the junction was silver soldered. After which the excess wire was
trimmed to the point where the wires first made contact. The com-
F'2ted thermocouples were installed in the specimen by carefully
packing the cavity around the thermocouple with aluminum powder.

An x-ray of the first two sets of aluminum specimens was made to
ascertain any drill run-out, discontinuity of the thermocouple, or
improper packing of the thermocouple. Since the specimens were
found to be dimensionally correct and the thermocouples well-packed,
the x-ray procedure was deemed unnecessary for later specimens. As
" a final check the continuity. of the thermocouples was checked before
and after packing by measuring their electrical resistance. During
the thermal tests the surface and centerline thermocouples g3nerally
agreed within 0.5°F. Only in the extreme temperature cases of + 300°F
and - 300°F did they deviate from one another as much as 2°F. To
reduce heat transfer from the thermocouple junction the thermocouple
leads were wrapped tightly around the specimen.

Since the interstitial materials were usually in bulk form,
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The preparation of the test specimens involved the cutting of the
materials into one inch diameter disks and the cleaning of the disks
to insure that there was no contamination which could effect the
test results. Initial thickness of the test specimens were taken
for the purpose of determining any permanent deformation which was
due to the applied pressures and temperatures during each test

series.

Calculatior Techniques

Thermal contact conductance is defined
h=gq/ AT

The axial temperatures in the metal specimens were plotted versus
distance from the interface, and extrapolated to the interface by a
least-square fit to the measured temperatures. Hence AT was simply
the difference between the junction temperatures found for the high
and the low temperature specimens. Since the thermal conductivity
of the metal test specimens was known (Figure 9), the heat flux,
~. was calculated as the product of the temperature gradie~t in the
metal specimen nearest room temperature and the thermal conductivity.
This method of calculation proved to be very satisfactory for the
bare junction runs and for materials having thermal conductance values
greater than 10 3tu/hr ft2°F. However, as indicated earlier in this
chapter, there is a degree of difficulty in ascertaining the "best"
slope. This uncertainty becomes extremely important in the calcula-
tion of q when the temperature gradient is on the order of 1°F per

inch. For these low heat flux runs the heat flux was calculated by



an energy balance on the heated specimens (11).

The procedure for calibrating the apparatus for the energy loss
from the heated specimen was essentially the same whether liquid nitro-
gen or chilled water was the coolant. The main difference being the
. temperatures of the specimens. With water the heated specimen was
operated at temperatures up to 300°F but with liquid nitrogen the
heater surface was maintained at approximately 100°F. Power input to
the heater was measured at several different heater surface tempera-
tures with the metal test specimens contact surfaces separated slightly
in the vacuum environment. Coolant flow was maintained to obtain speci-
men and radiation shield temperatures close to those encountered dur-
ing tests of interstitial materials. The emissivities of the alum-
inum and the stainless steel specimen surfaces were estimated as
0.2. Since the temperatures of the specimens and shields were
measured, the heat transferred by radiation from the instrumented
section of the heated specimen to the radiation shield, and from one
specimen to the other across the gap at the contact could be esti-
mated. Subtracting these losses, an estimated loss for the thermo-

couple leads, and a heater I2

R loss from the power input gave the
energy transferred from the heater region by radiation. For the
calibration runs the guard heater was monitored very closely to
maintain a small temperature difference across the axial insulator
separating the metal specimen from the guard heater (less than 3°F).
Division of the heat loss, Qz’ from the heater by the temperature
to the fourth power difference between heater surface and shield

yielded a heat loss coefficient for the heater region. Thus the

32



33

junction heat transfer for the low heat flux runs could be estimated
very closely by subtracting the calculated energv losses from the

heater power input.

- _ 1l _ rspecimen surface radiation
Qj Qinput Ir Qz [loss and thermocouple loss]

where Qj is the heat transfer at the junction and Qg is the radiation
loss from the heater surface which is calculated with the heat loss
coefficient and the heater and shield temperatures.

For the higher junction temperatsire runs (aluminum specimens)
with water as the coolant the junction temperature difference was
approximately 200°F, so for an error in Qj of one Btu/hr an error
of 0.9 Btu/hr ft2°F in h would result. However, comparison with the
h values determined with the thermal conductivity and temperature
gradient for the higher heat flux cases such as asbestos board at
100 and 300 psi and carbon paper at 300 psi indicates that the error

in h is withir 0.2 Btu/hr ft2

°F. Thus the uncertainty in calculat-
ing Qj by the heat loss calibration can be estimated as 0.2 to 0.3
Btu/hr. As a result of the difficulty with measuring the temperature
gradient for a small junction heat flux, stainless steel specimens
were constructed to replace the aluminum. With an assumed maximum
uncertainty in the temperature slope of 0.5°F/inch the approximate
uncertainties in the calculated heat transfer for the different
specimens (heat meters) are:

annealed aluminum 3 Btu/hr

as received aluminum 2 Btu/hr

stainless steel 0.3 Btu/hr



For comparison, the high temperature runs with the heated spacimen at
300°F generally gave a AT of approximately 200°F for the better in-
sulating materials. With this AT and the uncertainty in the calcu-

lated heat transfer the approximate uncertainty in h would be:

annealed aluminum 3 Btu/hr ft2°F

as received aluminum 2 Btu/hr ft2°F

stainless steel 0.3 Btu/hr ft2°F

These values would be reduced slightly for the cold runs s;nce the
AT was increased in those runs to as much as 400°F. Therefore, the
energy balance method is preferred for use with the aluminum speci-
mens when the temperature gradient is less than 1 to 1 1/2 °F/inch,
which corresponds to values of h between 5 and 7 Btu/hr ft2°F for
the high temperature runs. On the other hand with stainless steel
specimens the uncertainty in h for either method of calculating

2o

Qj seems to be approximately the same, 0.3 Btu/hr ft™°F. Although

a heat balance calibration was performed with the stainless steel

specimens the values of h calculated by k and the temperature gradient

are preferred. The energy balance method will become less accurate
with increased junction heat transfer because the heater thermocouple
no longer gives a good representative value for the entire surface.
Also during opening and closing the vacuum system to install new
test samples the attachment of the thermocouples to the shields and
the location of the shields can be inadvertently changed between
runs. Thus the heat loss method was used only to check the order of
magnitude of h and the operation of the test apparatus for the

stainless steel runs.
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Compression Tests

