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SUMMARY

i?Thermal insulation is required for liguid-hydrogen tanks used on high-
energy boost vehicles in order to keep bolloff losses to acceptable values. An
investigation was conducted to determine a lightweight hydrogen tank insulation
system that would provide adequate thermal insulation during ground hold condi-
tions, and would be able to withstand the aerodynamic forces and heating en-
countered during the launch trajectory. The experimental investigation in-
cluded tests of impact sensitivity of the insulation components in the presence
of liquld oxygen, aerodynamic tests in which the heating and dynamic pressure
conditions were more severe than during a typical launch trajectory, and meas-
urements of the effective thermal conductivity of the insulation by means of
(1) small samples, (2) heat-transfer measurements on subscale tanks filled with
liguid hydrogen, and (5) heat-transfer measurements on a full-scale insulated
Centaur tank filled with liquid hydrogen{f)The insulation system as finally
developed consisted of O.4-inch thick, 2-pound-per-cubic-foot-density polyure-
thane fomm pancis hermetically sealed within a covering of a foil laminate of
Mylar and aluminum. A thin layer of fiber-glass cloth over the insulation pro-
vided protection from aerodynamic erosion during launch. The insulation was
bonded to the tank wall using adhesive in a grid pattern, primarily to keep air
from cryopumping behind the panels. The principal means of holding the insula-
tion on the tank was a prestressed constrictive wrap of fiber-glass roving.
This wrap was completely effective in holding the insulation in place under all
serodynemic test conditions including heating in a jet engine exhaust and a
wind tunnel test at Mach numbers up to z.0.

The results of the investigation indicated that the hazard resulting from
impacting insulation panels that may contain liquid oxygen from cryopumped air
was negligible, the thermal effectiveness of the insulation was ag good as
predicted based on evacuated foam tests, and the insulation, which weighed
only 0.16 pound per square foot installed, could well withstand the environ-
mental conditions expected during ground hold and launch.




CHAPTER T

INSULATION CONCEPT
by Paul T. Hacker and Jack B. Esgar

Lewis Research Center

There is a need for lightweight, low-thermal-conductivity insulation sys-
tems for the liquid-hydrogen tanks of rocket boost vehicles to minimize hydrogen
fuel losses from boiloff. This report presents the results of an experimental
investigation to develop and evaluate a nonjettisonable foam-type insulation
system that approaches the minimum weight feasible for the heat-transfer and
aerodynamic conditions encountered during ground hold and launch.

The use of liquid hydrogen as a propellant for either chemical or nuclear
rockets for boost-type vehicles and advanced spacecraft is predicated upon its
high theoretical performance as compared to other propellants. Liguid hydrogen
has a very low boiling temperature, -423° F, and a very low density, which re~
sults in a high tank surface area per unit weight of propellant. This combina-
tion causes high boiloff losses from uninsulated tanks, as shown in refer-
ence 1, however, even small amounts of insulation that will prevent air conden-
sation on the outside of the tank wall will reduce the boiloff rate by more
than 90 percent. Hydrogen boiloff is normally vented overboard, but during the
early phases of the boost trajectory within the atmesphere and at relatively
low velocities it is hazardous to vent the highly combustible hydrogen. With
vent valves closed, the insulation must be sufficient to prevent excessive
pressure-rise rates within the tank.

Tnsulation, propellant losses, and increased tank wall thickness to accom-
modate higher pressures all result in a payload weight penalty that detracts
from the theoretically high performance of liquid hydrogen. Thus, in the de-
sign of a rocket system for liquid hydrogen, tradeoff of all these factors plus
the relative merits of jebtisoning the insulation after leaving the atmosphere
should be considered in order to minimize the weight penalty. To aid in opti-
mization, it is therefore desirable to utilize an insulation material or system
that has low weight and high thermal resistance.

A number of low-density materials with high thermal resistance exist
(ref. 2), but experience has indicated that the major practical problem is the
application of these insulation materials to tank walls in a manner that will
achieve a reliable and predictable system. Insulation attachments, insulation
penetrations (fill and vent lines and tank supports), and the techniques used
to prevent condensation of air or water vapor in external insulations (or fuel
permeation in internal insulations) have a large effect on reducing the overall
thermal effectiveness of an insulation system as compared to the basic insula-
tion material. The insulation system must also be capable of withstanding the




thermal environment produced by liquid hydrogen and the effects of launch,
ground handling, aerodynamic loads and heating, and acceleration loads.

The published results of investigations of insulation systems for hydrogen
tanks of boost vehicles are very limited (refs. 3 to 5). The systems presently
in use or under development consist of reinforced polyurethane foam as an in-
ternal insulation in Saturn S-IV and S5-IVB, as a nonjettisonable external in-
sulation in Saturn S-II, and as a Jjebttisonable external insulation in Centaur.
The relative advantages and disadvantages of various types of insulation systems
are discussed in the section Insulation Concepts. For aany of the insulation
types, a barrier ig needed to keep the insulation from filling with gases that
are condensable at liquid-hydrogen temperature, because the permeation of the
insulation with 1liquid can drastically lower the insulation gqualities - often
by more than an order of magnitude (refs. 6 and 7). For internal insulation
the barrier must be against liquid hydrogen, whereas for external insulation
the barrier must be against alr and water vapor that can cryopump into the in-
sulation and condense. For external insulation systems the barrier need not be
a physical seal but may be a hellium-gas purge of the space between the insula-
tion and the cold tank walls.

In the hydrogen tank insulation systems in use or under development in the
Saturn and Centaur vehicles previously mentioned, hydrogen or helium gradually
permeates the foam during ground hold conditions. Furthermore, in all of these
systems the thermal conductivity of the insulation is variable with exposure
time. Although the thermal conductivity of gas-filled foam is considerably
lower than that for liquid-filled foam, it is desirable to avoid either condi-
tion. Only with a hermetleally sealed system is it possible to obtain thermal

conductivity for a complete insulation system that is consistent and is as low
as the basgic foam used in the system.

The present investigation was conducted to evaluate a system having some
advantages relative to each of the previously mentioned systems. This new in-
sulation system consists of low-density polyurethane foam that is covered and
hermetically sealed with a thin-film laminate of Mylar and aluminum foil (called
MAM in this report) to provide a positive barrier against gases or liquids that
might lower thermal conductivity. Tne system utilizes an attachment method in
which the insulation panels are bound to the tank with a prestressed wrap of
fiber-glass roving and which therefore does not depend on adhesive bonds or the
cohesive or shear strength of the insulation. The result is a very lightweight
insulation system consistent with insulation effectiveness and durability. This
insulation svstem utilizes many concepts developed in a previous NASA Lewis
Research Center investigation of hermetically sealed foam insulation (ref. 8).
Some preliminary results of the present investigation are presented in refer-
ence 5. The development of this insulation system is presented in the nine
chapters of this report. ,

REVIEW OF BOOST-VEHICLE INSULATION SYSTEMS
Insulation Materials

Many types of insulating materials have been considered for the hydrogen
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Corkboard is also a good insulator. It is less subject to internal air
condensation from cryopumping than the foams are, and it can better withstand
the effects of aerodynamic heating than foam insulations (ref. 6). Its primary
disadvantage is that it is much heavier than foam-type insulation systems for
the same thermal effectiveness (ref. 8). It may find use, however, for some
vehicles - probably in combination with foam insulation.

Balsa wood has been considered as an insulator. It is less fragile than
foams, but it is not as easily fabricated into large panels or into complex
shapes, so that it has generally been discarded in favor of foams.

Evacuated powders provide excellent thermal protection, but their use in
relatively thin insulation panels for boost vehicle tanks is fraught with com-
plications resulting from the need for vacuum jackets, settling problems, and
fragility.

Multiple reflective folls are excellent insulations if they are vacuum
jacketed (refs. 9 to 11). This type of insulation system generally has not re-
celved serious consideration for boost vehicles up to the present time because
it must maintain an internal vacuum to be effective, and it 1s so fragile that
it may suffer damage during ground handling cor from asrodynamic forces during
launch. Because of its high effectiveness as an insulation, however, it is re-
ceiving serious conslderation for long-time storage of cryogenic propellants iun
space vehicles (ref. 11).

Although it 1s not possible to obtain universal agreement on the best in-
sulating material for thermal protection of hydrogen tanks during ground hold
and the asrodynamic phase of the ascent ftrajectory, most of the advantages
appear to lie with the foams. Foams were therefore selected as the basic in-
sulation materials for thils investigation.

Insulation Concepts

Internal foam insulation. - Figure I-2(a) illustrates a foam insulation




system placed on the inside of the tank wall. This general type of system 1s
presently utilized on the Saturn S-IV and S-IVB stages. With iuternal insula-
tion it is necessary to provide a seal to keep the liquid hydrogen out of the
insulation. Substantial leaks that allow liquid to permeate the foam can de-
grade the insulating effectiveness by an order of magnitude. Even very small
leaks are undesirable. If there were a leak, the hydrogen would vaporize, and
the thermal conductivity of the insulation would approximate that of hydrogen
gas, which is about 0.65 (Btu)(in.)/(hr)(sq £t)(CR). The average value for
low-density polyurethane foam is 0.11 (Btu)(ln.)/(hr)(sq ££)(°R) at a mean tem-
perature of 250° R, which is typical of that encountered for hydrogen tank in-
sulation.

Tn addition to the need for a good seal against hydrogen, the insulation
is required to withstand the compressive load imposed on it by tank pressuriza-
tion, which in some cases may require the use of foam of higher density than
would be desirable from weight and thermal conductivity considerations. There
are also attachment problems that are made difficult by the low-temperature en-
vironment, the differential thermal contraction between the tank wall and the
insulation, and the loads from slosh and acceleration.

If it is assumed that the previous problems can be solved, the primary ad-
vantages of internal insulation are (1) the tank wall affords protection for
the insulation from asrodynamic forces; (2) internal insulation is less likely
to be damaged during vehicle handling than external insulation; and (3) tank
supports do not penetrate the insulation to produce heat shorts. The primary
disadvantages to this type of insulation are (1) for some launch trajectories
the ‘tank wall may be heated and weakened excessively by aerodynamic friction
heating; and (2) the insulation cannot be jettisoned after the boost ve chicle
leaves the atmosphere. Because the insulation cannot be jettisoned, the entire
weight of the insulation is chargeable against payload. In addition, heat ab-
sorbed in the insulation from aerodynamic heating cannot be jettisoned. There-
fore some of it is eventually transferred to the hydrogen, and added boiloff
results (ch. II).

