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1. INTRODUCTION

On October 30, 1963, Arthur D, Little, Inc. initiated work on
"Basic Investigaticns of Nulti-layer Insulation Systems" under Coatract
No. NAS3-4181 with the MASA Lewis Resear~h Center. This effort is, in
part, a continustion of previous work initiated under Contract Nos.
NASS5-664 and NASw-615.

The heat leak into storec cryogenic propellants carried in space
vehicles has an important effect on the quantities lost through
vaporization, on the tank pressure 11mits,.and on the utilization of
the propellants. The heat leak rate to the propellants varies as the
vehicle changes its enviromment, starting in the earth's atwmosphere
and ending in the vacuum of space. 1In all the eavironments, the heat
leak to oxygen and, particularly, to hydrogen propellants must be
limited and regulated in order to make the mission feasible and prac-
tical,

The means of limiting the heat flow in all the environments
through the use of multi-layer insulations separately and in combina-
tion with other ingulating media has received considerable attention,

Our studies both analytical and experisental, as reported herein,
have dealt separately with the performance of the insulating media
and environments.

Specifically, the present contract inciudes four major tasks:

(1) a series »f experiments to measure the efficacy of insulatioms with
three thermal conductivity apparatus; (2) a series of tests to deter-
mine the heat leak through various insulation materials installed on
either of two calorimeter tanks; (3) the design, construction and
operation of an emissometer to determine the total hemispheric emittance
of candidate materials’for multi-layer insulations and; (4) analytical
studies in support of the other three tasks.

Although each task appears as & separate item in the contract,
each has provided theoretical or experimental support for the others.

As a matter of expedience and ease of reference, the detailed tasks
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are described in separate parts of this report; many of the interpreta-
tions and ideas wers, however, derived through discussions between
staff members engaged in the different areas. For easy reference, we
have summarized the objectives of the four tasks in parts A through D
of this section and following this, we have presented a succinct
summary of the results,

A, Thermal Condvctivity Measurements

To rapidly screen various, high efficiency, insulatioans and to
determine the transient and permanent effects that occur under mechanical
loads, three thermal conductivity apparatus were employed, A number
of promising materials for both radiation shields aad spacers were
studied and evaluated. One apparatus was modified to enable accurate
weasurement of the applied mechanical lcads ranginz from O to 2 psig.
This modified apparatus was checked for reliability and accuracy with
a standard insulation which had been previously tested, Tests were
also carried out with a foam-radiation shield wmulti-layer insulation
under conditions simulating both a “'vacuum-bagged" ground hold and the
high vacuum of space.

A brief summary of the results obtained is presented in Part I-E
and & detailed discussion is found in Part II.

B. Insulated Tank Calorimeters

The selection of promising insulations for space-borne cryogenic
tanks was made from the results of the Thermal Conductivity studies.
The actual fabrication and testing of such insulations on a larger
scale was carried out on calorimeter tanks. In such studies, the
problems of fabrication over curved surfaces were delineated and
different solutions tried. Also, the deleterious effect of penetra-
tions could be studied and experimental heat leak data analyzed and
compared with theoretical predictions. The problem of the transi-
tior from a ground environment to space requires that the insulations
be protected against inleak of condensible vapcrs and mechanical
damage at atmospheric pressure, and that the insulation be readily

evacuated to & high-vacuum state when the tank is carried into space.
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Various solutions to this problem were studied with the calorimeter
tank system, Measurement of temperature gradients within the
multi-layer shields were made and compared in many cases to theoretical
values.

A brief summary of the salient results and conclusions 1is presented
in Part I-F and complete details in Part III.
C. Emissometer

A simple emissometer has been fabricated and used extensively in
this program to determine cthe emittance of materials proposed for
radiation shieids {n multi-layer insulations. Also, the inmcrease in
emissivity due to the surface contaminants and imperfections on the
- surfaces of the shields was studied. The instrument has been employed as
quality control instrument for purchased multi-layer materials.

Sketches of the apparatus, methods of operation and data taken on
various materials are included in Part IV of this report.

D. Supporting Calculations

During our earlier work on other NASA contracts, several theoreti-
cal studies were conducted to determine factors such as (a) gas
conduction in multi-layered radiation shields, (b) radiation transfer
by closely spaced shields, (c¢) radiative heat transfer through seams
and penetrations in multi-layer insulations, (d) the thermal radiatiom
incident on space vehicles, (e) venting of multi-layer insulation
during ascant, and (f) the optimum design of thermal protection systems.
Each study, generally, was the subject of a separate report and did
not reflect the accuracy of the analyses as verified by experimental
data, During the latest program, limited experimental data became
available to permit checking and modification of previous analyses.

We “.ave, therefore, updated, modified and summarized these previous
analyses into a single topical report entitled "Design and Optimiza-
tion of Space Thermal Protection for Cryogens - Analytical Techniques
and Results" by Dr, Jacques M, Bonneville (NASA CR-54190). This re-
port is being published concurrently with our final report on Contract
NAS3-4181 and fulfills our contractual obligation for supporting

calculations,
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E., Summary of Results and Conclusions from the Thermal Conductivity
Apparatus Studies

General

Several multi-layer insulations were tested and evaluated pri-
marily on their relative heat leak, their ability to withstand wmechani-
cal loads, and their weight., No particular insulation was rated best
within all of these categories. However, it became apparent that
those insulations with finc netting spacers were superior in being the
lightest weight and best insulators (based upon the KpPproduct) but
were definitely inferior with respect to foam or matted fihnr spacers
when subjected to compressive mechanical loads. Properly orientated
spacers, of foam or matted fibers, with large amounts of material
removed, resulted in superior insulation systems when considering the
above criterionm.

Radiation Shields

Only two types of radiation shield materials were tested, sheet

aluminum (to 0.5 wil) and aluminized Mylar. Insulations using the
former were superior in having lower heat leaks while the latter rated
better on a weight basis. Use of thinner aluminum sheets or of
aluminized Mylar with emissivities closer to metallic aluminum would
1mp6rve the performance of both. It was found that the surface treat-
wment of the 2luminum (smooth or embossed) had no apparent effect on
the insulating qualities.

Mechanical Loading

It was vemarkad above that multi-layer insulations wade from

fiber mat (or foam) spacers withstood mechanical loads best, With
one sample of aluminum-Fiberglas insulation, application and release
of a mechanical load actually improved the insulation characteristics,

With applied loads, as low as 0,01 psig, the heat flux through
a typical cluminum-nylon net insulation was proportionalito the 2/3
power of the applied load,

Perforations and Penetrations

Perforations on a crinkled aluminized pclyester film insulation

system caused the heat flux to increase by about 20%; whereas,
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perforations of the same hole size and amount of open area in aluminum
radiation shiclds combined with netting spacers caused the heat flux
to increase by more than 150%,

Compecison tests on a multi-layer insulation system that had been
damaged by veteoroid bumper debris caused by hypervelocity impacts
and an uncé-aaged insulation indicated that the thermal properties of
the demage sample were not significantly degraded by the bumper debris
damage under the simulated impact test condition.

Tests of the effectiveness of a buffer zone in thermally
‘decourling . multi-layer insulation system from a penetration have
confirmed t'e analytical prediction.

Numb.:r of Radiation Shields

With many radiation shields, the actual heat leak is larger than

predicved by simple theory. This deviation is ascribed (1) to the
increased welght of the insulation which causes more solid conduction
and (2) to the increas: in emittance of the radiation shields operating
at highe' temperature levels,

Purged Gas Insulations

Tt:e thermal conductivity of a purged system approaches the
thermal conductivity of the purge gas and is independent of the thermal
. conductivity of the evaciated system,

F. Summary of Results & Conclusions from the Calorimeter Studies

Generel

Fifteen experimental test series were carried out on multi-layer
insulations attached io calorimeter tanks containing liquid hydrogen
or nitrogen. The lowest hest flux measured on any insulation was
0.38 Btu/hr-ft_2 for a 5 ~luminum shield (2 mil sheet aluminum) spaced
with 1/8 x 1/8-inch . sh vinyl coated Fiberglas screen. This system
was, unfortunately, also the highest weight insulation with a shield-
spacer unit we‘ght of 0.044 lbs/ft

The ..ghtest insulation had a shield-spacer unit weight of
0.0045 1‘.fft2. This was ¢ five shield (aluminized polyester film,

coated on both sides, 0,25 mil thick) with nylon net spacers., This
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system had the poorest insulating characteristics and heat leaks of
about 1.1 Btu/hr-ft2 were wmeasured. However, the very low density of
this system gave it the lowest (&;’) value of any insulation tested,
i.e., a value of 0.00072 Btu-in.-1b/hr-£t>-CF,

These +alues quoted above were for liquid nitrogen in the
calorimeter, For liquid hydrogen, heat fluxes increased about 5 per
cent; this increase is considerably larger than the theoretically
predicted increase of 0.5 to 1 per cent,

Fabrication of Multi-Layer Insulations

No unforeseen problems arose in fabrication of multi-layer
insulations to the calorimeter tanks. Application of shields one-at-
a-time to a tank, with extreme care to prevent thermal shorts, is a -
time-consuming job. Significant improvements in cutting, fabricationmn,
and repair techuniques are feasible, Two fapbricated systems showed no
deterioration when ttansﬁorted by commercial truck carriers.

Thermal contractions will cause a stress on the -insulation for
continuously wound shield and spacers, or way induce gaps when insula-
tion is applied in segments. Such contraction stresses are minimized
by "shingle'" attachment methods.

Fiberglas-reinforced polyurethene foams (closed-cell type) were
successfully bonded to calorimeter tanks and cycled from ambient to
liquid hydrogen temperatures with no apparent detachment and with no
cryopumping of the atmosphere.

Simulation Tests--Ground-to-Space Environment

Ground hold simulations were made with both helium and nitrogen
gas purges, Both chamber purges and closed-bag purges were used, Lower
net heat leaks were found with the nitrogen system during a pressure
transient from atmospheric pressure to a high vacuum,

The use of a purge bag reduced the ground environment heat leak.
However, partial evacuation of the bag (with atmospheric pressure out-
side of the bag) caused a significant increase in heat leak as the
multi-layer system was sensitive to applied pressure and inleakage of

condensible gases increased the solid conduction.
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Penetration Tests

A penetration placed within the multi-layer insulation increased
the heat leak to a greater degree than predicted from theory; measured
temperature gradients were in accord with those predicted. No explana-
tion has satisfactorily explained the heat flux discrepancy for this
single test.

Gravity Effects

Heat flux values measured on the upper half of the calorimeter
tank have invariably been larger than those on the lower half. This
difference has been ascribed to settling of the insulation on the upper
Lalf, Such compacting simulates 2 mechanical load and increases the
heat leak. These effects may be accentuated during a lift-off accelera-
tion and lessened during a "no-g" orbiting state.

Aluminized Mylar Stability

Aluminum bonded to Mylar film i{s sensitive to mechanical abrasion
and may detach., Also, water has a very deleterious effect on this
reflector material.

Nylon Netting

Nylon netting, used as a spacer material, gives good performance
under no-load conditions. Insulation systems with such a spacer, how-
ever, will degrade under an imposed load; even ordinary thermal con-

traction will increase significantly the solid conduction component,
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I1. EXP .RIMENTAL PROGRAM

THERMAL CONDUCTIVITY MEASUREMENTS

A, SUMMARY

1. Purpose and Scope

This report summarizes the work carried out on the experimental mea-
surements of thermal protection systems for liquid-hydicgen tanks by
Arthur D, Little, Inc., at Cambridge, Massachusetts, and at the RASA Lewis
Research Center, Cleveland, Ohio. This work, under Contract No. NAS3-4181,
is a continuation of the theoretical and experimental program begun under
Contract NAS5-664 and NASw-615. L

As in the previous contracts, the purpose of the work was o increase
knowledge of the thermal behavior of multilayer insulations and to obtain
data on the effects of variables on their performance. The major emphasis
was on problems of installation and techniques for transition from ground-
hold to space conditiouns. Less emphasis was placed on the theoretical
aspects of the behavior of insulation systems,

2. Approach

Our previous work indicated that the most profound effects on multi-
layer insulation performance were produced by mechanical losd, gas pressure
and type, and thermal shorts. We, therefore, performad thérmal coaductivity
tests to investigate:

a, the effects of compressive mechanical loads on several
multilayer insulacion systems;

b, the effects of purge gas within multilayer insulation
systems}

c. the effects of perforations in the radiation shields;

d. the effectiveness of a buffer zone against radiation
into the edge of a multilayer insulation sample;

e, new material and ccmbinations thereof as they become
available;

f. the effects of added radiation shields on heat flux; and,

II-1
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g. testing insulations in support of work being done
on other parts of this program.

3. Findings and Conclusions

On the basis of the results of tests on different multilayer insula-
tion systems, we can summarize ocur findings and conclusions as follows:

a. The configuration of the radiation shield surface
(i.e., smooth or embossed) appears to have no in=-
fluence on the heat flux when the shield is used
in combination with fiberglass mat or cloth spacers.

b. The application and subsequent release of mechanical
loads on 4 sample in the test apparatus appear to
improve the thermal insulating properties of a system
containing aluminum radiation shields and fiberglass
cloth spacers,

¢. When the number of radiation shields is increased.
experimental variations from the theoretical heat
flux are observed, which indicate that: (1) because
of the weight of the overlying material in thicker
samples, the solid conduction may increase; and
(2) additional radiation shields may be less effi-
cient because their temperature may be higher and

hence their emittance greater,

d. The thermal performance under mechanical lcad depends
upon the behavior of the spacer materials., Less re-
silient materials (as compares to fiber mats or foam
spacers), such as cloth and ne&ting, exhibit a higher
heat flux under mechanical load. The heat flux through
the spacer can be lowered by reducing the load-
supporting area within the range of the compressive
strengths of the spacer materials.
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Arthur 0. Wittle, Iuc.



e,

h.

Tests at mechanical loads as low as 0,01 psi have
confirmed that the heat flux through 8 multilayer
insulation of aluminum shields and nylon netting is
proportional to the 2/3 power of the applied load.
The thermal conductivity of a purged s&stem approaches
the thermal conductivity of the purge gas and is ef-
fectively independent of the thermal conductivity

of the evacuated syscem.

Tests of the effectiveness of a buffer zone to
thermally decouple a multilayer insulation system

toor a penetration have confirmed the analytical
pcediction,

Perforations in a crinkled aluminized polyester film
insulation'system caused the heat flux to increase by
about 20%; whereas, similar perforations (i.e., the
same hole size and amount of open area) in aluminum
radiation shields used in combination with netting
spacers caused the heat flux to increase by more

than 150%.

Comparison of tests on a multilayer insulation system
that had been damaged by metecroid-bumper debris caused
by hypervelocity impacts and on &n undamaged insulation
indicated that the thermal properties of the damaged
sumple were not significantly degraded by the bumper-
debris damage.

Our work to date has shown that it is.feasible to select material
combinations which will minimize the effacts of mechanical loads on a
multilayer insulation system and that the system can be arranged so that
influences of penetrations can be minimized. If the present rate of

progress--both in experimentacion and application--in the development of

{mproved multilayer insulation systems' performance can be maintained, it
appears very likely that by the time extended space missions are required,
it will be possible to keep the boil-off rates of cryogenic fluids within

a few per cent per year.,
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4. Recommendations

On the basis of our therwal-performance data for multilaver insula-
tions, we recommend that NASA:

a, Continue the program to optimize materials and material
combinations; in particular, to develop spacer materials
with greater contact resistance and radiation shield
materials with lower emittance. Determine the effect
of temperature on the emittance of radiation-shield
materials,

b. Develop improved thermal-insulation systems; that is,
systems having a smaller product of thermal conduc-
tivity times density.

c. Continue the program to develop systems that will
retain their thermal-insulation properties over a
wide range of applied loads and will over.ome
problems encountered during application of the in-
sulation system to a tank; that is, problems such
as compressive loads caused by tension during the

wrapping process.

B. INTRODUCTION

The theoretical and experimentsl investigations of the performance
of multilayer insulation systems performed by various laboratories have
brought about a greater awareness of the role such insulation systems
can play in the long-term protection of cryogenic fluids in space. The
results obtained in these earlier laboratorv investigations are now being
applied, in several programs, to systems designs that approach the scale of
space-flight hardware,

The search for applications of multilayer insulation systems has
gshown the necessity for additional information on the behavior of these
systems under conditions which approximate more closely those expected
during actual use, including: (1) the mechanical pressure exerted on the
insulation system, (2) the purging of systems during prelaunch and check-
out, (3) the ensuring of rapid and maximum removal of gases within the
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insulation system, and (4) the thermal decoupling of the insulation from
penetrations, All these conditions will have important effects on the
optimization--of both function and weight--of the various multilayer in-
sulation systems,

To obtain the full effectiveness of multilayer insulation systems for
future space missions, increased effort has been concentrated on the de-
velopment of new insulation materials, Various companies have performed
extensive development efforts to provide new ana improved materials, par-
ticularly for spacers and reflecting coatings on polyester films. As soon
as new insulation systems and materials have become available, we have
included them in our experimental program.,

The following sections discuss the portions of our work which deal
with the techniques and results of measuring the thermal conductivity of
multilayer insulation systems as a function of different variables.

C. INSULATION SYSTEMS

We chose the multilayer insulation systems for this program on the
basis of their potential to perform effectively in both ground and space
enviromments, We considered the following criteria of utmost importance:
(1) types of materiai, (2) heat-trausfer charvacteristics, {3} unit weight,
(4) potential applications, and (5) specific missions under consideration.
The selected systems were either supplied by the companies which had de-
veloped them or--in the case of systems which we devz »jped-~-assembled from
materials with desirable properties. Thz materjals represented as wide a
range of spacer and radiation-shield combinations as possible so that the
data obtained would be useful in predicting the perfoimance of similar
multilayer insulation systems.

We tested 18 different insulation systems with the thermal-conductivity
apparatus, Table II-1 provides details of the insulation systems tested,
the supplier of each sample, and the variable investigated on each sample.
It alsn identifies each system by number for cornvenient referencing in the

discussion that follows,
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D, APPARATUS AND INSTRUMENTATION
1, Description

To measure the thermal conductivity of multilayer insulations and
to study the effects of different variables on thermal conductivity, we
have designed and built a flat-plate apparatﬁs, shown in Figure II-1,
consisting of a double-guarded cold-plate, a warm-plate, a sample chamber,
and a vacuum jack.t., A circulating fluid keeps the warm-plate at the
desired uniform temperature, The cold-plate consists of the bottom sur-
faces of the measuring vessel, and the surrounding guard vessel. The
enclosing bell jar permits the apparatus to be evacuated to pressures as
low as 10~6 torr, The pressure within the sample chamber is controlled
separately, so that the sample can be exposed to varying levels of gas
pressure, The quantity of heat flowing through a 6-inch-diameter center
gection of a 12-inch~-diameter (approximately) test sample is determined
by the boil-off rate of the cryogenic liquid contained in the measuring
vessel, The volume flow rate of the bolil-off gas is used to calculate
the thermal conductivity., This apparatus is described in detail elsewhere.(l)

During this program, three double-guarded cold-plate units were used
to measure the thermal conductivity of various thermal insulators at
liquid-hydrogen and liquid-nitrogen temperatures, Two units, No. 1 and
No. 2, are located at the Lewis Research Center in Cleveland, Ohioc, and
a third, No. 3, is located at the Arthur D, Little, Iuc,, Laboratory in
Cambridge, Massachusetts.

2. Improvements
a, Liquid-Hydrogen Transfer Lines

The vacuum=-jacketed hydrogen-transfer lines on the units that operate
with liquid hydrogen were modified so that only one 150-liter portable
storage dewar is now required to supply each apparatus; whereas, previously,
two werve required for each apparatus. This change provides for ease and

safety of operation and for more economical use of liquid hydrogen. The
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‘ VACUUM JACKET
LIQUID=NITROGEN /
GUARD VESSEL\
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COLD-PLATE GUIDE

/ VENTS

| GUARD VESSEL
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MEASURING VESSEL
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DEVICE FOR FILL LINE
MEASURING SAMPLE
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FIGURE II-1 CROSS-SECTION OF DOUBLE-GUARDED COLD-PLATE THERMAL-
CONDUCTIVITY APPARATUS
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valves in these transfer lines were replaced with valves suitable for use
with liquid hydrogen. We replaced the soff:-soldered copper fittings on

the fluid lines to the warm-plate of apparatus No. 1 with a stainless steel
assembly., This assembly will permit higher warm-plate temperatures to be
attained during testing and will eliminate hazardous soldering operations,
which formerly required shut-down of hydrogen testing on units No, 1 and
No. 2.

b. Small Mechanical-Loading Device

The original thermal=-conductivity apparatus is equipped with a muv-
able wam-plate, which, when driven hydraulically, may be used to compress
insulation samples against the cold-plate to determine the effect of
mechanical loading on thermal properties. 1In our work of the past two
years, tnis device has been used extensively to apply mechanical loading
of 2-15 psi to a shaft that slides through an "Q"-ring seal in the vecuum=~
chamber wall; frictional losses at that seal introduce uncertainty in
this method and limit its reliable use to mechsnical loading above 2 psi,

Although evacuated multilayer insulation appljed to space-vehicle
tankage may be subjected to loading of about one atmosphere during the
ground-hold period, it is anticipated that, during space flight, loads
considerably smaller than 2 psi may be present within the insulation system.

Among the causes of such small loading may be: wrapping tension of the
insulation, thermal expancion of the insulation components with respect to

the tank, and compression of the system in the vicinity of tank support
members,

In order to apply and measure small mechanical loads on multilayer
insulation samples, we r . uired addftional instrumentation, We considered
several loading methods, but excluded designs with electrical components
because of their potential hazard in a possible hydrogen-in-air atmosphere,
We finally constructed a cevice using welded bellows (shown in Figure II-2),
because of its apparent advantages in accuracy, simplicity, and economy.

The device consists of the following essential components:

(1) A floating plate, to transmit the load into
the sample. This plate is rigid (0.5-inch

Ir-11
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thick), contains several copper-constantan
thermocouples, and, in this arrangement,
substitutes for the wam plate,

(2) Three welded bellows assemblies, to coavert
pneumatic pressure into a force that is ap-
plied to the floating plate,

(3) Three dial indicator assembles, to determine
the positioa of the flrating plate.

(4) A support frame (which attaches to the warm-
plate structure), to support the bellows
assemblies and pirovide a reference surface
for the dial-indicator measurements.

Two more required modifications in the thermal-conductivity apparatus
were accomplished: (1) viewing ports to observe the dial indicators were
installed in the vacuum~chamber wall; ind, (2) the sample-chamber wall was
lowered to make room for the welded bellows assembly., The dewar assembly,
previously supported by the sample-chamber wall, had to be supported now
by three rods.

In the operation of this device, a sample is placed on the floating
plate as showr in Figure I1-2, and the bellows are pressurized. The
pressure extends the bellcws and raises the floating plate, compressing
the samplez against the cold-plate, The warm-plate, to which the support
frame is attached, is then raised by the external hydraulic cylinder until
the dial indicators show that the bellows are recurned to their unpressured

ight., The force acting on the sample can then be computed directly from
the pressure-gauge indication. This force is independent of the sprinag
constant of the bellows.

We installed the device in the conductivity apparatus and, after some
brief preliminar; measurements, conducted a test with a sample of a typical
multilayer insulation system, In this test, the thermal-conductivity appa-
ratus operated satisfactorily and measured wmechanical loads as low as 0.0l
psi. The pressure regulater in the pneumatic system was the limiting factor;
it appears that a regulator of higher sensitivity may make the apparatus
capable of measuring loads down to approximately 0.004 psi,

I11-13
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3. Calibration

Calibration tests were per“ommed on two of the three operating units
to determine if the performance of the apparatus was impaired by recent
modifications or by normal operation over a period of nearly two years.
In the calibration tests, a flat heater was attached to the measuring-
vessel portion of the cold-plate. An aluminum radiation shield, attached
to the measuring vessel, surrounded the heater to ensure that all of the
power supplied to the heater would be transferred to the measuring vessel.
The measuring, guard, and nitrogen vessels, and the warm-plate were filled
with liquid nitrogen to minimize temperature differences between the sur-
faces of the sample chamber. In addition, a radiation shield, fastened
to the guard vessel, enclosed the radiation shield and heater described
above to further reduce the possibility of stray radiation reaching the
measuring vessel, The same calibration method was used for all three
apparatus after fabrication. Measurements showed that the power dissipated
in the leads of the heater circuit was 3.9% of the total power measured at
the terminals. The data were adjusted to account for this power loss.

The test was conducted at power inputs to the heater of from O to
approximately 44 milliwatts, The results of these tests are given in
Tables I1I-2 and II-3, where the power dissipated at the heater (input) is
compared to the boil-off rate (oﬁtput). The calibration data are within
reasonable experimental error and, we believe, demonstrate that the per-
formance of each of these units is satisfactory and has not been impaired

by either modification or use.
E. EXPERIMENTAL RESULTS
1, Materials

a, Comparison of Radiation Shield and Spacer Materials

Tests were performed on samples of four insulation systems that were
submitted by L'!Air Liquide. These sawple3 consisted of combinations c&
smooth=~ or waffled-aluminun radiation shields and fiberglass cloth or
fiberglass mat. The samples are described in Tablz II-1, Insulatiom
Systems VIII, IX, X, and XI. The resulte of the tests performed on these

1I-14
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TABLE II-2

HEATER CALIBRATION OF THERMAL-CONDUCTi/ITY APPARATUS NO, 1
January 1964

o

Tcold -320°F

Heater Power Boill -0ff Rate . Difference
(input) (output) (output minus input)

(BTU/hr-£t?)  (watts x 1070) (watts x 1070) (wacts x 107 @
0 0 0.2 +0.2 -—-
0.147 9 9.0 0.0 0.0
0.336 20.5 19.6 -0.9 4.6
0.715 43.7 43.8 +0.1 +0.2

TABLE II-3
HEATER CALIBRATION OF THERMAL-CONDUCTIVITY APPARATUS NC. 3
January 1964
. _290°
Tcold 320°F
Heater Rower Boil-Q ££f Rate Difference
(input) (output) (output minus input)
(BTU/hr-£:2)  (vatts x 1073) (watts x 1073) (watts x 1073 @x)
0.178 10.9 11,1 +0.2 +1.8
0.425 26.C 25.4 -0.6 -2.3
1,26 76.8 76.4 0.4 -0.5
11-15
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samples are given in Tables II-4 through I1~-7. The first two samples
(Nos. 2026 and 2027) were tested and reported under the previous contract
but are repeated here for reference, Figure II-3 and 1I-4 are plots of
data taken from those tables and are presented to demonstrate the following:
(1) With the spacer matciials tested and for the

condition of sligi:t, although unmeasured,

mechanical loadins on the insulation samples,

the embossed aluminum radiation shields ap-

peared to produce the same heat flux through

the insulation system as the smooth radiation

shields. Only a limited amoun: of the col-

lected data was useful for comparing the

smooth-aluminum with the embossed aluminum

radiation shields, because the samples con-

taining the former were tested near thei-

optimum density (zero load) while the samples

containing the latter were tested primarily

as load-beariag insulations, Figure II-3

shows heat flux plotted as a function of the

mmber of radiation shields per inch for all

four insulation systems., In Figure II-3,

comparing the results of the tests on the

samples that contain the zame spacer materials,

sample No., 2026 with 2028 and sample No. 2027

with 2029; the curves are apparently parallel

and very close together, In the range where

the curves overlap, the samples are under

very slight, although unmeasured, mechanical

loading.