Since the initial thicknesses of the different interstitial
materials are not the same and because the thickness, £, varies with
the load pressure, the comparison of the junction thermal resistance,
R = 1/hA, for thée different materials should account for the material
thickness. A better comparison would be the thermal resistance per
unit thickness R/%. The inverse of this ratio, %2/R = h A 2, has the
advantage of having a desired ultimate 1imit of zero rather than
infinity. To obtain the necessary thickness information, compression
tests were run on interstitial material samples that were similar to
those used for the thermal tests. An initial test run to 1000 pounds
was made without an interstitial material to measure any deflection
in the compression apparatus. The apparatus itself consisted of two
one-inch diameter aluminum rods with an attached extensometer. Since
no deflection of the apparatus was encountered, one inch diameter test
samples were measured for initial thickness with a micrometer and
placed into position between the ends of the aluminum cylinders. A
continuously increasing load was then applied up to 300 1bs with
dial indicator readings taken at designated increments. The effective

compressive strain (4 -Z/QO) of the test materials are illustrated as

4]
a function of pressure in Figure 14. More details concerning the
procedure followed for the compression tests are available in Refer-
ence (24).

To ascertain whether or not the compressive strain is influenced

by the initial thickness, compression data were obtained for multi-

layer samples of carbon paper and mica. For carbon paper one, three
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and six layers were consecutively tested. The resulting compres-
sive strain curves agreed within four percent cof each other. How-
ever, this was not the case for mica in which one, three, and five
layers were tested. It was observed that the compression strain
values for three and five layers are less than the single layer by
the approximate fractional relation of one over the number of layers.
Fry (15) stated that his tests indicated that the thermal resistance
of mica was due mainly to a surface contact resistance rather than
the bulk material resistance. The compression curves could be
explained as a surface effect which would agree with Fry's observa-
tion. In contrast with mica, the compressive strain for carbon
paper which is a very pliable and loose material is independent of
the initial thickness. Therefore, the thermal resistance of the
carbon paper will be primarily a result of the effective thermal

conductivity and not contact resistance.



CHAPTER IV
EXPERIMENTAL RESULTS

Good insulating materials are usually not compact. In fact,
in a vacuum environment, the very small effective thermal conduc-
tivity of most materials is due in part to the voids in the material.
However, the application of any compressive mechanical load can
cause an irreparable reduction in the insulating capability for such
materials. Thus to insulate metal-to-metal contacts which are
pressed together, for example in a bolted flange configuration,
materials that can withstand compressive loads are necessary.
Since the heat transfer at the insulated junction is a function of
the thermal conductivity of the interstitial material and the
contact area, the materials can be in the form of sheets or disks,
powders, screens, or perforated disks. The supplier and the avail-
able manufacturers data for the interstitial materials that were
tested are listed in Table 2. A1l of the thermal test results for
these materials are tabulated in Appendix A. In this particular
table the run numbers such as 4-CA-25 have the following signifi-
cance:

1. The first digit represents the metal test specimen set

for that run. Table A-1 in Appendix A 1ists the type of
metal and the surface roughness and flatness deviations

for the test specimens.



TABLE 2

MANUFACTURER'S PROPER ' DATA

MATERIAL RUN SUPPLIER K P 3 VACUUM WEIGHT
SYMBOL Btu/hr.ft°F Ibm/ft

Asbestos AB Johns- ~0.04 - 100°F 136 -—-

Board Manville ~0.06 - 500°F

Asbestos AT Atlas ~0.12 - 300°F ~55 0.985

Tape Asbestos

(No. 2074) Company

Carbon CA Fiberite 0.2 - 300°F ~9 0.993

Paper Corp.

F-907

Ceramic CE Carborundu:; 0.03 - 400°F ~17 0.999

Paper Company 0.10 -1600°F

970-J

WRP-X-AQ FE Refractory 0.04 - 500°F 18 0.99%

Felt Products Co.0.12 -2000°F

Laminate LA Carborundum 0.37 - 280°F ~50 0.989

T-30LR Company 0.13 -2000°F

Magnesia 25 MA Degussa Inc.15.7 - 112°F 196 —-

Mica MI Regan .21- 1C0°F 13 0.999

(Bonded) Engineering 1.24 -1000°F

Pluton B-1 PL 3 M 0.02 - 80°F 87 ---

Cloth Company 0.03 - 180°F

Pyroid PY Pyrogenics 1.00 - 70°F 162 —--
: Incorporated0.30 -5000°F

Silicd SI Fiberite ~ 0.10 - 300°F ~10 0.992

Paper Corp.

F-904

S.S. Screen SS 10 -- ~9.30 - 212°F ~500 ---

10/in
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TABLE 2 {Cont'd)
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MATERIAL RUN SUPPLIER K P 3 VACUUM WEIGHT
SYNBOL Btu/hr.ft°F  1b_/ft “RIR WEIGHT

S.5. Screen SS 100 ~~- ~9.30 - 212°F .500 ---

180/in

Teflon TE duPont 1.35 - 100°F .10 -—-

Sheet Co.

Titanium TI 16 Newark ~11.6 - 200°F -.276

Screen Vire Cloth

29/in Company

Tungsten W20 Newark ~96 - 32°F

Screen Wire Cloth ~70 - 932°F .1210 -—

20/in Company

Zirconia 23 ZI Degussa ~1.08 - 212°F .355 ---

Inc.



2. The letter code represents the type of interstitial mat-
erial. These are defined in Table 2. In the example
used, CA means carbon paper.

3. The final digits correspond to the test run in chrono-
logical order for a particular set of metal test speci-
mens, i.e. in the example chosen this is the twenty-fifth
run with specimen set 4.

In addition to the various interstitial material tests, runs
without interstitial materials were also conducted with each test
sp2cimen set. The purposes for these bare junction tests were to
provide a comparison for the insulating materials and to check
whether or not the test specimen surface conditions had changed.
Test results for the bare junction runs are also tabulated in

Appendix A (Table A-2).