Externally purged foam insulation. - Figure I-2(b) illustrates an external
insulation system in which a noncondensable purge gas (helium) is used to pro-
vide a barrier to stop condensable gases from cryopumping into and behind the
insulation. Condensation of gases on the tank wall is undesirable since it
greatly increases the heat transfer. The helium purge also gives assurance
that liquid will not form or freeze in the insulation or between the tank wall
and the insulation. A jettisonable system of this type is presently utilized
on Centaur, and a nonjettisonable system is being considered for Saturn S-II.

The primary advantages of the purged external insulation system are
(1) extreme care is not required to ensure against leaks occurring in the in-
sulation system; (2) if the system is made Jettisonable, only a small portion
of its total weight is chargeable against payload; and (3) external insulation
maintains low temperatures in the tank wall that result in higher strength.
The primary disadvantage to this type of system is that the helium purge gas
generally permsates the insulation and gives it a thermal conductivity that may
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Externally sealed foam insulation. - As mentioned previously, there is a
definite advantage to having a positive seal around the foam insulation to en=~
sure that the basic conductivity of the foam will not be degraded by gas or
liquid cryopumping into the foam. With an adequate seal, trapped gases within
the foam are cryopumped to the cold boundary of the foam and cause the foam to
be evacuated. Figure I-2(c) illustrates schematically the sealed foam concept.
This is the insulation concept that has been developed at the NASA Lewis Re-
search Center and is described in this report.

Sealed external insulation can be attached to the tank by bonding or by
use of an external constrictive wrap of a lightweight, high-strength material.
The constrictive wrap appears to be better than bonding for withstanding aero-
dynamic forces encountered during the launch trajectory because 1t holds the
insulation in compression and thus makes it less subject to flutter or failure
resulting from low cohesive or shear strength in the foam. The primary advan-
tages of the sealed external insulation are (1) it is a self-contained, light-
weight system that can be used with minimum complication; (2) it provides a
predictable and the lowest possible thermal conductivity for an external foam-
type insulation system; and (3) elimination of the need for jettisoning the in-
gsulation by making it very lightweight improves system reliability since at
least one critical sequence in the launch operation is eliminated. The disad-
vantages of the system are (1) minimum-weight insulation is fragile and re-
quires reasonable care during ground handling; and (2) in many cases even light-
welght nonjettisonable insulation results in a greater payload weight penalty
than a heavier jettisonable insulation.

CONSTRICTIVE-WRAP SEALED FOAM INSULATION SYSTEM

Evaluation and consideration of all of the types of insulation systems led
to the conclusion that sealed foam attached to the tank by a constrictive wrap
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Figure I-3. - Lightweight externally sealed insulation system.,

is a very promising type of insulation system. This system was therefore in-
vestigated, and the results are presented in this report. This insulation sys-
tem, as illustrated schematically in figure I-3, coasists of low-density and
low-conductivity foam hermatically sealed by an impermeable foil laminate. The
sealed foam is fabricated into panels that are bonded to the liquid hydrogen
tank. A layer of fiber-glass cloth is placed over the outside of the panels to
protect the foam from aerodynamic heating and erosion during launch. The pro-
tective cloth and panels are then held more securely to the tank by a constric-
tive overwrap of fiber-glass roving applied by a filament winding machine.
Sufficient initial tension (prestress) is put into the roving during the wind-
ing process to maintain a compressive load on the insulation under all condi-
tions anticipated during ground hold and launch. Compression of the insulation
tightly against the tank walls should prevent flutter during launch. This in-
sulation system is described in this section. Detaills of the insulation of a
full-scale model Centaur tank are presented in chapter VII of this report.

Foam Insulation

Freon blown, rigid polyurethane foam with a density of 2 pounds per cubic
foot was used as the primary iunsulation material. This foam has a closed cell
structure, but is is not completely impermeable to gases that can slowly cryo-
pump into the cells under cryogenic temperatures. Its main feature is low
thermal conductivity, particularly at the cold mean temperatures encountered by
ingulation on liquid hydrogen tanks (fig. T-1). Baged on information that was
available at the initiation of this investigation, it appeared that a foam in-
sulation thickness of 0.4 inch would result in approximately the same heat leak
during ground hold that was being experienced on a heavier jettisonable insula~-
tion under develovment for the Centaur vehicle. The 0. 4-inch~-thick foam panels
used for this system would be expected to show a thermal conductivity in the
range 0.10 to 0.13 (Btu)(in.)/(hr)(sq 1) (°R) under ambient ground-hold condi-
tions, which would give a mean temperature of about 250° R (fig. I-1).



Protection of the foam from erosion by the high-temperature windstream is
required during launch. This protection is discussed in the sesction Surface
Protection During Launch.

Sealing Material

The surfaces of the polyurethane foam are hermetically sealed by a thin
film only 0.00Ll5-inch thick. The film consists of a laminate of aluminum foil
(0.0005 in.) with Mylar plastic film (0.0005 in.) on each side of the foil. The
aluminum foll, having no measurable permesbility, acts as the principal vapor
barrier. The tough Mylar films supply strength to the laminate and prevent
damage to the foil during fabrication and installation of the panels on the
tank. This laminate is bonded to both surfaces of the foam with a thin coat of
polyéster adhesive. The bonded laminate adds considerable rigidity to the foam
slabs and allows the foam panels to be formed into moderate contours without
heat forming of the foam. The edges of the panel are covered with channels of
Mylar and sealed with polyester adhesive. The laminate is also used in taps
form to seal the space between panels (fig. I-3).

Attachment of Insulation to Tank

The insulatlion panels are bonded to the tank walls. This bond prevents
alr from cryopumping into any space that could exist betwesen the panels and the
tank walls and also holds the panels in place while the constrictive wrap of
fiber-glass roving is wound around the tank. The wrap is applied with suffi-
cient tension to provide a compressive load on the insulation panels under all
conditions of ground hold and launch. The wrapping pattern is shown in fig-
ure I-3. The number of windings per linear inch was chosen to produce an ini-
tial compressive load in the insulation of 2 pounds per square inch. Thais com-
pressive load was selected in a somewhat arbitrary manner so that reasonable
assurance wag obtained that the insulation would not flutter or come off be-
cause of aerodynamic forces during launch. IExperience may show that a com-
pressive load smaller than 2 pounds per square inch is adeguate. The preten-
sioning strain (0.84 percent) was sufficient to accommodate the shrinkage of
stainless-steel walls as they were cooled to ligquid-hydrogen temperature, allow
for fiber-glass expansion during aerodynamic heating, and allow for any de-
formation of the foam by compression and aerodynamic heating. The pretensioning
is discussed further in chapters VII and VIII.

A posgible disadvantage of the constrictive wrap is that the resulting
compressive load acts as a collapsing force on the tank. There is steadily
growing evidence, however, that cylinder buckling ig not likely to occur from a
constrictive load, particularly 1f the constrictive wrap is bonded to the tank.
Unpublighed results of tests conducted at the Lewis Research Center on a con-
gtrictive wrap applied to small thin-walled cylinders of steel have shown that
buckling will not occur until the compressive stress in the steel is far in ex-
cess of the yield stress. In fact, usually it must be in excess of the tensile
ultimate stress before the cylinder will buckle. In addition, the insulation
panels themselves add rigldity to thin-walled tanks. It is likely, therefore,




that tanks with constrictive-wrap insulation are less likely to buckle than un-
insulated tanks.

Surface Protection During Launch

Protection of the foam from aerodynamic heating and erosion could be sup-
plied by the fiber-glass wrap 1f the entire area were covered. However, the
amount of fiber glass used at O.84-percent strain to produce the 2Z~pound-per-
square-inch compressive load on the insulation produces a wrap pattern that is
too open (about 1/4-in.-wide diamond pattern shown in fig. I-3) to provide ade-
gquate protection. The wrap was therefore supplemented by a fine-weave fiber-
glass cloth placed under the wrap and over the outer Mylar aluminum sealing
laminate, as illustrated in figure I-3. Style 106 fiber-glass cloth having a
0.003-inch thickness was used with aan impregnation of Dow Corning Silicone
A-4000 adhesive.

CONCLUDING REMARKS

(‘fhe low thermal conductivities of lightweight foams such as polyurethane
make them practical for insulation of the hydrogen tanks of boost vehicles.
Their unreinforced strength is probably too low to withstand the aerodynamic
forces and temperatures encountered during launch for external insulation.
Therefore, the foams have to be reinforced or held in place by an external con-
strictive wrap. In order to capitalize on the low conductivity of the foam
fully, it is necessary to seal out positively all gases that could cryopump or
lesk into the foam while the tank is filled with hydrogen. An insulation sys-
tem has been developed that has a positive hermetic seal to ensure minimum
thermal conductivity, and it achieves minimum weight because the insulation is
held in place by a lightweight constrictive wrap rather than by reinforement.
The details of the fabrication and testing of this insulation are presented in

the remaining chapters of this report. v - I x'ﬁr'l~f';,,/f, -
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CHAPTER IT

THERMAL CONDITIONS DURING TYPICAL BOOST TRAJECTORY
by William H. Roudebush

Lewls Research Center

In order to conduct a meaningful experimental investigation of the sealed
wrapped insulation concept described in chapter I, it was necessary to know
approximately the temperature and dynamic head that the insulation might en-
counter. For this purpose, a typical Atlas-Centaur trajectory was chosen, and
a detailed aerodynamic heating calculation was carried out with the program
described in reference 1. The calculated insulation temperatures provided a
guide in the design of experiments on aerodynamic heating effects described in
chapters V and VI. In addition, the calculated heating rates were used for
meking a gross comparison of the thermal performance of the sealed wrapped in-
sulation with an insulation designed to be Jettisoned.

ANATYSIS

A typical Atlag-Centaur trajectory was selected for the calculation. Fig-
ure II-1 shows the variation with time of the velocity, Mach number, altitude
and dynamic pressure from launch to 675 seconds, at which time the Centaur is
finished firing. From the altitude and velocity variations, it is possible to
carry out a numerical computation of the temperatures throughout the insulation
at each time and to determine the heat flow into the insulation and into the
propellant.

In reference 1, the standard transient heat conduction equation is applied
to the insulation. At the outer surface, heat 1s assumed to enter by convec-
tion from the hot boundary layer. The convective heat-transfer coefficient is
obtained by means of the reference enthalpy method described in reference 2.
Radiation of heat away from the outer surface and radiation to the outer sur-
face from the Sun are also included. A set of algebraic equations is used to
approximate the differential equations so that a numerical solution can be
found.

Te actual calculations are very extensive, and a computer program must be
used. The program presented in reference 1 was used for the results of this
chapter. The equations used in the program and the underlying assumptions are
described in detail and the Fortran listing is given in that reference.