(2) Applying and then releasing the mechanicai

load imposed on a sample in the test apparatus

apparently improves the thermal insulating

propertias for the sample containing aluminum

radiation shields and fiberglass cloth spacers.
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Heat Flux (Btu/hr-ftz)

Teold = 423°F
10
5.0
Sample No. Sample No. Sample No. -
2026 y) 2028| 2029 /3
1.0 '
"
0.5p— £
y |
*l ,ﬁnple No. 2027
——
L et
]
é LEGEND:
y Sample Mo, Me'.crial
0.1 ‘ ® 2026 (10) 0.0005-Inch Smooth Aluminum
+ (11) Fiberglass Mat (System VIII)
& 2027 (10) 0.0005-Inch Smooth Aluminum
0.05 + (11) Three Fiberglass Cloth
(System IX)
0 2028 (10) 0.0005-Inch Embossed Alu-
minum + (11) Fiberglass Mat
0.02 (System X)
' o 2029 (10) 0,0005-Inch Embossed Alu-
minum + (11) Three Fiberglass
Cloth (System XI)
0.01 L S— A | L I G T—
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Number of Radiation Shields Per Inch

FIGURE II-3 EFFECTS OF EMBOSSED RADIATION SHIELDS AND SPACER
MATERIAL ON HEAT FLUX THROUGH MULTILAYER INSULA-
TION SYSTEMS (SYSTEMS VIII, IX, X AND XI)
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Heat Flux (Btu/hr-ft2)
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FIGUREII-4 EFFECT OF MECHANICAL LOADS ON THE HEAT
FLUX THROUGH A MULTILAYER INSULATION
(SYSTEM IX)
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Figure II-4 shows heat flux plotted as a function of sample thick-
ness for the system containing smooth aluminum radiation shields and
fiberglass cloth spacers. The solid curve represents data taken before
any appreciable mechanical loading was applied to the insulatiun sample.
An estimated l-psi load was applied to the sample and then released, and
then tests similar to those before loadin, were performed, The data ob-
tained after mechanically loading the sample are represented by the dashed
curve, Although most of the data taken after release of the locad were
obtained with the cold-plate at -320°F--the cold-plate was at -420°F be fore
loading--we believe that in these tests the heat flux is not affected by
this change in cold-plate tempcrature. (Refer to pp. 61 and 62 of Report
No, 65008-00-02, Contract No, NAS5-664,) The dashed curve can, therefore,
be imagined to extend through the 0!'s and the A's which represent Tc of
=423 and =320, respectively, and it appears that applying and releasing
the mechanical load resaults in & more tightly packed sample and a lower
heat flux through the insulation systems.

b, Quality

A sample of a multilayer insulation system consisting of 20 radiation
shields of crinkled a'uminized-polyester film 0.00025-inch thick was
tested to determine the insulating properties at its optimum density.

A sample of similar material which had been purchased more than two years
earlier was tcsted in March 1962, but recent data (obtained from samples
No, 1050, 1052, and 1053) indicated that the material quality had improved
during the interim period. A conference with the manufacturer revealad
that, during that time, the fabricating process had been modified to pro-
duce a more controlled and uniform aluminum coating on the polyester film.

The results of these tests appear in Table II-8, Figure II-5 shows
two curves representing heat flux plotted vs, the number of layers per
inch: one curve is plotted for the early data; the other, for the more
recent data. At 40 radiation shields per inch, the heat flux through
the sample tested this year is approximately 30% lower than for the sample
tested earlier, thus indicating an improvement in the quality of this

insulation.
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Heat Flux, Btu/hr—ft2
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O Sample (1010) 20 Layers .00025 Inch Crinkled Aluminized -
i Polyester Film (T, = -320F) i
Test Date: March 1962
0O Sample (1054) 20 Layers .00025 Inch Crinkled
- Aluminized Polyester Film 7
(T, = -423F)
B Test Date: February 1964 i
1
7
1
T
-
- 1
- | 1 ] ] 2l ! I T 1 .-.—I—LJ
10 15 20 25 30 40 50 60708090 100 150 200 250 300
Number of Radiation Shields Per Inch
FIGURE II-5 EFFECT OF MATERIAL QUALITY UPON THE HEAT

FLUX THROUGH A MULTILAYER INSULATION
(SYSTEM 1) \
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¢. Hnittance

A series of tests has been made to determine the total hemispherical
emittance of various surfacas encountered in multilayer insulation systems.
To perfurm these tests, we used the thermal-conductivity apparatus and a
technique in which the warm-plate is covered with the material to be
measured, and is allowed to radiate to the nearby cold-plarz, The distance
between these parallel surfaces may be made small in comparison with their
diameters, 3o that the -.uape factor of either surface is 1. Knowing the
temperature: of the two surfaces, the total hemispherical emittance of
the cold-plate, and the heat input to the cold-plate, we can then deter-
mine the emittance of the covering applied to the warm-plate. For diffuse
and gray surfaces (for which emittance is independigf of wavelength) the

net heat flux between the tw» surfaces is given by

4 - -8 C (1I-1)

where: q = Heat Flux, Btu/hr
o = 0.174 x 1073 Btu/hr-£t

T = Temperature, %r

2_0R4

a = Area, fr*
es = Emittance of Sample
ec = Emittance of Cold-Plate

The total hemispherical emittance of the cold=-plate (ec), which was
coated with a 0,002-to~C,005-inch layer of Black Velvet Coating 9564
(Minnesota Mining & Manufacturing Co.) had to be detewmined Sefore any
highly reflective surfaces could be tested, In order to establish this
(ec), ‘  arm~plate was also painted with the same black-coating and a
series o. tests was conducted with the warm-plates and the cold-plates
at several temperature levels, The emittance values were then calculated
by using the data so obtained for the simultaneous solutions of a number
of equations of the form of equation II-l.
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Tests were then performed to determine the emittanca (es) of a sample
of 0.002-inch thick 1145-H19 aluminum (Alcoa). The aluminum was bonded to
the warm-plate with a small amount of vacuum grease to insure good thermal
contact., For the low heat flux measured, the temperature drop across the
foil-warm-plate interface was regligible, and the warm-plate temparature
reading. were taken as the sample temocrature, For these tests, the cold-
plate temperature was varied (-320°F and —423°F) while the warm-plate tem-
perature was hcld coanstant (41 to 42°F), and the net heat flux betweea the

two suriaces was measured.
The results of these measurements appear in Table II-9. The

emittance of the black velvet coating was found to be 0.93 at about
40°F, and appeared to change linearly with temverature: 0.87 at -423°F,
and 0.95 at 300°F. Figure II-6 shows the emittance of this coating
plotted a8 a function of temperature. The emittance of the aluminum
foil, which was at about 40°F, was found to be 0.02 for two tests:
one test with the cold-plate at the normal boiling point of liquid
nitrogen and the other test with the cold-plate at the normal boiling
point of liquid hydrogen.

An error analysis was performed upon the computation: the results,
given in Table II-1C, show that uncertainties in the computed emittance
of the warm surface fall in the 3-5% range, assuming the gray-body

condition to be valid. Edwards and Nelson(3)have examined the gray-
body assumption and have concluded that for T4 3 T%, which in the case

for these tests, errors due to nongrayness are negligible.

2., Number of Radiation Skields

Tests were performed on samples of multilayer insulations (Table
II-1, Systems I1-.2, 3, 4 & S) to determine the effect, if any, of the
number of radiation shields on heat flux.

The test regults are presentcod graphically in Figure II-7. The
points shown are the optimum heat flux rates obtained for each sample,
corrected to a warm-piate temperature of 41°F., The paralle: solid
lines give the computed heat flux through a multilayer insuiation system
agsuming that the heat flow were due to radiation only. Emittance values
of 0.3 and 0.9, respectively, were used for the warm and cold boundaries

of the system, and a value of 0.36 was taken for the uncoated surface

11-=27
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Heat Flux Btu/ hl.'—fl:2

10.0

F 1 "71T T vl 1 1 vt rrTrvy ord lﬂ

8.0} Material: -

— Radiation Shields: 0.00025 In. Crinkled Aluminized Polyester Film™]

6.0~  spacers: 1/8 x 1/8 In. *‘esh Vinyl-Coated Glass Fiber

- Screen —

4.0 - Theoretical Curves: —

] Curve"A" Radiation Heat Transfer in a Multilayer Insulation 1

3.0F with Aluminized Side € = 0.07: Unaluminized Side —

€=.,36.
- ~
Curve "B" Radiation Heat Transfer as Above Except Aluminized
2.0 Side €= 0.045. -—
Av;aratus:
] Warm Plate Temperature: 41°F, € = .3 )
Cold Plate Temperature: -423°F, € = .9

1.0 — -

0.8 :Sample -
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0.6 r Theoretical Curve "A" :
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0.2 — -
0.] L 1 1 ] ]

N I A
4 5 6 7 8910 15 20 30 40 50 60 80 100

Number of Radiation Shields
S S T

FIGURENI-7 EFFECT OF NUMBER OF RADIATION SHIELDS ON NET
HEAT FLUX
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of the polyester film. For curve A, an emittance value of 0.07 was
taken for the aluminized surface of the polyester ‘film; curve B was
computed with an emittance value of 0.045, The heat flcw rate was
determined by equating the heat flux between the shields, and solving
a series of equations of tke form of equation II-1,

The thermal radiation data of the radiation shields were determined
in tests performed in another phase of this program. See section E-l-¢
of this report for details of these measurements,

The rising trend of the data points with increased numbers of
radiation shields, as compared with the theoretical curve for radiation
heat transfer, suggests an increasing solid conduction component for the
thicker samples. This could be partly due to the comprossion of the
lower leyers of the sample by the weight of the overlying material,
which is appreciable for the thicker samples, A possible increase in
enmittance of the radiction shields at higher temperatures, reshlting
in a less efficient use of additional shields, may also partially account
for tha rising trend,

3. Mechanical Loading

Because of the adverse effect compressive loads have on multilayur

insulations, we continued our investigation of various multilayer
insulation systems which showed the potential to withstand wechanical
compression without excessive deterioration of their thermal properties.
In these tests the samples were compressed between the two rigid flat
plates of the test apparatus.

We tested samples of eight insulation systems, consisting of
combinations of aluminum or aluminized polyester film radiation shields
with cloth, netting, mat, or foam spacers., The test samples are described
in Table II-1, Systems X through XVII incluesive; the test results are
provided in Tables II-11 through I1-17 and Figures 1I-8 and II-9.

Figure 1I-8 contains a plot of heat flux vs. mechanical locad for these
2ight insulation systems; the data are presented as follows:
a. The points at zero mechanical load were determined
by optimizing the density (sece Figure II-9):
b. The darkened points are the resgsults of tests made at
incrementally increasing mechanical loads: and
c. The light points are the results of tests made at

incrementally decreasing mechanical loads.
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s 1 . LEGEND:
System  Sampie No. Denceiprion
1051 Xt 2020 (10) Embosoed Aluminum 0.0005”
1644, 106 (+1) Piberg’ s Cloth (3 62.) 0.004"
0. L xv 0% (10) Aluminized Polyester Ptlm 0.00025"
(11) Nylon Net 0.007*
v 2040 (10) Aluminum 0.002"
{113 Nylon Net 0.007*
Xm 1088 (10) Alauminum 0,002
— (i1) Piberglass Mat 0.020"
xvi 1084  (10) Aluminized Polyester Film .00025"
(11) Polyurethane Foam 0.02"x 2.7 /a3
0.0t X 3038 (10) Embosesd Aluminum 0,0005%
. —_— (11) Fibsxglass Met 0.014"
xo 203  (10) Alumimum 0,002
(11) Fiberglaas Mat 0.02" (1 1%, Support)
xvi 1065 (10) Mluminized Polyester Film 0,00025"
(11} Prlyurethanc Pogm 0.02" x 2.7 lo/S
(11% Supgort)
1 1 1 1 1
0 2 ‘ 4 : 0 1 1 16 " 20 1 1 26

Machanical Load (pet)

FIGURE II-8

MULTILAYER INSULATIONS {SYSTEMS X TO XVII)
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System  Sample No. Description
XI e (10) Embossed Aluminum 0.0005~
{11) Fiberglass Cloth {3 ea.} 0.604"
XV 2039 {10) Alumirized Polyester File 0.00025%
(11) Nyloa Net 0. o7
XV 2040 (10) Alumite. .n 0.002"
(11) Nyloa Net 0.007°
m 1088 (10) Alumisum 0.002"
(11" Ribergiass Mat 0.020"
v 1064 {10} Aluminized Polyester Film .00025™
(i1) Molyurethsae Foam 0.02"x 2.7 ByR
Xt 2033 (10) Alsmimum 0.002"
(11) Fiberglass Mat 0.02" (11, Support)
xva 1083 (10) Aluaintzed Polyester Film 0.00G25"
(11) Folyerethane Foam 0.(2" x 2.7 I/
(1% Support)
] ] l
1004——
3039
4
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-
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3 2088 :
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1063 087
1 [,
1 4 -+
b 4|
o7 a
I
J 7]
J |
!
]
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13
0.1 )
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0.1 .o 10 100 1000
Sample Deasity (1b/%

{5 S
FIGURE I1-9 EFFECT OF DENSITY ON THE HEAT FLUX THROUGH
MULTILAYER INSULATIONS (SYSTEMS X THROUGH XV)
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The curves in Figure II-8 are drawn midway between the data points
obtained for increaeing and decreasing loads, and except for system XIV
were not continued below 1/2 psi. The results for zero load are given.
The curve for system XIV is drawn through data obtained from two different
samples and at twc different cold-plate temperaturss. The daca below 2
psi, except at zervo load, were obtained using one sample (number 3037)
with liquid nitrogen in the cold-plate while the points at zero load
and above 2 psi were obtained using- another sample (uumber 2040) with
liquid hydrogen in the cold-plate. Figure II-10 summarizes the data
on gsystam XIV. The slope of the line drawn through the data points
indicates that the heat flux is proportional to the 2/3 power of the
applied loa<d.

In Figure I1I-8, a comparison of the curves for system X and
system XI indicates that the spacar material largely determines the
thermal performance of & multilayer insulation under mechanical loading.
These samples contain the same radiation shield material but different
spacers, resulting in heat fluxes that differ by an order of magnitude
at the loads measured. For example, the insulation system containing
fiberglas mat spacers (sample number 2028) appears to be one of the
better load-bearing insulations that we have tested, while the system
containing fiberglas cloth spacers (sample number 2029) appears to be
one of the worst. Both systems contained the same embossed aluminum
radiation shields.

Figure 1I-8 indicates that under load the thermal performance
of cloth and netting spacer materials is inferior to matted and foamed
spacer materials. Additional improvements may be produced by sglotting
the spacers to reduce the load-supporting area. Generalized descriptions
of the spacer materials given in the order of improvement as therms.
issulators are: cloth, net, mat, foam, mat 11%Z support, and foam 11%
support.

For all &  these systems, each test mede at les3 than maxiaum
load ¢ Ster the application of the maximum load resulted in a higher
heat flux than the identiéal test made before application.of the maximum
load. Refer to Figure II-8, This may have rvsulted from deformation of
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the insulation system by the large load and its consequent increase in
density. If the system was returned to its original density, its
insulation properties appeared to be slightly improved by the applica-
tion of the load. Refer toc Figures II-4 through II-9.

4. Purge Gas and Type of Gas

\ series of tests was performed on two types of multilayer insula-
tions to determine the qualitative effects on their thermal conductivity
of various purge geses. The samples were sealed in enclosures as shown
in Figure IT-11 and instrumented as shown in Figure II-12, During the
tests, the purging gas entered the sample-chamber through the inlet port.
The sample-chamber was also filled with the purging gas and was main-
tainad at the same pressure as the sample to prevent chamber rupture and
also to minimize leakage from the sample. Purge-gas flow rates and
pressures were determined with appropriate instrumentation, as shown in
Figure II-12. The heat &dded to the system by tne entering purge gas
wis computed to be less than 1% of the total heat flux, for all tests
except test No. 3033d, and was neglected in the calculations. The
heat flux measured in test No, 3033d contained about 7% additional heat
that was added to the system by the condensing of the COy purge gas on
the cold surfaces.

The test samples were designated 3032 and 3033, each consisting of
the materials of Table II-1, System VI, and sample 3034, consisting of
the materials of Table 1I-1, System I,

The insulation samples were tested with liquid n. sen and liquid
hydrogen at the cold side; helium, nitrogen, and carbon dioxide were used
for purging. The test series (initiated in Cambridge and continued in
Cleveland) was interrupted because the samples were damaged during ship-
ment and had tn be repaired. After repairs were made, some tests at
ligquid-nitrogen temperature were repeated, with results approximately the
same as those obtained earlier. One semple was evacuated and tested to
determine the affect of the enclosure on the thermal performance of the
insulation. In this test, the heat flux was about double that previously

measured for this insulation system: such an increase could be accounted
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for by the higher pressure of the residual gas in the sample rather than
by a thermally degrading effect of the enclosure.

The arrangements of the instrumentation for the tests with con-
densible gases was revised to allow the purge gas to enter both ports
while the gas was condensing. The exhaust port was to be opened to let
the purge gas through the system when condensing had subsided and the
maximum amount of frost had rormed within the system. However, cryo-
pumping continued throughout the test, indicating that the formation of
frost was uot complete when the supply of the cryogen in the dewars was
depleted. The heat flux through the purge systems was steady
throughout the tests, and was apparently independent of the transient con-
ditions within the enclosure. The results of purging with condansible
gases are difficult to evaluate, because the extent of condensation in the
multilayer is not easily ascertained.

For helium, aitrogen, and 002 purge gases, it is instructive
to compare the heat flux through the insulation. When nitrogen was used
as the purge gas with a cold-plate at liquid-hydrogen temperature, the
heat flux was nearly eight times higher than when CO, was used with a
cold-plate at liquid-nitrogen temperature. When helium was the purge
gas, the heat flux was 4-1/2 times that of the CUp. This would iudicate
thac when COz forms a low-density snow a lower heat flux is obtained
through the insulation than when helium or condensing nitrogen is used
as a purge gas. Further tests will be required to establish the thermal
properties of condensing CO, and the time required for the purged insula-
tior system to regain the desired low thermal conductivity after it has
been exposed to a low-pressure environment (to which the CO, escapes).

Tables II-18 and 1I-19 show the resuits of these tests, from which
the following conclusions can be drawn:

a. In every cae>, the thermal conductivity of the purged
multilayer insulation sample was at least three orders
of magnitude higher than for an evacuated sample.

b. There is a corielation between the thermal conduc-
tivity of a noncondensible purge gas and the resultant

thermal conductivity of the purged sample: the
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conductivity of a purged sample approaches the con-
ductivity of the purging gas and is effectively in-
dependent of the performance of the evacuated
insulation sample,

c. With helium as the purge gas, the heat flux through
the systems was approximately the same, independent
of the cold-plate temperature.

d. The tests on each sample were repeatable even though
the sample had been tested on two different apparatus
and damaged and repaired between tests.

5. Buffer Zone

A number of mechanical supports, piping connections, and other
structural elements must necessarily penetrate through the multilayer
insulation and make direct contact with the cold-tank wall. At a given
temperature gradient, Zhe heat flow into the tank through these penetra-
tions may be greater than through the insulation system. Because of the
highly unisotropic properties of multilayer inaulatiors (thermal con-
ductivity along an insulation using aluminum radiation shields is 106
greater than across the shields), imposed temperature gradients at
Junctiors with penetrations propagate rapidly along the insulation.

It ig, therefore, necessary to ensure that temperature gradients normal
to the tank wall are much smaller in the insulation than those existing
in the penetruting elements, This is possible if the penetraticn is
thermally decoupled from the insulation.

The methods and requirements of decoupling vary with the specific
system design. It is not possible to decouple by just leaving a gap
between the penetration and the multilayer insulation, because: (a)
radiation from the enviromment can enter the gap, and (b) radiation can
be transferred through the space between the edges of the shields aand
the penetration.

An analysis of the msynitude of the heat flow into the insulation
has indicated that the insertion of a buffer zone of a width only twice
its thickness can thermally decouple penetrations from insulation edges,

II-50

Arthur B.Yisthe Iuc,



even in the extreme case where the buffer zone would touch the penetration,

With only radiative interchange between the buffer zone and the penetra-
(1)

In order to determine the effectiveness of a buffer zone to decouple

tion, thermal decoupling is even more complete,

the insulation system from the thermal environment produced by penetrations,
we performed the following tests. We installed a ring-shaped heater

(see Figure II-13) around the edge of a sample of multilayer insulation.
The temperature at that location was varied by controlling the power
supplied to the heater; the heat flux into the measuring vessel was
determined by measuri.g che boil-off rate, The test sample was con-
structed of materiais described in Table II-1, System XIV. An annular
buffer zone of 1/8 inch width was formed by extending the spacers beyond
the radiation shields. The width (x) to thickness (d) ratio for this
buffer zone was 0.36, We chose this ratio because it correspondad to the
configuration of most of the samples used in our previous work, -

The results of these tests (see Figure I1I-14) indicate that the
temperature change from =195 to -27°F had no effect on the heat flow
pattern within the multilayer insulation sample, Even the high heater
- temperature of +170°F resulted in only a 23% increase in heat flux into
the measuring vessel. These results indicate: (a) that a buffer zone of
thie material and configurati~n is an effective method of thermally de-
coupling a multilayer insulation system from penetrations; and, (b) the
0.36-ratio of width to thickness, repfesentativ& of most of the samples
tested previously in this program, effectively reduces edge effects.

The apparent usefulness of this concept, as indicated by thesge
tests. points to the need for more testing in order to optimize the con-

figuration and the material used to form a buffer zone,
6. Perforations

We continued tests on the effect of perforated radiation shields
on the heat flux through samples of multilayer insulation systems. Pre-
viously(l)we had found that, for a given multilayer insulation syscem,
the heat flux increased directly with thc amount of open area and inversely

with the diameter of the hole. To complete our investigation, we tested
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multilayer insulation samples of other materials, perforated, as before,
with holes o. & given diameter and having diffarent percentages of open
area, We tested twenty radiation-shield samples of 0,00025-inch thick
crinkled polyester film, aluminized on one side (Table II-1, System I),
Each of the samples had a uniform pattern of 1/8-inch-diameter perfora-
tions, but some contained 1.23% of open area; others, 2.40%+ and others,
5%. Each sample was tested at several plate separations to determine its
optimum thickness: the heat flur mec:urements obtained for each of these
thicknesses were then compared,

The results of these tests appear in Figure I1-15, where heat
flux is plotted as a function of amount of opeun area. Also shown are
earlier reported data(l) for perforations of the same aize in an insula-
tion system containing 0.002-thick alumirum radiation shields. For
the crinkled aluminized polyester film system, the heat flux increases
directly with the amount of open ar~s, agreeing both with theoretical
predictions and with the data of the previously tested system. It appears,
however, that the perforations in the samples of crinkled aluminized
polyester film have a much smaller effect on the heat flux through the
system than do similar performations (i.e., the same hole size and amourt
of spin area) ia the samples containing aluminum 2lloy and screening.
The heat flux chrough the former increased by less than 207% while the
heat flux through ihe latter increased by more the»n 15)%%. This may
be a result of the more random arrangement of holes caused by crint ling
of the film,

1. Insulation Tanmk Prsoyram Support

a. Multilayer Insulation System

A sample of an insulation system was tested in support of the
Insulated Tank Program of this contract. The sample is described in
Table II-1 as System VII. The results of this test, giﬁen in Table
11-20, indicate an optimum spacing of about 17 radietion shields per
incn* under that condition, the heat flux is approximately 0.22 Buu/hr-ftz.
This is consistent with results obtained in Test 1I-1-A of tke Insulatu
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Tank Program: rore detail is given in the discussion of that test in
Part III of this report.
b. Composite Insulation System

Tests were conducted, in support of the Insulated Tank Program,
on a sample of a composite insulation system. The sample comsisted of
a foam and a multilayer insulation arranged as shown in Figure 11-16.
The foam is similar to t".at of test 5 verformed on tank calorimeter
number 1 during June aad is identified as Rigid One-Shot Foam No. 1.
The multilayer compounent of the sample consisted of five radiation
shields of 0.002-inch thick 114! -H19 aluminum and 6 spacers of 0.020-
inch thick vinyl-coated glass fiver s-reen, 1/8 x 1/8 inch mesh. In
this series the foam was successively tested: (1) alone, (2) bonded to
the cold-plate, and then (3) in the foam-multilayer combination.
Table II-21 shows the results of these teat. It also riows the results
of earlier tests on a similar multilayer insulation sample. The
thermal conductivity of the foam system was 0.11 Btu—ia/hr-ft2-°r,
The test of the composite system, however, produced inconclusive results.
It is expected that the heat flux through the composite system would
be less than that measured through either component taken alone. However,
the results show that the heat flux through the composite system was
approximately 40 times greater than the heat flux through the multilayer
ingsulation system. This may have been a result of high gas pressure in
the sample contributed by ourgassing of the foam: this condition would
increase the gas conduction through the multilayer insulation., We
assumed that the pressuvre in the sample-chamber, althcugh mot measured
during the test because or malfunctioning of the pressure sensor, was
high because subsequent pressure measurement of the gas in the chamber
contsining this sample were two orders of magnitude higher than normally
encountered. An increase in sressure would degrade tue insulating
properties of the awltilayer insulation to produce the above result.

c. Foam Insuiation System

Teats were conducted on & Freon-blown polyether foam insulation
sample, approximate. .5l-inch thick and 12 inches in diameter;
the faces of the sample were parallel to each octher but exhibited a
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FIGURE 1I-16 CONFIGURATION OF A COMPOSITE SAMPLE (SYSTEM XYX)
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slight waviness The sample was exposed to the vacuum system for more
than 48 hours prior tc testing The heat flux through the sample was
measured under ioad conditions of 5, 10, 15, 20 and 25 psi. The results
of these tests (see Table II-22 and Figure II-17) show that at 15, 20
and 25 psi the heat flux through the system was constant but that

for smaller 1ocads the heat flux was considerably lower. These data
indicate the presence of a high contact resistance at the interfaces

of the sample and the warm- and cold-plates of the apparatus; the high
contact resistance decreases with loading. The measured thermal
conductivity of this sample was 0.09 Btu-in/hr-ft2-OF,

8. Miscellaneous Tests

a Multilayer Insulation Sample Damaged by Meteoroid-Bumper
Debris
Tests were performed on a sample (2041) of multilayer insulation
that had been damaged by meteoroid-bumper debris at e hypervelocity -
impact range at McGill Universityﬂl) The sampie consisted of five
materials described as System VII in Table II-1. The sample coatained
five aluminum radiation shielda; two of which were perforated to a
slight degree with small holes by th: debris, the remaining three were
not punctured. The damage to the ss sle 18 describaed in detail elsge-
where.(a) An undamaged contrnl sample of identical msaterials (sample

2042) -ras also tested.
The results of these tests (see Table II-23 and Figure II-1i8) show

that there is only a small difference between the heat flux of the
test sample and the control sampie, indicating that the thermal properties
of this insulation sample were not significantly degraded by the bumper-
dzbris damage.
b. Tests on a Rigid Sample
Tests were performed on a sample cf rigid pnenolic laminate
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Heat Flux (Btu/hr-ftz)

materials:
- 5 Radiation Shields of 1145-0 Aluminum
6 Spacers of Vinyl Coated Glass Fiber Screen
0.9k 1/8 x 1/8 Inch Mesh (System VII)
® No Damage 7
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FIGURE II-18 EFFECT OF METEOROID~-BUMPER DEBRI5 ON
HEAT FLUX THROUGH A MULTILAYER IN-
SULATION
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(FED SPEC HH-P-256-2, Grade EL). This material is a black linen Lamicoid
used for instrument supports at cr:ogenic temperatures, Tests were

performed with the cold side at -423°F aud the warm side at -320°F,
Considerable difficulty was encountered in the attempt to obtain

a uniform, low contact resistance between the sample and the warm-
and cold-plates of the apparatus because of the rigidity of the l-inch
thick sample and possible warpage at the cold temperatures. The sample
cold- and warm-plate interfaces were treated unsuccer :fully with a
variety of organic and silicone compounds in an attempt to reduce the
contact resistance. By sandwiching the sample between layers of soft
resilient materials, such as felt and sheet rubber, more reasuvnable
results were obtained. However, none of the tests were repeatable,
and the measured thermal conductivity was between 0.1 and 0.5 Btu-in/
hr-£t2-°F. The results of tests on a rigid sample are shown in Tzble
II-24.