Bare Junction Tests

The test results through run 4-BJ-31 with Aluminum 2024
specimens have previously been reported in Reference(24) However,
all of the results have been repeated in Table A-2 of Appendix A
for completeness. The initial specimens (set 1) were machined
from "as received" aluminum stock. After several test runs at the
higher temperatures, an obvious change in the material properties
of the heated specimen was observed. For example, it was noted

that tr» ratio of the tempzrature gradient in the heated specimen

to that in the cooled specimen had increased from 1.28 to 1.4. This
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new ratio of 1.4 corresponded to a thermal conductivity ratio of
annealed aluminum in the heated specimen to as received aluminum

in the cooled specimen. This property variation which must be
attributed to a slow annealing of the heated specimen while sub-
jected to a compressive load caused a definite change in the bare
junction h values. These values starting from run 1-RJ-16 are shown
by the flagged symbols in Figure 10. Thus in all of the comparative
runs with specimen set 1, from run 1-SI-13 on, the heated specimen
was considered as annealed and the cooled specimen as "as received".
Since the heat transferred was calculated by the temperature gradient
in the cooled specimen, the h values for interstitial materials
found with set 1 were not effected. This was confirmed by later
repeat runs with other metal test specimen sets. To assure that

the metal properties would not change in future tests, beginning
with set 2 all aluminum specimens were annealed by heating in an
oven to 600°F for twenty-four hours prior to finishing the contact
surface.

Many bare junction tests were interspersed between the inter-
stitial material runs to check for changes in the surface conditions.
In some cases large variations in the h values from those of previous
runs were observed. These were found to .: the result of some sur-
face change such as oxidation, contamination by the previous inter-
stitial material, or a scratch or imperfection. Only initial test
runs with each specimen set (i.e. before interstitial material runs

or test runs after cleaning the contact surfaces)are plotted in
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Figure 10 to establish a bare junction curve for comparison with
interstitial material values. The aluminum was extremely prone to
contamination and oxidation. To limit the degree of oxidation the
test specimens were allowed to cool in the vacuum chember after a
test. Then nitrogen gas was released into the vacuum chamber to

aid in the final cooling before opening the bell jar. As an example
of the effect of contamination, run 4-BJ-20 decreased to 55 percent
of the value of the previous run 4-BJ-17. It was observed that mat-
erials such as the felt, laminate, and ceramic paper leave a slight
residue on the contact surfaces after a test. After cleaning the
contact surface the h value for the subsequent run, 4-BJ-30, in-
creased by 11 percent over the previous run. Similar situations were
observed between runs 4-BJ-40 and 41, and runs 4-BJ-1 and 9. Small
imperfections in the form of oblong dents were left in the aluminum
metal specimen surfaces after the screen tests. The subsequent

bare junction run (1-BJ-63) showed a large decrease in h as would

be expected. Also previous investigators, such as Fried (13) and
Clausing and Chao (7 ), have found that the deviaticn in their
smooth surface h values is greatly increased over that for rough

surfaces.

Interstitial Materials

A summary of all of the test results for the seventeen inter-
stitial materials listed in Table A3 is given in Appendix A. A

discussion of the uncertainty in h values is presented in Appendix B.
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For the purpose of comparing the insulating perfcrmance of the
materials a first series of runs from 100 psi to 300 psi load pres-
sure was conducted with each of the different materials and aluminum
specimen sets 1 and 2 (Runs I-SI-13 through 2-SS10-18). These
comparison runs were all at an average junction temperature of
approximately 200°F. Cold runs 3-AB-6 through 3-5510-24 with liquid
nitrogen as the coolant were next run with specimen set 3 and some
of the better insulators to obtain a comparison between a 200°F and
a -100°F mean junction temperature. As a result of the comparison
tests, the seven materials which had the lowest h values were
rerun with specimen sets 3 and 4 to test the repeatability of the
experimental results. These repeat runs were conducted for both
the high and the low junction temperatures and the results agreed
very closely with the previous values of h. Special runs such as
increasing and decfeasing load, rougher surface and multilayers
were conducted with specimen set 5. On page 27, the difficulty of
measuring temperature gradients was explained. To alleviate this
problem stainless steel 304 specimens (set 6) were constructed.
Since the ratio of the thermal conductivity of the aluminum to the
stainless steel is approximately 10, the temperature gradients were
increased to easily determined magnitudes.

A second series (MIB)* of runs were made on mica to check the
repeatability of the mica data. The resulting h values were approx-

imately 50 percent of those obtained in the first runs (MI)*. The

-— e — —— -

*Re .. r w in Table A.3



mica used was supplied by a local heater ma:awufacturer and was con-
sidered an economy grade'which refers to the presence of relatively
large areas of discoloration. These discolorations indicate im-
purities such as silicon and iron oxides. To see if this had any
effect another specimen (MIG)* from the same batch of mica sheets
with a black-gray discoloration, instead of the reddish-brown color
which was used in the second series was tested at a load of 100 psi.
The resulting h value was approximately 83 percent of the initial
value at the same pressure. A subsequent bare junction run indica-
ted that the surfaces were oxidized. After clearning the surfaces,
another specimen containing the same discoloration as the previous
one was run at 100 psi. An h value of approximately 96 percent of
the initial was obtained. Although the low h values obtained for
the second set of runs could be attributed somewhat to oxidation of
the aluminum specimen surfaces, it seemed more likely that impurities
in the mica, and perhaps possible misalignment of the specimens were
more probable reasons. Therefore, to avoid the problem of variations
in the test samples a better grade of mica (clear grade) was ordered
and then tested to demonstrate the repeatability of mica data. This
series of runs (MIC)* were conducted with stainless steel 304 metal
specimens and yielded h values within ten percent of the second
set of runs. Recent testing with the clear grade of mica found that
the experimental data to compare. The results of these additional

tests will be presented in a future report.

*Refers to notation in Table A-3
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To demonstrate the effects of initially compressing the sheet
materials a series of increasing load pressure runs to 1000 psi and
two return runs at reduced loads of 550 psi and 100 psi were con-
ducted with a single layer of (0.176 inches thick) WRP-X-AQ felt
(Figure 11). These runs were made with annealed aluminum specimens
with average test specimen temperatures of approximately 300°F and
70°F (Runs 4-FE-44 through 4-FE-50). The increases in thermal
contact conductance for 500 and 100 psi were 50.3 and 233 percent,
respectively.