In applying the program to the present problem, the following assumptions
were made:

11




(1) The heat flow is assumed to occur only in a direction normal to the
tank wall.

(2) The heat radiated to the surface from the Sun is constant and equals
100 Btu per square foot per hour.

(3) The emissivity of the outer surface of the insulation is 0O.8.

Two insulations were examined, a jettisonable insulation and the sealed
wrapped insulation described in chapter I. The sealed wrapped insulation is a
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0.4-inch-thick foam panel covered with a laminate of aluminum and Mylar with a
0.0005-inch layer of Mylar on each side of a 0.0005-inch layer of aluminum.

The laminate was assumed to have a density of 115 pounds per cubic foot, a spe-
cific heat of 0.25 Btu per pound per °R, and a thermal conductivity of 1.548

Btu per square foot per hour per OR per inch.

The foam core was assumed to

have a density of 2 pounds per cubile foot, a specific heat of 0.4 Btu per pound
per ©R, and a thermal conductivity varying with temperature according to the
upper boundary of the region shown in figure I-1 (p. 3).

TABLE II-I. - SPECIFIC HEAT AND THERMAT, CONDUCTIVITY
OF FOAM CORE
Temperature, | Specific heat, Thermal conductivity,
SR Cps k, o
Btw/(10)(°R) | (Btu)(in.)/(sq £t)(nr)(°R)
40 0.283 0.037
80 | eeee- . 147
180 1 - le2
220 295 | eeee-
360 L3030 | e
500 312 | e
760 | === . 503
1500 .378 | eeea-
TABLE II-II. - SPECIFIC HEAT AND THERMAL CONDUCTIVITY
OF FIBER-GLASS LAMINATE
Temperature, | Specific heat, Thermal conductivity,
OR Cps k,
Btu/(1b)(°R) (Btu)(in. )/(sq ft)(hr)(°R)
400 0.2220 1.615
500 . 2340 1.701
600 . 2460 1.788
700 . 2580 1.860
800 . 2700 1.945
900 . 2820 2.029
1000 . 2940 2.122

gap.

The Jjettisonable insu-
lation was taken to be a
1.0-inch-thick foam-filled
honeycomb structure with
faces of 0.015-inch fiber-
glass laminate. | The foam
core was assumed to have a
density of 4.2 pounds per
cubic foot and specific heat
and thermal conductivities
as given in table II-I. The
fiber-glass laminate was as-
sumed to have a density of
120 pounds per cubic foot
and specific heat and ther-
mal conductlvity as listed
in table II-II. The tank
wall was assumed to remain
at liquid-hydrogen tempera-
ture so that no tank wall
properties are required.

The jettisonable insulation
was assumed to be separated
from the tank wall by a O.l1-
inch helium-filled gap. A

heat-transfer coefficient of
2.56 Btu per hour per square
foot per °R was used for the
heat flow across the helium

At 173 seconds, the insulation was assumed to be jettisoned.

In making calculations for both insulations, an initial wetted area of
A characteristic length of 10 feet was used in de=-

485 square feet was used.

termining the Reynolds number for the aerodynamic heat-transfer coefficient.

RESULTS

Heating Rates

Figure II-2 shows heating rate incident on the outer surface of the sealed
wrapped insulation due to aerodynamic heating plus an averaged radiant heat

13




Heating rate, Btul{sq ft)(sec)

sealed wrapped insulation described in chapter I.
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Figure 1I-2. - Aerodynamic and solar heating, radiant heat from insulation, and

net heating rate,

from the Sun. Alsgo shown is
the heat radiated away from
the surface of the insula-
tion and the net heat (i.e.,
the difference of the two)
that actually enters the in-
gulation. It can be seen
from figure II-Z2 that the
aerodynamic heating rate
peaks at about 120 s=conds.
The rate of heat radiation
away from the insulation
surface peaks slightly later.

Not all of the heat
that actually enters the in-
sulation gets through to the
liquild hydrogen on the in-
gide. Figure II-3 shows how
the rate of heat entering
the insulation compares with
the rate of heat entering
the propellant for the
Because of thermal lag, the

heat flow rate to the propellant peaks somewhat later.

The total heat input to the hydrogen can be ocbtalned by integrating the
dashed curve in figure II-3 and multiplying by the average wetted area.

When

this is done, the total heat input from O to 675 seconds 1s about 13,300 Btu.

Heating rate, Btul(sq ftMsec)
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Temperature and
Dynamic Head

In addition to the heat-
ing rate, the temperature of
the insulation is significant
because of the effect of tem-
pergture on the physical prop-
erties of the insulating ma-
terial. Figure IT-4 shows the
variation of the temperature
of the outer surface of the
insulation during the first
675 seconds of flight. The
curve peaks at 127 seconds
aad reaches a maximum value
of slightly over 1100° R,
temperature is above 800° R
for approximately 65 seconds.

The
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Temperature, °R

Dynamic pressure
(1/2)pVe (where p is the
/\ local density and V 1s the

freestream velocity), as well
as temperature, is important
in its effect on the dura-
800 bility of the insulation.
/ \ These two variables taken
/ \\ from figures IT-1(d) and II-4
600 are plotted against each
// other in figure II-5. 'The
maximum values of temperature
>~ and dynamic pressure are sub-
stantially separated in time.
The maximum dynamic pressure
200 (860 1b/sq ft) occurs while
0 100 200 T.3? | mf . 500 600 " the temperature is quite low,
ime from faunen, 5@ about 600° R. Fortunately,
Figure I1-4, - Surface temperature, by the time maximum tempera-
ture 1s reached, the dynamic
pressure is only about 17 percent of its maximum value.

1200

1000

Propellant Heating

A comparison of propellant heating rates for the two types of insulation
systems is shown in figure II-6. The Jettisonable insulation transmits very
little heat to the propellant during the time it is in position. After Jetti-
son, the heat flow rate rises sharply as the bare tank wall is exposed but
quickly diminishes in the increasingly rare atmosphere.

The total heat input, obtained from integration of the heating rate curve
(fig. II-6), is significantly lower for the Jjettisonable insulation. This is
shown in table IT-IIT. The maximum
boiloff that could occur with these heat

1200 inputs is about 33 pounds for the Jetti-
sonable insulation and 69 pounds for the
sealed wrapped insulation.

& 100 ’ a P
.
=
g // AN TABLE IT-III. - HEAT INPUT
g 800
fz Time, Insulation
:..‘é \\ sec
E 600 / Jettisonable | Sealed wrapped
i e Heat input, Btu
400 0 to 173 2198 7213
0 200 400 600 800 1000 173 to 675 4265 6095
Dynamic pressure, Ib/sgq ft
Total 6463 13,308

Figure II-5, - Surface temperature as function of dynamic
pressure,
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Figure TI-6. - Propellant heating rates,

The comparison of the insulations in terms of the effect on payload is
complicated. The heat input and consequent loss of fuel by vaporization is
only a part of the effect the insulation has on payload. The difference in-
volved in carrying the sealed wrapped insulation throughout the mission and
jettisoning the other insulation early in the mission must also be analyzed.
The analysis depends on the entire mission. A payload loss comparison is made
in chapter IX for the two types of insulation.

SUMMARY CF RESULTS

E The results of an analysis of thermal conditions during a typical boost
trajectory can be briefly summarized as follows:

ﬂ: The maximum temperature to which the sealed wrapped insulation will be
subjected is about 1100° R. It must sustain a temperature above 800° R for

more than 1L minute.

The maximum dynamic pressure is 860 pounds per square foot. This value
occurs when the surface temperature of the insulation has risen to about 600° R.

. The sealed, wrapped, nonjettisonable insulation allows more than twice
the amount of heat to get into the hydrogen during the first 675 seconds of
flight than does the jettisonable insulation system. The maximum possible boil-
off is about 69 pounds for the sealed, wrapped insulation and about 33 pounds
for the jettisonable 1nsulatlon.‘Yﬂ“J, o D b, o0 LJ
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CHAPTER ITT

THERMAL, CONDUCTIVITY TESTS OF INSULATION SYSTEM
by Laurence J. Heldelberg

Lewis Research Center

The overall thermal performance of the insulation system depends upon the
thermal conductivity of the basic foam and of the materials composing the joints
between the panels and on the thermal contact resistance between the inside sur-
faces of the insulation panel and the tank wall. Thus, to determine the best
design configuration, overall thermal conductivity measurements of several in-
sulation test samples were made in a flat-plate thermal-conductivity apparatus.
The test samples were designed to evaluate the effect on overall conductivity
of (1) evacuation of the foam by either cryopumping or mechanical pumping,

(2) various materials used as panel edge seals, (3) a typical panel joint, and
(4) a lightweight low-conductivity, open-weave fiber-glass cloth used as a
separator between the insulation panel and the tank wall to increase the ther-
mal contact resistance.

Inasmuch as the insulation system is to be attached to the wall of the
liquid-~hydrogen tank by a constrictive wrap of prestressed nylon or fiber-glass
yarn, the panels will constantly be under a compregsive load. Since a compres-
give load on the insulation will affect the thermal contact resistance between
the insulation and the tank wall, insulation samples were tested in the thermal-
conductivity apparatus over a range of compressive loads.

A1l the test samples were fabricated by Goodyear Aerospace Corporation and
were composed of polyurethane foam with a density of 2 pounds per cubic foot
and were 0.4 inch thick. All tests were conducted with liquid-hydrogen temper-
ature on the cold side of the thermal-conductivity apparatus and near-ambient
temperature on the warm side, so that the mean temperature would approximate
actual conditions.