Because contact resistance was the controlling variable, the
highest vulue measured would approach the actual thermal properties,
A more satisfactory way to test a rigid sample of this type would be
to bond the sample to the appavatus at its cold surfaces. However, to
do this, an adhesive would have to be found that will bond at cryogenic
temperatures, has a relatively hlgh thermal conductivity, and will be

removable after '.c tests without damaglng the apparatus,
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A. Summary
This report summarizes the work carried out by Arthur D. Little, Inc.

under Contract NAS3-4181 to develop and measure the thermal performance
of multi-layer insulation systems. This is a continuation of the
Insulated Tank Program effort initiated in February 1963 under
Contract NASw-615,

Purpose

The purpose of this study was: (1) to select insulation materials
which were expected to yileld improved performances of multi-layer
insulation systems; (2) to design and fabricate multi-layer insulation
systems, apply them to calorimeter tanks, and measure and evaluate
their thermal performance using liquid hydrogen or liquid nitrogen in
a simulated space environment;. and (3) to develop practical methods of
applying insulation to vehicle-type tanks and achieve the optimum thermal
performance for the least weight of insulation.

Scope

Including two systems of the previous program, we have designed,
fabricated, and tested a total of seven multi-layer insulation systems,
one being a composite system consisting of a foam substrate in addition
to the multi-layer concept. Each system tested is described in
Table III-1., The thermal performance of each insulation system was
measured in a test chamber which sinalated the vacuum and a portion of
the radiation spectrum found in the space environment. To simulate
ground-hold conditious, tests were also made of insulation systems when
contained in vacuum and helium purge environments. A group of fifteen
experimental test series was conducted using the two test calorimeters
and test chamber fabricated under the previous contract.

A summary of the heat fluxes measured for each insulation systém
under the various environmental conditions are presented in Table III-2.

Comments and Conclusilons

Our comments and conclusions -oncerning the experimental effort

conducted under this program are as tullows:
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1. Fifteen experimental test series were carried out on
multi-layer insulations attached to calorimetér tanks containing liquid
hydrogen or nitrogen. The lowest heat flux measured on any insulation
was 0,38 Btu/hr-ft2 for a 5-aluminum shield (2 mil sheet aluminum) spaced
with 1/8 x 1/8-inch mesh vinyl coated Fiberglas screen. This system was
also the highest weight insulation with a shield-spacer unit weight of
0.044 1bs/ft>.

The lightest insulation had a shield-spacer unit weight of
0.0045 lbs/ftz. This was a five shield (aluminized polyester film, coated
on both sides, 0.25 mil thick) with nylon net spacers. This system had
the poorest insulating characteristics and heat leaks of about 1.1 Btu/hr-ft2
were measured. However, the very low weight of this system gave it the
lowest (K P) value of any insulation tested, 1.e., a value of
0.00072 Btu-in.-1b/hr-£t>-CF.

2, The heat fluxes obtained with the multi-layer insulations are
about 5 per cent higher when using liquid hydrogen as the test fluid
compared to liquid nitrogen.

The differential temperature across the insulation system in
the former case is 100°F greater than in the latter case. This increase
would theoretically produce a 1/2 per cent increase in the heat flux if
the flux was due only to radiation heat transfer. The observed increase
in flux is attributed in great part to the presence of a solid conduction
brought about by physical contact of the shields and spacers.

3. Heat flux values measured on the upper half of the calorimeter
tank have invariably been larger than those on the lower half. This we
believe 1s due to the manner of support and the effect of gravity. The
multi-layer insulation systems fabricated during the course of this study
were essentially hung on the calorimeter tanks. That is, each layer
completely enfolded the tank and received its support from the top of
the tank rather than by pins, snap-ons, and other means of attachments
distributed throughout the insulation. This means of support produces
a mechanical load in the top of the insulation and increases the heat
leak., These effects may be accentuated during a lift-off acceleration

and lessened during a '"no-g'" orbiting state.
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4, The net heat to the calorimeter tank, during simulatiou of
the thermal transient that takes place on entering -<nace, is greater
(by more than a factor of two) for helium than for nitrogen when these
gases are uced previously to purge the insulation. This indicates that
the nitrogen gas pressure in the multi-layer decreases more rapidly than
the helium gas pressure. The probable cause of the different effects is
the higher degree of nitrogen surface absorption taking place as the
multi-layer cools compared to helium absorption. This effect is expected
to become more pronounced as the number of shields is increased.

5. Two multi-layer insulation systems were each transported a
minimum of 1000 miles by commercial truck carriers. Neither system showed
any signs of mechanical failure. Measurements made prior to and at the
end of 500 mile trips showed that no changes in the thermal performance
of the systems had taken place during shipment.

6. If the thermal expansion coefficient for shields and spacers
is large, a significant deterioration in the thermal performance of the
multi-layer can occur. In the case where .ne shields and spacers layers
are made continuous around the vessel, thermal contractions in these
layers will introduce a pressure on the layers below and thus increase
the solid conduction heat flux Where each layer is made up in segments,
gaps may form at the joints and increase the radiation flux. In certain
insulation configurations, such as the'shingle method of attachmeant, the
effect of thermal contraction in the shields and spacers can be easily
minimized.

7. No unforeseen problems arose in fabrication of multi-layer
insulations to the calorimeter tanks. Application of shields one-at-a-time
to a tank, with extreme care to prevent thermal shorts, is a time-consuming
job. Significant improvements in cutting, fabrication and repair
techniques such as the application of insulation blankets appear feasible
in terms of both mechanical and thermal performance of such systems.

8. A Fiberglas-reinforced, polyerethane, closed-cell, foam
formed in place onto the calorimeter tank and sealed on the outside with
a vapor barrier was successfully tested at liquid hydrogen and nitrogen .

temperatures in both space and ground environments. The 1/2 inch thick
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foam gave a heat leak less that 100 Btu/hr ft2 in typical ground
conditions. The foam system was subjected to liquid nitrogen and hydrogen
temperatures in a variety of ground and space simulation tests. The foam
did not become detached from the tank or show any signs of cracking or
cryopumping of the atmosphere. When the foam was combined with a
multi-layer insulation and tested in the space environment, it produced

no effect on the performance of the multi-layer insulation. The system
and the application approach have a strong potential for application to
space tanks,

9. A penetration placed within the multi-layer insulation
increased the heat leak to a greater degree than predicted from theory;
measured temperature gradients were in accord with those predicted. No
explanation has satisfactorily explained the heat flux discrepancy for
this single ﬁest.

10. Aluminum bonded to Mylar film is sensitive to mechan.cal
abrasion and may detach. Also, water has a very deleterious effect on
this reflector material,

Recommendations

1. The current studies performed with the emissometer and
thermal conductivity apparatus indicate that shields and spacers with
improved thermal and weight performance are realizable. Final
experimental studies of these materials should be performed with the
tank calorimeters.

2. We have currently successfully studied several techniques for
controlling the heat flux in the ground environmwmt. These have included
foam substrate, helium aud vacuum purged multi-layers and helium purge
shroud. Techniques which appear fruitful for further investigation are
those in which a purge space is provided between the multi-layer and
the tank. These techniques provide a means of insulating the propellant
tank in the ground environment and of bypassing around the multi-layer
any gas that leaks through the propellant tank walls in the space

environment.
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3. The effect of perforations on the radiation heat f£lux has
been studied anaiytically and experimentally with the thermal conductivity
apparatus. The effect of these perforations on the heat flux, when trapped
=g in the multi-layer is being vented, should be studied further in both
t. - flat plate and tank calorimeters. In the tank studies, helium gas
leaks of predetermined rates within the multi-layer and simulated pressure
transients would establish the thermal performance of the insulation under
simulated boost and space conditioms.

4., The current insulated tank studies indicated that a nitrogen
purge gas produced a lower integrated héat leak during a simulated boost
transient than did helium. Additional testing with the tank calorimeter
is required to confirm this effect. Other tests may be required to
establish its nature.

5. The insulation on every space vehicle, cryogenic propellant
tank will contain lines, supports, and wiring that will penetrate the
insulation. In the current work, the studies in this area were limited
and inconclusive. Greater emphasis in any future experimental studies
should be placed on the practical methods of interrupting the tank surface
insulation and on insulating the penetrations to minimize the net heat
flow to the propellant tank.

6. Our current program has not included any studies in consideration
of the permanent effects that vibra’ion, acceleration, and accoustic
environments have on the thermal performance of multi-laye: insulations.

Tha durability and performance of any vehicle component in
these environments is important to the proper functioning of any space
vehicle. As space vehicle components, therefore, multi-layer insulations
must be evaluated in all the possible envirpnments. We are aware that
experimental work in this area is in progress under other goverament
contracts. Such work should be continued and augmented whenever the
development of space insulations are undertaken.

7. The potential for destroying either wholly or in part, of a
multi-layer insulation on a propellant tank during its history prior to
launch is significant. Therefore, the time to apply, reapply, or repair

any insulation system will become an important consideration in the
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maintenance of schedules and the manner of handling and operating the
stages at every step of the way. We believe, therefore, that strong
incentives exist that warrant the development of pre-fabricated
insulations which combine high thermal performance with ease and speed
of application and maintenance. This approach should be emphasized in
any new multi-layer insulation studies.

B. Introduction

The heat £low into the cryogenic propellants carried in space - zhicles
has an important effect on the quantities lost through vaporization, on
the tank pressure limits, and on the utilization of the propellants. The
heat flow to the propellants varies as the vehicle changeé its environment,
starting in the earth's atmosphere and ending in the vacua of space. In
all environments, the heat flow to oxygen and, particularly, to hydrogen
propellants must be limited and regulated in order to make the mission
feasible and practical.

The means of limiting the heat flow in all the enviromments through
the use of multi-layer iusulations separately and in combimation with
other insulating media has received considerable attention and study.

The studies, both analytical and experimental, have deait separately
with the performance of the insulating media and environments. It has
become increasingly necessary, however, to Integrate insulation
performance with the wide range and changing conditions of the
environments. The progrem described ia this section has been an attempt
to perform a part of this integr: ‘on. We have measured and evaluated
the thermal performance and suitability of several insulating media

and téchniques for moderating the heat flow to liquid hydrogen propellant
tanks under space and ground hold conditions. This work has been
performed through the use of calorimeter tanks.

C. Experimental Equipment and Procedures

1. Tank Calorimeter

The caloriveter 18 a vertical cylindrical vessel, 48 inches in
diameter and 26 inches deep, having torispherical heads. The vessel was

fabricated from 1/4-inch thick, oxygen-free, annealed copper because its
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high thermal conductivity promotes isothermal-temperature conditions in
the cold boundary over wide ranges of liquid bath level and inculation
heat flux levels. The vessel had a maximum internal working pressure
30 psi above the external pressure and & maximum exterral working
pressure 15 psi above the internal pressure. The tank is supported
from a support flange by a 5-inch, schedule 5, type 304 stainless steel
pipe that alsc acts as the tank vent. The 24-inch diameter support
flange is mounted into the top of the vacuum chamber with bolts and
O-ring seal. Additional detaila can be found in our final report oan
Contract NASw-615,
2. Cambridge Test Facilities
The Arthur D. Little, Inc., facilities located at Cambridge,

Massachusetts, were used to conduct the largest portion of our test
program., These facilities were limited to the use of liquid nitrogen
test fluid. They consisted of a five-foot diameter vacuum chamber,
500-gallon liquid nitrogen supply tank, vacuum pumping system, cold
guard and baffle supply systems, and the calorimeter vent gas measuring
system.

Yuring the space simulation tests, the calorimeter and its
insulation system were installed in the five-foot vacuum chamber in
the position showm in Figure III-lA. The chamber contains two interior
baffles; one located in the upper half and the other in the lower half
of the chamber. Each can be independently maintained at liquid nitrogen
or water temperature through the use of an external supply system

The chamber and its associated systems are shown in Figure III-1B.
The calorimeter is filled from a 500-gallon liquid nitrogen supply tank.
This supply tank also provides the feed for the cold guard and chamber
baffles when they are operated at liquid nitrogen temperatures. This
is accomplished through use of a gravity tank.which is elevated above
the chamber. The tank support is a 4-inch column which also serves as
feed line for the baffles and could guard. The baffles vent to the
gravity tank ullage space whila the cold guard vents to atmesphere

through a heat exchanger. The baffles can also be conmnected to the local

water system when thoy are to be msintained at neer room temperature.
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The chamber is evacuated through use of a 4-inch oil diffusion
pump and 2 mechanical fore pump. This system can achieve 10-5 mm Hg
pressure with a clean and out gassed system in less than one day. A
longer period of up to several days has been required to achieve this
same vacuum with new insulation systems. The insulation systems were
generally tested with chamber operating vacuums in the range of 10.5 to
10~ mm Hg. Occasionally on long run tests, vacuums below 10.6 mmn Hg
"were achieved.

The boil-off gases vented from the calorimeter were brought to
room temperature in an air-warmed heat exchanger. The gases were measured
volumetrically in dry type, positive displacement meters &and vertical to
the atmosphere.

3. NASA/Lewis Plum Brook Facilities
The facilities at the NASA/Lewis Research Center, at the Plum Brook

Station in Sandusky, Ohio, were used to conduct the liquid hydrogen
portion of the insulation tests performed under this contract. The test
calorimeter was installed in the high vacuum chember of the J-3 facility
to simulate a high-altitude environmental test of the several foil
insulation systems, and in the atmospheric exposure of the J-4 facility
for the ground condition test of the helium purge bag and foam insulatiem
systems. Using these facilities, which are equipped for handling liquid
hydrogen and are controlled remotely from console stations, we were able
to perform tests with liquid hydrogen and thereby supplement the data
that was obtained using nitrogen at the ADL facilities in Cambridge.

The vacuum chamber which is a part of the J-3 facility has
apprcximately the same dimensions as the A. D. Little, chamber. Also,
the upper baffle is similar. However, there is no baffle in the lower
portion of the chamber. Instead the chamber is jacketed in this area.
Both the baffle and jacket can be supplied independently with either
liquid nitrogen or water for temperature control of the surfaces facing
the calorimeter insulations.

The J-3 and J-4 facilities are serviced by a portable liquid
hydrogen dewar and a stationary ligquid nitrogen dewar, each having about

7000 gallons capacity and connected to the facilities through a common
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piping system that supplies the required cryogen to the calorimeter
tank and cold guard coil and to the upper baffle and lower jacket om
the inside of the vacuum chamber. The latter are also served with cold
or heated water so that the temperature surrounding the calorimeter
may be held at -320% and from 40°F to above 100°F. The vacuum system
consists of a 20" CVC diffusion pump, equipped with a liquid nitrogen
cold trap controlled by a Johns & Frame INZ flow controller and a
Model 412H Stokes mechanical forepump having 300 cfm capacity, and is
capable of attaining less than 10 x 10-7 torr absclute pressure.

4. Instrumentation

The primary measurements made periodically during each test
consisted of the following:
a. Calorimeter vent gas flow, temperature and pressure
b. Vacuum chamber pressure
Local barometer
Liquid level capacitance gauge

e. Temperatures in the insulation system, on the chamber baffles,
at the calorimeter cold guard, of ihe local environment, and
others as required.

At the Arthur D. Little, Inc. facility, all temperatures and the
barometer data were recorded on strip charts. In addition, these and
all the other data were manually recorded. Similar procedures were used
at the Plum Brook facility.

5. Measured Heat Flux

We measured the shield temperature in each insulation system at
select locations. Generally, the thermocouple sensors were located at
the top, side, and bottom of areas of the tank which are identified as
the A. B, and C locations respectively. These locations are shown in
Figure III-1C. The thermocouple is identified by shield number and area
iocation, i.e., sensor 5B is located on shield number five on the
cylindrical section of the tank. Thermocouples are sometimes placed at
other locations as in Insulation System No. 4. These locations are also
identified by shield uumber and area, i.e., couple 543 is located on
shield number five in the region between the A and B positions. Exact

locations are given in additional figures presented in subsequent scctionms.
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The thermal performance of the insulation system has been measured
over intervals of approximately 24 to 100 hours. Occasionally, it was
necessary to accept intervals of shorter duration because of difficulties
encountered with the facility subsystems after system temperature
equilibrium had been achieved. During the measurement interval, the
ullage pressure of the calorimeter varied directly as the barometric
pressure, i.e., the calorimeter veanted to the atmosphere thfough a low
pressure drop system and no attempt was made to control the ullage pressure.

The heat passing through the insulation is reflected as stored
energy in the calorimete. system and as vaporized liquid vented from the
calorimeter. When no changes in the barometric pressure cvccur in the
measuring interval, the energy transmitted through the insulation is
evidenced primarily as vaporized liquid. An almost negligible amount of

energy is stored in the calorimeter ullage.

When barometric pressure changes cccur during the interval, the
system temperature increases or decreases directly with this pressure.

An increase in system temperature results in heat storage in the calorimetar
tank metal, and the liquid and gas masses. A decrease iu temperature
results in a heat release. Barometric changes which do work on the
thermodynamic system which comprises the calorimeter and its conter’ -

are also reflected as system energies.

In Appendix A, a thermodynamic analysis of the calorimeter system
is presented and the magnitude of the various energy effects are evaluated.
The analysis results indicate that for the conditions under which our
measurements were made, only two effects need be considered when evaluating
the insulation heat flow. The first and most significant factor is the
vented gas mass and the second factor is the liquid mass heat storage
effect.

The total heat rate is computed from the cotal vaporized liquid
mass vented in the data interval and the latent heat of vaporizatioa of
cryogen. The gas mass is computed from the integrated voiume measurement
of the calorimeter vent gas stream and its temperature and pressure at
the metering point.

This measured heat flow is corrected for heat storage or heat

release in the calorimeter liquid as follows: The average wmass of the
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liquid in the tank during the data interval is established from the
liquid-leve. measuremunt, tank-volume calibration, and liquid density.
The increase or decrease in the saturation temperature of the bulk liquid

at the end of the data interval as compared to that at the beginning and
is determi:.ed from the change in the calorimeter ullage pressure. This

is a fur.2’._on both of the local barometric pressure and the pressure loss
in the v-ut system. From the change in the bulk temperature and the
liquiﬂ sprcific heat at saturation, the total heat energy stored or
released during the data interval was computed and converted into an
hourly rate. Any heat stored during the data interval was added to the
hest flow determined from the calorimeter boil-off; a release of heat
during th: data interval was subtracted.
6. I-st Program

We conducted fifteen test series with seven insulation systems;
each series consisted of a group of tests performed with one system to
measure the thermal performance in one or more environments. The
principal test environments are as follows:

a. Space vacuum and 300°K radiation in all directionms

b. Space vacuum, 300°K radiation on one half of the calorimeter

and 77°K radiation on the other half
c. Natural atmospheric environment
d. Watural cumospheric environment with liquid mitrogen
sprays on the outside of the insulation

Liquid nitrogen was the principal test fluid used in the
calcrimeter. Tests with this fluid were performed both at Cambridge
and Plum Browok.facilities. All work with liquid hydrogen was performed
at Plum Brook.

0f the seven iusulation.systems tested, two had been fabricated
under a previougs “~catract (NASw-615). All systems except one contained
five radiaticr shields., The principal characteristics.of these systems
are summariccd in Table III-1.

“he conditions under which each system was tested and the

perf mance results obtuined are grouped and summarized in Table III-2,
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D. Experimental Results

Insulation System No. 1

a. Introduction
In the previous contract period (NASW-615), we applied the

first multi-layer insulation to one of the tank calorimeters. The in-
sulation consisted of five shields of 2 wil thick aluminum and six
spacers of 1/8 x 1/8-inch mesh vinyl coated Fiberglas screen., The
consistant thermal performance of this insulation in the flat plate
calorimeter led to its selection as the calibrating standard for the
three flat plate calorimeters operated by Arthur D, Little, Inc. For
the same reasons this shield-spacer combination was considered the
best choice for evaluating the factors influencing the system thermal
performance when the insulation geometry is radically altered from a
flat plate to a tank configuration.

b. Insulation System

The construction details of this insulation system have been

(1) The principal characteristics of the system

previously reported,
have been summarized in Table III-1. The partially completed system
is shown in Pigure III-2,
c. Test Condition
Tests 1-3 Series (Space Simulation LH2 and LNZ)
Tests were performed with both liquid hydrogen and liquid
nitrogen test fluids at the NASA/Plum Brook Sr- iom' J-3 facility.

The purpose of these tests was to measure the thermal flux produced in

the insulations by each of the two cryogens when used in the calori-
meter tank. A further purpose of these tests was to obtain a relative
calibration between the J-3 facility and the A, D, Little facilities
at Cawbridge through use of a single insulation system, Nine tests
were performed in the chamber at J-3 with simulated space pressure

and room temperature radiation source. These tests are identified as
the I-3 test series and the obtained data are presented in Table III-3.
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Test 1-6 Series (“pace Simulation Lﬁz)
This test series was performed at the A, D, Little facilities

at Cambridge. The tank calorimeter was placed in the vacuum chamber

where space pressure and radiation source were simulated. The purpose

of these tests was to obtain heat flux measurements for comparison

with those obtaincd at J-3, The data are presented in Table III-4,
Test Series I-7 (Launch and Space Simulation)

The I-7 series of tests were performed a. the Cambridge test
facility using liquid nitrogen as the test fluid. Their objective
was to determine the effect of helium and nitrogen purge atmospheres
on fhe thermal performance of multi-layer insulations immediateiy
after reaching the space environment.

To provide a basis of comparison between the two purge en-
vironments, the chamber pressure and calorimeter conditions were pro-
grammed in each test as follows:

(a) Hold calorimeter in selected gas environment at one
atmosphere for about three days.

(b) Pump-down chamber -from 30 to 0.1 inches Hg in one
hour.

{c) Vacuum pump chamber wiin fore pump to 25 micron
pressure level,

(d) Vacuum pump chamber with diffusion pump to one microm
pressure level.

(e) Admit liquid nitrogen to cold guard and achieve cold
guard temperature equilibrium,

(f) Fill calorimeter with liquid nitrogean over ome-hour
period, 3

(g) Monitor shield temperature, chamber pressure, and
calorimeter vent gas rate until pressure and heat
flux equilibrium is achieved. |

This test series cousisted of two tests., Test 1-7A was
performed after the insulation had been purged with heliuw gas. Test
I-7B followed the nitrogen gas purge. The resulting data are presented
in Tables III-5 and 6 respectively. The time variation of the chamber
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pressure and the resulting insulation heat flux are presented in
Figure IIL-4,
d. Results and Discussion
(1) Tests
In Table 1II-3, the principal data obtained with this

insulation system have been summarized. The typical temp-.rature

distribution within the multi-layer obtained for each test series is
presented in Figure III-3., The results obtained in December with
liquid hydrogen and liquid nitrogen test fluids at the J-3 facility
were approximately twice that obtained in Test I-1 performed at
Arthur D. Little, Inc., facilities at Cambridge.
If one assumes that the mode of heat transfer in the
multi-layer insulation system is entirely by radiation, then the
heat flux is directly dependent upon the shield emissivity and on the
boundary temperatures. Sopp et. al.(z) reports the total hemispheric
emissivity of 1145-H19 and 1100 aluminum at between ,03 and .05. For
sink and source temperature of -320 and 80° respectivelv, a heat flux
of ,4135 Btu/hr-ft2 is calculated for a five shield system using the
lower emissivity value., In this calculation, the improvement in
emissivity as shield temperature is decreased is not taken into account.
Thus, the values obtained experimentally in June, 1963, compared very
well with the experimental value (0.38 Btu/hr/ftz).
The tests performed in December, 1963, at the J-3 facil-

ity resulted in heat flux measurements that were generally twice those
A measured previously at ADL's facility, For example, tests I-3A and
I-3B performed with liquid bydrogen resulted in adjusted heat fluxes
of .65 and .66 respectively. These hagh values (compared to ,38Btu/hr ftz)
were at first thought to result from the erratic operatiun of the
liquid hydrogen cold guard circuit. Tast I-3C was performed
subsequently with liquid nitrogen in the cold guard which resulted
in an adjusted flux of .74 Btu/hr/ft?.
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The presence of line connections between the high
pressure helium purge system and the calorimeter vent measuring system
raised the question that a leak between the two could produce an
apparently high boil-off rate from which a high heat flux would be
calculated, A number of these connections were removed and modified.
Subsequently, tests I-3Nl and I-3N2 were performed with liquid nitro-
gen in the tank and cold guard, This resulted in fluxes of .61 and
.63 respectively,

The next test, 1-3D-1, was perf-rmed with liquid hydro-
gen in the tank anil guard, This resulted in a flux of .72 Btvlbr!ftz.
In view of the »revious smaller results obtained with hydrogen, tte
vent measurirg circuit was inspected and found to contain a high
pressure gas tie, This.was removed and tests 1-3D-2 and 1I-3D-3 were
performed under the same conditions which gave adjusted heat fluxes
of .65 and .66 Btu/hr/ftz. These values were identical to those
obtained in tests I-3A and I-3B,

Test 1-3D-4 was performed with liquid hydrogen in the
tank and liquid nitrogen in the cold guard circuit to confirm the
results obtained in test I-3C under similcr conditions. An adjusted
heat flux of ,67 was obtained, This value is also consistent with
the previous four tests (I-3A, 3B, 3D-2 and 3D-3) performed with
liquid hydrogen in the tank and cold guard.