For the purpose of determining the magnitude of the effect
of metal specimen contact-surface roughness, the low temperature
specimen for set 5 (i.e., attached to the sink) was refinished with
a lathe cut. This artificially roughened the surface to approxi-
mately 200 u - inch roughness with a circular pattern but with no
appreciable change in the flatness. Three bare junction runs were
made with this new surface at 100 and 300 psi and a repeat run at
100 psi (Runs 5-BJ-1, 5-BJ-2, 5-BJ-6). The resulting h values
were found to be 20 to 21 percent lower and 7 percent higher than
the respective values established by the runs 4-BJ-19, 20, and 40.
Clausing and Chac (7 ) found that the microscopic constriction
resistances was negligible by comparison with the macroscopic
resistance. Therefore, it appears that the roughened surface did
not appreciably effect the macroscopic resistance. A change in
surface flatness however may have a much larger effect. Subsequent

runs at 300 psi with carbon paper (5-CA-4) and asbestos board
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(5-AB-3) did not deviate from the values obtained with the smoother
surfaces. Since these materials demonstrate a thermal resistance
due to a bulk material resistance, this would be expected. The run
with mica (5-MIC-5) gave a lower h value than with the smooth
specimen surface (6-MIC-20) by 9 percent. Again, this is expected
if a junction co.ntact surface resistance is important for mica.

Since the h values measured with stainless steel specimens
(set 6) are in agreement with the previous results with aluminum
specimens it is concluded that the metal surface hardness does
not have an appreciable effect on the layer or sheet materials.
However, recent tests with stainless steel screens and stainless
steel specimens demonstrate the expected reduction in h with
increased hardness. The details of the tests with screens will be
discussed in a future report.

Multi-layer tests were conducted on mica (5 layers which have
an overall initial thickness of 0.0172 inches) ana carbon paper
(6 layers which have an overall thickness of 0.330 inches) at
pressures of 100 psi and 300 psi. The test results for these runs

are compared in Table 3. Although the multilayer configurations

for both materials decrease the overall junction thermal conductance,

h, the different behavior between these two types of material is
illustrated. The ratio of the compressed thickness of a single to
a five layer stack of carbon paper disks is compared with the ratio
of the resulting junction h values. Hence, the product, hi,is a

constant (within the experimental uncertainty) ror materials like
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carbon paper, so the junction thermal conductance is a function

of the thermal resistance of the interstitial material and not

the surface contact. In contrast to this the same comparisons for
mica show that a surface contact resistance, which varies with load
pressure, is present. Hence the junction thermal conductance is not
decreased by a ratio of thicknesses but is a reduced factor of the

thickness ratio.

TABLE 3
TABULATED RESULTS OF MULTILAYER

TEST
RUN Pa Th h h Ratio & 2 Ratio
Psi °F  Btu/hr fté°F in

6-CAG-9 12 192 0.89 .14260
6.57 6.00

6-CA-13 108 204 5.85 .02390

6-CA6-10 313 193 1.80 11150
6-CA-14 315 211 1.2 6.22 1799 6-23

Y . 3y

5-MIC5-15 107 216 9.09 .01623
3.55 6.62

6-b. 9 106 253 22.3 .00245

6-MIC5-16 312 227 16.8 .01596
3.90 6.91

6-MIC-20 309 268 65.5 .00231
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Since the heat transferred at a junction between metal surfaces
is significantly effected by small variations in the contact area,
the insulating effect of an interstitial material thLat reduces the
heat transfer area is obvious. Perforated sheets, artificially
roughened or corrogated surfaces, and wire screens represent such
geometric insulation materials. Wire screens have the advantage of
limiting the contact area with the plane metal surface to the regions
where the wire weave of the screen overlaps. Also, the inner contacts
of the wire, because of the woven structure, offer additional resis-
tance to heat transfer.

Three different screen wire materials were tested, stainless
steel, tungsten, and titanium. The test results are tabulated in
Table A-3. To acquire a better understanding of the geometric re-
sistance (screens) case, values of load per contact (L63 and resist-
ance per contact (Rc) were calculated (Table 4). Contact points are
assumed to occur where the screen wire weave overlaps. In one square
inch of surface area the number of such points is approximately equal
to the mesh size squared. As the mesh size is increased, Rc is also
increased while LC is decreased as shown by 10 and 100 mesh stainless
steel screens. Thus on a per contact basis, the thermal resistance
of the 100 mesh screen is greater than the 10 mesh screen because of
the smaller wire diameter. However, the contact point resistances
are in parallel and yield a lower overall resistance for the 100 mesh
screen as result of the larger number of contacts. Since the load

per contact is known an area per contact which would be a function of



Lc could be calculated. Because the load pressure per contact is
large ‘it can be assumed that the thermal resistance is due to a
geometric and a material resistance in series. With this proce-
dure, the value for Rc can be predicted for the screen wire. A
study of a technique for predicting the thermal resistance for

screens will be presented in a future report.

TABLE 4

TABULATED EXPERIMENTAL DATA
FOR SCREEN CASES

RUN NO. WIRE DIA. LOAD/CONTACT ~ RESISTANCE/CONTACT
in. 1b. Hr °F/Btu
2-5510-16  0.025 1.32 x 10°  8.32 x 10°
2-5510-17  0.025 1.92 x 10° 7.39 x 10
2-5510-18  0.025 2.79 x 10° 6.02 x 10°
3-5510-23  0.025 1.04 x 10° 1.95 x 103
3-5510-24  0.025 2.99 x 10 1.13 x 103
1-55100-57  0.004 0.96 x 102 2.23 x 10*
1-55100-58  0.004 1.87 x 1002 1.60 x 10°
1-55100-59  0.004 277 x 100%  1.56 x 10*
1-TI10-60  0.025 1.02 x 10°  13.45 x 10
1-TI10-61  0.025 1.86 x 10° 8.83 x 10°
1-TI10-62  0.025 2.75 x 10°  6.58 x 10°
1-N-2064 .007 '0.25 x 107 4.88 x 102
1-K-2065 .007 0.47 x 107" 3.79 x 102
1-H-2066 .007 0.69 x 10~ 3.10 x 10°



A graphical comparison of the junction heat transfer for alumi-
num specimens with and without interstitial materials is given in
Figure 12. The curves were plotted for the average of all runs with
water as the coolant and the heated specimen at approximately 300°F.
Since the 100 mesh SS screen is probably on the upper extreme of the
desirable materials (on the basis of h), all of the better insulat-
ing materials such as laminate, mica, ceramic paper, etc., will be
between the 100 mesh screen and “he 6 layer carbon paper lines. The
6 layer carbon paper insulation reduces the junciion heat transfer to
less than one percent of the bare junction value.