APPARATUS AND PROCEDURE
Thermal-Conductivity Apparatus

The apparatus used was a Double-Guarded Cold Plate Thermel Conductivity
Apparatus designed, built, and operated by Arthur D. Little, Incorporated, for
the NASA Lewis Research Center under contract number NASw 615. The apparatus
was designed and buillt primarily to determine an effective thermal conductivity
of highly effective multifoll radiation-type insulation where the thermal con-
tact resistance is of the same order of magnitude as that of the insulation.
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For solid insulation of the type
tested here, however, the thermal
Measuring resistance of the contact is gen-
Guard vessel erally much larger than that of
Wﬁﬁ_ ?Tﬂ%ﬂﬁom the solid and has more influence
aiﬁnmg quic nyeres CMdmﬂe7 on the overall thermal conductiv-
hydrogen / ity. A schematic of the apparatus
. test section is shown in fig-

1mmmmﬁwmmé&m}   {» S ure ITI-1(a), and a cross sectiog
l—-diam. test section s of the entire assembly is shown in
— ——— — figure ITI-1(b). The measuring

/ vessel, filled with liquid hydro-

[*]
i
i
\ J gen, is encloged by an annular
i
]
[}
1
]
1

N

T

NN

k) o C
\

\

\
Warm plate -

Ram and
heat source

/ guard vessel, also filled with
/ liquid hydrogen. The guard vessel
/ is used to prevent extraneous heat

v leaks to the measuring vessel and
| & Thermocouples to establish one-dimensional heat
transfer in the insulation sample

{a) Schematic of test sample area. at the 6-inch-diameter test sec-
tion. The liquid-hydrogen guard
vessel is surrounded by a liquid-
nitrogen shield and vacuum jacket
to reduce loss of liquid hydrogen from the guard vessel. The sample chamber is
located between the lower end of the measuring vessel and a movable warm plate.
The temperature of the warm plate was measured by thermocouples and was main-
tained constant by a controller. During the tests, the insulation test chamber
could be evacuated or maintained at a controlled pressure. The movable warm
plate was provided with a hydraulic jack by which the insulation samples could
be subjected to a compressive load. The compressive load was measured by a
pressure gage. Volume flow rate of gas generated by boiloff of liquid frem the
measuring vessel was measured by a gas meter. The instrumentation and the
fluid flow system are shown schematically in figure ITTI-2. A more detailed
description of the thermal-conductivity apparatus and its operation is pre-
sented in reference 1.

Figure IH-1. - Double-guarded cold~plate thermal-conductivity apparatus.

Procedure

For the tests reported herein, the thermal-conductivity apparatus was op-
erated in the following manner. The temperature of the warm plate was main-
tained at about 70° F to approximate insulation temperature conditions for a
liquid-hydrogen-filled tank during ground hold. The insulation-sample chamber
was evacuated, since the insulation system, when applied to a liquid-hydrogen
tank, would be evacuated by cryopumping. The insulation test samples were sub-
jected to two compressives loads, 2 and 15 pounds per square inch. The
2-pound-per-square-inch load corresponds to the compressive load imposed by the
constrictive wrap, while the 15-pound-per-square-inch load corresponds to the
situation when the sealed insulation is evacuated by cryopumping.

The thermal conductivity K of the insulation test sample was determined
from
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(b) Cross sectional view of complete apparatus.

Figure [1-1. - Concluded. Double-guarded cold-plate thermal-conductivity apparatus.
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Figure I11-2. - Schematic of instrumentation and fluid flow systems required for double-guarded cold-plate thermal-conductivity apparatus.
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where Q ig the heat flow rate, Ax 1s the insulation thickness, A 1is the
area of the test section, and AT is the temperature difference between the
warm and cold plates (with the cold plate assumed to be at the temperature of
the liquid in the measuring vessel). The heat flow rate Q 1s determined from

Q = m heg (2)

where @ 1s the mass flow rate of the boiloff gas and hfg is the heat of
vaporization of ligquid hydrogen.

The thermal conductivity K, as determined by equations (1) and (2), is an
overall value that includes the effects of two thermal contact resistances (in-
terfaces between the insulation sample and the constant-temperature plates) as
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well as the thermal conductivity of the sealed-foam samples. Thermal contact
resistance can be highly variable and can significantly influence the overall
thermal conductivity of an insulation system. An overall thermal conductivity
was determined for the insulation test samples in this study because it is more
representative of the thermal performance of the insulations system as applied
to a tank than the thermal conductivity of the foam itself.

INSULATION TEST SAMPLES /////

The samples were octagonal panels of closed-cell ¢iyurethane foam— .
0.4 inch thick and 12 inches between opposite corners.‘~The foam waéﬂFreon
blown and had a density of about 2 pounds per cubic foot. A laminate of 3/4-
mil Mylar, 1-mil aluminum, and 3/4—mil Mylar (hereinafter called MAM laminate)
covered the panel surface (see fig. ITI-3(a)). Iater in the program, a thinner
laminate became available and was found to be satisfactory as a vapor barrier.
Aitel PE 207 adhesive was used to attach the MAM laminate to the foam insula-
\tion and the edge channels to the MAM laminate face seals.

The following six samples were investigated:

Sample 1: A panel having edges covered with a MAM laminate channel and
sealed to the top and bottom MAM laminate to encapsulate the foam completely
(fig. ITII-3(a)).

Sample la: Sample 1 with the edges of the panel completely removed (see
fig. ITI-3(b)). With this configuration the foam was vented to the sample
chamber, where it could be evacuated to chamber pressure, and thus a comparison
with a sealed sample was provided for the purpose of checking the effectiveness
of cryopumping.

Sample 2: A panel like sample 1 except that a 2-mil Mylar channel was
used on the edge instead of MAM laminate. This channel eliminated a direct heat
short of the edge of the sample. Thus, when this sample was compared to sam-
ple 1, a check of the ability of the cold guards to prevent edge effects from
appearing in the test section was provided. This sample also was used for
comparison with tests of samples 2a, 2b, and Zc.

Sample 2a: Sample 2 with style 191 Fiberglas cloth (5 mil thick, l/lO— by
l/lO-in. mesh) used as a separator between the cold plate and the sample.

Sample 2b: Sample 2 with a thicker, 15-mil resin-coated fiber-glass
screen (1/8- by l/8-in. mesh) between the cold plate and the sample.

Sample 2c: Sample 2 with a gap between the sample and the cold plate.
Gap thicknesses of O to 10 mils and 30 to 40 mils were used.

Sample 3: A panel with a 2-mil Mylar edge channel and a 6-inch length of

test joint running through the middle of the panel (see fig. III-3(c)). The
purpose of this sample was to evaluate the thermal performance of a panel joint.
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TABLE ITI-I. - THERMAL CONDUCTIVITY OF INSULATION TEST SAMPLES

Run|Sample| Contact | Warm |[Overall thermal Remarks
pressure, | plate | conductivity,
1b/sq in. [temper-| (Btu)(in.)
ature, | (hr)(sq £1)(°R)
oF
17 1 15 67 0.111 Chamber pressure, 107° torr
21 1 2 67 .171 Chamber pressure, 10-2 torr
3] 1 15 68 . 148 Chamber pressure, 10~ torr
4 1 2 68 142 Chamber pressure, 1075 torr
5 la 15 69 . 160 Sample vented to chamber; chamber
pressure, 2x10-5 torr
6 la 15 67 . 143 Sample vented to chamber; chamber
pressure, 6x10-6 torr
71 2 2 70 149 Chamber pressure, 8x10-6 torr
8| 2 15 71 143 Chamber pressure, 8x10-6 torr
9 2 2 72 . 140 Chamber pressure, 8x10-6 torr
10| 2a 2 71 .101 Chamber pressure, 1x10~° torr;
fiber-glass cloth separator
11| 2a 15 72 .138 Chamber pressure, 1X10-S torr;
fiber-glass separator
12| 2a 15 71 .135 Chamber pressure, 1X10-5 torr;
fiber-glass cloth separator
13| 2a 2 72 .118 Chamber pressure, 1X107> torr;
fiber-glass cloth separator
14| 2b 2 70 .106 Chamber pressure, 1x10™° torr;
fiber-glass screen separator
15 2b 15 70 .130 Chamber pressure, 1X107° torr;
fiber-glass screen separator
16 2¢c 0 71 . 015 30~ to 40-mil gap between sample
and cold plate
17 2c 0 72 . 039 0 to 10-mil gap
181 3 2 70 127 Questionable contact
19 3 15 71 . 137 Questionable contact
20 3 2 69 .13 Questionable contact
21 3 15 70 .12 Questionable contact

RESULTS AND DISCUSSION

Twenty one measurements of the overall thermal conductivity of the six
samples were made. Test conditions and results are summarized in table III-I.
The results are not as conclusive as had been anticipated. Data scatter, pre-
sumably due to varying thermal contact resistance between the sample and the
constant-temperature plates (warm and cold) tended to obscure the possible dif-
ference in thermal conductivities of the various samples. Variations in ther-
mal contact between different samples is not the only problem. Nonuniform con-
tact in a sample can cause the measured thermal conductivity to be too high or
low. Tc assure uniform thermal contact, the test sample must be of uniform
thickness, flat and have smooth surfaces. The surfaces of the MAM laminate-
covered foam test samples are far from smooth (as can be seen in fig. ITI-4).
The MAM laminates formed fairly deep dimples over the holes in the foam.

Although the data obtained on the test samples may not be representative

of the basic thermal conductivity of foam plus two MAM sealing laminates, they
are probably very representative of the overall thermal-conductivity values to
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be expected when the insulation panels
are applied to a liquid-hydrogen tank.
The physical situations of the insula-
tion sample in the conductivity appara-
tus under a compressive load and the
constrictive-wrap insulation on a pro-
pellant tank are very similar. The
thermal contact resistance in both
cases is variable.

The data for sample 1 (runs 1 to 4,
table ITI-I) illustrate the variability
of the overall thermal conductivity.

The overall thermal conductivity of this
sample was measured four times, twice at
two different contact pressures, and the
values ranged from 0,111 to 0.171 (Btu)
(in.)/(hr)(sq £t)(OR) with an average
value of 0.143 (Btu)(in.)/(hr)(sq ft)
(°R) for an overall mean temperature of
insulation of -178° F. TFor all samples
tested, a contact pressure of only
: _ » 2 pounds per square inch did not pro-
e T - duce thermal-conductivity values con-
b"‘_wc"m“ sistently different from those obtained
Flg;qriengltl‘;t.u;fasczi;lpleof|nsulat|on panel showing roughness of MAM with a contact pressure of 15 pounds
per square inch.

Sample la was tested to evaluate, by comparison with sample 1, the effect-
iveness of cryopumping and mechanical evacuation on the thermal conductivity of
the foam. The overall thermal conductivities measured, 0.160 and 0.143 (Btu)
(in.)/(nr)(sq £t)(°R) (runs 5 and 6, table TII-I), are in the range of scatter
of the data for sample 1, which indicates that the difference in thermal con-
duetivity between cryopumped and mechanically evacuated foam is not significant.

Sample 2 was tested to determine the effectiveness of the cold guard in
eliminating the effect of the thermal short produced by the MAM laminate used
as an edge seal on gsample 1. For sample 2 the edge seal was made of thin Mylar.
Again the thermal-conductivity measurements for sample 2 (runs 7, 8, and 9,
tgble ITI-I) are within the range of scatter for sample 1, and no definite con-
clusion can be drawn.