It was quite evident that additional checks were required
with the ADL facility. Thus, the calorimeter with the insulation system
was returned to Arthur D. Little, Inc., in Cambridge and tests I-6 and
1-7 were performed giving results consistent with those obtained at the
J-3 facility at Plum Brook station. All the calibration heat flux
results obtained with Insulation System No. 1 are summarized in
Table III-7. As can be seen from this table, the first experimental
value obtained is in question. Therefore, the insulation system
was carefully dismantled to discover what, if any, degradation
..ad taken place during tramsportation and the long storage period
at Plum Brook, The dismantled insulation indicated that, indeed,
degradation had taken place, resulting mainly from the accumulation

of water on the inside of the first shield system at the bottom
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which had caused corrosion of the aluminum foil and subsequent degrada-
tion of the emissivity with resulting loss in thermal performance of
the system,

An important purpose of the test performed at the J-3
facility was to determine the effect of the test fluid on the insula-
tion pe—~formance. In an evacuated multi-l-.yer insulation, conduction
and radiation are the twc principal modes by which heat is transferred
through the system in the direction perpendicular to the shields, The
mode of transfer can be ascertained in two ways, i.e., (1) by measur-
ing the temperature distribution in the shields and, (2) by comparing
the heat flux obtained in tests performed both with liquid nitrogen
and liquid hydrogen. If heat transfer is solely by radiation, then
the shields will assume temperatures which are linear in Ta. Depar-
ture in the temperature from the theoretical temperature distribution
is an indication of the effects both of conduction and varying shield
emissivity, Considering the second method, it may be possible to alter
the boundary temperatures without altering the radiative heat flux.
For example, by lowering the tank temperature from -3200, when liquid
nitrogen is used as the test fluid, to -4200, which is typical for
liquid hydrogen, the radiative heat flux is increased theoretically
by approximately one-half per cent (warm boundary temperature of
SAOOR). However, as the conductive heat leak is nearly linear with
temperature, lowering the tank temperature by about 100°F should
increase any conductive heat leak by approximately 25 per cent. This
prompted our performing tests at both liquid nitrogen and liquid
hydrogen temperwtures. It can be shown very readily that, if the heat
leak increased from .62 to .66 Btu/hr/ft2 in going from liquid nitro-
gen temperatures to liquid hydrogen test fluids, that the calculated
conductive heat leak is about 22 per cent of the total heat leak,
provided that all things remain equal except the two sink temperatures,
However, this step must be taken cautiously as the difference in the
two values is only about 5 per cint of the absolute heat flux measured

and is, therefore, quite probahly within experimental accuracy.
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(2) Shield Deterioration
Upon completion of test I1-7B, we dismantled the insula-

tion system of Calorimeter No, 1. In the process, we inspected each
foil for possible causes of the rise in heat flux that we initially
experienced between the Cambridge and Plum Brook test. We first
checked for electrical continuity between the tank shields and between
the neck shields and found that none existed. The outermost shield,
No. 5, of the neck and tank contained a light film of oil on the out-
side surface; presumably this was. vacuum oil, A very light oil film
was also detected on shield No. 4 of the neck; however, there was no
oil detected on the No. 4 tank shield or on any of the other three
inner shields of the neck and tank.

The most prominent defect found was a corroded area on
the inside bottom of the No. 5 shield (outermost), The corroded
shield is shown in Figure II1I-6. The affected portion is an annular
consisting of an area of 12 inch and 24 inch inner and outer diameters
respectively. Vertical streak marks were evident on the exterior of
the No, 5 side foil (Figure III-5) and it appeared that the water
entered the foil system by running down the side of the No. 5 shield
to the botton interior, forming a pool 24 inches i1n diameter on ihe
bottom., We believe that water partially evaporated while standing
idle, leaving a pool 12 inchee in diameter which was evaporated when
the chamber was pumped to vacuum pressures,

The corrosion products formed a white subsitance between
the foils as is evidenced on the separator netting between the No. &4
and No, 5 foils (Figure I1I-7) and corrosion was evident also on the
outer side of No, 4 foil showing that a conductance path could have
been provided between the foils. The corrosion was not apparent
from the outside of No., 5 foil; however, it did work through one small
area of the No, 4 foil, but not onto foil No. 3. The remaining areas
of Wo. 4 and No. 5 foils and the complete areas of No. 3, No. 2, and
No, 1 foils were comparable with the initial installation. There was
one small area (approx. 1" square) where the multi-layer system had
been indented (Figure III-5), Shield No, 1, 2, and 3 were in excellent
condition.

II1-25

Arethur D, Xittle, Inc,



The emissivity values of the multi-layer system were
measured in select areas to determine the extent and degree to which
the shield emissivities were detveriorated. The values obtained with
the emissometer are presented in Table III-8, Also included are a
number of measurements made on therriginal aluminum foil still avail-
able from the stored rolls. In addition, comparison must be made with
a number of other weasurements made on aluminum foil which gave emis-
sivity results that ranged from ,023 to .103 with 50 per cent of the
data in a smaller range of .035 + .0035.

These data indicate that the shields of the multi-layer
were not deteriorated during storage except in those areas where
corresion and'watet staining were evident, A value of .860 at the
corroded area on shield MNo. 5 was the highest obtained, However, it
is not possible to account for the higher heat fluxes based alone on
the area and emissivity of the corroded area. To degrade the insula-
tion system from a heat flux value of .38 Btu/hr-ftz to .62 Btu/hr-ft2
is the equivalent of removing abou: 1% shields. The damage to the
emissivities of the shield surfaces did not appear extensive as this
equivalent effect would indicate. Also, there was no significant
alteration in the temperature distribution in the multi-layer be seen
test I-4 and all subsequent tests (see Figure III-3) that would indi-
cate significant alteration in the shield surface properties or indi-
cate the presence of thermal shorts among the shields.

In PAzc IV of this report, the emisgsivity values for
a wide variety of materials cbtained with the emissometer have been
presented, Out of the approximately 170 emissometer tests performed,

28 were performed with aluminum foil or thin sheets. The results
obtained vary from emissivity values of .023 to as high as .103,

(These values were obtained at between room temperature and 93°F.)
Approximately 50 per cent of the test values are in a range of emissivity
values of .030 to ,040. The remainder appear scattered over the range
previously given, Thus, there is general agreement between the results
obtained with the emissometer and those reported by Sapp.(z) Based on
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these emissivity values, a five-shield aluminum foil system would have
a radiation heat flux of about ,50 Btu/hr-ft2 with an 80°F source
temperature and a liquid nitrogen sink temperature. This does not
take into account any variation of shield emissivity with temperature,

Some of the emissivity values more directly related
to this first insulation system are presented in Table III-8. The
emissivity of the corroded section in shield No., 5 is .860.

The corroded portion of shield No., 5 interior is re-
stricted to an area of approximately 2,5 square feet, If the deterio-
ration in the insulation system is based on the average computed
emissivity in Test I-1, then two entire shields have to become com-
pletely deteriorated or their equivalent. They would be removed from
the system and the resultant heat flux would be approximately .63
Btu/hr-ftz. If the average emissivity is taken as that determined
from the emissometer measurements, then the two surfaces of one shield
have to be completely blackened or their equivalent, one shield re-
moved (in order to obtain that same heat leak.) Since the emissometer
measurements and visual inspections indicated that only a small portion
of the shield was seriously deteriorated, other causes which we have not
been able to identify must have also contributed to the loss in in-
sulation performance,

(3) Purge Gas Effect On Transient Heat Flux
The results obtained in tests 7A and B are unubual in

two respects, In the first place, the theoretical pumping rate of
the interstitial gas from the wilti-layer will be greater for helium
than for nitrogen by a factor estimated to be about 7 to 1. This is
a consequence of the fact that the volume pumping rate from a per-
forated multi-layer in a space environment is inversely proportional
to the molecular weight of the gas(l). In the second place, the heat

flux due to the presence of residual gas may be greater for nitrogen
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than for helium, given the same conditions of pressure and boundary
temperatures, by a factor estimated to be greater than 2. This rela-
tive effect is obtained from the Knudsen equation$3) through use of
the appropriate gas properties and accommodation coefficients (helium
has much lower accommodation coefficients than nitrogen.,) Thus, if
the helium residual gas is more rapidly pumped by the space environ-
ment and the effect of any residual helium gas on the heat flux 1is
less than the effect of nitrogen gas, then the integrated flux during
the transient period is expected to be smaller for helium than for
nitrogen. The measured heat fluxes show that the opposite effect has
taken place,

The observed difference would indicate that the pressure
of the contained gas in the multi-layer is significantly greater over
a longer period of time for helium, conpared to nitrogen. This condi-
tion can occur in two ways: a.) helium gas is being desorbed at the
surfares and b.) nitrogen gas is being absorbed by the surfaces. Of
the two, the latter occurrence is more probable. At a pressure of

13 molecules in the multi-layer space

1 micron there are about 5.4 x 10
per square cm, of tank surface, The tank alone has a mono molecular
surface capacity of 8.10 x 1014 molecules /cmz. There is sowe nitro-
gen pumping potential always present in the system, particularly on
the shield and spacer surfaces, as their temperatures are lowered
while they are approaching their steady state distribution, These
tests were performed with a five shield multi-layer syst:.m. We expect
that the magnitude of observed effects are dependent upon the number
of shields; it will probabtly become more pronounced as the number of
shields increases,

The weasured effect of purge gas on the transient per-
formance of multi-layer insulations has produced interesting results.
We believe that tests to obtain additional data are warraﬁted. The
present results should be confirmed in tests performed in a manner

similar to I-7A and B, These can and should be accomplished in -
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conjunction with other steady state insulation performance measurements.
At a later date, these tests can be augmented, if necessary, with
smaller more specialized tests to determine the absorption--desorption
characteristics of select shield and spacer materials.
(4) Summary

Insulation System No., 1 gave a heat flux of .62 Btu/hr-
ft2 with liquid nitrogen and .66 Btu/hr—ft2 with liquid hydrogen. Our
interpretations of this data indicate that the radiation component of
heat flux is approximately ,46 Btu/hr-ft2 and the conduction component
is about .16 Btu/hr-ftz. The estimated radiation component alone is
greater than the total flux (0.38 Btu/hr-ftz) measured under the pre-
vious contract., Some degradation of the multi-layer properties is
known to have taken place prior to all the current measurements which
accounts, at least in part, for the higher current values of heat
flux,

The integrated heat flux of the multi-layer obtained
during a simulation entry into space was greater for helium gas purge
than for a nitrogen gas purge. This is contrary to the expected re-

sult and should be investigated further in other multi-layer systems.
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(b} Calorimeter Bottom

FIGURE III-2 NO, 4 ALUMINUM FOIL AND NO. 5 SPACER NETTING
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Temperature °F
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All other shield tempera-
ture data represents

time average of tempera-
ture at locations A,B & C
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FIGURE III-3 INSULATION SYSTEM NO. 1, TYPICAL

MULTI-LAYER TEMPERATURE
DISTRIBUTION
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, TABLE ITI-7
SUMMARY - FACILITY CALIBRATION HEAT FLUX

Test Duration Adjusted Heat Flux
Test No. Test Location (hrs) Test Fluid BTU/hr £e2
I-l1 ADL 36 Nitrogen .33
I-3A J-3 10 Hydrogen .65
I1-3B " A " .66
I-3D-2 " 13 " .65
I-3D-3 " 16 " .66
1-3N-1 " 38 Nitrogen .61
I-3N-2 " 16 " .65
I-6 ADL 12¢ " .62
I-7A " 48 " .61
1-7B " 140 " .59

1. Test I-1 performed under Contract NASw-615.
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TABLE III-8
SUMMARY EMISSIVITY DATA

INSULATION SYSTEM NO. 1 SHIELD

Sample
Corroded foil from shield of

Insulation System No. 1
2 mil 1100-0 grade aluminum

Foil from calorimeter shield #1
This sheet is not corroded 2 mil

1100-0 grade aluminum

Non-corroded foil from shield #5
This sample was taken from an
area immediately adjacent to a
corroded area. (Note: the foil
has a dull and a shiny side.
corrosion was on the dull side.)
2 mil 1100-0 grade aluminum.

Hard aluminum foil. (both sides

are shiny) Sample was taken from a °

roll of new foil. 2 mil

1145-H19 aluminum

Aluminum foil 0.0005 in. thick,
1100-0 grade (had a shiny and a
dull side)

.Same ‘ype as used on shields
1&S5.
was taken from the middle of an

2 mil 1100-0 grade

Nos. However, the sample

uaused roll.

aluminum

Side Measured

The

Non-corroded
Non-corroded

Corroded

Shiny
Shiny

Dull
Dull

Shiny

Shiny
Dull

III-43

Date
2 June 1964
1 May 1964
12 May 1964

4 May 1964
1 June 1964

12 May 1964
29 May 1964

28 May 1964

29 May 1964

28 May 1964

29 May 1964
2 June 1964

Emissivity
0.0470

0.0501
0.860

0.0459
0.0379

' 0.0355
0.0349

0.0346

0.0338

0.0348

0.0362
0.0334

Arethur D4 ittle, Inc,



Insulatic System No, 2

a. Introduction

Insulation System No. 2 consisted of five shields of polyester
£ilm, ¥ mil thick, coated with aluminum on the outside, and six spacers
of 1/8 x 1/8-inch mesh vinyl-coated Fiberglas screen. I. was fabr.-
cated onto No. 2 Calorimeter in July, 1963, under contract NASw-615,
The thermal performence of the insulation was measured both undzzr con-
tract NASw-615 and ti.: current contract.

The objective in testing this system was to establish the per-
formance of the lighter weight coated film materials. Although System
No. 1 was constructed using 2 wil aluminum foil. multi-layer systems
used in ground based dewars have been successfully fabricated using
1/4 wil aluminum . However, 1/4 mil value represents about the lower limit
in thickness with regsrds to the wmanufacture and handling of these
foils. By comparison, 1/4 mil polyester film is about one-half the
weight of aluminum in comparahble thickness und, furtber, it is stronger
and tcars less easily than aluminum foil. In addition, lighter gauges
of polyester film are available for use in multi-layer insulations.

Coated polyester films have a low thermal conductivity in a
direction parallel to the film. This is a consequence of the fact that
aluminum, the highly thermal conductigg member of the coated films,
is extremely thin (approximately 275 A). The small metal cross section
limits the heat flow in the coating. A iower conductance gives better
system performance when penetrations nust be placed into the multi-
layer system.

b. Insulation System Description

As previously indicated, this insulation system was fabricated
onto Calorimeter No. 2 under contract NMASw-615, Details of its con-
struction have, therefore, bean previously reported(lq The principal
char: - .istics of the system are summarized here in Table III-1 and
views of the side and bottom of the insuiation are presented in
Figure II1I-8.
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c. Test Conditions

The heat flux measurements performed with Insulation System
No. 2 are presented ia Table III-9. In tests I-4A thru 4D an average
adjusted value of heat flux for the entire insulation of 1.02 Btu/hr-ft2
was measured, In test I-4E a flux value of 1.07 Btu/hr-ft2 was cbtained
for the lower-half of the insulation system. These valves compare with
a4 value of 1.10 Btu/hr-ft2 obtained in a similar measurement made in
Test I-2 with the same system during the previous contract period.
Typical values of the measured temperature distribution in the
insulation are presented in Figure III-9. The values shown are the
average of three temperat..es measured at the A, B, and C locations
(see Figure III-1C) on each shield.

d. Results and Discussion

The results obtained with No. £ insulation system indicate that,
with a comparable number of shields and spacers, the aluminum-coated
polyester film is less effective than the aluminum shields by a factor
of L to 2.5 based on the measured heat flux. The higher flux could
be due to a large amount of conduction taking place between the shield
and spacers, or to poor shield surface emissivities or both. We,
therefore, undertook to evaluate the data by making subsequest measure-
ments of the shield properties using the Emissometer and infrared
enectrophotometer instruments. In addition, we made use of the ex-
perimental temperature distribution in the shields to estimate surface
emittance.

Based on the boundary temmeratures of the insulation system
and on the average heat flux obtained in tests I-4A thru 4D we com-
puted & value of ,087 for the average emissivity of each surface of
each shield of the multi-layer system. In this computation we
assumed that the aluminized and unaluminized surfaces of e:~h shield
vere of the same value. Further we assumed that the emissivity was
independent of shield temperature.

Through use of the ADL Emissometer we measured the emittance

of the aluminized and unaluminized surface of the polyester film at
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a temperature of about 93°F. The uncoated side gave an emittance value
g 0.36. The opposite side, coated with aluminum to a thickness of
about 275 X, resulted in an emittance value of .047 (see Emissometer,
Section IV, for tests performed 5-5-64.) A comparison of these values
indicate that each shield has a single high performance (low emittance
value) surface.

Using these measured emittance values for the appropriate
surfaces nf each shield, we computed a pure radiation heat flux of .97
Btu/hr-ft2 for the insulation with the boundary temperature conditions
prevailing in test I-4A-D. This result is greater than the measured
(not adjusted) flux of 0.80 Btu/br-ft2 by about 20 per cent. The
significance of this result is thac the emittances of the insulation
No. 2 shields are probably lower than those measured with the ADL
emissometer,

The experimental shield te.peratures shown in the Figure 11I-9
are compared with computed values. These computed temperatures have
been determined after the manner illustrated in Appendix 2 using the
two emissomater values of shield emittance. From this comparisom, it
is evident that there is fair argument hetween experimental and com-
puted temperatures in the outer four shields, However, the experimental
temperature of shield No. 1 is about 65°F greater than the computed
value. This would indicate that the true emittance of the surface on
shield No. 1 facing the tank is less than the value of 0.35 used in
the computed temperature; i.e., less than the value measured with the
emissometer at 93°F.

Emittance measurecents cannot be made with the emissometer at
the 180°R temperature level., It was necessary, however, to obtain
qualitative information on the low temperature emittance of polyester
film to corroborate the temperature data. This was accomplished through
the use of an infrared spectrophotometer. There are sevéral signifi-
cant differerices betueen these two measurement methods that should
be mentioned. The emissometer measures the total hemispherical
emittance integrated with respect to radiation wavelength., The spectro-

photometer measures the specular transmission as a function of radiation
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wavelength, This latter measvrement is related to the absorptance in
accordance with the equation ©L + 2+ = 1 and to the emissivity
by the ideniityf{= € where o = absorptivity

A2 = reflectivity

T

&

The measured transmittance of ¥ mil polyester film is shown

transmissvity

emissivity

in Figure II1I-10. The range of wavelengths covered are from 2.5 to

40 microns. The ordinate represents the ratio of the transmitted to
insident radiation on the sample. The values of this ratio versus wave-
length are summarized from the actual experimental data to produce a
"block" presentation. Superimposed on this data is the block body
radiation intensity spectra at 540 and 180°R. The ordinate for ihese
data is ratio of the block body radiation at any wavelength to the

peak block body radiation at the indicated temperature.

Based upon the information presented in Figure III-10, {t is
evident that the polyester film has several low transmission bands
in regions where 540°R block body radiation intensity is large. These
low transmission bands are also equated to high absorptivity and high
emissivity bands. In the range of wavelengths where the 180°R block
body radiation is greatest there are no similarly intense emissivity
bands present. Except for the hands in the 5 to l4 micron range, the
transmission averages about 0.8 in all other regions.

From the above, it is concluded that the emittance of the
uncoated surface of shield No, 1 is very probably lower at the 180°R
temperature level than at the 540 or temperature level. Based upon
the temperature and heat flux data obtained in Tests 1-4A-D, a value
of emissivity of ,08 is inferred for this surface., This value is
considerably less than the emjissometer value of 0.36 and, therefore,
should be confirmed further in other experiments. .

e. Summary
1. For the aluminum-coated polyester films used on the tank

system, the coated side has an emissivity value in the range .04-.05.
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The uncoated side has a value of approximately .36 at near room tem-
perature and a smaller value at temperatures less than about 300°F.
2. The experimental heat flux was slightly lower than a
theoretical flux based on experimental shield surface emittances ob-
tained with the emissometer. 1In view of the uncertainties such as
solid conduction and the variation of shield emissivity with tempera-

ture, the agreement between the two is, however, good.
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{a) Calorimeter Side

{hy Calorimeter Bottom

FIGURE 111-8 ALUMINIZED-POLYESTER FILM NO, 5 FOIL
AND NO, 6 SPACER NETTING
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Temperature °F

80 3 540

60 4 520 |
40 4 500
20 4 480
0 460
20 4 440 2/

40 40 ,);]
-60 400 V4

//
80 4 380 1 /
-100 4 360 /

+
-120 -, 340 /

-140 — °§ 320 i /

-160 — gsoo f/

-180 — g 280 4

-200 - F* 260 ] /

220 4 240 I [ Notes:

sseme= Experimental - Test I-4C

-240 4 220 12-24-64/0930

-260 4 200 i e=== Calculated - Based on
_280 -y 180 1 / €= -047 (Outs‘.de Shield

_ ! Surface)
-300 ] 160 V ¢ = ,36 (Inside Shield
-320 -1 140 Surface)
-340 T 120 Average experimental emis-

- sivity of each surface is .087.
-360 —] 100
-380 -1 80
-400 — 60
-420 _J 40
Tank 1 2 3 4 5 Baffle

Shield Number

"
FIGURE III-9 INSULATION SYSTEM NO, 2, TYPICAL
MULTI-LAYER TEMPERATURE
DISTRIBUTION
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1.2
Blackbody at 540°R7 Blackbody at 180°R
1.0
- /
0.8 : -
] .
X \ Transmittance of 1/4 Mil
£ 0.6 Mylar Film ("Block" -
e Representation of the
Measured Specimen)
0.4
0.2
0 " —t
0 ) - 10 15 20 25 30 35 40

Wavelength, Microns

FIGURE III- 10 TRANSMISSION CHARACTERISTICS OF 1/4 MIL
POLYESTER FILM, 0-40 MICRONS
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Insulation System No. 3

a. Introduction

A copper penetration was placed on the bottom head of
Calorimeter Nc. 2 along the tank axis, into the existing No. 2
Insulation System. It consisted of copper washers and a washer
clamp and formed a penetration 3 inches in diameter which was
placed in good thermal contact with the tank. () With this
modification, the new system became identified as Insulation
System No. 3.

The copper penetration was designed to .introduce a
strong thermal short into the multi-layer system that could
be evaluated analytically and experimentally. The increase
in the heat rate to the calorimeter produced by the penetration,
coupled with the shield temperature gradients, could then be
used to test and verify amalytical techniques for similar type

(®
b. Copper Penetration

penetrations.

The copper penetration was placed in the insulation
system at the center of the bottom head of the No. 2 Calorimeter.
This was accomplished through the use of copper washers
0.035 inches thick which are used to clamp each shield
individually. As shown in Pigure III-11, the washers are
clamped at the center oa & stud welded to the tank so that each
washer becomes thermsllv sh-rted to the tank. The shields are
separately clamped with 8 b ass slug, to assure that they are
in thermal contact with the copper washers along the 3 inch
periphery. Copper used ir the penetration because of its
high thermal conductivity. The entire penetration is then
maintajned at the tank, thus establishing the boundary temperature
of the shields at the periphery of the penetration.
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The penetration was installed into the existing insulation
system by cutting away portions of the shields and netting as shown
in Figure III-12. As the washers were installed, a portion of the
shield material was lapped over the copper washer as shown in Figure
III-13. Figure III-14 shows the completed installation, and additional
details are shown in Figure III-1l1,

To assess properly the performance of the penetration, we
required the temperature distribution in the outer foil at the viciaity
of the penetration, This data was obtained with thermocouples located
as shown in Figure III-15,

Additional thermocohples were also installed on the outer
shield of the insulation system at the side of the calorimetex in the
vicinity of existing thermocouple 5B. Their locations relative to
éhis thermocouple are shown in Figure III-16. The purpose of this
added thermometry was to establish the temperature gradient in the
outer shield in a region where the source temperature undargoes a
step change. This change was accomplished with the vacuum chamber
baffles by setting them at different temperatures.

c, Test Conditions

The tests performed in the I-4 series provided data representa-
tive of the insulationlsystem without any penetration. The I-5 series
were conducted under comparable conditions but with the penetration
described above. The difference in total heat flow measured in the
two series would then be representative of heat flow due to the pene-
tration,

The I-5 series were carried out at the A, D. Little, Inc.,
facilities in Cambridge with liquid nitrogen., The first four tests,
I-5A through I-5D were performed with all the chamber baffles operating
at a temperature of about 41°F. More than 100 hours of data under
steady state conditions were obtained in this manner. An average heat
rate o' 46.2 Btu/hr over the four test periods was obtained. (The
average flux value is not meaningful because of the presence of the

penetration.)
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Tests I-5E and I-5F were performed with the upper and lower
chamber baffles at different temperatures. In the former, the upper
baffle was maintained at 38°F and the lower ba"fle was maintained at
about -310°F through use of liquid nitrogen. In test 5F, the tempera-
ture lec el of the baffles were reversed. The operating conditions
of this test, incidentally, are comparable to those of test I-4F.
Average measured heat flow values of 20.8 and 29.3 Btu/hr were obtained
in tests I-5E and 1-5F respectively. All the heat rate results for
~ this series are tabulated in Table III-10., Additional tests were
in progress with this system when a failure of the baffle system re-
sulted in flooding the chamber with water, The insulation system was
completely immersed and upon subsequent inspection, the aluminumized
polyester shields had deteriorated.

d. Test Results and Discussion

(1) Penetration Heat Rate

The analytical procedures used for calculating the
heat rate through the copper penetration are presented in another
report.(Q) The added heat leak, due to the presence of the penetra-
tion in the insulation was estimated to be 7.5 Btu/hr for the condi-
tion in which the radiant heat flux to the tank is due to chamber
baffles main:ained at 80°F. In the experiments, the actual baffle
temperature was more in the order of 40°F, which reduces the theoreti-
cal penetration heat rate to about 5.2 Btu/hr.

In comparison to this theoretical value, a measured
heat rate of 16.6 Btu/hr was obtained for the penetration. This value
was determined from tests I-4A, B, C, and D which were performed with-
out any penetration in the insulation and from teste 1-5A, B, C, and
D, which were performed with the penetration. The heat rate data
obtained in the former of these tests resulted in an average value of

31.7 Btu/hr. This value could not be compared directly to the heat
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rate obtained with the latter tests, because baffle temperatures be-
tween the two groups of tests differed by about 7°F on the average.
Thus, the heat rate on the I-4 tests was adjusted to a 41°F warm
boundary temperature. This adjustment was made on the basis that the
predominant heat flow is by radiation and as a result it veries as the
4th power of the outer boundary temperature. Thus, an adjusted heat
rate of 29,6 Btu/hr is obtained., The average heat rate measured {in
I-5A, B, C, and D rests is 46.2 Btu/hr, The difference in these two
values is 16.6 Btu/hr and represents the measured penetration heat
rate., This result is a factor of three more than the expected value,

A heat rate value of 13.7 Btu/hr was obtained from a
comparison of tests I-4E and I-5F. It will be recalled that both
these tests were performed with the upper baffle at a temperature at
about -320°F and the lower baffle at near room temperature, Test I-4E
(see Table III-9) yielded a heat rate of 16.5 Btu with a warm baffle
temperature 47°F. This rate was adjusted downward to an equivalent
warm baffle temperature of 38°F corresponding to that used in Test
I-5F. This resulted in & value of 15,1 Btu/hr., The average measured
heat rate in Test I-5F is 29.3 Btu/hr, The difference between the
latter two values, 14,2 Btu/hr, represents a second estimate of the
penetration heat leak. Again the experimental result is greater than
expected.

In Figure 111-17, the computed and experimental tem-
peratures of the outer shield in the vicinity of the penetration are
presented. The agreemen’ between the two is quite good. It is possible
to use the experimental temperature distribution to compute the pene-
tration heat rate. A value of 5.12 Btu/hr was obtained. This repre-
sents the integrated heat flow over an insulation area 10 inches in
diameter which includes the end of penetration and its side. The
measur>d surface temperatures and the surface emissivities were used
to determine the heat flow. The result of the computation is summarized
in Table III-11.
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It is evident from this summary that almost 90 per cent
of the estimated heat flow is to the end of the penetration. Further,
the added heat flow due to the penetration would increase by not more
than 2 Btu/hr if it is assumed that the surface teuperature of the
outer shield were -320°F instead of the values actually measured.