Since the initial thicknesses of the interstitial materials var-
ied, a direct comparison of the experimental values of the junction
thermal contact conductance is not sufficient. If surface contact
effects are neglected and a linear temperature gradient assumed for
the interstitial material then,

. . At
0; = hAAT= kAT

where £ is the thickness of the interstitial material and k_ is an
effective thermal conductivity. Thus for this solid layer of insula-
ting material

ke = hs
A good thermal insulating material would therefore have a very !ow
value for the product he. This is compared as a function of
pféssure for all of the materials tested in Figure 13. However, the
compression strain (Figure 14) curves used to calculate were obtained

at room temperature, and some devigtion in these curves couid be
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encountered at higher or lower temperatures depending upon the expan-
sion or contraction of the material with temperature. Since the sides
of the disk are free, it is assumed that any possible deviation in

2 can be neglected for the purpose of comparing one material to
another in Figure 13. On this basis, carbon paper, ceramic paper,
mica, silica paper, and WRP-AQ felt appear to be the better mater-
ials.

Although the test values are not plotted, with liquid nitrogen
coolant the mean juncticn temperature was reduced to approximately
-150°F with the aluminum specimens. The effect was to reduce the
values of h in all cases except mica. These reductions were
generally from 10 to 40 percent of the valugs for the higher temp-
erature runs. In some cases, notably the pluton B-1 cloth, the
reduction was as much as 60 percent. It is surmised that reductions
in h can be primarily attributed to a reduction in the thermal
conductivity with temperature. However, mica seems to behave in an
opposite manner with almost a 10 percent increase in h for a reduc-
tion in mean temperature from 260°F to -8°F (Table A-3 runs 6-MIC-17
through 6-MIC-26). Several factors are involved so it is difficult
to give a quantitative explanation for mica. The sheets from which
the test samples were cut varied in thickness. For the high temp-
erature runs the initial thickness of the test sample as measured
with a micrometer was 0.0034 inches whereas the test sample for the
Tow temperature runs was 0.0028 inches. If the bulk thermal resist-

ance of the material (i.e. 2/kA) is predominate the h values for
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the high temperature runs could be increased by a ratio of thick-
nesses for comparison with the Tower temperature runs. Thus the h
for run 6-MIC~19 would be increased to 39.2 to be compared with
h = 35.7 Btu/hr ft2°F for run 6-MIC-25. The multilayer test re-
sults in Table 3 show that the h value of mica would not be increased
by the factor of the ratio of thicknesses but only by 53.6 percent of
the ratio of thicknesses. Therefore, with a 0.0028 inch sample the
h calculated for run 6-MIC-19 would be estimated to increase to 36.0
Btu/hr ft2°F. If, as the evidence seems to indicate, the junction
thermél resistance is due in part to a surface contact resistance the
thickness variation would not be as important. In fact at the same
load pressure and junctic: temperature the junction thermal contact
conductance h would change only a negligible amount (15). By
comparison with other materials the contact resistance could rea-
sonably be assumed to decrease with junction temperature. Hence the
test results including the temperature comparison runs imply that
tire junction thermal resistance for mica is a function of both the
material thermal resistance and a contact resistance.

The primary purpose of a low conductance interstitial material
is to minimize the heat transfer between contacting surfaces for a
given temperature difference. Simply, the ratio QJ/AT should be a
minimum. By definition it follows that hA which is equal to keA
should therefore be a minimum, i.e. or the inverse 1/hA which is

equivalent to the thermal resistance should be a maximum. This is

obtained by requiring that the effective thermal conductivity of the



material ke = h? be a minimum. In addition, for spacecraft
especially, the rcjuired weight may be of importance. This implies
that the effective density Pa? of the material should be a minimum.
Combining these criteria, with each being considered equally, the
product
ke P ™ F

should be minimized. Since all test samples had the same cross-
sectional area only hw is plotted in Figure 15. The vacuum
weight was used in the calculation of hw. These were obtained
with a Cahn Model RG Electrobalance. Small but representative
samples of the materials were first weighed in air and then in a
vacuum. The ratio of these two measurements is listed in Table 2
and it was assumed that the "in air" scale weight of the thermal
test samples would be reduced by this factor in a vacuum.

In the case of screens the mass of the test samples was calcu-
lated from the total length of the wire, the wire diameter, and the
wire densities. Values for the densities of stainless steel, tung-

sten and titanium were taken “rom the eighth edition of the Metals

Handbook (21).

Pss = 500 1b/Ft>
Py = .276 1b/ft]
Pri = 1210 1b/ft3

Since 1/h is proportional to the thermal resistance, the product

hw can be interpreted as the mass/thermal resistance. Thus the

value of this parameter should be a minimum for the better materials.

From Figure 15, the magnitude of hw for titanfum screen is 13.2
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-3 -3

x 1073, 20.1 x 10”3 and 27.0 x 1073 Btu Tb/hr Ft%°F at 99,186 and
278 psi, respectively, and would therefore provide largest junction
thermal resistance per unit mass for the screen case. However, with
weight and thermal conductance as the criterion for selection, the
carbon paper, ceramic paper, WPR-X-AQ felt and the silica paper
appear to be the more desirable materials.

Another criterion of possible structural interest might be
the required thickness of the interstitial material, but *n any
installation where a compressive load is applied the mechanical
strength of the material must be considered. In static cases, no
vibration or oscillations in load and temperature, the compressive
strain curves (Figure 14) give the degree of compression. On the
other hand, with variable load and temperature (expansion-contraction)
conditions the material should be subjected to a variable load test.
Thus, ceramic paper, felt, and carbon paper, were subjected to a
cyclic loading test to compare their strength under compressive
loads. The ceramic paper when cylced between ten and 500 pounds
six times, and felt when cycled between ten and 800 pounds four
times were found to disintegrate. The minimum and maximum thick-
nesses at their respective loads for the first, second and final
cycle are given in Table 5. Carbon paper did not evidence the same
failure. Although Figures 13 and 15 indicate that silica paper is
also a good insulator, it was not considered for the cyclic joading

test since it was found to discolor (possible bonding deterioration)

during the high temperature test. In summary, on the basis of
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mechanical strength, thermal resistance per unit thickness and mass
per thermal resistance, carbon paper is 0. 2rall the better material
of those that have been considered. However, in an application

where compressive load strength is of primary importance a material

such as a wire screen should be considered.

TABLE 5
TABULATED COMPRESSION DATA

MATEKIAL LOAD NUMBER THICKNESS FOR MINIMUM
RANGE OF CYCLES AND MAXIMUM LOADS
Lb. in.