Various schemes to increase the thermal resistance between the insulation
panel and the tank evaluated by testing samples 2a, 2b, and 2c. Sample 2a used
a S5-mil-thick fiber-glass cloth (l/lO— by l/lO-in. mesh) as a separator. For
sample 2b, a 15-mil-thick resin-coated fiber-glass screen (1/8- by l/B-in.
mesh) was used, while for sample 2c, actual physical separation of the sample
and the cold plate was used. The overall thermal-conductivity measurements for
samples 2a and 2b compared to sample 2 indicate that the use of a fiber-glass
material as a separator does decrease the overall thermal conductivity, but not
appreciably. The thicker resin-coated material appeared to be slightly better
than the plain fiber-glass cloth.
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An indicabion of the increased reduction in overall thermal conductivity
that can be obtained by the use of a separator between the panel and the cold
surface is shown by runs 16 and 17 for sample 2c. For the case of a 30~ to 40-
mil gap between the sample and the cold plate, an overall thermal conductivity
of 0.015 (Btu)(in.)/(hr)(sq ££)(°R), an order of magnitude reduction, was ob-
tained.

Sample 3 (runs 18 to 21, table ITI-I) was intended to show the effect of a
typical panel joint on the overall thermal conductivity. The measured values
for these tests were, on an average, slightly less than those for other samples,
which was not expected. These results were definitely caused by poor thermal
contact between sample and cold plate. When the sample was removed after run 21
and inspected, it was found that the impression of the cold plate did not go
completely around the sample, which indicated a variation in thickness. This
variation in thickness could have been due to the two MAM laminate cover strips
over the joint (fig. ITI-3(c)). In addition, the sample might have warped when
the glot was cut in it.

CONCLUDING REMARKS

The average value of overall thermal conductivity for all runs where the
insulation panels were placed directly in contact with the cold plate (runs 1
to 9) was 0.145 (Btu)(in.)/(hr)(sq £t)(°R) at a mean temperature of -178° F
(2820 R). This is probably the best indication of the overall thermal conduc-
tivity of an insulation system in which the foam panels are held against the
cold tank wall by the pressure of a constrictive wrap. This value of thermal
conductivity agrees very closely with that for the polyurethane foam (fig. I-1,

p. 3).

[An increase in compressive load from 2 to 15 pounds per square inch in all
runs did not seem to affect the thermal conductivity of the foam or change the
contact resistance between the insulation and the constant-temperature plates.
The fiber-glass cloth and fiber-glass screen separators tested produced only a
small reduction in overall thermal conductivity and probably are not worthwhile
if consideration is given to the added complexity and weight. A reduction in
overall thermal conductivity of an order of magnitude is possible if a gap be-
tween the cold wall and the insulation can be maintained./

REFERENCE

1. Anon.: Liquid Propellant Losses During Space Flight. Second Quarterly Prog.
Rep. 63270-00-02, Arthur D. Little, Inc., May 1961.

27




4 &
s D c,,,é,,?/
i f e §

&

CHAPTER IV

IMPACT SENSITIVITY OF FOAM INSULATION IN PRESENCE OF LIQUID OXYGEN
by Robert P. Dengler

Lewis Research Center

The concept or objective of the sealed panel insulation system described
in chapter I is to prevent any air from being cryopumped into the insulation of
a liquid~hydrogen tank during ground hold conditions. The impermeable foil
laminate encapsulating the foamed polyurethane panel forms an excellent seal,
but it must be conceded that a panel seal could be punctured or develop a leak.
At the time of loading then, air or moisture would cryopump into the panel and
condense within the insulation forming liquid air or possibly-liquid oxygen.
Besides decreasing the thermal effectiveness of the system, the presence of
this liquid air or liquid oxygen may create a hazardous condition should the
affected area be impacted accidentally. T -

The sensitivity to impact of certain materials in the presence of liquid
oxygen was soon recognized after liquid oxygen came into common usage as a
rocket propellant. Numerous drop-impact tests (ref.'l) were conducted at
Marshall Space Flight Center on a large variety of materials to determine their
compatibility or sensitivity to impact when submerged in liquid oxygen. Under
the conditions of the tests, a majority of materials tested were impact sensi-
tive in varying degrees. When reactions did take place, they varied from a
barely audible noise or explosion and/or a barely detectable flash of light to
a very violent reaction similar to the explosive and pyrophoric results of
high~velocity impact tests on titanium tanks containing liquid oxygen described
in reference 2. In general, reference 1 indicates that the two basic materials
used in the insulation panels - Mylar and polyurethane - exhibit some sensi-
tivity to impact when submerged in liquid oxygen. It was cautioned in refer-
ence 1, however, that these results "may not apply to other similar materials
or to other products meeting the same specifications" and it was advised to
test samples of the actual material or composite materials to determine whether
or not a hazard would exist.

To resolve this uncertainty, a test program was initiated to determine
whether explosions or fires could result from the impact of insulation-panel
samples containing, or saturated with, liquid oxygen. The test apparatus in-
volved a stainless-steel plummet that impacted a stainless-steel striker pin
resting on top of a 2-inch-square sample of the insulation material immersed
in liquid oxygen. Preliminary impact tests were made on 12 polyurethane foam
insulation samples, and the general indications or results are briefly dis-
cussed and commented on in reference 3. Visual observations were made, and
reactions from three of the tests were indicated by a small flash of light and

29




a barely audible noise. TForty additional tests were conducted in the present
investigation on various forms of polyurethane foam samples to verify the in-
dications or results of the preliminary tests and, in so doing, to obtain a
better statistical sampling. Photographic equipment was employed in these
tests to record any visible reaction resulting from the impact. The results of
these tests are reported herein.

Tn the event of air being cryopumped into the insulation, the permeability
and, therefore, the degree to which the air can spread throughout the foam in-
sulation will determine the severity of the hazard that could exist. In view
of this, permeability tests were also conducted and are reported herein.

APPARATUS AND PROCEDURE
Tmpact Tests

Test rig. - A rather simple apparatus based on the principles utilized in
reference 1 was used to conduct impact-sensitivity tests on polyurethane foam
insulation samples. Figure IV-1 shows the general arrangement or setup of the
test rig. A 10-foot-long, 3-inch-diameter (outside diameter) stainless-steel

tubing was used to gulde a 9%-pound stainless-steel plummet for impacting a

5/4—inch-diameter (5-in.-long) stainless-steel striker pin. The cylindrical
plummet was 5% inches long and had a diam-
Air-operated solencid —, - eter of 2% inches, which allowed an annular

gap of 1/16 inch between the plummet and
the guide tube. The striker pin was rest-
ing on a test sample placed in a stainless-
steel cup containing the liquid oxygen.

The cup consisted of a 3-inch-long, 3%-

inch-diameter pipe welded to a l/é—inch—
thick, flat, stainless-steel plate. An
inverted, U-shaped, stainless-steel strap
was placed over the cup to act as a guide
for positioning the striker pin, which was
ingerted through a hole in the strap. Both
the strap and the cup were clamped to a
Z-inch~thick steel base that rested on a
concrete floor.

Piummet guide tube—"

Steel base —

Release of the plummet from the top
of the plummet guide tube would result in
imparting an energy of 88 foot-pounds to
the striker pin, which was resting on the
test sample. An impact of this energy
level was considered to be a very severe
test. If this foam material is used as an

Figure IV -1. - Schematic of impact sensitivity test apparatus. external insulation for & cryogenic pro-

. ~—-Cup

Insulation
test sample  ¢p-7806
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pellant tank, an impact of this magnitude during ground hold conditions on the
launching pad appears rather remote.

The test apparatus previously described was used in a drop-test made on an
0.018-inch-thick stainless-steel sheet covering the test cup, which had pre-
viously been filled with water, to illustrate the severity of this impact test.
The sheet of metal was essentially unrestrained, and the striker pin was placed
to rest on top of the sheet. The thickness and the material of this test spec-
imen is typical of that used in present-day propellant tanks for missile or
gpace applications. (The tank wall for the Centaur vehicle is 0.014~in. -thick
stainless steel.) The impact of the plummet caused the striker pin to become
badly deformed and also penetrate the metal sheet.

Test samples. - All test samples were 2 inches square with a thickness or
height of 0.4 inch when placed in the cup for testing. Tests were conducted on
groups of insulation samples having the following forms:

(1) Basic foam. This group of samples consisted of a rigid foamed plastic
(polyurethane) with a closed-cell structure.

(2) Composite foam. These samples consisted of polyurethane foam with
Mylar-aluminum-Mylar (MAM) laminates glued to the top and bottom surfaces with
Vitel PE 207 adhesive.

(3) Basic foam with adhesive residue. The MAM layers were stripped or re-
moved from composite foam insulation to expose the adhesive for these test
samples.

(4) Composite foam with longitudinal holes through foam. Three l/lG—inch-
diameter holes were drilled lengthwise through the foam material to assure the
presence of liquid oxygen within the samples.

(5) Composite foam with perpendicular holes through the samples. A number
of 1/52—inch-diameter holes were made completely through the samples perpen-
dicular to the MAM surfaces to assure the presence of liquid oxygen within the
sample and directly beneath the striker pin.

(6) Basic foam with longitudinal holes. Three l/l6—inch—diameter holes
were drilled lengthwise through the foam to provide an intimate contact between
the liquid oxygen and the foam material.

A more detailed description of the polyurethane foam insulation system is given
in chapters I, V, and VII of this report.

Photographic recording equipment. -~ A cormercially available camera, using
black and white film with an ASA rating of 3000, was mounted on a tripod for
photographically recording any visible reaction resulting from impact tests.

A 5/8—inch—thick Plexiglas shield approximately 7 feet square was placed be-
tween the test setup and the camera for protection.

Procedure. - The plummet, striker pin, guide strap, and cup were first
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cleaned with acetone to remove any traces of grease or other foreign substance.
A test sample was then placed in the cup, and all associated parts were prop-
erly located and clamped in place. The cup was then filled with ligquid oxygen,
and the sample was allowed to soak for at least 5 minutes. If the boiloff was
excessive during that time, the cup was refilled and allowed to boiloff until
the liquid level decreased and approached the upper surface of the test sample.
With the plummet put in place, the camera was set at the largest aperture open-
ing (f/4.5) for a time exposure. The room or test cell was darkened, and the
camera shutter opened. With the level of liquid oxygen at or above the top
surface of the test specimen, the plummet was dropped by activating an air-
operated solenoid release mechanism. (In a few of the tests, the liquid was
purposely allowed to boil off completely to present a gaseous oxygen environment
at the time the plummet was released.) The camers shutter mechanism was left
open for a few seconds after impact took place in order to photograph any and
all of the reaction that might result.

Permeability Tests

Test rig. = A cylindrical metal vacuum chamber with a volume of approxi-
mately 2 cubic feet was used to conduct permeability tests on the polyurethane
foam material. One flat end of the chamber contained a l/Z—inch-diameter hole
drilled completely through the wall.