Thus it is difficult to conceive that the total experimental heat flux
resulting from the penetration would exceed 7.2 Btu/hr under the ex-
perimental conditions,

One further compurison is necessary to complete the
discussion of the data; Test I-4A thru D yielded over-all heat fluxes
of about .74 Btu/hr-ft2 and Test I-4E yielded a heat flux of .77 for
the lower half of the tank insulation adjusted to a warm boundary
temperature of 38°F. These values are nearly equal and would indicate,
tharefore, that the flux for the upper and lower halves have nearly
the same vslue. However, the result obtaired in Test I1-5E indicates
that the measured heat flux into the upper half of the calorimeter
at a warm baffle tempurature of 38°F had a value of 1.06 Btu/hr-ftz.
The fluxes obtained in Tests I-4F and I-5E are not consistant with the
over-all flux measured in Test I-4A, B, C, and D, There is the dis-
tinct indication, therefore, of some extraneous heat source into the
{nsulation in addition to that caused by the penetration, The inves-
tigation of the existance of this source was precluded when the chamber
became flooded.

The result of this set of experiments muy be summarized
as follows. The measured heat rate for the penetration is approximately
2-3 times gre.ter than the computed value and the value estimated from
temperature measuved in the vicinity of the penetration. There are
.also inconsistencies in the data that indicate the heat rate measure-
wents wmade in the I-5 test series are larger than can be reasonably
expected. The larger values indicate that some extraneous heét source’
may have veen present in the insulation system or calorimeter tank.
This question could not be resclved because of the subsequent lamage

inflicted upon the insulation due to flooding. For the time baing,
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we consider tne analytical techniques to be valid.

Temperature Distriuvution at Baffle Split

Through the use of thcimocouples on the outur shield of
tte tank multi-layer, additional information was cbtained to verify
the analytical procedures, This was accomplished by setting the two
baffles in the chamber at different temperatures. The baffle con-
figuration is shown in Figure III-l. By maintaining one baffle at
near room temperature and the other at liquid nitrogen temperature,

a 400°F step can be obtained, Figure II1-18 shows the temperature
distribution and sywemetry obtained for two sets of conditions,

In Part VI, these experimental results are fully
discussed and compared with the analytical predictions.(a) The agreement
between the two is excellent,

Aluminized Polyester Film Immersion Results

Calorimeter No, 2 and its aluminized polyester film
insailation system becaue immersed in water when the water-filled passages
of the chamber baffle ruptured, On close inspection, we discovered
that significant portions of the outer aluninized polyester film no
longer contained an aluminum layer. Subsequently, we removed ali the
foil layers and found those close to the tank to be simllarly deteriorated.

We speculated tlat the loss of aluminum from the polyester
film was due to acid etching »f the aluminum and/or to migration of
moisture to the aluminum-polyester film interface. We believe that
the water in the tank was slightly acid because we found evidence of
soldering flux in the area where the circulating coils were soft
soldered to the baffle plate,

An acid etching effect was obtained when swatches of
aluminized polyester film taken from stock supplies were immersed in
water to which a small quantity of soldering flux had been added., A
similar immersion test in pure water alsc produced loss of the aluminum
surfacing but by operation it was noted that a smaller quantity of
aluminum was removed than in the immersion tests involving the solder-

ing flux.
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We found further indication of a very weak bond between
the aluminum and polyester film. During removal of ::2 shields, we
found that where the two sections of a shield had been overlapped the
immersion in water adhered them together. When the two sections were
pulled apart, a significant portion of tke deposited aluminum on one
section became adhered to and remained on the polyester surface of the
seconu section,

The deleterious effects of the water immersion of the
aluminized polyester film corroborate information obtained from other
sources, From our experience, it i{s evident that the bond betwe=n the
aluminum and polyester film is very weak and immersion in water can
cause a separation of the aluminum and polyester film. We wmay aleo
speculate that moisture and slight abrasive effects can cause separa-
tion of the two films. Thus. it appears that some protection is
necessary for an alumini.ed-Mylar multi-layer insulation spplied on
a space vehicle propellant tank to prevent the moisture in the natural

environment from accumulating in the system,
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FIGURE 11.-14 COPPER PENETRATION - COMPLETED ASSEMBLY
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Shield Temperature (°R)

Distance from Split Location (Inches)

o 8 7 6 5 4 3 2 1 0 1 2 3 4 S5 6 7 8 9
1T 1 1 1 11T 1T T 1T T3 715 171771711
B . R B2 0f D B
< < 4 <<ulR K R 2
7o) 0. 0 4‘1
A 1 |
500 @= Thermocouple Identification
l l —O =
/
!
Test I-SF Test I-SE
Upper Baffle - 311°F Upper Baffle - 38°F
Lower Baffle. «4<-F Lower Baffle -310°F
400k~ Data Time 2-8-64/0830 Data Time 2-7-64/0830
—-100
500 |- /
Q -200
=
1N -
g
[=]
/S
— QL
- - R
200 / § wd
e i3
o ] % .
7 = -300
o HE B
]| &
=
U]
100L | | | | ] | | | 7 ]Ll { | | ] h
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Insulation System No. &4

a., Incroduction

Insulation System No. & consisted of five shields of 1/2 mil
aluminum foils separated by 1/8 x 1/8-inch resh vinyl-coated Fiberglas
netting spacers. Our main objective in selecting this system for test
was to improve on the K A rerformance obtained with (nsulation
System No. 1. In addition, it was considered of great importance to
evaluate some of the handling faci:-rs associated with the fakrication of
multilayer systems using light gauge aluminum foils.

This system was also used to fulfill other test objectives
associated with the measuvement of the ground perforance of
multi-layer insulations. Helium purge systems using shrouds and
close-fitting bags and vacuum purge systems were investigated with
the No., 4 Insulation System.

b. Insulation System Descript iva

The shields and netting were formed and cut ir 2 manner
identical to those fabricated for the No. 1 Insulation System with one
exception. Becuuse of the thin gauge of the aluminum foil, the full
spherical curvature on the end shi:lds ceuld not be achieved through
pressure forming alone. The partially formed shields were slit along
eight equidistant radii for a distance of about 12 inches from the
edge. The completed insulation system is shown iIn Figures III-19 and
20, and additional details are provided in Table III-1.

The bag placed around the insulation system after Tests II-1
and II-2 were performed, was fabricated from a 2 mil polyester
film aluminum foil laminare.. The side sheet was cut and gored
in a manner similar to the side sheet of the multi-layer. )

The ends were pressure formed also like the aluminum shields at the

tank end. The bag was assembled over a die of the same size and .shape
as the calorimeter tanks, The die was built up so that when thebag was
installed on the tank, sufficient free space was available so as not

to restrain or place pressure on the multilayer insulation. The edges
of all jnints in the bag were butted and sealed with the lawinated

miterial containing a pressure sensitive adhesive on one side. Tae
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bag contained tube connzctio:s at the top and bottca for purging and
evacuatiag the bag. Anoi~cr connection was provided for the thermocoup.e
lead wires.

Wwhen the bag was installed on the tank, a seal was made at the
support coliumn through the use of a urethane foam. The completed bag
is shown in Figure IiI-21 being purged with dry gas. In Figure III-22,
the bag is shown in the evacuated condition. With a limited effort,
the best vacuum achieved In the bag was about 125 mm of mercury.

¢. Test Conditions

The heat flux to Insulation System No. 4 was measured under a
variety of test conditions including bnth space and ground enviromments.
Nire major tests were perforimed at the ADL test rYacilities in Cambridge.
The test conditions and ~vperimental results that were obtained are
identified below.

Test 1. .Space Enviroument - Entire Insulation Active)

This was the first teat performed after application of
the insulaticr system., The flux :o the calorimeter was measured with
full vacuur in the ADL chamber and all taffles operated at near room
temperature.

Test TI-1B and II-1C {Space Environment - Half Iansulation
. Active)
These aivc complementary tests performed in the chamber

with full vacuum to deteruine the heat leak through the upper and
lower half of the insulatioc) separately. 1In test I1I-1B, the lower
baffle was temperature controlled with water while the upper baffle
temperature was ccntrolled with.liquié witrogen.

In test II-1C, the baffle conditinns were reversed.

Test 11-2 (Chamber Purged with 1 Atmosphere of Helium Gas)

This test was performed with the calorimeter installed in
the chamber to simulate a shrouded tank configuration. The chamber
space was continually purged with helium aZ a pressure of one
atmos here. The chamber baffles were temperature controlled with
water and used to - sulate the space ve. .icle shroud. Because of the
high venting. rat. =~ the calorimeter, no liquid coolant was supplied

to the cold guard on the vent sunport.
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Test II-3A (Ground Atmosphere - Helium Furged Bag)

This test was performed in the prevailing natural ground
environment while a bag purged with helium surrounded the insulationm.
The calorimeter was suspended from.a hoist scale to measure the liquid
nitrogen boil off rate. In addition, the gas volume rate was measured
in the vent system. The calorimeter was filled with liquid nitrogen
at, the start of the test.

Test II-38 (Ground Atmosph. e - Vacuur Purged Bag)

Like test II-3A, this test was also performed in the
prevailing natural environment. We evacuated the bag that had been
previously used with a helium purge. Because of leaks in the system,
we could not achieve a vacuum less thar 125 mm Hg. Thus, we expect
that gas conduction was as important as solid conduction in establishing
heat transfer within the bag. When the bag was evacuuted, the netting
imprints in the bag became clearly visible as can be seen in Figure III-26.
Also, the insulition gave a clear metallic scund when struck with the
hand, When liquid nitrogen was placed intc the calorimeter, frost
formed on the besg as showr in Figure III-25,

Test II-3C (3pace £nvironment)

Because of the pressure exerted on the evacuated
multi-layer during test II-3B, we expected that the insulation thermal
performance might have become permanently degraded. The system was,
therefore, returned to the chamber for space simulation tests.with
the bag still in place. The one inch vacuum connection in the bag
opened to the chamber space.

Test 11-4A (Space Enviromment)

This test was a repeat of test II-3C except thatr the
vacuum bag was removed to permit more effective evacuation of the
insulation. (Figure III-27)

Test II-4B (Depressurizatioa)

We cbtained qualitative information of the effect of
rapid depressurization of a multi-layer insulation on the mechanical

integrity of shield anu spacer. 1Insulation System MNo. 4 was used for
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this purpose ifter test II-4A was compleced. Calorimeter No. 2 was
placed into the ADL chamber and the chamber evacuated at three different
rates in successive tests. The time-pressure transient of the chamber
for each test is showm in Figure III-28.
d. Test Results and Discussion
Tests II-1A, -3C and -4A

The data -otained with Tnsulation System No. 4 under

simulated space conditi~ns are summarized below. -

Measured Adjusted
Flux 2 Flux 2 Test Tank
Test Btu/hrft Btu/hrft Facility Liquid
1I-1A .37 .47 ADL N,
1I-3C 1.4 1.56 ADL N, '
©II-4A .83 .91 ADL LN,

Under the conditions of test 1I-1A, the heat leak
performance of Insulation System No. 4 should have had a value
between 0.22 and 0.40 Btu/hr-ftz. The former value is based upon the
experimental results obtained with the thermal conductivity apparatus
in Teut 2030 and includes the effects of solid conduction and the
variation of shield emissivity with temperature., The latter value
is computed from results obtained with the Emissometer, reported
herein in Part IV, which yield average emissivity for aluminum
of 0.035., 1In this computed flux, no account is taken of any solid
conduction nor of any Jdependence of shield ewmissivity on shield
temperature.

The value of heat flux measured in test II-1A is 0.38.Btu/hr
is in the prescribed range. Further, the the.retical temperature
distribution compares very closely with the experimental values as
indicated in Figure IT1-23. However, during application of the
insulation, electrical shorte were measured between shields and,
therefore, some so’ ' conduction paths were known to exist, We believe,

therefore, while the results cutained indicate good agreemert, both
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with the computed and thermal conductivity apparatus values, the system
is still capable of improvement.

The heat fluxes measured in tests II-3C and II-44 sare
1.4 and 0.83 Btu/hr-ft2 respectively. As can be seen, these fluxes
are gredter than that measured in test II-1A., The insulation was
definitely degraded when the bag was evacuated prior to these tests.
The high heat flux obtained in test 1I-3C compared to test II-4A is
attributed to the presence of the bag around the insulation which
probably retarded the pump down of the insulation and an added heat
leak was thereby contributed by gas conduction. The weight of the bag
acting on the insulation may have also increased the solid conductica
heat flux.

The multi-layer temperatures measured in tests II-3C
and II-4A are shown in Figure III-23, The results for both tests are
similar., The gradients in the outer four shields are smaller and more
linear than expected. Shield No. 2 in both cases is about 60°F higher
than that shown for test 1I-1A. Further, the gradients between the
tank and shield No. [ are greater than expected. From the experimental
data of test 1I-3C, we computed the radiation component and by difference

the solid conduction components of heat flux. These are summarized bélow.

(Q/4) (Q/A) (Q/A)
Shield Radiation. Conduction Total
Shield No. ngg.g°n) (Btu/hr-£t) (Btu/hr-ft?) (g;u/hr-ftz)
Tank Wall 140
.71 0.69 1.4
1 Not avail.
2 431
<228 1.172 1.4
3 453
. 165 1.235 1.4
4 467
+ 345 1.055 1.4
5 493
1.1 0.3 1.4
Baffle 526
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These results would indicate that solid conduction heat transfer
dominates in the outer four shields while the radiation and conduction
components are nearly equal in the space Letween the tank wall and
shield No. 2.

In the case of test I1-4A, the computed radiation heat
fluxes as tabulated below are similar to those of test II-3C because

the temperature gradients are similar, The solid conduction component

(Q/A) Q/4) Q/8)
Shield Total Measured Radiation Conducti03
Shield No. Temp.(%R) (Btu/hr-ft?) -(Btu/hr-f£t2) (Btu/hr-ft?)
Tank Wall 140
.83 .76 .07
1 -
2 440
.83 .27 .56
3 464
.83 .20 .63
4 480
.83 .36 47
5 505
.83 .80 .03
Baffle 529

is smaller, however, because the measured heat flow was reduced when
the bag was removed.

The large amount of solid conduction in tke outer layers
of the insulation is explaiued as follows: The insulacion was
compressed by the vacuum bag and the shields and spacers became
"packed" or compressed. However, when the system was cooled in the
evacuated chamber and the effect of atmospheric pressu-e was removed,
the layers of insulation mear the tank were lowered in temperature to
a greater degree then any of the others. The lowec temperatures may
have nreated a sufficient contraction in the affected shields and
spacers to cause their separation from the pack. Thus, they acted
more nearly like floating shields and spacers free of contacts than

the outer layers,
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The data obtained in these tests can also be used to
demonstrate the presence of gas in the multi-layer during test II-3C.
The computed conduction component between the tauk wall and shield
No. 2 is .69 Btu/hr ftzfor test II-3C and .09 Btu/hr ft2 for test II-44A.
If the former were assumed to be due to solid conduction, the decrease
cxperienced in test II-44 could not have occurred. Since in test II-44,
we are able to account for the heat flux between the tank and shield
No. 2 both from the shield temperatures and shield emissivities, there
is probably little conduction of any kind in this region. Therefore,
the conduction present in this region during test II-3C was due very
likely to the presence of gas in the multi-layer.

Test II-1B and 1C

The use of the split baffle in the chamber to create a

step change in the radiation environment is a useful method for
isolating the upper and lower tamk areas to study penetration,
gravity and other insulatiun effects. Tests II-1B and II-1C were
performed to increase our experience with the use of this method.

The analytical results ()indicate that the integrated
heat flux in the area of the baffle split (boundary between the upper
and lower baffle) for a warm upper 3nd cold lower are the same as when
the temperatures are reversed. Thus, the complete isolation of a tank
section and symmetry of the heat flux at the split should result in a
total neat flow, as from two tests such as: 1II-1B and II-1C, that is
equal to the heat flow cbtained when the both baffles are at the
warmer temperature, i.e., test II-1lA,

The sum of the heat flux obtained in test II-1B and IC is
19.2 Btu/hr. This is compared to the heat rate obtained in test II-1A
which averages 14.6 Btu/hr., The difference between the two heat rates
is 4.6 Btu/hr, which is a very significant percentage of the total.
is to be noted that a similar result was obtainod when {ests performed
with No. 3 Insuletion System were compared, i.e. (tests I-54, B, C, and D

compared to I-5E and F).
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It is possible that the surface -missivities of the
actual baffles vary significantly from those used in the theoretical
computation. This could result in an unsymmetrical distribution of
heat flux at the insulation surface in the vicinity of the split
location. This contention is contradicted by the symmetrical temperature
patterns measured at the insulation surface in tests I-5E and F at the
split location. Every effort should be made in future tests to obtain
added experimental information to explain the effects noted in this
discussion because the split baffle arrangement can be used in an
important way to study multi-layer insulation performance.

Test II-2

This test simulates the configuration and conditions
of a cryogenic propellant tank within a helium purged airframe shroud.
It is an important test because it verifies the expected heat transfer
modes and makes ¢ 'ilable useful experimental heat flux data.

In the analytical model, the calorimeter tank and
chamber baffles are assumed to be cylindrical with flat ends. The
diameters and surface areas are to be the same as the test counterparts.
The tank and bef fle temperatures used in the computation are taken as
the experimental values. The multi-laver insulation was a- :‘uned to have
an average thickness of 0.25 inches. Helium was chosen as the purge
space gas. The computed heat flow and insulation temperatur..s are
presented in Figure III-30a.

In the caiculations, a bulk temperature was assumed
for the gas in the space between the taak and batfies. The free
convection coefficients were next computed for each of the three
surfaces on the tank and baffle, i.e., verticdl surfaces, horizontal
surfaces facing up and horizontal surtraces facing down. The heat flow
to or from each surface was computed using the surface areas and the
temperature difference between the surface and bulk gas. "The total
heat flow to the tank and from the Haffles were equated. If the two
were not nearly equal, a new bulk temperature was chosen and new heat

L

rates
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The principal assumptions used ir the calculation
were: (1) that the gas bulk was uniform throughout the gas space, and
(2) that the tank and baffles transferred heat with the bulk independent
¢* one another, except for the fact that the integrated heat rates to
each boundary are equal to one enother. We also assumed that heat
transfer througn the multi-layer took place by gas conduction. Two of

the pertinent experimental and computed values are compared below.

Measured Values

Test II-2A Computed Values
Calorimeter Heat Rate (Btu/hr) 11400 11600"
Outside Multi-layer Temperature 283°% 275°R

at 8ide of Tank

The experimentally measured distribution of
temperatures with the insulation system are presented in Figure III-23.
The gradient in the multi-layer is almost linear. The measured heat
iiux obtained with the five shield multi-layer was 290 Btu/hr-ftz.
Past experience indicates that this approaches acceptable values of
allowablle heat lzaks for cryogenic propellant tanks in a ground
environment. The heat leak to hydrogen filled tanks will be increased
over measured values by approximately 20 per cent, because of the
enlarged differential temperature. An increase in the thickness of the
multi-layer would result ir a reduction of the heat flux under the
conditions being considered Lecause an added thickness of gas in the
layers increases the thermal resistance of the system.

Test TI-3A

Use of a he.. ' purge gas around a cryogenic propellant
tank to control the ground environment is an alternate method to a heliun
purged airframe shroud. This technique can he applied when there is no
airframe shroud available, when the propellant tank volume is small
compared to the shrouded volume, or for other reasons which dictate the

use of a bag.

*
Average of tank value (12,420 Btu/hr) and baffle value (10,718 Btu/hr)
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Test II-3A is a simulation of the helium purge bag
technique. Time at the J-4 facility to perform these tests with hydrogen
was not available. The results obtained with nitrogen at the ADL
facilities in Cambridge, however, can be suitably interpreted to
indicate the typical hydrcgen performance.

For the analytical model, we assumed the calorimeter
to be a cylindrical vessel, 48 inches in diameter and 14.3 inches deep
having the same area as the test tank. The bag spacaed away from the tank
surface a cistance of from .4 to 1,0 inches depending upon location. The
multi-layer insulation was contaiqed in this space. The properties of
helium gas were used for computing the conductivity of the purge space
and air éroperties were used in evaluating convection coefficients outside
of the bag. The effects of frost formation on the bag were not included.
The resulting conditions” and calculatiohs are sumitarized in Figure III-30b.

In comparison, the heat flux measured in test II-3A
was 165 Btu/hr-ft2 compared to a computed value of 250 Btu/hr-ftz. The
temperature distribution in the insulation system is presented in
Figure III-23. Temperatures within the multi-layer are distributed
linearly. The computed and measured temperatures of the purge bag at
the tank side are in good agreement, i.e., 324°R experimental vs. 327°r
for the measured value. The greater value of the computed flux is
due possibly to the neglected affects of the frost which was observed
to have formed on the bag during the test.

If hydrogen had replaced nitrogen in test II-3A, we
estimate that the results would not have been greatly different. For
example, as in the case of nitrogen, the bag surface would have remained
above the condensation temperature of air (145°R). If the bag surface
is assumed to he somewhat above this value at 185°R, we estimate a heat
flow through the .4 inch purge space of 145 Btu/hr—ftz. Data cn the
heat flow to a cryogenic surface at 185°R in a natural ground
environment indicate that about 960 Btu/hr-fc2 can be expectad
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initially with no frost on the surface. After a period of one hour, the
presence of frost reduces the flux to about 480 Btu/hr-ftz. This value
is still considerably above 145 Btu/hf-ftz. Thus, ‘f the heat flux
through the purge space is increased above 145 Btu/hr-ftz, the bag
surface temperature will rise above 185°R and away from the condensation
temperature. We expect the bag to take on temperatures about 200°R,

but probably less than the calculated and measured temperatures for the
liquid nitrogen caée.

Test II-3B

Tiie pressure in tbe multi-layer insulation inside of
the vacuum bag was approximately 125 mm Hg. As the bag leaked badly,
tte gas in the multi-layer was mainly air. The thermal conductivity of
gases at this pressure laevel is relatively independent of pressure. The
heat flux due to the presence of the gas can therefore be computed. The
approximate bag outside temperature during the test was about 324°R. The
differential temperature acrogs the insulation is, therefore, 184°R. For
a gas conductivity of 0.1 Btu-in/hr-ft2~°F, the computed heat flow is
142 Btu/hr-ft2 based on an insulation thickness of .125 inches. This
compares with 234 Btu/hr--ft2 which is the value measured in test I{-3B.
The difference in these values, 92 Btu/hr-ftz, should be representative
of the solid conductioﬂ effect which results from compression of the
insulation by the vacuum bag and/or water vapor and carbon dioxide
whichk were pumped into the system and condensed., This also represents
the value very near that which would have to be obtained if a sufficient
vacuum had been achieved in the multi-layer. _

The temperature distribution measured within the
insulation system is .shown in Figure III-23., It is to be noted that
within the multi-layer, the shield temperatures have an anomolus
distribution, i.e., shields 4 and 5 are lower in temperature than
shields 2 and 3. We believe this condition is due to the.shortiag
of the shields that results from the atmospheric pressure acting upon
the bag. This shorting is quite probably a random phenomena both in
terms of the shields affected and the location ‘n the shields. The
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thermocouples from which the data presented in Figure II1I1-23 were
obtained, were in the same genera" area at the side of the tank but
were not precisely aligned. Therefore, each thermocouple is probaktly
located in an area having different temperature gradients. Thus, when
the thermocouple results are presented together, an impcssible gradient
is produced.  Thus, the temperature distributicn shown in the figure
is not to be taken seriously.

e. Summary

The results of these tests may be summarized as follows: the
1/2 mil aluminum shields used in the five shield multi-layer resulted
in a measured heat flux of .38 Btp/hr-ftz. This -value was less than
predicted (.40 Btu/hr-ftz) based upon measured shield emissivities and
greater than the value obtained with the thermal conduct1v1ty
apparatus (.22 Bta/hr- ftz)

After undergoing tests at atmospheric conditions with helium
purges and particularily the tests performed with a vacuum bag, the
insulation heat flux in simulated space conditions was deteriorated
by a factor of two to a value .83 Btg/hrrftz.

The thermal performance of the multi-layer was measured
under conditions simulating ground hold. The helium purged shrouded
tank resulted in a heat flux of 2390 Btthr-ftz. This was improved to
a value of 16% .tu/hr-ftz by placing ¢ helium purged bag around the
insulation. The same bag evacuated to & pressure of about 125 mm Hg
resulted in a flux of 234 Btu/hv-ft2. We fou. ! it difficult to achieve
lower pressures within the vacuum bag. The helium shroud and helium
purge bag methods of handling the ground environment are practical

and do not produce unreasonable values of heat flux.
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FIGURE IHI-20 INSULATION SYSTEM NO. 4- BOTTOM
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FIGURE III-z¢ INSULATION SYSTEM NO, 4 FROST FORMATIO.. OVER
PURGE BAG IN TEST li-3A
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FIGURE II-25 INSULATION SYSTEM NO. 4 FROST FORMATION OVER
VACUUM BAG IN TEST 1I1-3B
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Insulation System No., 5

a. Introduction

The heat leak to a cryogenic propellant tank can be limited in
a ground environment in several ways. In tests performed with insulation
system No. 4 we demonstrated three methods, i.e., the use of a helium
purged shroud, helium purge bag and vacuum bag. In these, the multi-
layer system was used to perform both the space and ground insulatiag
functions. One alternate approach to these methods is to provide two
systems, one, a multi-layer to perform the insulating function in space,
and the second to perform the insulating function in the ground environ-
ment.,

In order for this second system to function effectively, it
must isolate the tank surface, which is at liquid hydrogen temperatures,
from the environment of the earth's atmosphere, .Further, it must
establish a second surface whose temperature is above the condens tion
point of air (about =-3159°F). This can be accomplished with a membrane
spaced a small distance sway from the hydrogen surface, provided that
the volume between the two is either evacuated or purged with helium.

When the space between the wmembrane and the tank surface is
evacuated, the atmosphere exerts a pressure on the membrane, tending
to press it against thé tank. If contact between the two is permitted,
the membrane assumes the temperature of the tank, which in turn brings
about condensation of air and other condensables on the outside of the
membrane, For this reason, it must be supported at a distance from
the tank by some structural media.

Also, the integrity of the membrane cannot be relied on
completely, as small punctures would admit the atmosphere to the
hydrogen-cooled surfaces, which could jeopardize the integrity of the
vehicle, The effect of a failure in this membrane must be reduced
by preventing communication between the failed region and the other
spaces that lie between the tank surface and the membrane. This can
be accomplished by using support media in the form of cells which
communicate gas mass from one region to another at extremely small

rates. Further, by bonding the support media to both the membrane
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and tank surfaces, the effect of local failures cannot spread to other"
areas through the interface spaces. Thus, the cowbined mewbrane aad
support media offer & three-dimensional barrier to the passage of the
.ondensable atmosphere to the tank surface. Therefore, the smaller
v - epaces where condensables can collect, and the smaller the passages.
between these spaces and the atmosphere, the smaller will be the
probability that any failure in the system will become perpetuated.
This latter statement has served as the brincipal guide used
in evolving the ground insulation cowponent of Insulation System No. 5.
it was the principal objective of this particular effort to develop
and test this ground system by itself and in combination with a multi-
layer insulation. '
b. Insulation System
(1) Ground System
(a) Selection
The hea“ leak to a hydrogen-filled vehicle tank in the ground
environment should not exceed 100 BTU/hr/ftz. Low-density rigid foams

of the polyurethane and polystyrene variety have insulating performances
that are suitable for meeting this requirement. For example, a 1/2-
inch thickness of S-1b[ft3 density urethane foam can maintaian this

heat leak requirement.