Ist 2nd Final

CA 10-500 6 10 1b 0.0458 0.0244 0.0215
500 1b 0.0132 0.0127 0.0121

CE 10-500 6 10 1b 0.0682 0.0336 0.0251
500 1b 0.0194 0.0185 0.0160

FE 10-800 4 10 1b 0.1614 0.1008 0.0958
800 1b 0.0930 0.0910 0.0889

Cycle Cycle C:cle
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CHAPTER V
SUMMARY

Experimental values of the thermal contact conductance, h, for
the seventeen interstitial materials listed in Table 2 are tabulated
in Table A-3 of Appendix A. The uncertainty associated with the h
values is discussed in Appendix B. The thermal resistance of the
interstitial materials can be a function of a bulk material thermal
resistance, and a surface contact resistance. Multilayer thermal
and compression tests with carbon paper demonstrated that for the
papers and other pliable fiber sheet materials, the thermal resist-
ance is primarily a bulk material resistance (£/kA). In contrast
the mica demonstrates the existence of both a material thermal
resistance and a surface contact resistance. Compression tests
of mica also show that the effective compressive strain is a
function of load and initial thickness. Impurities in the economy
grades of mica were found to significantly effect the thermal resist-
ance. Repeatable data can be obtained with mica by using a clear
grade to avoid variations in the test samples. Wire screens offer
a substantial decrease in the junction heat transfer with the ad-
vantage of not failing under large compressive loads. As expected
the thermal resistance of wire screens is a function of the thermal
conductivity of the wire but more importantly the wire diameter and
mesh size. An increase in the aluminum specimen surface roughness

to 200 u-inch demonstrated that the h values for the insulating



materials is not a significant function of roughness. However,
large changes in surface flatness could have an effect. A change

in surface hardness, aluminum to stairless steel specimens, did not

effect the h values for the insulating materials tested. Recent .

tests with stainless steel screens and stainless steel specimens
show a decided decrease in h over that for aluminum specimens.
This is a result of a &ecrease in the contact area.

Selection criteria were proposed for the insulating materials.
These were an effective thermal conductivity, hg; the‘density, and
the mechanical strength under repeated loads. On these bases the
carbon paper was found to be the better material. However, if
mechanical strength is of primary.importance, wire screens should
be considered.

Further work with wire screens is contemplated to test the
effects of surface hardness and temperature. Also a technique for
predicting the junction thermal resistance with wire screens should
be developed. Additional tests with mica should be undertaken to
provide more definitive.proof that its thermal resistance is a sum
of a contact resistance and a material resistance. Finally, addi-
tional variable thickness tests should be concducted to determine

the behavior of other materials besides mica and carbon paper.
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APPENDIX A
EXPERIMENTAL DATA



TABLE A-1

METAL SPECIMEN DESIGNATION

SPECIMEN NO. MATERIAL TYPE SURFACE CONDITIONS
Hot Cold Hot Cold
Specimen Specimen Specimen Specimen

1 Aluminum  Aluminum A A
2024 2024
AN UN

2 Aluminum  Aluminum A A
2024 2024
AN AN

3 Aluminum  Aluminum A A
2024 2024
AN AN

4 Aluminum Aluminum A A
2024 2024
AN AN

5 Aluminum Aluminum A B
2024 2024
AN AN

6 Stainless Stainless A A
Steel Steel
304 304

Notation

AN Specimens annealed at 600°F for 24 hrs.

UN Jpecimen unannealed

A Roughness 3-5 uin Flatness 20-25 uin

B Roughness 200-225 uin Flatness 25-50 wuin
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TABLE A-2
TABULATED EXPERIMENTAL RESULTS
BARE JUNCTION SERIES

Run Pa Tm AT h
Psi °F °F Btu/hr sq ft °F
Aluminum 2024

1-8J-1 114 280 34.5 1270
1-BJ-2 268 289 22.3 2190
1-BJ-3 418 291 14.3 3550
1-BJ-4 567 293 10.0 5240
1-BJ-5 732 294 8.6 6190
1-BJ-6 881 295 7.5 7190
1-BJ-7 1038 296 6.3 8680
1-8J-8 260 285 20.0 2340
1-8J-9 406 281 13.8 3400
1-BJ-10 554 292 1.1 4370
1-BJ-11 722 293 9.1 5400
1-BJ-12 860 293 6.5 7520
1-BJ-16 290 300 14.5 3808
1-BJ-20 192 286 29.3 1642
1-BJ-24 287 297 13.8 3821
1-BJ-28 187 288 29.0 1665
1-BJ-32 105 278 52.6 749
1-BJ-36 104 277 47.9 896
1-8J-40 186 289 31.2 1522
1-8J-44 277 291 15.9 3421
1-BJ-48 277 294 17.2 3219
2-BJ-1 105 278 54.1 925

¢-BJ-2 239 287 23.0 2607



TABLE A-2 (Cont'd)

Run Pa Tm AT h
Psi °F °F o Btu/hr sq ft °F

2-BJ-3 385 289 18.0 3515
2-BJ-4 538 293 13.3 4337
2-BJ-5 692 296 11.5 £r13
2-BJ-6 834 296 9.8 7160
2-BJ-7 694 294 12.3 5663
2-BJ-11 690 278 15.1 4246
2-BJ-15 310 272 38.6 1349
1-BJ-56 281 280 21.9 2250
1-BJ-63 98 269 75.0 516
3-BJ-1 106 -236 48.8 163
3-BJ-2 203 -250 35.7 214
3-BJ-3 300 -257 23.0 37
3-BJ-4 303 -159 42.0 676
3-BJ-5 304 -33 58.7 987
3-BJ-15 102 -42 86.4 487
3-BJ-16 305 -53 45.8 1242
3-BJ-25 102 -33 78.1 537
3-BJ-26 305 -28 40.5 1353
4-BJ-1 101 -13 62.5 578
4-BJ-2 297 -25 28.5 1888
4-BJ-9 102 -20 69.4 512
4-BJ-16 298 -23 31.8 1665
4-BJ-17 99 281 27.6 1389
4-BJ-18 306 264 16.3 2910
4-BJ-29 98 267 43.8 770
4-BJ-30 99 274 44 .4 857
4-BJ-31 305 265 15.4 3042
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TABLE A-2(€ont'd)
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Run Pa Tm AT h
Psi °F °F Btu/hr sq ft °F
4-BJ-31 305 265 15.4 3042
4-BJ-39 96 264 53.2 710
4-BJ-40 99 287 34.9 1057
4-BJ-51 102 274 39.9 947
5-8J-1 102 267 38.3 971
5-BJ-2 .08 274 21.0 2286
5-BJ-6 102 279 27.1 1300
Stainless Steel 304
6-BJ-1 103 280 38.3 115
6-8J-2 310 298 19.9 302
6-BJ-3 566 305 1.7 644
6-BJ-4 309 290 18.0 319
6-BJ-21 26 -59 118.3 16.5
6-BJ-22 91 -78 84.4 31.0
6-BJ-23 307 -88 46.5 74.6
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TABLE A-3
TABULATED EXPERIMENTAL RESULTS
INTERSTITIAL MATERIALS