Procedure. - Plain polyurethane foam samples of the same dimensions as
those used for the impact tests (2 in. square by 0.4 in. thick) were used to
geal or cover the hole in the wall of the vacuum chamber. The foam sample was
cemented to the outside of the tank wall carefully so that the portion of the
foam sample covering the hole was kept free of cement. The sample was other-
wise left exposed to the atmosphere. The vacuum chamber was evacuated for s
period of 16 hours to decrease any effects of outgassing the foam material. At
the end of this evacuation period, the vacuum pump was turned off and the pres-
sure within the chamber was recorded. Pressure readings were recorded at var-
ious times over a period of 24 hours.

An air inleakage check of the vacuum chamber was made with a solid metal
seal and a Teflon gasket covering the hole so that the system's inherent leak-
age rate could be determined. The same procedure for pump-down of evacuation
of the chamber was followed as for the tests on the foam insulation samples.

In addition, pressure readings within the vacuum chamber were recorded at times
after cutoff of the vacuum pump identical to those for the foam sample tests.
If the leakage rates from both these tests are known, the leakage rate attri-
buted to the permeation of air through the thickness of foan and/or outgassing
of the foam can then be determined.

RESULTS AND DISCUSSION

Impact Tests

Table IV-I lists the 40 impact tests conducted and gives a description of
the test sample along with the type of environment (liquid or gaseous oxygen)
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TABLE IV-I. - DROP-IMPACT TESTS ON POLYURETHANE FOAM INSULATION SAMPLES
Sample | Group Sample description Environment Relative intensity
number | number of reaction
1 I Plain polyurethane foam Liguid oxygen No visible reaction
2 Barely visible reactlon
3 Barely visible reaction
4 No visible reaction
5
6
7
8
9 Gaseous oxygen
10 Gaseous oxygen
11 IT Polyurethane foam with MAM layers |Llquld oxygen Very bright reaction with
12 glued to top and bottom surfaces sustained combustion
13 with Vitel PE 207 adheslve No visible reaction
14 ‘
15
16
17
18
19 Gaseous oxygen
20 Gaseous oxygen
21 IIT Polyurethane foam with MAM layers |Liquld oxygen No visible reactlon
22 removed, but with some glue resi- No visible reaction
23 due Plainly visible reaction
24 Relatively bright reaction
25 Plainly visible reaction
26 No visible reaction
27 No visible reaction
28 No visible reaction
29 v MAM-covered polyurethane foam Liquld oxygen Relatively bright reaction
30 with three longitudinally drilled No visible reaction
31 holes under striker pin l Relatively bright reaction
32 No visible reaction
33 v MAM-covered polyurethane foam Liquid oxygen No visible reaction
34 with holes through sample per- No visible reaction
35 pendicular to MAM layers and di- l Barely visible reaction
rectly under striker pin
36 VI Plain polyurethane foam with Liquid oxygen No visible reaction
37 three longitudinal holes Barely visible reaction
38 through sample and under No visible reaction
39 striker pin No vigible reaction
40 No visible reaction

for testing.
described in the APPARATUS AND PROCEDURE section.
obtained, 10 revealed indications of reaction as a result of the impact.

Photographic records for all the impact tests were obtained as
Of the 40 test photographs

The

relative intensity of the reaction is given in the last column of table IV-I
and the relation is as follows in order of magnitude: '

(1) No visible reaction

(2) A barely visible reaction

(3) A plainly visible reaction
(4) A relatively bright reaction
(5) A very bright reaction with sustained

combustion
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(a) Test impact area. (b) Barely visible reaction.

(c) Plainly visible reaction. (d) Relatively bright reaction.

Figure IV-2. - Relative intensity of reactions from impact tests of polyurethane foam insulation samples submerged in liquid oxygen.
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When a flash of light did result from an impact, it was generally accompanied
by an audible noise or explosion.

Figure IV-2(a) is a photograph of the general impact test area and repre-
sents the approximate area covered by the camera during testing for recording
the visible reactions such as those shown in the subsequent photographs of fig-
ure IV-2. The intensity of reaction 1s illustrated by the various degrees of
illumination of the test cup or impact area in figures IV-2(b), (c), and (d),
which are representative of barely visible, plainly visible, and relatively
bright reactions, respectively. The illumination by the resultant flash is
generally confined to the area of the test cup with the striker pin visible in
some photographs along with the outline of the striker-pin positioning strap.

Group I (samples 1 to 10). - The test samples of this group consisted of
plain polyurethane. Two of the 10 impacts from this group resulted in slight
indications of reactivity; that is, a slight flash or emission of light re~-
sulted from the impact. Samples 2 and 3 exhibited reactivity and they both had
a barely visible reaction. Even though a reaction had occurred, it was ex-
tremely small and any damage to the sample was limited effectively to the area
under the striker pin.

Figure IV—S(a) shows both a typical sample from this group before impact
and the results of impact on test sample 4. The after impact results shown
in this figure are fairly typical of impact results on all samples in this
group, including those of samples 2 and 3, which had indicated some sign of
reactivity. Inspection of the samples after impact revealed that the foam was
pulverized in the area where the striker pin was resting and subsequently im-
pacted, but there were no signs of any sustained burning or ignition of the
foam material. The damage that did occur was of a localized nature, and in some
cases the polyurethane foam sample had split in two as shown in figure IV-3(a).

Group IT (samples 11 to 20). - The samples of this group consisted of
polyurethane foam with MAM attached to two surfaces with Vitel PE 207 adhesive.
Of the 10 samples tested in this group, only one exhibited an indication of
reaction; that one was sample 11. The impact of this test resulted in the most
intensive reaction for all the samples tested and actually produced ignition and
sustained combustion of a portion of the sample. The test photograph obtained
for this impact was overexposed, that 1s, too much light was admitted through
the camera lens so that the resulting picture was all white with no traces of a
distinguishable image. Figure IV-3(b) shows a typical sample before impact and
also shows the results of the impact on sample 15, which is fairly representa-
tive of the impact results of other samples in this group with the exception of
sample 11. The results of impact on test sample 11 are shown in figure IV-3(c).
The impact initiated ignition of the sample, and evidence of melted or burned
MAM is revealed in the figure. Even though there was sustained combustion, not
all of the polyurethane foam was consumed.

Group ITI (samples 21 to 28). - The samples of this group consisted of
polyurethane foam with glue residue on top and bottom surfaces; that is, the
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MAM layers were removed from samples similar to those of group II. Impact of
test samples 23 to 25 indicated some reactivity with samples 23 and 25 having
plainly visible reactions and sample 24 having a relatively bright reaction.
Figure IV-B(d) shows a typical sample of this group before impact and also the
results after impact on test sample 22, the after impact result being repre-
sentative of impacts that did not produce an indication of reactivity. Fig-
ure IV-3(e) also shows a typical sample of this group before impact along with
the impact results on sample 23. The results of the impact shown in this fig-
ure are fairly representative of the other two impacts of this group that re-
sulted in indications of reactivity. It can be noticed from figure IV-3(e)
that the impact resulted in more extensive pulverizing of the foam material than
was evident in the previous tests of groups I and II, suggesting that an ex-
plosive force accompanied the flash of light that was emitted. Even though the
damage to the three reacting specimens of this group was more obvious, there
wag still no evidence of ignition or sustained combustion of the parent ma-

terial.

il
: ! INCH 1
bl

nn

Before impact e A fte | mpact
o ;

{a) Plain polyurethane foam. Sample number, 4. (b) Polyurethane foam with MAM glued to two surfaces. Sample
number, 15.

Remains of lower MAM layer

Before impact s After impact

INCH 1 ‘ A 0 INGH 1

eai s HIne .
Pulverized '“”"*‘ \ Lrrehired

 foam material

{c) Polyurethane foam with MAM glued to two surfaces. Sample {d) Polyurethane foam with adhesive residue. Sample number, 22.
number, 11.

Figure IV-3. - Results of impacts on polyurethane foam insulation samples submerged in liquid oxygen,
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Group IV (samples 29 to 32). - The samples of this group were similar to
those of group II in that they consisted of polyurethane foam with MAM on the
top and bottom surfaces. The samples for this group, however, had three 1/16-
inch-diameter holes drilled through the foam lengthwise or longitudinally to
provide assurance that liquid oxygen was within the sample. In this arrange-
ment, the striker pin was placed directly over and perpendicular to the longi-
tudinal holes. Two of the four impacts conducted resulted in an indication of
reactivity; both of these impacts resulted in a relatively bright reaction.
Figure IV-3(f) shows the result of impact on test sample 31 (a reacting sample),
and it 1s obvious that practically all of the foam was pulverized by the impact
and ensuing explosive force accompanying the reaction or flash of light. De-
spite the obvious damage that had been done to the samples of this group that
exhibited reactivity, there was no evidence of sustained combustion resulting
in burned material.

Group V (samples 33 to 35). - The test samples for this group consisted of

Before impact ERPES

el

(f) Polyurethane foam with MAM glued to two surfaces and lon-
gitudinal holes in foam under striker pin. Sample number, 31.

Before impact [NERPRT T 1 i | pact IR
i Before impact [meuvwe After impact

{g) Polyurethane foam with holes pierced through MAM. Sample (h) Plain polyurethane foam with longitudinal holes in foam under
number, 35. striker pin. Sample number, 37.

Figure IV-3. - Concluded. Results of impacts on polyurethane foam insulation samples submerged in liquid oxygen.

37




polyurethane foam with MAM similar to those of group II but with holes pierced
through the laminates to allow liquid oxygen to be in contact with the foam
material directly under the striker pin. One of the impacts (sample 35) from
this group resulted in a very weak flash or indication of reaction. Fig-

ure IV-3(g) shows a typical example before impact and also the result of the
impact on test sample 35.

Group VI (samples 36 to 40). - Five impact tests were conducted on plain
polyurethane foam samples with three l/lG-inch—diameter holes drilled length-
wise or longitudinally in the foam sample. As for tests of group IV, the
striker pin was located over the holes at right angles for the subsequent im-
pact. One of the impacts (sample 37) resulted in a slight flash; the results
of this impact are shown in figure IV-3(h).

Tmpact test summary. - For the impact tests conducted on the various in-
sulation samples, reactions occurred sporadically, and no apparent reason for
this could be determined. From table IV-I, however, it can be seen that al-
though reactions did occur for tests with only the basic foam material (three
reactions out of 15 tests), the reaction in all cases was a barely visible re-
action. A reaction of greater intensity (plainly visible or relatively bright
reaction) is more likely to occur if the polyurethane foam has the glue residue
on its surfaces and/or MAM covering it and with liquid oxygen in intimaté con-
tact within the sample. Therefore, it appears that the basic foam material
itself is comparatively insensitive to an impact of the magnitude described
herein. In only one instance did an impact result in sustained combustion;
this one exception is unexplainable since the same procedure and precautions
were followed for this test as for the others.