Polyester honeycomb, cork board, and urethane foam systems
were considered. Urethene foam was finalily selected chiéfly"because
it had a closed-cell structure and it could be foamed in place to any
desired contour and shape while at the same time serving as its own
bonding agent, Further, the urethane foams have a far greater
latitude with regard to important properties such as mass density, cell
size and surface control, than the other media.

Cutting foam from logs is a common technique for obtaining
foam shapes to fit over curved surfaces., One advantage of this
technique is that foam layers of uniform density can be obtained.
However, the open cells at the cut surfaces absorb large quantities
of adhesives when they are attached to the tank and membrane surfaces.

This effect can be reduced considerably by foaming to the required
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shape in molds, Thus, the foam surfaces are smcoth and require a
winimum quantity of bonding agent for attachment. The need for a
bonding agent can be removed by foaming the required thickness to che
tank surface.

(b) Structural Tests Approach

In the ground environmeht, the substrate insulation becomes
the predominant thermal resistance restricting the heat flow to the
propellant tanks, Thus the tank side of the insulation is at the
stored propellant temperature, and the outer surface is at a tempera-
ture near that of the ambient environment, In the space environment,
the multi-layer becomes the predominant thermal resistance; and,
therefore, the temperature of the entire substrate material closely
approaches the propellant temperature. The temperature gradients
and transients introduce severe stresses into the foam, in addition
to those resulting from the different thermal contractions taking
place between the tank wall and foam., The differentfal contractions
may cause shear and tensile type failures in the foam structure,

For initial testing of the foams a test procedure was developed
by simulating the ground and space temperature enviornments in the test
specimens. Specimen panels were foamed in place against a 12" x 6"
sandblasted stainless steel plate to which a copper tubing coil had
been scldered on the back side. The test specimen 18 chilled in air
by circulating liquid nitrogen through the coil; this test simulated
the ground environment, If the : —cimen did not delaminate from the
plate, as shown in Figure III-31, or crack at the surface, as sliown in
Figure I1I-32, it was iwmersed in 1liquid nitrogen several times to
produce severe thermal shock in the specimen and thereby simulate the
space environment. If the foam withstood the initial immersion with-
out crackiag or delaminating, it was cycled several times between room
temperature gnd liquid nitrogen temperature to test its endurance.

Several diffsrent types of polyurethane foams with a range
of densities, were evaluated. All foams tested were found to be
marginal or unaatiafactofy unless reinforced with a fibrous filler,

though there are substantial problems involved in mixing the fiber with
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the components and placing this mixture in the mold before foaming
starts, However, the improvement in the strength properties produced
Dy the addition of glass fiber is substantial. ¢Cyclic immersion and
heating of the reinforced foam have failed to cause any degradation
of the foam with 107 glass fiber added. 1If 7.5% glass fiber is added,
there may be slight cracking of the higher density foams on cycling.
At 5% glass fiber addition, an improvement is noted, but cracking
occurs in the foams of higher density (5 to 8 pounds per cubic foot).
Foams with a 2% glass fiber are only slightly better tham the un-
reinforced fosm. We have also worked with a glass scrim and a glass
surfacing veil as reinforcements. These were held in place close to
the metal test plate and the outer surface while the resin was “jamed.
Although both of these reinforcements produce some improvement, perhaps
equivalent to the use of 5% glass fiber in the mix, neither approaches
the effectiveness of the 10% glass fiber addition.

(c) _Materials Tested and Results

We studied several different foam systems and the results

achieved with them are summerized below:

Chempol 1325-1428 (Freeman Chemical Corporation)
This is a Freon blown polyester based foam. The density can

be varied by varying the amount of Freon added to the components.
This foam cracked a 1 sheared from the test plate at all densities
from two pounds up to eight pounds. The crackinz was more severe at
the higher densities. When 10% of chopped strand glass was added to
this foam, it witlistood immersion and cycling at all densities with-
out crecking.,

Chempol 1372-1407 (Freeman Chemical Corporation)

This is a co, blown polyester based foam. It is formulated

as supplied, to produce a two-pound density foam. This was the most
promising foam that we tested prior to the start of the work on
addition of glass fiber to the toams. This foam withstood immersiomn
in liquid nitrogen without cracking or separating from the metal

test plate., However, the foam consisted of widely varying cell sizes
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and had very poor compressive strength. Further, because of
the high viscosity of this foam, it is difficult to mix glass
fibers with it and cause it to flow into the forms.

Nopco H-620N (Nopco Chemical Company)

This is a high-dimensional stability foam made by

Nopco for use in refrigerator imsulation. It is a Freon
blown polyester based foam. Since the Freon had already been
added to the components, it was possible to produce this foam
only in a nominal two-pound density. At this density, the foam
had some tendency to crack when immersed and was inferior to
the Chempol 1372-1407 Foam. Because we could not adjust
the density of this foam, we did attempt to add glass fiber
to it.
Chempol 1320-1407 (Freeman Chemical Corporation)
This foam is a polyester based Freon blown foam

which, according to Freeman, is very similar to the 1372-1407
system, except for the substitution of Freon as the blowing
agent in place of intermally generated C02. We have encountered
some difficulty in getting good closed-cell structure with
this fcam. We have not worked extensively with it because
the high viscosity of the components makes admixture with glass
fibers difficult.

ADL Rigid Foam

This is a formulation based on a quadrol-triol

mix that is combined with Mondur MR isocyanate. It is a Freon
biown foam, and the density can be varied over a wide range.

The performance of this foam at two-pound density was comparable
with that of the 1372-1407 Chempol foam. However, it is
somewhat lower in viscosity as mixed initially and is, therefore,
easier to handle and pour in place. Because of this low

viscosity, this foam is favored for use in glass fiber mixtures.
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The formulation used for this urethane foam is as follows:

1. Niax Triol LK-380 Union Carbide Corp. 85 parts by weight

2. Niax Pentol LA-700 15 parts by weight

3. Freon 11* DUPont 20 parts by weight

4, Dow Silicone 113 Dow Corning Corp. 1.0 parts by weight

5. Mobay Catalysts C-16 Mobay Chemical Co. 0.5 parts by weight

6. Mondur MR 109 parts by weight

7. % inch chopped Pittsburg Plate 10% on the weight of ‘the

strand Fiber-. Glass Co. entire formulation.

glass X624 binder

Items 1 through 5 in the formulation were premixed in a proper
ratio in order to speed up the process of mixing when we were applying
foam to the tank. Appropriate quantities of the premix, the glass
fiber, and Mondur MR were placed in a mixing vessel and mixed rapidly
for approximately 30 seconds, The mix was then placed in the cartridge
of g Semco sealant gun manufactured by Semco, Inc, of Englewood,
California. The sealant gun was used to inject the foam-fiber mix
between the mold and the calorimeter tank.

Based uéon strength tests performed with liquid nitrogen and
on the ease of fabrication, it was decided to use the ADL Rigid foam.
However, we considered it important to perform cold shock tests with
liquid helium and liquid hydrogen prior to making the final selection.
The samples to be placed in 1liquid helium consisted of a X- inch
foam thickness on a 1 x 10 inch wmetal backing plate. The samples to
be placed in liquid hydrogen were cut from a flat plate calorimeter
sample disc, 12 inches in diameter, which consisted of %-inch thickness
of foam applied to 1/8~inch thick aluminum plate. Three samples, about
4 inches wide, were cut from the disc. The helium tests were performed

at A.D. Little, Inc., and the hydrogen tests were performed at Lewis

*"Equivalent materials are available from Allied Chemical under
the name of Genetron 11 and from other suppliers".
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Research Center: The minimum immersion time was about ten minutes for
all tests. We could find no evidence of surface cracking or delamination
of the foam from the metal backing plate after socaking in the liquid
helium and liquid hydrogen environments. These results confirm those
we obtained previously by immersion of the foam bonded to 6 x 12 and
the larger 10 x 36 -inch sample plates in liquid nitrogen.

In addition to tests concerned with the mechanical performance of
the selected foam, we measured its thermal and gas permeability
performance. Thermal couductivities of 0.15 and 0.11 Btu in/hr£t2°P
were measured in flat plate tests 1062a and 1062b, respectively. These
values are characteristic of foam insulations.

The permeability of the foam was found to be extremely small;

-7 gtd cc of helium/sec. on a

i.e., we measured a rate of 8.4 x 10
sample 7,95 cm2 in area and 1.27 cm thick. This indicates that the
foam acts very much like an impermeable membrane or gas barrier,
These final performance results indicated the suitability of the
ADL Rigid Foam for use as the substrate of the composite insulation

system. It was foamed in place in segments on the calorimeter
tank to a thickness of 1/2 inch through the use of a plastic form ~-

shown in Figures 11I-33 and 34. Both the tank and form were maintained
at 120°F to assure uniform foam density throughout the layer. All joints
were sealed with foam to form a gap-free layer around the tank. The

neck was protected with foam,

{d) Vapor Barrier

A laminate of aluminum foll and polyester film was selected for
use as the foam vapor barrier. This was based upon the high strength and
tear resistance of such laminates as well as on their low permeability,
Samples of a 2 mil thick laminate consisting of a 1 mil aluminum
core and two 1/2 mil polyester films were checked with a helium
mass spectrometer and found to have a zero permeability. While
thie performance quite probably cannot be totally achieved over large
surface areas, the tests indicate that a sufficient gas barrier could
be obtained.
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The performance of the vapor barrier and of the adhesive used
to bond it to the foam was determined from liquid nitrogen tests of the
6 x 12-inch plate mounted specimens, A urethane and a versamid-epoxy
adhesive ware both tested,

A proprietary polyurethane adhesive manuflactured by Narmco
Materia's Division, Whitaker Corporation was used to bond the Alumiseal
over the foam. This adhesive consists of Narmco Resin 7343 with curing
agent 7179, It is a rather soft rubbery adhesive that is used in
cryngenic applications because its bond strength actually increases as
the tempevature is lowered to liquid hydrogen tewmperature. For the work
of bondin:; the Alumiseal to the tank it has the additional advantage
that it ges L.irough a tacky stage in which it is very similar to a
pretsure sensitive adhesive. This pressure sensitive stage can be used
to form a tight bond and éliminate air entrapment under the Alumiseal.

In some of our experimental work we have alsc used an epoxy
Versamid adhesive which consisted of eqhal parts by weight of Epon 828
manufactured by Shell Chemical Company and Versamid 140 manufactured by
Genera. Mills, Inc. This adhesive also has proven effective in cryogenic
work and also has excellent room temperature pot life, but does not have
the prenounced tacky stage that is characteristic of the Narmco polyurethane
adhesive., Yt is therefore more difficult to use in bonding the Alumiseal
to the foam or in c..er applications where the materials being bonded have
sufficient stiffness that they may tend to pull apart after they are
assembled.

The vap»r barrier for the calorimeter tank was formed in a
manner similar to that used to fabricate the shields in the previous
multilayer systems fubricated, The barriers over the tank ends were
pressure-formad in:n spherical segments. The side sheets were gored to
fit over the ta: - knuckle radii. All joints in the three main sheets are
of the butt .ype. Each joint was then sealed with vapor .barrier tape
containir pressure-sensitive adhesive, The adhesion properties of
this t+ -e wece tested and found satisfactory at liquid nitrogen and

11q id helium tempers.ures.
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(2) Multi-layer Component

It had been our intent to apply a multi-layer system consisting
of shields of k-mil polyester film coated on both sides with gold. Our
supplier, however, had difficulty producing a uniformly-coated product
with an acceptable coating thickness. It became necessary, therefore,
to substitute aluminum coating for the gold coating. We procured
polyester film which had been coated 6n both sides with vapor-deposited
aluminum applied to a thickness of about 400 X

During the fabrication of the multi-layer component, the surface
emittance of the shields used in System No. 5 was measured on samples
taken from material adjacent to that from which the tank side pieces
were formed, These data and the measured apparent thickness of the vapor-
deposited aluminum are presented in Table III-17. The average values are
421 3 and ,035 for the apparent thickness and emissivity, respectively,
with about 10% scatter in the data for each property. The theoretical
heat flux for System No, 5 multi-layer component, based on the average
measured emissivity, is .49 BTU/hr ft2 for an 802 F source temperature.
The thermal conductivity of the foam is so high with respect to that
of the multi-layer that the foam has little effect on the total heat flux
in the space eavironment. .

The principal characteristics of the composite insulation
system tested are presented in Table III-1, The completed substrate
system, including the foam and vapor barrier, are shown in Figure II1I-35.
The completed system with the multi-layer applied over the substrate is
shown in Figure ITII-36., The neck configuration used is shown in Figure
III-37A with the multi-layer.

c. Test Conditions

Six significant tests were performed with foam substrate, and
ten additional tests were performed with the composite insulation system.
The test conditions are summarized briefly in the following paragraphs,
while a tabulated summary is presented in Table III-1.

(1) Foam Substrate Tests-J-4 PFacility

Test I11-5A (Nitrogem boil-off at atmospheric conditions)

The structural integrity and thermal performance of the foam

substrate and vapor barrier applied to the tank calorimeter were tested
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in actual ground conditions at the J-4 facility, Plum Brook Station,
The calorimeter was filled with liquid nitrogen at the beginning of the
test and then allowed to boil off freely until the contents were depleted.
The test had a duration of about ten hours. The boil-off gases were
neasured continuously during this period; at the same time the insulation
was under continual observation,

The entire insulation surface was above the freezing point
of water, as evidenced by the presence of condensed moisture and the
absence of frost or ice formation. There were no apparent breaks in
the vapor barrier nor heaves or breaks in the foam.

Test I1-5Bl and B2 (Liquid Hydrogen boil-off at atmospheric
conditions)

These tests were performed in an identical manner to the previ-
ous test except that liquid hydrogen was used as the test fluid. Further,
because of the short run times experienced with hydrogen, due to its low
latent heat per unit volume compared to nitrogen, we performed two tests
instead of a single test to obtain additional data.

Moisture condensed on the vapor barrier surface as in test
II-5A during the performance of the boil-off test. In addition, a frost
spot of about 2 inches in diameter developed on the upper head of the tank
and a light frosting developed on a quadrant sector of the bottom head
during the test. These areas were inspected after the hydrogen was re-
moved from the tank, but no damage to the insulation system could be
detected,

However, the vapor barrier on the neck insulation developed
a gas bubble on one side representing almost 50% of the area. We
attribute this to.a lack of any bond between barrier and the foam and
also to a poorly-formed foam structure which contained large voids that
connected to the atmospheric environment, We believe that cryopumping of
the atmosphere into the void occurred, which resulted subsequently in the
large blister observed when the calorimeter was warmed. ‘

Tests II-5C and II-5D (Foam cold shock at atmospheric
conditions)

These tests were performed to check the structural integrity

of the foam substrate under conditions of temperature prevailing in the
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space enviroment. The actual tests were performed in a ground environ-
ment. In test II-5C, the tank was first filled with nitrogen, Next, a
spray of liquid nitrogen was directed at the outside of the insulation

at the top and bottom heads. The tank and spray nozzles were enclosed
within a plastic bag to insure cool-down of tank surroundings to liquid
nitrogen temperatures, The spray to the tank was maintained for a period
of about one hours, Test II-5D was performed in a similar manner, except
_that hyd:ogen was used instead of nitrogen to fill the tank.

Nc Jeterioration of the foam or vapor barrier could be detected
at the complevion of test IIL-5C., However, at the completion of test II-5D
we observed 18 blisters that had developed in the vapor barrietr, ranging
in size from 1% inches in diameter to the largest on the tank side which
measured 8 x 21 inches. A number of these blisters are shown in Figure
III-38. A total of 15 per cent of the tank area was affected in this
manner: Seventy-five per cent of the blistering was evidenced as a
delamination of the vapor barrier; i.e,, the inner polyester film
laminate had delaminated from the aluminum and outer film layers, and an
unidentified gas was present in the delaminated area, Only 25% of the
blistering was due to failure of the adhesive which was used to bond the
vapor barrier to the féam. It 1s important to note, however, that in
almost half the number of blistered areas, both delamination and adhesive
failure occurred together. The results of these observations are summarized
in Table III-16,

After the calorimeter was returned to Cambridge, the blistered
areas of the vapor barrier were cut away and new vapor barrier patches
used to repair them. The patches were bonded to the foam as before with
rersamid-epoxy blanded adhesive. The edges of each patch were sealed with
sressure-sensitive tape.

Test II-5E (Vaccum test of foam and vapor barrier)

This test was performed at the Arthur D, Little, Inc,, facilities
in Cambridge after repair of the vapor barrier was completed. In order to
develop assurances that the vapor barrier would not blow off of the foam
under vacuum condition and, thus, cause the multi-layer insulation system

to fail, we subjected the foam and vapor barrier to vacuum in the micron
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range. Initial tests were performed while the insulation was at approx-

imately room temperature. These were folloéed by tests in which the

entire insulation system was held at -320°F, This was accomplished by

£filling che calorimeter with liquid nitrogen and at the same time main-

taining the chamber baffles at -320°F. Mo degrading effects resulted from

these tests; and we, therefore, proceeded with the multi-layer application.
(2) Foam and Multi-layer Insulation Tests-J-3 Facility

The five-shield, multi-layer insulation, described previously,
was applied to the calorimeter at the completion of test II-5E. The
calorimeter was returned to the Plum Brook Station for testing with
liquid hydrogen in the J-3 facility chamber, Based upon the emittance
measurements performed with the emissimeter, we predicted a value for
the heat flux of .49 BTU/hr £t

Test 1I-6A1 (Liquid nitrogen-space environment)

The experimental heat flux of 1.54 BTU/hr £t obtained in the

test was approximately three times greater than this expected value. We

for insulation system.

attributed this result to the calorimeter neck shield, which had been
altered to accommodate the foam insulation that was added to the tank
to form the composite system, (See Figure II1I-37A) The heat flux data are
summarized in Table III-17

Test II-6A2 .(Liquid nitrogen-space environment)

Prior to this test, the neck shield was modified in the field
to conform more closely to the design used in previous insulation systems.
The modified configuration is shown in Figure III-37B. In every other
respect the test conditions were a repeat of Test I1-6Al, performed
previously, The average heat flux of the insulation system was reduced
to .850 BTU/br £t
However, the heat flux results were still higher than the expected values.

as a result of modification performed at the neck.

The values are summarized in Table III-17,

Test 11-6B (Liquid Hydrogen-space environment)

Whereas tests II1-6Al and II-6A2 were performed with liquid
nitrogen in the calorimeter, test 1I1-6B was performed with liquid hydrogen.
The use of liquid hydrogen should result, theoretically, in a flux increase

of no more than .0l BTU/hr f£t2. The experimental results show an increase
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of about .06 BTU hr ftz to an average flux of .91 BTU/hr ftz.
Test II-6C (Liquid nitrogen, space environment, warm bottom
“alf)

The heat flux values obtained in tests II-6A2 and II-6B were
still significantly higher than the expected heat flux of .49 Btu/hr £e2,
We, therefore, decided to isolate completely any influence the
neck might have on the heat transfsr to the_qalorimeter by reducing
the heat flow to the upper half of the tank to nearly zero value, This
was accomplished by maintaining the_upper baffle of the chamber at
-320°F through the use of liquid nitrogen circulated through the baffle
coil., Under these circumstances, the heat flux measured for the bottom
half of the tank insulation is .72 BTIU/hr ftz.

Test I1-6D (Liquid nitrogen-helium shroud)

In this test we simulated the vehicle configuration in which
the propellant tank is shrouded with the vehicle air-frame and the
space between the two is purged with gaseous helium, The test was
performed in the chamber at the J-3 facility, Test II-6D is similar
to test I1-2 performed with Insulation System No. 4 and similar also
to test II1-9B performed subsequently at the Arthur D, Little, Inc.,
facilities, The data are compafed and presented in Table III-19.

In this test, the foam surface and outer shield temperatures
were available., The data show that both of these surfaces are warmer
at the top of the tank and get progressively cooler in the direction
of the tank bottom. These gradients and how they vary with time
during the progress of the test can be seen in Figure III-39. We
ascribe these time variations to the fact that the cooling water was
not used in the chamber baffles and jacket and the entire systam,
including the chamber, was cooling with time.

_Substrate and Multi-layer Tests -A.D, Little, Facility

When the tank calorimeter was returned to Cambridge, the J-3

tests were re-run in the Arthur D, Little, Inc. chamber, Prior to
these tests, however, an asbestos tape, placed there prior to test
I-6A2, was removed from the lower end of the neck shieid because it

applied pressure to the multi-layer and provided also a weak thermal
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short between the multi-layer and the neck shield, The results of
these tests are summarized in Table III-18,

Test II-9A (Liquid nitrogen - space environment)

This test is a repetition of tests II-6A and II-6B performed
at the J-3 facility. The insulation was placed in the simulated space
environment to obtain heat flux measurements with both upper and lower
baffles at about room temperature,

Test 11-9A was divided into three periods as shown in the table,
The average heat flux obtained in over 120 hours of test is .78 BTU hr
ftz. Compared to the similar test I1-6A2 performed at J-3, this
represents an 8% improvement (based on adjusted heat flux values), for
which we believe the removal of the asbestos from the neck is at least
partly responsible,

Test I1-9C2 (Liquid nitrogen-warm bottom baffle)

This test is similar to test II1-6C, The upper chamber baffle
was held at liquid nitrogen temperature while the bottom baffle was
held at near room temperature, The measured heat flux for the bottom
half of the insulation is .65 BTU/hr ftz. This represents a decrease
of aluwost 17% from the total average value measured in test II-9A,

It is 1nteresting to note that a similar decrease occurred at J-3
facility between tests 1I-6A2 and II1-6C., This indicates that the top
half of the insulation has a higher heat flux than the bottom portion,
To reconfirm this result, we performed test 1I-9D,

Test I11-9D (Warm top baffle)

In test II-9D, the bottom baffle was held at -320°F and the
upper baffle was held at near room temperature. The resulting heat
flux, adjusted to 8UCF baffle temperature, is 1.03 BTU/hr ft2. This
confirms the higher heat rate through the upper half previously
anticipated from tests II-9A and I-9C2.

We believe that heat leak through the neck was reduced to a
negligible amount when the shield was modified at our facilities,
Further, it is our belief that the heat flux values for the upper
half of the insulation are greater than those to the lower half,
possibly as a result of the gravity settling of the upper shields and
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spacers during shipment to and from Cambridge.

Test I1-9B (Helium shroud)

As indicated earlier, the test conditions used in test 1I-9B
are similar to those of I1-6D, The vacuum chamber baffle was used for
simulating the shroud once the calorimeter was installed in the chamber,
We obtained an experimental heat flux of 85.6 BTU/hr ftz, as noted in
Table III-19,

In this test, the baffles in the chamber were maintained at
66°F through the use of circulated water., The only remaining thermo-
couple on shield No. 5, location B, indicated an average temperature of
-3°F. The foam surface temperature was indicated to be about -31°F;
and, of course, the tank surface temperature was -320°F.

Test IT-10 (Helium purge bag) '

A purge bag was placed around the composite insulation system,
and heat flux measurements were made with the calorimeter in a ground
environment,

The purge bag was fabricated from a polyester film, aluminum-
foil laminate, We estimate that the average distance between the bag
and the foam substrate was 0.3 inches, The space between the foam
and bag contained the five-shield multi-layer system,

A heat flux of 92.2 BTU/hr £t% was obtained with this system,
as noted in Table III-19. The foam thermal conductivity could not be
accurately determined from the test, as the surface thermocouple readings
were not available, However, by comparison with the results of Test .II-5,
performed at Plum Brook Station, the heat leaks for the two are comparable.

Tie principal temperature drop of the system occurs in the foam
substrate, With an ambient temperature of 72°F, we measured typical bag
temperatures of about 22°F, While the surface temperature of the foam
substrate was not available, some temperatures measured on shield No. 3,
which is displaced a sm-1ll distance from the foam, indicate temperatures
of about 0°F, From this, we estimate the foam temperature drop at about
320°F.
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d. Results and Discussion

(1) Foam lusulation

(a) Thermal Performance

The thermal conductivities computed from the conditions estab-
lished in the ground simulation tests show good agreement with the
results obtained in the flat plate thermal conductivity apparatus and
(5)
below. The temperature distribution within the system’for tests II-6D
and II-9B is shown in Figure III-41.

those reported by Haskins. The results we obtained are summarized

Thermal

Measured Temp. (°R) Conductivity

Heat‘ Flux Vapor &T Temp (°R) —Btu-in

Test ~Btu/hr £t2 Tank Barrier (°R) Mean : hr-ftz-oF
II-5A 97.0 140 522 382 331 .127
I1-5B 93.2 40 503 473 272 .100
I1-6D 69.1 140 400 260 270 .133
I1-9B 85.6 140 429 289 285 149
II-10 92,2 140 460 320 300 144

In tests 1062-a and b with the K-apparatus, thermal éonductivity
values of .150 and .110 Btu-in/hr-ftz-oF, respectively, were obtained.
Haskins reports a value of .110 Btu-in/hr-ftz-OF for a Freon-blown
polyurethane foam with a 4.0 1b/ft3 density at a mean temperature of
about -1750 F (285° R). The results obtained with the tank insulation
range from .127 to .149 Btu-in/hr-ft2-°F, with liquid nitrogen on the
cold side.

Haskins shows a correlation between thermal conductivity and
mean insulation temperature, From our limited data it is not possible
to show this correlation. Further, because of the large surface area

of the tank-mounted foam, we experienced variations in the warm surface
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temperature, The thermal conductivity was computed using the average
of the measured temperature values.

Finally, the thermal performance of the foam system appeared
unimpaired throughout the sixteen tests performed with the system.
Equally important is the fact that the foam system stabilized the heat
flux for the various ground conditions studied. The th¢ .mal registance
of the foam is about a factor of three greater than the total thermal
resistance exterior to the foam. This can be established from the
temperatures presented in the above tabulation. Thus, i. ‘he outside
resistance is reduced to zero value, the heat flux will increase no
more than about 35% to a value of 130 Btu/hour (based on average ambient
of 800 F),

(b) Mechanical Performance

The foam system has undecgone a series of sixteen tests under
a variety of conditions simulating both space and ground environments. -
No significant deterioration occurred in the system except for failure
of 15 per cent of the vapor barrier surface in Tert II-5D. This latter
condition, we believe, can be remedied through-the use of a temperature-
rated barrier material and by applying the barrier to the foam in small
sections. On the other hand, the foam selected, the method used to
strengthen the foam, and the method used to apply and attach the foam to
the tank gave excellent performance. These materials and techniques
should, therefore, be considered further with regard to insulating space
vehicle tanks. .

(2) Multi-Layer

The data we obtained in three tests strongly supports the
contentiou that the new neck design used with the composite system was
the major extraneous source contributiung to the high heat rate to the
calorimeter. The three tests are compared below. The temperature
distributions in the system for tests 1I-6A2 and II-9A are shown in
Figure III-40.
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Measured Adjusted
Flux Flux Test Test

Test Btu/hr ft2 Btu/hr ft2 Facility Fluid

11-6Al 1.56 1.54 J-3 LNZ
11-6A2 .85 .85 J-3 Ly,
1I-9A 71 .78 ADL LNZ

The first conversion towards the original neck design took place between
tests II-6Al and 6A2. The conversion was completed prior to test II-9A.
The heat flux obtained in the latter test is taken as the actual thermal
performanc of the multi-layer insulation.

In Test II-6B, in which iiquid hydrogen was used as the test
fluid, we obtained a higher flux than obtained in test II-6A2 with
liquid nitrogen. These tests are compared ocelow. The temperature

distribution in the system obtained in test II-6B is shown in Figure III-40.