Run Pa Tm AT h hz'**

Psi °F °F Btu/hr sq ft °F  Btu/hr sq ft °F

Silica Paper

1-SI-13 112 199 266.3 5.76 ---
1-SI-14 195 199 225.5 6.93 -—-
1-SI-15 289 200 223.1 9.74 ---
3-SI-13 9% -113 395.9 2.40 -—-
3-SI-i4 309 -114 386.8 5.95 ---
4-SI-12 103 -109 391.0 2.01 3.07
4-SI-13 302 -109 381.7 6.11 6.19
4-SI-32 99 18 228.4 5.43 7.67
4-S1-33 309 185 212.7 14.1 15.2

Asbestos Board

1-AB-17 115 200 221.5 10.1 ---
1-AB-18 209 200 219.5 11.2 -—-
1-AB-19 N 200 218.2 12.5 -
3-AB-6 127 -123 350.1 5.82 .--
3-AB-7 301 -129 338.8 9.35 -—-
4-AB-7 107 -106 379.4 6.58 6.91
4-AB-8 303 -101 382.8 10.3 10.3
4-AB-21 100 189 212.0 12.9 13.1
4-AB-22 307 192  218.6 14.9 14.8
5-AB-3 310 194 235.8 15.0 14.4

** he, Thermal contact resistance estimated from an energy loss
calculation



TABLE A-3(Cont'd)

Run P T. I\j h h,
Psi °F °F Btu/hr sq ft °F Btu/hr sq ft °F
Teflon
1-TE-21 96 256 101.5 290 ——-
1-TE-22 201 260 92.5 344 ——
1-TE-23 275 262 87.1 376 -—-
Mica
1-#1-.25 101 218 184.9 51.4 -
1-MI-26 187 226 160.7 93.9 ——-
1-MI-27 275 233 189.1 121 -——-
4-MIB-35 99 199 197.8 9.9 31.1
4-MIB-36 209 206 191.2 49.8 50.6
4-MIB-37 313 210 178.4 69.9 68.1
4-M1G-38 97 210 200.9 42.5 41.0
4-M1G-41 99 205 184.1 49.3 41.2
5-MIC-5 309 211  183.7 59.6 57.9
6-MIC5-15 107 216 177.1 9.09 -——-
6-MIC5-16 312 227 148.2 16.8 -—-
6-MIC-17 25 252 116.5 21.9 -—-
6-MIC-18 57 253 114.3 26.0 ———
6-MIC-19 106 253 105.9 32.3 -——
6-MIC-20 309 268 72.3 65.5 ——-
6-MIC-24 28 -6.3 149.4 19.1 ——
6-MIC-25 100 -8.5 104.1 35.7 -——-
6-MIC-26 301 -7.1 72.0 70.1 ——-
Asbestos Tape

1-AT-29 102 204 215.5 15.7 ——-
1-AT-30 189 204 217, 16.8 ———
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TABLE A-3(Cont'd)

’

Run Pa Th AT h hz
Psi °F °F Btu/hr sq ft °F Btu/hr sq ft °F
1-AT-31 281 205 212.0 19.7 -
3-AT-8 114 -139 308.2 11.0 ——
3-AT-9 231 -137 315.0 13.0 ——-
4-AT-43 104 189 22.7 21.4 18.8
Carbon Paper
1-CA-33 101 196 222.0 4.84 -—-
1-CA-34 188 197 220.6 6.78 -—-
1-CA-35 276 198 219.8 8.74 -
3-CA-19 102 -103 418.9 1.50 _—
3-CA-20 299 -106 410.3 2.76 -
4-CA-10 104 -103 419.3 1.1 1.82
4-CA-11 296 -112 399.5 3.16 3.76
4-CA-25 95 188 228.4 4.04 3.71
4-CA-26 305 188 219.1 8.48 8.47
5-CA-4 307 191 219.4 9.52 10.8
6-CA6-9 112 192  239.0 0.89 -—-
6-CA6-10 313 193 232.6 1.80 -—-
6-CA-11 28 202 227.1 2.15 -—-
6-CA-12 60 202 219.2 2.83 ---
6-CA-13 108 204 191.7 5.85 -—-
6-CA-14 315 211 162.3 11.2 ---
6-CA-27 28 -58 376.8 1.4] .-
6-CA-28 104 -63 354.8 2.55 -—-
6-CA-29 302 -65 281.9 5.79 -—-
Ceramic Paper
1-CE-37 102 199 230.8 3.82 -
1-CE-38 188 198 227.1 4.73 c—-
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TABLE A-3(Cont'd)

Run Pa Tm AT h h2
Psi °F °F Btu/hr sq ft °F Btu/hr sq ft °F
1-CE-39 279 199 225.5 6.22 R
4-CE-14 10 =111 395.7 1.30 2.29
4-CE-15 296 -111  397.4 2.26 3.04
4-CE-27 99 191 232.1 3.95 1.93
4-CE-28 301 193 233.9 7.86 5.72
Laminate T-30LR
1-LA-41 104 197 224.5 3.21 ——-
1-LA-42 182 198 225.5 3.13 ——-
1-LA-43 278 197 225.2 3.33 -——-
3-LA-10 119 -116 395.4 1.10* -——-
3-LA-11 305 -117 39.3 1.50* ——
3-LA-12 109 -87 455.3 0.56 ——-
4-LA-3 102 -108 403.3 0.62* 1.58
A-LA-4 306 -111 405.1 1.14% 2.13
4-LA-23 102 193 213.7 2.13 2.11
4-LA-24 307 188 213.8 3.29 2.48
Pluton B-1 Cloth
1-PL-45 105 192 236.4 18.4 -—-
1-PL-46 188 193 228.9 23.7 ———
1-PL-47 279 196 225.6 28.2 -——-
3-PL-17 104 -119 356.5 6.57 ---
3-PL18 305 -118 350.5 11.6 ce-
4-PL-34 101 197 210.2 18.8 25.2
WRP-X-AQ Felt
1-FE-49 106 183 255.6 1.48 -—-
1-FE-50 188 184 25%.7 1.15 ——-