Permeability Tests

Tt was pointed out earlier that the possibility of the outer layer of MAM
sustaining a puncture does exist and subsequent cryopumping of air into the
foam insulation would take place. The degree to which the air would permeate
or spread through the foam insulation to cause a larger area of impact sensi-
tivity is not now known. Some preliminary tests, however, were conducted at
room temperature to obtain an insight into the permeability characteristics of
this closed-cell type of foam material.

As mentioned in the APPARATUS AND PROCEDURE section, the permeability
tests of the foam samples involved an initial pump-down or evacuation period
of 16 hours, after which the vacuum pump was turned off. The recorded vacuum
chamber pressures taken at various times after the initial pump-down period and
the known leakage rate inherent to the system were used to determine the rate
of leaskage through the foam and/or outgassing of the foam. At the end of
24 hours (after the pump-down period), the pressure rise attributed to the foam
material was 537 microns of mercury. This corresponds to a leakage rate of
0.36 cubic centimeter of air per cubic centimeter of foam material per hour for
a pressure differential of 1 atmosphere. This leakage rate was determined by
assuming that the affected volume of foam material approximated a truncated
cone over the hole with a half angle of 45° where the 1/2-inch-diameter hole
was the smaller base of the truncated cone.
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It is recognized that the conditions for this test, by no means, simulate
the conditions that would exist if air were to be cryopumped into an encapsu-
lated polyurethane foam insulation system applied to a tank filled with liguid
hydrogen. Nevertheless, all factors being considered, it still seems apparent
that air cryopumped into the foam material as a result of a developed leak
would tend to localize at the area of the leak during ground hold and launch
conditions and would, therefore, limit the area of impact sensitivity. In ad-
dition, the volume of air leaking in for 1 hour would be considerably less than
the volume of foam affected.

CONCLUSIONS

ZThe findings of this report indicate that the probability of a damaging
liquid-oxygen foam insulation reaction occurring as the direct result of an
accidental impact is extremely small during ground hold and launch conditions.

L Thig—eeonelusion is based-on-the -Following reasons—er--reasoningsi—

. The foam insulation panels are hermetically sealed with Mylar-aluminum-
Mylar (MAM) laminates to prevent air from being cryopumped into and subsequently
condensing within the foam insulation.-

2. If a leak were to develop despite this effective sealing method, the
high resistance to permeation of air through the foam material would restrict
the cryopumping to a very localized area. With the area of impact sensitivity
limited and small in comparison to the total area, it seems unlikely that an
impact would occur in the affected region. In addition, since 80 percent of
air is nitrogen, it is unlikely that the foam material would be in an oxygen-
rich environment or submerged in liquid oxygen as were the test samples of this
investigation.

3. In the event that an impact did occur in an area where a leak developed,
the chances of a reaction occurring are small since only one out of every four
foam samples tested indicated some reaction.

4, Even if a reaction should occur, it is highly unlikely that the damage
would extend beyond the limits of the impacted region since a sustained reac-
tion occurred in only one of the 40 tests on foam insulation samples.

5. It is highly improbable that a vehicle would sustain an impact of the
megnitude investigated (88 f£-1b) during ground hold or launch conditions. An
impact of this magnitude would most certainly damage the wall of a propellant
tank of present-day space vehicles.
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CHAPTER V

FABRICATION AND TESTS OF INSULATED SUBSCALE TANKS

by Porter J. Perkins, Jr., Mario Colaluca, Frank P. Behning,
and Francis Devos

Lewis Research Center

As a part of the development of the reported insulation system, four sub-
scale tanks with full-scale cylindrical curvature (two combined circular seg-
ments with 4-ft arcs of 60-in. radius) were insulated and tested prior to the
insulation of the full-scale tank. The purpose of this program was to develop
and evaluate quickly and economically insulation techniques that would be ap-
plicable to the full-scale tank. To accomplish this program, thermal and
structural performance data on the insulation system as applied to a tank were
obtained under ground-hold and quasi-simulated launch conditions. Unfortun-
ately, the true launch environment, including rate of change of altitude, aero-
dynamic forces, velocities, and surface temperatures, cannot be completely
duplicated simultaneously in ground tests to produce the combined effects.
Thus, certain launch conditions were combined but not necessarily duplicated in
the proper time sequence.

This chapter of the report presents the details of the insulation fabrica-
tion for the circular-segment tanks, including the chronological development of
the final insulation system that was applied to the full-scale tank. Test data
are presented for (1) the equivalent thermal conductivity of the insulation
systems during ground hold, (2) the structural effect of rapid drop in ambient
pressure during launch, and (3) the effect of simulated surface heating during
launch. These tests were conducted at the NASA Lewis Plum Brook Station on an
outgide tank test stand and in a vacuum chamber. The insulstion systems were
fabricated and applied to the the tanks at the Goodyear Aerospace Corp. , Akron,
Ohio, under Contract NAS3-3238 for the Lewis Research Center.

INSULATTON SYSTEMS FABRICATION
Subscale Tank Design

In order to develop and evaluate the constrictive~wrap techniques and the
materials for the insulation system (described in ch. I), a full-scale radius
had to be used. This radius was necessary in order to duplicate the hoop ten-
sion in the wrap and the compressive load imposed on the tank through the in-
sulation that would be experienced by the full-scale tank. A small-volume tank
was obtained with full-scale cylindrical curvature on both sides by placing two
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imldeTfW short circular segments back to back so that
fdwmmm Ues they formed a cross section resembling a
} symmetrically shaped wing.

Rad., 60 in. A sketch of this tank design is shown in
figure V-1. The edges were formed from 3-inch-
diameter tubes having independent connections
for filling with ligquid hydrogen. These served
as cold guards at the tank edges, where insula-
tion panels under test could not extend. A

i ! vent line and a dip tube for filling the main
tank extended from one end of the tank. These
designs minimized heat leaks into the tank so
that the thermal conductivity of the insulation
panels could be measured with a reasonable de-
gree of accuracy.

3~in. -diam. cold-
guard tubesT
1

=4

62 in,

Four identical circular-segment tanks were
fabricated of 16-gage stainless-steel with 48-
inch-long arcs of B0-inch radius. The tanks
were designed to stand on end and were about
62 inches high. The internal volume measured
Figure V-1, - Circular-segment tank design used to about 112 gallons. The width and the height

develop insulation systems. were about the maximum size that would fit into
the vacuum chanber used for quasi-simulated
launch testing. Fach tank was qualified by
hydrostatic testing to 20 pounds per square inch gage, cold shocked with ligquid
nitrogen, and then tested for leaks.

Insulation Panel Design

A typical insulation panel configuration is shown in figure VII-2 (p. 100).
This design utilized hermetically sealed foam insulation of 2-pound-per-cubic-
foot density and O.4-inch thickness. The primary insulation material, rigid
polyurethane foam, is available in a variety of formulations. In the develop-
ment program, consideration was given to two types of blowing agent used to
produce a foam material. The physical properties listed in table V-I indicate
the basic advantages and disadvantages of the two foam gystems. On the basis
of the lower thermal conductivity and the contractor's more extensive exper-
ience, Freon-blown foam was selected as the basic insulation material for the
subscale and full-scale tanks.

The foam slabs were sealed on two faces with Mylar - aluminum-foil - Mylar
laminate (hereinafter called MAM laminate). Two thicknesses of MAM laminate
were used. The thicker material, 0.0024-inch thick (0.0007-in., Mylar - 0.001-
in. aluminum - 0.0007-in. Mylar), was chosen for the first two systems because
of its availebility. On subsequent insulation systems, a thinner material,
0.0015-inch thick (0.0005-in., Mylar - 0.0005-in. aluminum - 0.0005 in. Mylar),
was used to reduce the weight of the insulation panels. Face sheets of the
laminate were bonded to the surfaces of the foam with a heat-sealable poly-
ester resin (Vitel PE 207 - Goodyear Tire and Rubber Co.). Adhesives were ap-
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TABLE V-I. - COMPARTSON OF BLOWN POLYURETHANE FOAMS

Physical property Freon- Carbon

blown |dioxide=-
foam blown
foam
Density, 1b/cu £t 2.0 2.0
Thermal conductivity (at room bemperature), 0.14 0. 22

(Btu)(in. )/(nr)(sq £t)(°R)

Closed cells, percent 90 85
Tensile strength, psi 60 58
10-percent deformation 47 32
Compressive stress, psi {BO-percent deformation 45 28
Yield point 46 30
Heat distortion temperature, OF 250 300

plied to the foam slebs by spraying and to the MAM laminate face sheets by a
light brush coat. Bonding of MAM laminate to the foam was achieved under a
vacuum bag with a hot iron (265° F) applied over the surface. During bonding,
the panel was held in a mold by the vacuum bag to shape the panel to the con-
tour of the test tank., The bonded face sheets greatly increased the rigidity
of the panel over that of the plain foam slab. The edges of the foam were
sealed initially with preformed channels of MAM laminate and later of Mylar
only. These channels were bonded to the face sheets with Vitel or Epon 828 and
Versamid 125 resins using the corner fold illustrated in figure VII-2 (p. 100).

The achievement of a vapor-tight seal over the foam was checked by sub-
merging the sealed panels in a bath of liquid nitrogen for a period of 5 min-
utes and then upon removal from the bath visually inspecting the panels for
leaks. A complete description of the quality-control procedures 1is presented
in chapter VIT.

Constrictive-Wrap Design

Tt was necessary to have a constrictive-wrap material capable of with-
standing a prestrain of approximately 0.8 percent during wrapping of the insu-
lation. This amount of prestrain ensured a constrictive load on the insulation
under all conditions, which included thermal contraction of the tank during
cooldown, deformation of the insulation, and thermal expansion of the wrap from
aerodynamic heating during launch. The constrictive-wrap materials under con-
sideration at the time of fabrication of the subscale tanks were Nylon HT-1
fiber yarn (E.I. duPont de Nemours & Co.) and Fiberglas S/HTS roving (Owens-
Corning Fiberglas Corp. ).. A more detalled description of the selection of wrap
materials is presented in chapter VIT.

Although the Fiberglas S/HTS roving resulted in a lighter constrictive-
wrap material than HT-1 Nylon, strand breakage was encountered during the ini-
tial phase of the investigation when attempts were made to wind with a pre-
strain of 0.8 percent. As a result, the first three insulation systems Inves-
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~16-1b/cu ft density corkboard with Fiberglas skin
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Detail A

Figure V-2, - Fabrication details for insulation system 1. (Three panels on one side had tank edge channels bonded with Vitel PE 207 resin and on
other side with Epon 828 and Versamid 125 resin system, )

tigated used HT-1 Nylon for the constrictive wrap because of its greater strain
capability.