Boundary
Temperature Measured Adjusted
(°F) Flux 2 Flux 2 Test Test
Warm Cold Test Btu/hr ft Btu/hr ft Facility Fluid
80 -420 11-6B .91 91 J-3 LHZ
79 -320 11-6A2 .85 .85 J-3 N,

The difference in the two measured heat flux values may be due to solid
conduction taking place within the multi-layer insulation. If solid
conduction is present and is significant, the lowering of the sink
temperature from -320° F to -420°F should produce a noticeable increace
in heat transfer because there is a 26 per cent increase in the differ-
ential temperature from a value of 390° F to 490° F.

If all the heat transfer occurring in tests II-6A2 and I1-6B
were by radiation, then the two measured heat flux values should
correspond to within % per cent. This can be demonstrated analytically
for the low temperature levels of the sink and the comstant source

temperature taking place in the ¢ =riments.
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If in both tests it is assumed that the radiative flux is
.50 Btu/hr-ft2 as calculated from a shield emittance value of .035,
and if this flux is not altered by lowering the sink temperature from
-320° T to -420° F, then, by subtraction of the radiation flux from the
measured flux, we obtain an estimated solid conduction flux of .35 and
Al Btu/hr-ft2 for tests 1I1-6A2 and II-6B, respectively. This represents
an increase of 17 per cent in the solid conduction flux between the two
tests and corresponds to a 26 per cent increase in temperature. This
correspondence infers the presence of a significant amount of solid
conduction in the insulation system.

The higher than estimated heat flux (.50 Btu/hr-ftz) could be
assumed also to result from out-gassing of the foam insulation. However,
this is not probable, since the flux obtained in II-6B would have been
substantially lower than .85 Btu/hr-ftz, instead of .91 Btu/hr-ft2 as
measured. In test I1-6B, the entire foam-vapor barrier structure is at
less than 50° R and very likely in an evacuated state. Thus, unless
hydrogen or helium gas is present in the chamber space, cryopumping or
condensation of the gases in the multi-layer rather thaan out-gassing is
the more probable occurrence. This cryopumping effect would condense
the interstitial gas and eliminate any significant heat transfer taking
place by molecular conduction. The fact, therefore, that the heat flux
increased between the two tests is a further ¢~ Jrmation of the presence
of so0lid conduction in the multi-layer insulation.

A comparison was made between those tests in which the insula-
tion received heat over the entire surface and those in which the
insulation received heat only through the bottom half. This comparison

is shown beiows

Measured Adjusted
Flux 2 Flux 2 Test Test
Test Btu/hr-ft Btu/hr-ft Remacks . Facility Fluid
I1-6A2 .85 .85 Entire Insulation J-3 LN2
II1-6C 71 72 Bottom Half J-3 LN2
1I-9A Jd1 .78 Entire Insulation ADL LN2
11-9C2 .60 .65 Bottom Half ADL LN2
111-114
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A comparison of the first two and the last two tests shows that
the heat flux through the lower half of the insulation is less than the
over-all average. Therefore, the heat flux through the upper half must
be greater than the over-all average. This is confirmed when the heat
flux is measured separately through each half of the insulation and

compared, as is dcne below:

Measured Adjusted
Flux ) Flux ) Test
Test Btu/hr-£ft Btu/hr-ft Remarks Fluid
11-9C2 .60 .65 Bottom Half LN2
II-9D .93 1.03 Upper Half LN2

Further, the sum of the heat rates measured in these two tests
1s 30.30 Btu/hr, which compares with a heat rate of 28.3 Btu/hr obtained
for the entire insulation in test 1I-9A (see Table II1I-18), The agree-
ment of these values to within 10% establishes the validity of the
individual measurements obtained in II-9C2 and 1I-9D.

It is reasonable to cxpect that the shields and spacers on the
lower half of the calorimeter tank are not compressed because they hang
freely. 1f then, the aversge heat flux measured in the insulation
system indicates the presence of solid conduction heat flux effects, the
magnitude of this effect should be less for the lower half than for the
upper half of the insulation system. The data obtained in tests I11-9C2
and II-9D support this assumption and are further evidence of the
presence of a significant amount of solid conduction heat flow.

From the foregoing, we conclude the following:

e. Summary

1. The expected heat flux was not achieved with the
multi-layer insulation because of solid conduction effects
taking place in the insulation, particularly in the up; :r half.

The compacting takes place in the upper half of the insulation

because of the normal orientation of the calorimeter and
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because the lower portion of the insulation is supported from the

upper part,
2. The foam did not out-gas to any observable degrce in the

simulated space environment or in any way affect the thermal performance

of the multi-layer insulation component.
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FIGURE Il -32 COLD SHOCK OF FOAM INSULATION
SURF ACE CRACKING
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FIGURE II-35 INSU'.ATION SYSTEM NO, 5-FOAM AND VAPOR BARRIER-PEFORE
I1-5 TEST SERIES
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FIGURE III-38 INSULATION SYSTEM NC. 5-VAPOR BARRIER Bl ISTERING-
AFTER TEST II-5D
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I11-14

TABLE

SRIELD EMISSIVITY DATA

INSULATION TYSTEM NO, 5

Shield Surface Shield Resistance Computed 0 1 2
No. Material _Side (obm/square) Thickness{A)™ Emittance
1 Aluminun A .626 455 .0334

B L7155 378 .0335
2 Aluninum A .630 453 .0335
B . 723 395 .0378
3 Alunminum A .633 450 .0300
B . 749 380 .0381
4 Aluminum .633 450 .0369
B 714 400 .0358
5 Aluminum .625 456 .0335
B .722 395 .0243

1.

compute vapor deposited layer thickness.
at wrought metal density.

Data taken with No.

171-128

. Resistivity of wrought aluminum, 2.85 x 10"6 ohm em, used to

Deposited metal assumed

2 Receiver disc in the emissometer.
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TABLE III-16
SUMMARY VAPOR BARRIER BLISTER DAMAGE

Tank Neck
Alumiseal Surface Area (ft2) 41 2.75
Blister Area (ftz) 6 .84
Blister Area (per cent of total) 14.7 30
Blister Area Delaminated (per cent) 75 None
Blister Area Separated {per cent) 25 100
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Insulation System No. 6

a. Introduction

The improvement in the unit weight of the shield and spacer of
a multi-layer is as important as the improvements achieved in the
thermal performance of the shields. In Insulation Systems 2 through 5
the shield weight was improved compared to System No. 1l by the use of
thinner foils and coated films. However, the same 1/8 x 1/8-inch mesh
vinyl-coated Fiberglas spacer was used in ail the systems. By comparison
this spacer has a unit weight approximately 8 times that of 1/4 mil
polyester film. It was expected that some improvement in the spacer
weight could be achieved. The weight goal established for the lighter
spacer materials was that equivalent to the uni“- weight of 1/4 mil
polyester film. This was derived in the following manner: Coated
1/4 mil polyester film is very nearly the lightest weight shield material
available (thinner films are available but not common). If the film is
coated on one side only, then the shield can serve as its own spacer
because of the low thermal conductivity present in the fiber and
uncoated side. However, as discussed elsewhere, it appears that the
uncoated side is not effective at all as a radiation shield. Thus,
compared to & film coated on both sides, two singie-sided shields are
required to achieve the same thermal performance. However, the film
coated on both sides requires a spacer to prevent shorting of the
shields through the high conductivity coatings. From this, the equi-
valence between the spacer and singly-coated shield is thus established.

A preliminary investigation indicated that there are few materials
that approach the unit weight by 1/4 mil polyester film. Two were found
that appeared suitable as spacer materials, one a nylon net and the
other a silk net., The former weighs .00271 lbs/ft3 and is about 60 per
cent heavier than the film and the latter weighs .00121 1b/ft3 and is
about 30 per cent lighter than the film. Table III-20 is a comparison
of some of the physical properties of multi-layer systems which might
utilize these shields.

Although the nylon was the higher-weight spacer, the manner in

which it was knit created pointed supports which we expected would lead
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to a lower heat leak than the silk. We did not measure the performance
of the silk net! however, the heat flux results obtained with the

' K-apparatus in tests 2039 and 2040 under zero load indicated that nylon
was a good choice,

One disturbing factor about both the nylon and silk nettings,
however, was their high coefficient of expansion. The value for nylon
is presented in Table III-20. A rough comparative measurement was made
with silk, and it appears to have as high a coefficient as nylon. The
computed contraction for a 4009 F change is almost 1-1/2 inches on the
calorimeter tank circumference. This contraction was expected to affect
the insulation system performance.

b. Insulation System

The insulation system selected consisted of 5 shields of poly-
ester film aluminized on both sides, and six spacers of nylon netting.
This system was applied to Calorimeter No. 2. As shown in Figure II1I-42,
the netting side sheet was gored and attached to a top and bottom cap
to hold it in place. The shields were applied in the same manner as
those in insulation system No. 2 and No. 5. The completed system is
shown in Figure III-43. A closer view of the insulation shown in
Figure 11I-44 shows the netting and shields in greater detail. Additional
details of and characteristics of the system are presented in Table III-l.

¢. Results and Discussion

Heat fluxes to the insulation system were measured over a
period of 140 hours. Average values of 1,11 Btu/hr ft2 (adjusted to
800 F source temperature) were obtained (see Table III-21)., This value
was about twice the calculated value (.49 Btu/hr ftz) and about three
times results obtained with the thermal conductivity apparatus in test
2039. The calculated value is based on shield emissivities of .035 that
were obtained with the ADL emisgometer.

We measured the temperature distribution in the multi-layer
system during the heat flux tests. Typical values of the shield tempera-
tures are shown in Figure III1-45. It was apparent from the almost linear
variation in shield temperature that conductive heat transfer between

the shields was taking place in addition to the radiative heat transfer.
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We were able to compute approximate values for both of these components
from the data and multi-layer system properties. The results are
presented in Table III-22,

We conclude that the use of the nylon netting spacer in
Insulation System No. 6 resulted in a high flux due to solid conduction.
The probable cause is the thermal contraction of the spacer material

which introduced normal loading pressures into the multi-layer.
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FIGURE III-42 INSULATION SYSTEM NO. 6-FIRST NYLON NETTING SPACER
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FIGU..E MI-44 INSULATION SYSTEM NO, 6-SECOND NYLON NETTING SPACER
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TABLE II11-20

COMPARISON OF THE PRYSICAL PROPERTIES OF MULTI-LAYER

INSULATION WITH LIGHiWEIGHT SPACERS

elds

umber

aterial

eight
hickness (in)

o
luminization thickness (A)

missivity (average)

cev

umber

aterial

eight (1b/ft)
hickness (in)
pen Area

ontraction

oretical Sample Thickaess (in)

ple Weight (lb/ftz)
oretical Density, (lb/fta)
oretical Shieid Density

1
ure of merit

1. Ratio of shield and spacer weight compared to weight of two 1/4 mil

(wt. basis)

Sample A

ten

alunminum
1100-0

.007
.0005

.035

11

nylon net
.00271
.007

80% (estimated)
.014 inches/in

(68 to =4230 F)
.082
.0697
14.2
133 shields/in

2.75

thicknesses of polyester film.
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Sample B

(K-apparatus test 2039)

ten

aluminum coated
mylar on two
sides

0.00176
0.00025
375 4+ 50
.035

11

nylon net
.00271

.007

80% (estimated)

.014 inches/in
(68 to -423°0 F)
.0795

.0476

7.2

138 shields/a

1.27

Sample C

ten

aluminum coated
mylar on two
sides

0.00176

0.00025

375 + 50

.035 (tentative)

11

8ilk netting
0.00121

0.0045

847 (estimated)

0.052

0.0309

7.5

210 shields/in

0.85
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TABLE I1II-22
SUMMARY OF THE RADIATIVE AND CONDUCTIVE

HEA« TRANSFER COMPONENTS IN INSULATION SYSTEM NO. 6

Conduction
Computed Measured
Warm Cold Measured Radiation Minus
Shield Sucface Surface Flux 2 Plux Radiation
Space Temg . (°R) Temp. LOR) Btu/hr ft Btu/hr ft Btu/hr £12
i-1 225 140 1.03 .13 .90
1-? 305 225 1.03 .18 .86
2-3 380 305 1.03 .38 .67
3-4 448 380 1.03 .57 47
4-5 508 448 1.03 .66 .38
5-0 537 508 1.03 1.03 0
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Insulation System No. 7

a. Introduction

The insulation system on a space vehicle is susceptible
to damage when the vehicle is subjected to all the necessary static
firings, checkout, and calibration tests as well as transportation
and handling. Thus, it becomes very lmportant in the case of
damage that the repair to the insulation can be made quickly and
effectively. In some cases, it may be necessary to remove the
entire insulation in order to gain access to the tank surface, i.e.,
checking for leaks that develop in the tank after the insulation
has been applied.

Multi-layer insulation systems 1 through 6 were applied to
the calorimeter tank one shield at a time. The time required
was reduced from one shield per week on the first system to aboqt
one per day on the last system. However, large tanks with 50 to
100 shields would still take months to insulate even though the
techniques are refined and made more efficient. It is necessary,
therefore, that new application techniques be developed that will
result in a substantial improvement in the application time of
multi-layer insulations. The approach we selected to be used in
the initial trial was to pile spacers and shields together on a
table and sew them together as in a quilted blanket. Once the
shields and spacers are tied to each other in this manner, the pile
would be cut to suit the tank contour, i.e., gores would be cut into
the side sheet section so as to cover the tank sides and knuckle
radii, The quilted blanket would provide the mears of applying
many shields simultaneously. Through appropriate fitting and
cutting, this blanket could be applied possibly in the time
required previously to apply a single shield, Further the blanket
could be easily and quickly removed and reapplied when it is necessary

to do so.
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b. Insulation System

~3ulation System No. 7 was applied to the calorimeter over the
existing multilayer insulation, system No. 6, This was done to begin
the exploration of multilayer on the calorimeter in increasing number of
shields and to further confirm the thermal contractors effects of the
nylon, spacer on heat flux. Each is a five shield system in which the
shields are 1/4 mil polyester film aluminized on both sides and
the spacers are nylon net. The first five shields were applied
one at a time, the second set was preassembled into the form of a
quilted blankzt and then applied to the tank. Added details are
presented in T+ble III-1. The side sheet blanket for the tank
is shown in Figure III-4C. The completed insulation system is
shown in Figures 111-47 and 48.

¢. Results and Discussion

The experimental heat fluxes produced with System No. 7
are presented in Table I1I-23. The average of the measured
values was 0.78 Btu/hr £t2. This compares with an expected
value of 0.24 Btu/hr ft2 which was computed for the radiation flux
under the prevailing test conditions. Inasmuch as solid conduction
effects were present in the original five shields (test series II-7)
it was expected that these effects would be present possibly in a
more pronounced fashion, in the 10 shield systom.

The temperature distribution in the first multi-layer
system which occurred during Test 1I-8 is shown in Figure III-49.
These gradients show that:

1. The temperature distribution at top, bottom, and
gide is almost linear with respect to éhield number and,

2. The temperature across the five shield system is
about 60°F less at the side location than at the head locations.

The former indicated solid conduction heat transfer is
taking place throughout the first five shields of No. 7 system;
the latter indicates that the conduction effect is greater on the
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cylinder portion of the tank than at the heads. Further,
compared to the results obtained in Test II-7, the conductive
heat leak, as a per cent of Lotal heat leak, has increased.

These effects can be seen in the tabulations presented
in Table III-24. The conduction component of heat transfer

ts established from the difference of the experimental average
2at flux and the computed value of the radiation flux. The
atter were deternined from the experimental shield temperatures
nd the use of .033 for the value of the surface emissivities.

No thermocouples were placed in the five shields blanket
insulation portion of No. 7 system except at the outer shield. However,
frca the temperature of the chamber bafflies and temperatureson No. 5
shield, we computed radiation fluxes of .360 and .302 Btu/hr ft2 for the
tank sides and heads respectively using shield emissivity of .033. Thus,
the difference of these valuss from the average heat flux indicates that
heat transfer,possibly by conduction, radiation through the butt joints
and from other sources is taking place.

The results obtained with the thermal conductivity apparatus
for sample 2039 which consisted of ten shields and spacers identical to
tank insulation system No. 7 result in a no load heat flux .14 Btu/hr
ftz. This flux would correspond to a shield emissivity of approximately
.020, This apparent emissivity value is significantly lower than emiss-
ivity values obtained with the emissometer on similar samples of aluminum-
ceated mylar which average ,033 about at 100°F. This latter emissivity
value could correspond to a theoretical heat flux of .24 Btu/hr ftz.
Thus, thz theoretical heat flux predicted from the emissometer results
are about 65 percent higher than the values measured with the thermal
conductivity apparatus. This discrepancy may be due tn part to
the influence of temperatures on shield emissivity; many of the shields
in the thermal conductivity sample are at a significantly lower temperature

than the emissometer sample.
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Thus, from results obtained with the thermal conductivity apparatus,
emissometer, and tank applied insulation, we believe that nylon netting
spacer offers good thermal performance under no load conditions. However,
where the netting is restrained over a curved surface as in its application
on the tank, {he thermal contraction of the netting spacers with temperature
seriously degrades the thermal performance of the multilayer system by
introducing a loading pressure on the shields.
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Tank
Cylindrical Section

Tank
Top & Bottom Heads

Shield Surface
Space  Temp(®°R) Temp(©R)

i-1
1-2
2-3
3-4

4-5

TABLE III-24
SUMMARY OF RADIATIVE AND CONDUCTIVE

HEAT TRANSFER COMPONENTS IN FIRST FIVE SHIELDS OF

Cold

140
183
200
230

279

140
190

227

333

INSULATION SYSTEM NO. 7

Warm
Surface

183
200
230

279

190
227

287

386

Conduction

Computed Flux Measured
Measured Radiation Minus

Flux 2 Flux 2 Radiation2

(Btu/hr ft“) (Btu/hr £t°) (Btu/hr £t°)
.78 .04 .74
.78 .01 .17
.78 .04 .73
.78 .09 .69
.78 v‘14 .64
.78 .05 .73
‘78 '04 .74
.78 .12 .66
.78 .16 .62
.78 .30 .25
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APPENDLY III-E-:

THERMODYNAMIC INTERPPETATION OF THE EFFFZT OF
BAROMETRIC VARIATIONS ON CALORIMETER PERFORMANCE

A vented saturated liquid calorimeter whose performance is mear-ired
by the quantity of vented gas, is affected by changes in barometric
pressure. Such changes are reflected in variations of saturation
temperatu.,e, l.e., in the energy of the contents of the calorimeter.
This brief analysis shows how such barometric changes may be taken into
account by a general equation. The equation is rather complex, but in
the cases of inteorest for this project, the rigorous equation reduces
to a rather simple form. The simplific-tion is justified with specific
cases.

Statement of Problem and Basic Assumptions

A calorimeter cf volume V * containing a saturated liquid-vapor
mixturs of either hydrogza or nitrogen is subjected to a heat leak Q
aud gas is venﬁed through a measuring instrument. The pressure inside
the calorimeter is essentially equal to the ambient bavcmetric value, P,
This ambient pressure may vary during any given run depending upon local
weather conditions or other factors.

In the ci orimeter is shown schematically in the sketch

Q vented gas
\\‘\\A
Vap
ArvnnPp\ Lig

The mass of liquid in the calorimeter at any time is mL and

below.

similarly m v represeuts the the quar*ity of vapor; the total mass is
L v A ’ . "

m + m = m . During a run, thesa masses vary but it is

assumed that at all times the liquid and vapor are in equilibrium with

the existing value of barometri sressure at a temper.ture T; T varies,

of course, with P, It is fuvii». Jsumed that the calorimecer metal is

also at T at any time,

*A list of pertinent symbols is presented at the end of this appendix.
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General Analysis

Three conservation equations are used in the analysis, i.e.,
conservation of mass, energy, and total volume. The remainder of the
analysis 1is simply arithuetical manipulation to arrive at a convenient
final result. 1In the analysis, superscripts ¢ L, V, and s are used to
designate whether the quantity is container metal, liquid, vapor or the
system of liquid and vapor. Subsscripts 1 and 2 refer to the time the
run is begun and ended; if no subscript is included, the time is anytime
during the run. It will be shown that the final equation in Q contains
a series of terms all but one of which is independent of how the
barometric pressure varies with time, i.e., only thke initial and final
harametric pressures enter.,

Energy Balance

The system is chosen as the calorimeter, including metal walls,

liquid and vapor conteants. In differential form,

s

Mass Balance

dn®
dt

]
ulp.
ITIB

o,
]
€
£

ES = £ +E' +E = e +afel+a e

and
@s - mcﬁc"‘nggL‘\“eLQt_qL +mvg£V+eVi@V
dt dt dt dt dt dt
In Eq. (4), the specific energies e refer, of course, to saturation
vaiues since it was assumed above that the liquid and vapor were always

in equilibri .. Combining Eq. (1), (2), and (4),

\'

Q=mcggc+mvigv.-*ijg_§L- (h _ev) .dEv_ (hv_exj QEL

dt dt dt at dt
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Introducing the definition

e=h -Pv (6)
de = dh - Pdv - vdP €))
then h' - e =By (8)
BV - el a (Y - hY) + Bt (%)

Substitutiag Egs. - (6) through /9) into (5) and making use of the fact

that since the calorimeter volume is constant,

Vet e el e W (10)
aV® = 0= @ dvl+ vF dnt +ao dv' + v do' (1D)
then
Q =’ de® +m dh' +a" da” - (n'-h") dm” -v° ap (12)
dt at dt at dt

To obtain an equation more suitanle for integration, add and subtract

‘B dm’ from Eq. (12),

e +d@b) + ¢ @Y - @ - viae (13)
dt dt ac dt dt

Q-nc

Integrating Fq. (13) from the initial state (1) to ihs final state (2),

2
¢, c c v .V v.v L. L L.L
Qt = ‘(let =m (e2 el) - (m2 h2 - oy hl) + (m2 h2 - m) hl )
-2 \) s s
‘( b odn” - VO (P, - By) (14)
1

. \'J
or in a more convenient form to use, add and subtract h1 (m; - mi)
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from Eq. (14) and rearrange,
c c c \' \ v 2 \') \ 5 s
= - - - - - P
QT =m (e2 el) + (h2 hl) w, jfl (h h1 ) dm v (P2 Pl’

L
2

L
7 (15)

\ L L L L
+ (h1 - h1 )(m1 -, ) +m (h2 - h
Eq. (15) is the desired result.

Discussion of Terms

In Eq. (15), all terms except the one with the integral are
functions only of the initial and end states. In particular, if these
end states were identical, then independent of any pressure

fluctutions during the run, Eq. (15) reduces to

2
VL) L L V.V s
if stPl,QTﬂ(h-hzorl(ml-mz).-fl(h By ) dn (16)

In this simplified form, the first term is the enthalpy of vaporization
times the mass vaporized; the second term accounts for the variation in
enthalpy of the vented gas if the oressure varies during a run. It, of
course, equals zero if the pressure is constant.

It will be shown below that of the terms in Eq. (15* only the last
two are of any importance during a tynmical calorimeter test. The
maximum barometric pressure change expected is about 2-in. mercury or
1 psi. The more reasonable change is probably about 2-in., mercury
but the higher value is chosen here for illustrative , .poses,

For this AP = 1 psi, (considered as an increase in the examples
below) A T (nitrogen)rwrloR and &\ T (hydrogen) —~— 0.4°R. The
calorimeter volume is 19.25 ft3 and holds about 968 lbs. of liquid
nitrogen when full and 84.7 lbs. of hydrogen.

a. The term m® (eg - ei) amounts to about 23 Btu (nitrogen case)

and 0.4 Btu (hydrogen case) when A P = 1 psi. For the maximum effect,
assume no evaporation (i.e., negligible running time). Then the important
term in Eq. (15) is o (h; - h% ) which is about 475 Btu (nitrogen case)

and 82 Btu (hydrogen case). The maximum co.tribution of ;he term is
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then about 5% (nitrogen case) and 0.5% (hydroger case). For more
realistic cases, where evaporation occurs and P {1 psi, the
contribution becomes negligible.

b. The term (hg - h‘{ ) m‘;‘ would be maximized if the final stale
were all wapor. In this case, the term has the values 0.5 Btu (nitrogen
case) and 1.0 Btu (hydrogen case). These are quite small values and may
be considered negligible, especially for the more realistic case when
evaporation is not complete.

c. The term V° (l’2 - Pl) is equal to about 3.6 Btu. Again this
number is small compared to the total of the last two terms in Eq.(15).

d. The term '{i (hv - hi’ ) dn® is similar to the one discussed
in (b) and the maximum value of this path-dependent function is of the

same order (albeit slightly larger) than found in (b). They are,
however, of oppo-ite sign and tend to cancel and, in any case, both are
small compared to the last two terms in Eq, (15).

Conclusion

Within experimental accuracy, the heat leak into the calorimeter
may be calculated from Eq. (15) with tha first four terms neglected, i.e.,

L

QT-(h‘{-hll‘)(mll‘-mg)+m§‘(h]2‘-hl) (16)

L L \' \'J
and if (m1 - o, JE-SN (m2 - ml ), then

QT-(h\lr-h]i')(m;-m;)-l-mlz'(hlz"-h'i') (17)

where the first term is simply the enthalpy of vaporization times the
mass vented; the second term reflects the energy gain or loss cdue to a
temperature change resulting from a barometric pressure variation. It
is often closely approximated as TEL EP AT, i.e.,

sat

=L

QT’: (AHV.) (mass vented) + W AT (18)

.Psat
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Note About Hydrogen Conversinn, Para to-Ortho Form

Eq. (15) or (16) is also applicable if there should occur any

substantial variation in orth-para composition for liquid hydrogen.

The enthalpies in this case would then be a function both of temperature
(or pressure) and composition. For the practical situation of liquid
hydrogen near the atmospheric boiling point, small pressure fluctuations

will not change the saturation temperature sufficiently to make such a

correction nec essary.
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TABLE OF SYMBOLS

heat capacity, Btu/1b-°R
specific internal energy, Btu/lb
total internal energy, Btu
specific enthalpy, Btu/lb
anthalpy of vaporization, Btu/lb

mass, lbs

~barometric or system pressure, psia

heat leak rate, Btu/time
total heat leak, Btu
time

temperature .
specific volume, ft3/1b

total calc.imeter volume, ft3

subscripts

1 initial
2 final

superscripts

¢ container

L 1liquid

s systenw of liquid and vapor
V  vapor
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APPENDIX III-E-2

SHIELD TEMPERATURE DISTRIBUTION IN A MULTI-LAYER SYSTEM

It is often necessary to predict the temperature distribution in
a multi-layer insulation when radiation is the sole heat transfer mode.
The present analysis makes use of the Ohm's iaw analogy by expressing
the emittance of the radiation shields as a radiation resistance. The
use of the analogy contributes to a better understanding of the thermal
properties of multi-layer insulationms.

Statement of the Problems

A tank is covered with n radiation shields separated from each
other with non-conducting spacers. The planes of the boundaries aad
shields are parallel to one another. All surfaces can have different
emittances although the resulting relation is simplified if all shields
have an =qual emittance.

General Analysis

For any two parallel surfaces, the rate of heat transfer between
them is determined by the Stefan-Boltzmann law as expressed by the
following relation:

4

Q= crA('ro“-Ti) (L

mlp—-r—a

Ly
o i

heat flow, Btu/hr

8 4

Stefan-Boltzmann constant, 0.173 x 10 Btu/ftz-hr-oR

; 2
surface area, ft

- C‘ Jo)
"

o
surface temperature, R; To’ temperature of warm surface;
Ti’ temperature of cold surface

total hemispherical emissivity of the surface,

o
1

dimensionless; e, emissivity of warm surface;

e emissivity of the cold surface
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Equation (1) can be writtea in the form

A
TR +R -D = o @ T)) (1a)
where R = Dimensionless radiation resistance,

The radiation Equation (la) now states that the product of the heat
flux and sum of the radiation resistances is proportional to the
difference of the fourth power temperature potentials.