* Estimated by 41/2°F deviation
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TABLE A-3(Cont'd)

Run P T AT h h,
Ps1 °F °F Btu/hr sq ft °F Btu/hr sq ft °F
1-FE-51 2.0 183 253.8 1.61 -—-
4-FE-5 107 -113  425.0 1.14*% 0.60
4-FE-6 305 -114 399.2 1.12* 1.02
4-FE-19 106 187 238.3 0.99 0.73
4-FE-20 31 187 238.3 1.84 1.50
4-FE-44 163 185 247.9 0.54 0.36
4-FE-45 308 185 242.8 2.43 1.83
4-FE-46 561 185 239.8 3.40 3.32
4-FE-47 806 181 232.8 4.22 4.88
4-FE-48 1006 179 228.1 6.28 6.10
4-FE-49 562 178 230.4 5.1 5.31
4-FE-50 115 193 263.3 2.0 2.19
6-FE-5 27 196 229.1 0.82 -—-
6-FE-6 49 194 232.3 0.95 -—-
6-FE-7 108 193 233.1 1.02 -—-
6-FE-8 312 195 225.0 2.02 -—-
Pyroid Disk
1-PY-52 109 217 174.4 96 -—-
1-PY-53 187 221 172.1 102 -—-
1-PY-54 277 219 169.2 107 ~--
Zirconium Disk

2-71-8 107 182 248.2 4.08 ---
2-21-9 187 182 243.0 5.13 ---
2-21-10 276 183 249.5 6.06 .-
4-71-42 107 190 232.7 5.46 3.75

*Estimated by A1/2°F deviation



TABLE A-3(Cont'd)

Run P T AT h

Psi °F °F Btu/hr sq ft °F Btu/hr sq ft °F

hy

Magnesium Disk

2-MA-12 134 209 222.9 45.5
2-MA-13 209 208 186.9 80.3
2-MA-14 308 212 164.6 121.5

Stainless Steel Screen--10 Mesh

2-SS10-16 132 192 239.8 17.3 -——
2-SS10-17 192 190 231.4 19.5 ———
2-S$10-18 279 191 229.0 23.9 -
3-SS10-23 104 -106 378.2 7.40 ——-
3-SS10-24 299 -104 374.6 12.7 -—-
Stainless Steel Screen--100 Mesh
1-SS100-57 96 216 183.0 64.6 -—-
1-SS100-58 187 220 167.6 90.1 -——-
1-SS100-59 277 229 157.2 118 ——

Titanium Screen--10 Mesh

1-TI10-60 102 195 231.9 10.7
1-TI10-61 186 192 233.6 16.3
1-TI10-62 275 189 218.9 21.9

Tungsten Screen--20 Mesh

1-W20-64 9 218 143.4 118
1-W20-65 186 229 136.3 162
1-W20-66 278 246 135.0 186

*Estimated by A1/2 °F deviation
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APPENDIX B
UNCERTAINTY ANALYSIS

The junction thermal conductance is defined as

= 9
h = 3

where q 1is determined from the product of the thermal conductivity
and temperature gradient in the metal test specimen. The calculation
of q by an energy balance method for the very low heat flux runs
with aluminum specimens is discussed on page 31. Since q/A is
evaluated as the product of two terms, the uncertainty as a percent-

age is given by

é((]_‘ll={[€_k]2+ F%%)_] 2}1/2
As an estimate of the uncertainty in the published thermal

conductivity values and graphical interpolation (Figure 9) a value

of 5 percent was selected. For each run a maximum and minimum slope
(dt/dx) was read from the plot of specimen temperature versus length.
In all cases the slope variation was well within 21°F/inch. From these
results a reasonable estimate of the uncertainty in dt/dx is 0.5°F/inch
for the low heat flux runs with interstitial materials and perhaps as
large as 1 1/2°F/inch for the much greater heat flux tests with the
bare junction. All1 high temperature runs were conducted with water

as the coolant and for the interstitial materials the mean tempera-

ture varied somewhat with the heat flux. Therefore, the magnitudes
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of 8q/q, the estimated uncertainty in the calculated heat flux is
presented as a function of Qj in Figure 16. Maximum and minimum
possible slopes (dt/dx) were also estimated from the graphs of
temperature versus length. The magnitudes of 6q/q calculated from
these limiting slopes are also plotted in Figure 16. By comparison,
the estimated uncertainties in dt/dx and k seem valid. The maximum
Qj value plotted is 101 Btu/hr which corresponds to the 100 mesh
stainless steel screen run at 300 psi. The same plot for the
stainless steel specimens would indicate somewhat lower uncertainties
since for a given heat flux, dt/dx would be approximately 10 times
larger for the stainless steel than for the aluminum specimens.

For the interstitial material runs it would be possible to have
an error of as much as 4°F in the value for AT, the junction tempera-
ture difference. However, from the test results it was estimated
that the uncertainty would be between 2°F and 4°F. For the high
temperature tests with the aluminum specimens the junction tempera-
ture difference was approximately 200°F, and for the low temperature
runs (liquid nitrogen coolant) the value of AT was between 300°F and
400°F. Therefore, the maximum percent uncertainty for AT occurred
during the high temperature runs and was on the order of 2 percent.
For stainless steel specimens AT was as small as 100°F so that the
percent uncertainty, 6§ A T/T, is increased to 4 percent.

The estimated uncertainties in AT and g can be combined to

calculate the uncertainty in h,
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- 892 8AT 2,1/2
(h/h) { (q )"+ (%)
Since the magnitude varies with q, hence h, the ratio Sh/h is presented

graphically as a function of h in Figure 17.

81



82

90URIONPUO) |ewddy) ui Ajulejuasun pajewilsl  Zl I¥N9IA

do Num 4dy/n31g a5ue3odnpuo;) [ewusy]| ,mm
0cl 0ol 08 09 1) 0¢ 0
' : _ i L A N | v | T
\ Ve

eleq wnutwniy J404
Ajuteldadsup pajewtlsy -

BlR(Q |9931S SSa|ulelsS 404
Ajulejuadsun pajewllsy <

ov°0

08°0

021

09°L

Y

3JUeR3ONPUO) [eumadyy ul Ajuielusdun ‘Yo