If n shields are inserted between the warm and cold boundaries,
then N + 1 spaces are formed. The resistance of each space can be
expressed by Equation (la) and the total resistance between the
boundaries can be expressed as the sum of the ‘individual resistances.
This sum 18 carried out below and results in Equation (2) pecause the
heat flux in all spaces has & single value due to series nature of the

ts cold SEI
4 4 i

heat flow iuth.

(Ri+nl'- ) = o (T, -T1) L
@, ; ‘
4 b -
(R, +R, = 1) = g (T, -7, rnen— 2
@), , L 2
................................ " even evewErms | 3
-]
4 4
(R 1 +R -1) =T (Tn - Tn-l) ansss——— T - ]
(Q A)n'lo n
4 4
(Rn+R°'1) -Q‘(To-Tn) o —T1 o
JA) - rrrrrrrrs°
@ )noo !/ wari "'4
n
R, +2 ' 4 4
i z Rj +Ro ~(n+l) = O"(To - Ti ) (2

=1
),
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If all the shield surfaces have the same emissivity and, therefore,

the same radiation resistance, Equation (2) cai be simplified to,

Rp = [ R, +R_+ 20R_ - (n+1)] = v-(To‘* - Tia ) (2a)
@A |
where Rs is the radiation resistance of each shield surface and RT is
the total resistance between the boundaries. When the boundary
emissivities approach 1.0 (Ri = Ro = 1) and the shield emissivities
are of the order of .05 (R8 = 20) or less the total radiation resistance
between the boundaries is given to within 5 per cent by the relation
Ry = 2R = o (1% - 1, (2b)
@B,

These specialized conditions prevailed in most of the space
simulation tests performed with the tank calorimeter. 1In the case of
aluminum shields having surface emittances of .035, we obtained total
system resistance of the order of 275 (no dimensions). For cold and
warm boundary temperatures of 140 and 540°R respectively, we obtain a
value for CJ"'(TO4 - Iia) of 145 Btu/hr ftz. For a five shield sgstem,
Equation (2b) results in a calculated heat flux of .51 Btu/hr ft~,

It is often of interest to know the temperature distribution that
would prevail in a multi-layer system if radiation were the sole means

of heat transfer. Since the heat flow in a given system is a

constant, the following identity is wvalid:

(Q/4) (@/4) @ 10 T (3
i,o i,m -
RTi,o i,m
vhere RTi o = resistance between warm and cold boundaries for a
’ system with n shields
RT = reristance cold boundary and shield m in a system with

1,m n shield
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The resistance of m shields in a system with n shields is obtained by
summing the individual resistances between shields as established by
Equation (2). '

Equation (2) can be written for the first m shields where the

emissivity of each shield surface has the same value as

%im-[%+2%+z%+“.+%-'] (4)

Since Rl = R2 = Rm’ Equatioa (4) can be simplified to

R, =R, + (1) R -m (4a)
i,m

For the conditions where the emissivity of the cbld boundary approaches

1.0 (Ri = Ro = 1) and the shield emissivities are .05 (Rs = 20) or less,

RT can be obtained with an accuracy of five per cent or better by
i,m

elimination of the terms R

RT = (2m-1)Rs

i,m

i and m from Equation (4) giving

Equation (3) can be solved for the temperature of shield m and the
appropriate simplifying values substituted for the partial and total

resistance of the multi-layer system to give

N
m 2n

4

T (T04 - Ti“) + '1:i (5)

For absolute temperatures, Ti’ of the cold boundary less than 140°R and
for all but very small values of the ratio 2m-1/2m, Tm can be obtained

to good accuracy from

f r 2m- 1.
T =T, : o (5a)

Thus, from this equation, it can be seen that the temperature of

any shield m is a fuaction only of the warm boundary temperature and

the shield position.
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The relation between the temperature of any shield and its position
as expressed oy Equation (5a) is shown in Figure III-50. The ordinate is
the ratio of the temperature of shield m to the warm boundary temperaturs,
This is plotted against the position of shield m in a system containing
n shields expressed as a ratio of value less than 1.0. From this figure
it is apparent, for example, that in any multi-layer system having a warm
boundary of 80°F (S&OOR), approximately fifty per cent of the shields
have a temperature greater than 0°F (460°R).
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Temperature Ratio (Tm/Ts)

1. Cold Bouudary Less than 140°R
Shield Emittanceé Less than .05
Boundary Emittances Approaching 1.0

= W N

T, = Warm Boundary Temperature
n = Total Number of Shields in System

wn

6. Ty = Temperature of Shield m Counting from Cold Boundary
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FIGURE III-50 TEMPERATURE DISTRIBUTION IN MULTI-
LAYER INSULATION

Shield losition

. II-167



APPENDIX III-E-3

K_/ PRODUCT

The product of the thermal conductivity and weight density of an
insulation provides a measure of the insulaticus usefulness in space
applications and a basis for comparing it with other systems. A relation
is derived in which this picduct is expressed directly in the measured
system properties which include the heat flux, number of shields,
differential temperature, and unit weight of the multi-layer.

The apparent thermal conductivity of a rwulti-layer insulation is

expressed oy the relation for solid conduction b+

X
k=3 a7 O

where K = thermal conductivity, Btu—in/hr-ft2~°F
/A = heat flux, Btu/hr-ft2
x = insuiation thickness, inches
A T = temperature across the insulation, “R
The insulation thickness can also be expressed in terms of the number
of layers in the insulation, i.e., one shield and spacer per layer, and
the measured thickness of the layer. Thus,
x=u t (2)
where n = number of layers
tL = layer thickness, inches

The insulation demsity in 1bs/ft3 can be expressed by

Vot =12 wL (3)

ty,

where v = unit weight of each layer, lb/ftz-layer
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From Equatiovas 1, 2, and 3, the x/o produc: can be expressed by the
following:

KP -(%) X (ﬁ) 12 v (4)

Each term on the right is a measurable property and for a given system,
three of the four terms may be constant.

Inforwation regardi~g the weight per layer and number shiczlds
used in each system can be found in Table III-1. The mea.ured heat flux
and differential temperature across the insulation systems in the
simulated space environments can be found in the detail tabulation

results for each syscem.
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IV, EMISSOMETER

A. Summary

1. Purpose
It has been the purpose of this effort to measure at minimum

cost, the total hemispherical emissivity (hereinafter referred to as
emittance) of radiation shield materials, to screem them for use in
multi-layer insulation and related systems and to provide added infor-
mation for understanding the results obtained in the flat plate and
tank insulation studies conducted in the coantract.
2. Scope
As no commercial instrument is available for this purpose, it
was necessary to design, fabricate and perfect the performance of a
suitabie device with which to perform the emittance measuremants. The
instrument is currently suited for performing measurements on surfaces
at or near room temperature; extension ~f this capability to lower
temperature is not now required but can be achieved through minor modi-
fication of the instruwent. The instrument was used to measure the
emittance o» a wide variety of foils, plates, and coatings. This in-
cluded materials having low emittance values suitable for use as ra-
diation shields as well as materials with high emittance values used
for other purposes related to space vehicles.
3. Conclusions .
1) The measured average emittance of aluminum foils is about
.035. Comparable results were obtained with about 400°A
of aluminum vacuum deposited on -olyester film,
2) The emittance of the uncoated surface of polyester film,
X mil thick, is approximately 10 times greater than when
‘coated with 400°A of aluminum,
3) Compared td aluminum foil, improved emittances appear to
be possible with polyester film coatings through the use
of heavy gold coatings, gold coated over aluminum and

protected silver coatings.
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B. Introduction

The consideration of the emittance value of shield materials is of
primary importance in the design of multi-layer irsulations for appli-
cation to space vehicles. The emittance value establishes the number
of shields necessary to achieve a prescribed heat flow. The unit
weight of the shield material is an important consideration also as the
heat flow is the result of an optimization performed on the weight of
the insulation, the mission characteristics, and the loss of propellant
due to boil-off,

The emittance cf a surface is a rather complex function of its
material make up, smoothness, and tempersture. The program described
in this report has been an attempt to measure the emittance value at
one temperature ouly and to relate this value to the material with a
secondary emphasis placed on the smoothness of the surface and other
surface conditions., Further, we investigated the metals such as
aluminum, gold, and silver which in pure form have exceptionally low
emittance values. Metals in the form of folls, chemical plating anu
vacuum deposited coatings have been investigated. In this work, we
have also obtained information on high emittance surfaces which are
involved in the equipment used for perforuing space simulation and
involved also with the actual exterior _urfaces of space vehicles.

The data obtained has been used primarily for developiug a greater
understanding of the measurements made with the multi-layer shields in
the programs associated with the flat plate and tank calorimeter studies.
This data will also serve in the future as a partial compendium of the
emittance property shield materials.

C. Experimental Equipment
1. Principal of Operation

The emissometer instrument measures the total hemispher’cal
emittance of samples of candidate radiation shield materials, It lLas
been designed to permit fairly rapid measurements, i.e., about 2 fours
per sample, and can be used for comparative measutrements without

extansive calibration,
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The emissometer uses the receiver disc principle, A circular,

~

thin-metal blackened disc, about .5 inches in diameter, is placed
closely adjacent, and parallel, to a circular sample piece in an evacuated
space. The back side of the receiver disc, (also blackened), is sur-
rouned by a black cavity held at a temperature low with cespect to the
sample temperature. The receiver disc exchanges heat with the sample

on one side and with the black cavity on the other side principally

by radiative heat transfer. The geometry is such thet the heat trans-

fer between the sample and the receiver disc is essentially like that
between two infinite parallel planes. Radiative transfer between the

back side of the disc and the black cavity is essentially that between

two black bodies, Hence, a heat balance on the disc yields the

equation:
s c-(TsA ) Tda) -‘r(TdA . Tck)
or
e
Te - T

Thus, if the sample temperativre, the cavity temperature, and the disc
temperature are measured, the emissivity of the sample can be deter-
mined, In our apparatus, the semple temperature is maintained constant
at a value of + - '¥. The cavity temperature is maintained at the tem-
perature of liquid nitrogen (77°K) and the receiver disc temperature is
measured with & thermocouple.

2, Descrgptibn ~f the Apparatus

An assembly drawing of the apparatus is shown in Figure IV-1,
Only the vacuum vessel with internal parts is shown, The vacuum
pumping system is shcwn schematically in Figure IV-2, A liquid nitro-
gen supply system, and instrumentation for controlling sample tempera-
ture and reading the thermocouple outputs are also required.

Referring to Figure IV-1, the sample is mounted on the lower
surface of the sample holder block, part §. 1Its temperature is main-
tained at a fixed level by means of a heatur, part 28, A controller

with thermistor sensing element monitors the temperature and controls
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the heat input to maintain a present level within i_O.ZSoF. The tem-
perature of the sample holder is accurately measured by an imbedded
copper-constantan thermocouple.

The receiver disc is immediately adjacent to the sample sur-
face. The disc 1s blackened on both sides with 3M Brand Velvet Coat-
ing #9564 black, which has an emissivity of about 0,94.%

It is extremely important to insure that the major heat input
tc the disc is the radiative transfer from the sample and the major
heat flow from the disc is due to its radiative intercuange with the
surrounding cold,-black cavity. The construction places strong em-
phasis on minimizing extraneous heat inputs to or outp-its from the
disc. The disc is suspended by six 0.003 inch diameter stainless steel
wires which pass radially outward to a mounting ring, part 6. A copper-
constantan thermocouple made of 0,001 inch diameter wive is mounted
on the rear surface of the receiver disc; the two leads pass downward
and connect to heavier thermocouple leads, which then pass out through
the vacuum shell,

For low emissivity samples, the radiative fiux received by the
disc is very low and the disc .emperature approaches that of the cavity.
The wounting ring, to which bot!i th~ support wires and the thermocouple
leads are connected (thermally, but not electrically, in the case of
the thermocoupie leads) is cooled to the same temperature ag the cavity,
i.e., 77°K. Conductive heat leaks from the disc, through the supports
and thermocouple leads, are thereby minimized for low ewmissivity samples.
Thus, even for low emissivity samples, the conrductive heat leaks a:ce
small compared to the radiative transfer on which the measurement de-
pends, and good accuracy is maintained.

The black cavity around the receiver disc is forwad by a copper
tube with a flat end piece, cooled by a flow of liquid nitrogen passing
through tubes soldered to its exterior. The interior of the eravity is
also blackened with the 3M paint. The geometrical arraugement of the

*Emissivity at room temperature, measurad by Arthur D. Little, inc. using
a calorimeter technique,
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cavity and mounting ring (with baffles) is such as to prevent radiation
from the warm walls of the chamber from passing into the cavity and
reaching the disc.

The sample holder can be moved axially in its mounting tube and
is adjusted so the -urface of the sample is in a plane established by
four.points on the 2nd of the tube. The sample is placed on the sample
holder and set in position with the sample holder sub-assembly, parts 1,
2 and 9, removed from the vacuum vessel. The sub-assembly is then
inserted into the vessei; the construction insures that the sample face
will be positioned, parallel to the receilver disc and at a fixed distaace
from it. 1In this way, samples with various thicknesses cen be emplaced
with the same axial space between the sample surface and the receiver disc
surface, thereby eliminating variations in measurement due tc change in
geometry of the set-up.

Thelreceiver disc and its mounting ring are incorporated in a
second sub-assembly, consisting primarily of parts 13, 3, 4, 6, 7, 8 and
26, that can te removed from the vacuum vessel to facilitate inspection
of the receiver disc, calibration «f its thermocouples ard alignment ol the
receiver disc with the sample surface.

The vacuum vessel and black cavity, principally parts 12, 14, 15,
30 and 31 comprise the third major sub-assembly., Part 32 is a port for
connecting the roughing vacuum pump. The liquid nitrogen coolant tubes,
part 17, pass into the chawh¢i _hrough pantleg arrangements, parts 16
and 13. Four penetrations arz made, two inputs and two outputs. 7The
twr Yiquid nitrogen circuits will be connected in series external to the
vacuv.a vessel «o that only one liquid nitrogen input is required.

The 'm pumping train, shown schematically in Figure 2,
consists 1gh vacuum valve connected to the flange on the vessel,

a éhev:ou Saffle at room temperature, a 2" oil diffusion pump and a
forepuap, which also serves as a roughing pump. When the chamber is
not under vacuum, the high vacuum valve will be kept closed and the

diffusion pump running.
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3. Operation

In a typical test, the sanple will be mounted on the sample holder,
by means of vacuum grease, and insarted Intc the emissometer, The
systen: is then evacuated, First, with the foreline valve closed .:.4
the roughing valve open, the chamber 1is pumped down to about 200 microns.
Then with the roughing valve closed and the foreline and high vacuum
valves open, evacuation continues down to a level of about 107 corr.
Just before the high vacuum valve is opened, the cylindrical cavity and
receiver disc mounting ring will be coolnd by passing liquid nitrugen
threugh the cooling cubes. These cold zurfaces protect the sample, the
receiver disc and the interior of the cavity from il backstreaming
from the diffusion pump. The cavity cooldown and pumpdown to the 10~6
torr range takes about one hour. After thez cavity is cooled, an addi-
tional hour is required for the receiver disc to reach its equilibrium
temperature. During this time, the sample hnlder temperature, hence,
the sample temperature is maintained counstant by the heater-controller.
4casurement of the steody-state temsersature of the receiver disc and
of the sample holder temperature is all that 1is reqguired for the com-
pletion of the test, since the temperature of the cavity is known.

4. Accuracy cf Measurement

A nuwber of factors combine to introduce errors into the
measurementidf the emissivity of the sample, These inciude:
1) Uncertainty in measuring the receiver disc temperature.
2) Uncertaintv in knowing the cavity temperaturz
3) Uncertainiy in measuring the sample temperature.
4) Departure of the emissivity of (he receiver ‘isc from unity.
5) Departure of the absorptivity of the cavity from unity.
6) Conductive heat leaks from the receiver disc through =cpports
and the thermoccuple.
7) D siaicions of the geometry from that assumed in calculating
the sample emissivity.
%e have carried out an 2rvor analysis to determine the effects
of these factors on the accuracy <7 determination of the sample emis-

sivity. We estimate that sample emissivities in the range 0.0l to 1.0
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can be deteruined wittin +10 per cent with very little calibration of
the apparatus, Improved accurany may be act *ved by calibrizien.

After completion ot the instrumer.., a number of runs were made
to measure tue emissivity of the sample holder face as a means of de-
termining the reproducibflity of results, Runs on four consecutive
cdays showed values of 0.043, 0.042, 0.043, and 0.041. Hence, the
measurement was reproducible within a spread between maximum and wminimum
values of about 5 per cent,

Measurements on two consecutive days were also made with a
speclally prepared sample of very low emissivity to estahlish the utility
of the device for such samples., The sample is a 2.5 inch diameter x
1/8 inch thick fuserd quartz disc, polished optically flat on both sur-
faces and coated on one surface by vacuum deposition with & 1000°%A
thick aluminum film. This disc wes stuck to the sample holder with
two-sided scdhesive tape, with the aluminum coated surfece facing the
receiver disc in the emissometer. Ewmissivity values determined from
the twdo runs were both $.022, demonstrating the capability of the
apparatus for measuring very low emissivities.

A high emittance calibrating device for t.»: instrument was
also built. It fits in place of the sample holder and provides a
black cavity which can be maintained at constant temperature. The
cavity simulates a sample with an emittance very close to i, and has
been used as a periodic ch.ck on the instrument.

Data(non the emittance at low temperatures of the M Brand
Velvet Coating #9564 suggests that the emittance of the coating drops
from 0.94 at room temperature to about 0.8 at 200°K and remains con-
stant at near that value down to about 90°K. If so, analysis shows
that sample emittances indicated by the Emissometer would be higher
than the actual vulues, particularly for low emittance samples, The

possible error would be considerably larger than that from any other
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source we have been able to identify (as high as about 30% for a sample
with e.«0.1). However, it appears that the error would be relatively
constant and always in the same direction, so that comparative wmeasure-
ments between samples wculd not be affected.

Both receiver discs No. 1 and No, 2 were made from 2 mil
aluminum which was painted on both sides with 3M Velvet Black No. 9654.
Disc No. 3 is made from 2 wil gold foil which is coated with platinum
black As noted in Table IV-1, the latter disc was used in better than
50 ~-r cent of th: measurements made.

D. Results

Approximately 160 emittance measurements were made with the emisso-
meter. These results are presented in Table IV-1. The largest number
of samples tested are vacuum deposited coatings on polyester film,
Also, many aluminum foils and a number of gold plated specimens were
tested. High emittance paints and coatings received some attention in
this study.

With regards to coatings an attempt was made to establish some
quantitative wmeasure of the sample coating thi _~uesses. We have de-
termined the electrical resistances of the films according to a method
commonily used. Ceonsideration of the equation for resistance shows
that, for & square piece of cocated material, the resistance from one

edge to an opposite edge is given by

R= ——

4

where

R = Resistance, ohms
P- Resistivity of metal coating, ohm-cms

6\= Thickness of metal coating, cms.

Resistance measurements were made for the various samples and the coat-
ing thicknesses calculated from the equation using a room temperature
resistivity value for aluminum of 2,85 x 10-6 ohm-cm, for gold of

2.35 x 10°° ohm-cm, and for silver of 1.60 x 107 ohm-ca. (2) The
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sample size used in this measurement is 2 x 2 inches square. When the
shield material was sufficiently large, at least two resistance speci-
mens were taken in an area adjacent to that from which the emissometer
specimen was taken.
E. Discussion of Results

1. Aluminum Foils

We have made approximately 25 measurements on aluminum foils.
The emittance results range from 0.023 to as high as 0.103, About
50 per cent of the measured values are in the range from 0.030 to
0.040. As indicated previously, we consider the emissometer instrument
to have an inherent accuracy better than 10 per cent based on theoretical
considerations and calibration data. Thus, the observed scatter we
feel is the result of either surface condition (not necessarily rough-
ness) or metal purity which we have not studied in detail, The fre-
quency distribution of the emittance values for aluminum is shown in
Figure IV-3.

2. Aluminum Coated Polyester Film

Approximately 40 measurements were made on polyester film con-
taining coated aluminum. The emittance values obtained vary from
.0143 to .0773, About 50 per cent of the data are in a range from
0.030 to 0.040. See Figure IV-3, 1In one group of 10 tests performed
with shield material used in Insulaticn System No. 5, we obtained
emittance results in a range of 0.0345 + .044 for coating thicknesses
that were in the range 420 t.AOOA.

3. Uncoated Polyester Film

In tests performed on May 5 and in test 225, the uncoated sides
of an aluminum and gold coated polyester film respectively gave an
emittance result of 0.36. This dats is discussed in Part III

Insulation System No. 2 with reference to spectrophotometer measurements

made with polyester film, The emissometer and spectrophotometer measure-
ments corroborate one another, Thus, .. appears that if the uncoated
side has an emittance of about one order of magnitude greater than the
aluminum coated side, that two of these shields are required in order

to achieve a thermal =2ffectiveness equivalent to one aluminum foil ghield.
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4. Gold and Silver Coated Polyester Film

We have studied the variation in the emittance of gold coatings,
vacuum deposited oﬁ'polyester film, as a function of the coating thick-
ness in the range from less than 1% to 2350°A. The test results are
presented in Table IV-1 and summirized in Figure IV-4, The numbers
in brackets refer to test numbers given in Table IV-1. The data show
a trend of decreasing emittance with increasing thickness as would be
expected.

Test 221 performed with specimen coated with gold to a thick-
ness of 2350°A gave an emissivity value of 0.020. This value compares
with some of the best values reported for gold at or near room tem-
perature. The data sampleﬁare too few to support firm conclusions with
regard to the smallest coating thickness that would correspond to the
best surface emissivity. However, we suspect this apparent coating
thickness for gold is about 2000°A.

Tests 210 and 211 were performed with specimens consisting of
gold vacuum deposited on aluminum that is vacuum deposited on ¥ mil
polyester film. The primary aluminum coating had a thickness of about
285°A. The gold coating on samples 210 and 211 was about 100°A and
200°A respectively. The results obtained show an improvement in the
emittance compared to the average results obtained with the vacuum
deposited aluminum coating alone.

Tests 222 and 223 were performed with specimens coated with
silver on Mylar. Further, the silver on each film was protected with
a light coating of silicone oxide. The average results obtained by us
are comparable to those obtained with the gold specimen used in
Test 221,

S. Limit of Reflectanc. of a Radiation Shield

I.. considering the various methods of improving multi-layer
insulation systems, the question arises--what is the limiting perform-
ance that can be expected if the necessary engineering developments
could be carried out? The factors that control the insulation system

performance are the number of radiation shields and the manner in which
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each shield emits and reflects thermal radiaction. It is, therefore, of
interest to examine the most favorable radiation performance which could
be achieved with a radiation shield, assuming that the performance is
limited only by the inherent properties of the shield.
a. Discussion

Let us assume that the shields can be separated so that
radiation is the only mode of heat transfer between the shields and
that the suields are optically smooth and chemically pure. The shield
surface can then be made highly reflective, i.e., have as high a total
hemispherical reflectance (f) as possible and as low a total hemis-
pherical emittance* (€) as possible, The two properties are not in-
dependent being directly related by:

1=€+, O

so that the determinaticn of one property specifies the other.

Superconducting foils and surface layers of controlied
spacing to correspond to integral multiples of a wavelength though
superficially interesting do not provide the basis for workable in-
sulation systems. The reasomns why they are not applicable are dis-
cussed later.

Carefully prepared metallic surfaces are the most practical
approach. To determine how reflective a metallic surface could possibly
be made, assume that a single wetallic crystal forms the surface. Sur-
face crystals are ideal reflectors because they are pure, flat, have
no internal boundaries, and thus have a minimum of scattering centers
at the surface and within the body of the material.

The reflectance of infrared radiation at the surface is
dependent on the condition of the electrons in the crystal as well as
the wavelength of the impinging radiation. 1In metals, the long wave-
length reflectivity is related to the d-c electrical conductivity

*Following Worthing, the terms emissivity and emittance are used to
signify respectively the intrinsic property of the material (or the
property which is equal of a pure optically flat sample) and the
corresponding property of a nonpure, nonflat, real sample (emittance).
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(%)

based on the Drude free electron model.

(4)

The Hagen-Rubens
equation assumes that this model is applicable to electrically.
conductive metals at the longer infrar.d wavelengths and is

given by:

/2 /2

R =1-2 (D/‘:r)1 or A =2(D/Q‘)1

where

= the normal spectral reflectivity
= the frequency of the incident radiation

R

D

O~ = the electrical conductivity

A = the normal spectral absorptivity
€

= the normal spectral emissivity

There are more refined models and equations in
existence also based on electrical conductivity that attempt
to take into account other effects; for example, the relaxation
time of the electrons in the metal.(S)

Since electrical resistivity is directly related
to temperature (conductivity is inversely proportional to
temperature) and the material, the Hagen-Rubens equation can
be expressed in terms of absolute temperature and as such
predicts that the emissivity or absorptivity would approach
zero (reflectance 100%) as temperature approaches zero. This
effect is predicted quite aside from effects of superconductivity
Thus, high purity copper, for example, is predicted to have an

emissivity at the cryogenic temperatures of 10-5.(6)

However, more recent theoretical derivations and experi-
ments show that these predictions are not correct, At cryogenic
temperatures the effect of anomalous skin depth begins to be imporiant.
The result of this effect is that electrical resistivity does not com-

tinue to drop as temperature is lowered but reaches a limiting value.
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In the example of copper cited above, the emissivity will be several
2 to 10'3) thar predicted without

taking account of the anomalous skin effect.

hundred times greater (€ = 10~

Since radiation shields operate at different temperatures
depending on their position, the ideal reflectivity of a metal should
be known &t & given temperature in terms of the electrical resistivity.
It appears possible to utilize theoretical models which have been
ghown to give good empirical results to take into account anomalous
effects. These models could serve as a gulde during engineering de-
velopment of radiation shields and suggest in terms related to economic
factors possible further increases in performance.

b. Phenomena Related to High Reflectivity

(1) Superconductivity

Zero electrical resistance will result in 100% reflec-
tivity, Therefore, a superconductor would appear potentially capable
of achieving 100% reflectarce. However, it has been established that
the phenomenon of superconductivity does not occur with electrons
oscillating at frequencies above the microwave range. The reflectance
of a superconducting metal to infrared is identical to its ordinary
(nonsuperconducting) reflectance, There is, therefore, no apparent
means by which superconductivity can be made the basis for a highly
reflective insulating material,

(2) Controlled Layer Thickness and Spacing

Controlled layer thicknesses and spacings can be used
tu create barriers that exhibit very high {impedance té radiative
transfer through resonance phenomena, For example, two semi-reflective
transparent films accurately spaced at a distance equal to one-half
wavelength will very effectively impede the passage of monochromatic
radiation through the barrier formed by the two films acting in effect
like a nearly 100% reflecting foil. Difficulty arises in .applying
this phenonenon because thermal raciation covers a broad wavelength
band while the controlled spacing layer is only effective in reflecting
a narrow band, at most 20% of the total radiation represented by the
Planck distribution. .
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