A large-size filament winding machine was used %o apply the constrictive
wrap on all circular-segment tanks. The wrap was bonded to itself with Dow
Corning Silicone A-4000 resin at crossover points and to the outer surface of
the insulation during winding. The resin was applied by passing the strands
through a liquid bath preceding contact with the insulation surface.

Insulation of Circular-Segment Tanks

Four circular-segment tanks were insulated by the Goodyear Aerospace
Corporation, and test insulation panels were applied to both sides of each
tank. All tanks were also insulated at the top and the bottom, except for the
metal end skirts (fig. V-2), with sealed polyurethane foam. The edges of the
tanks were insulated with corkboard covered with another layer of fiber-glass
laminate (see fig. V-2). Corkboard was required to take the high compressive
loads of the constrictive wrap caused by the small radius around the edges.
Insulation systems on the side panels were varied for the four tanks as to ma-
terials, size, and application techniques. The fabrication details for each of
the four insulation systems are described in the following sections and summa-

rized in table V-IT.

System 1. - Fabrication details for this system are shown in figure V-2.
Three panels were used on each side of the tank. Multiple panels instead of
single panels on each side were selected primarily to increase the amount of
panel edge seals and panel joints, which were suspected of being the most like-
ly sources of leaks in the vacuum jacket. All the panels were of identical
construction except that the edge channels on the panels on one side of the
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tank were bonded with an Epon 828 and Versamid 125 resin system, while those on
the other side were bonded with Vitel PE 207. A perimeter glue line of Narmco
7345/7139 adhesive around the edges of each panel between panel and tank was
used to seal against cryopumping of air into the space between the tank wall
and the panels. This space could be eliminated entirely by a full panel area
bond, but a perimeter bond reduces the weight of adhesive involved,

At the time of fabrication of this system, it was felt that a lower over-
all heat inflow to the ligquid hydrogen could be achieved with a separator mate-
rial between the tank wall and the panels, as a result of an increased contact
resistance between the insulation and the tank wall. TFor a preliminary evalua-
tion, a thin layer of Owens Corning type 191 glass scrim cloth was used as the
separator material on this system. When thermal-conductivity apparatus tests
(see ch. III) showed that little could be gained from the separator material,
the separator was omitted in subsequent insulation systems.

The panels were installed on the tank with only a small gap between adja-
cent panels, but with much wider spaces at the panel edges adjacent to the tank
end flanges and the corkboard insulation on the tank edges (fig. V-2). These
wide spaces were filled with foam, but the gap between panels was left void.
All joints between panels and between panels and other surfaces were sealed by
cover strips of MAM laminate and adhesive.

The constrictive-wrap material was selected on the basis of ease of appli-
cation, as mentioned earlier. Nylon yarn was used at a load of 0.75 pound per
strand, which corresponds to a strain of 1.25 percent. This gave a wrap den-
sity of 160 strands per inch, wound at a helical angle of 1°, A 20-strand yarn
was used for the winding, which required eight forward and reverse helical cir-
cuits. Typical application of a wrap is shown in figure V-3. The silicone res-
in (Dow Corning Silicone A-4000) applied during the winding was chosen because
of 1ts favorable high-temperature properties and room-temperature curing ability.

System 2. - Fabrication details for this system were about the same as
those given in figure V-2 except that the insulation panel sizes were somewhat
different (see table V-II). The circular-segment tanks could accommodate the
full size panel width that was established for the full-scale Centaur tank but
only about two-thirds of the length (see ch. VII). Two panels were therefore
bonded to each side of the tank; one was the full width of a Centaur panel, and
the other was a narrow fill-in strip. Joints between the insulation panels
were filled with l/é—inch—wide polyurethane foam strips and covered with the
MAM sealing laminate.

It was felt that a slight heat short from the external surface to the tank
wall, caused by the high-conducting aluminum foil in the MAM sealing laminate,
existed along the panel edges in system 1., As a result, the edge channels used
for system 2 were formed of Mylar only. Permeability characteristics of the
edge-channel material are not as critical as those of the face sheet, since in
the application of the panels to the tank MAM laminate cover strips were
placed over all panel-to-panel Jjoints and panel-to-tank joints. These cover
strips acted as an additional seal. The Mylar edge channels proved to be an
effective seal in the short-duration liquid-nitrogen checkout tests.
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{a) Partial wrap.

(b) Completed wrap.

Figure V-3. - Application of constrictive wrap on circular-segment tank by large filament winding

machine. Insulation system 2.
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Figure V-4. - Fabrication details for insulation system 3,

The constrictive-wrap and binder materials were the same as for system 1.
The wrap angle, however, was increased from 1° to 6°, The wrap angle was al-
tered on this tank in anticipation of a problem that would be encountered on
insulation system 3, which would include typical tank protuberances that pene-
trate through the insulation panel., Protuberances interrupt the winding pat-
tern and cause areas of insulation on each side (circumferentially) of the pro-
tuberance that are unsupported. Increasing the wrap angle reduces the unsup-
ported area,

System 3., - Fabrication details for this system are shown in figure V-4,
The main obJective in the fabrication and testing of this system was to deter-
mine the fabrication problems and thermal effects of typical tank protuberances
through an insulation panel., A small protuberance simulating one of a large
number of instrumentation fittings on the Centaur tank was placed on one side
of the tank. A large protuberance simulating fill and drain lines on the
Centaur tank was placed on the opposite side of the tank. Fabrication details
of the insulation system for these protuberances are shown in figure V-4, along
with the steps in fabrication. The Z and hat sections used around the protu-
berances were spun for an aluminum-Mylar-aluminum laminate 0.005 inch thick.
Photographs of these protuberances on the tank after completion of the insula-
tion are shown in figure V-5,

Panel size was the same as for system 2. The panel sealing laminate was
changed from the 0.0024~inch-thick film to the thinner film (0.0015 in.).

48




.

e

.

{a) Small protuberance.
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(b) Large protuberance.
Figure V-5. - Insulated protuberances through insulation panels. Insulation system 3.
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(b) Edge view.

Figure V-6. ~ Wrap pattern around protuberances. Insulation system 3.




Tests with previous system 2 (to be discussed later) revealed a leak in the
perimeter bond around one of the panels. Therefore, 100 percent bond area of
the panels to the tank was used.

The constrictive-wrap material and the procedure were unchanged from sys-
tem 2. Triangular-islands of unsupported insulation were left by the interfer-
ence of the protuberance, as shown in figure V-6. A technique to eliminate the
unsupported areas is discussed in chapter VI, but it was not necessary to use
the technique here because the system was not subjected to aerodynamic forces.

System 4, - Fabrication details for this system were essentially as shown
in figure V-4 for system 3, but there were no protuberances., The main differ-
ence between this system and the previous systems was the use of fiber glass
for the constrictive wrap. The strand breakage problem was overcome by using
an epoxy-resin-preimpregnated glass roving (see ch. VII). The untreated roving
had been breaking because of damage
to the filament in the roving caused
by pulleys and other rubbing surfaces
on the winding machine. The preim-
pregnated material protected the
.filaments and eliminated fraying of
the roving when individual filaments
occasionally failed., The wrap was
applied with O.84 percent strain and
with an eight-strand roving at 64
strands per inch.

This system represented the
final selection of materials, fabri-
cation, and quality control tech-
niques that was to be used for the
full-scale Centaur tank insulation
application.

APPARATUS AND PROCEDURE
Test Facilities

Two test facilities, an atmo-
spheric test stand and a vacuum cham-
ber, were used to evaluate the insu-
lation systems on the circular seg-
ment tanks.

Atmospheric test stand. - The
insulated circular-segment tanks were
4 initially tested in the atmospheric

test stand shown in figure V-7 (de-
‘P63-1693 scribed in ref. 1). The liguid-

Figure V-7. - Circular-segment tank mounted in atmospheric test facility hydrogen flow system used in the at-
for ground-hold testing. Insulation system 1, immediately after test. mospheric test stand was the same as
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Tank pressure regulator that for the vacuum-chamber facil-

Q fwsmdw ity. These tests simulated
Tank fill line ground-hold conditions where
Tank vent to structural performance and equiva-
atmosphere lent thermal conductivity of the

(cold-guard vent) . . .
various insulation systems were

determined. Test operations were
conducted from a remote area for

Cold-quard fill line
safety.

Valve location for -
systems 3and 4~~~

Valve location for
systems 1and 2 —~=—-—>~—="~

Vacuum chamber, - Following
the tests in the atmospheric test
stand, the test tanks were in-

> Liquid-level point stalled in a vacuum chamber (shown
sensor in fig. V-8) to observe the ef-

o Tank wali thermo- fect £ . imulated 1 h
couple in hydro- ects of quasi-simulated launc
genatmosphere ~ conditions. A mechanical vacuum

° ﬁgwﬁmﬁum pump provided a drop in pressure,

ps . . .

o Thermocouple on while aerodynamic hgatlng of one
exterior insula-  side of the insulation surface was
tion simulated by infrared heating

lamps. Aerodynamic forces that

Figure V-8. - Diagram of flow system and instrumentation used for testing of are present during launch were not

insulation systems on circular-segment tanks in vacuum chamber, simulated. The results of simu-~
lated heating with aerocdynamic

forces are presented in chapter VI.

Test tank —--~r--

|
Il
|
|
|
Vacuum chamber—" !
|
!
|
|
I
i

Forty infrared quartz tubes having a power input of 30 kilowatts were
mounted on an aluminum reflector contoured to conform to the tank radius., The
arrangement of the heating lamps on the reflector is shown in figure V-9. The
surface to be heated was painted black to increase its absorptivity.

A comparison of the simulated and computed (ch. II) pressure changes and
surface-temperature changes (aerodynamic heating) for a typical launch trajec-
tory is shown in figure V-10. The chamber pressure reduction was uncontrolled
and did not quite match the calculated profile. The simulated surface-
temperature profile was well matched to the calculated profile by use of manual
off-on operation of the infrared lamps while the surface temperature was

monitored,

The liquid-hydrogen flow system used is shown in figure V-8. Note the lo-
cation of the two cryogenic valves in the vacuum chanmber., These valves were
required to maintain a pressure of 5 pounds per square inch gage, which pre-
vented buckling of the tank walls., Farly in the investigation it was believed
buckling could possibly occur from the stresses imposed on the tank walls by
the constrictive wrap.

Just prior to the tests reported herein, the vacuum-chamber facility had
undergone extensive modifications in height and vacuum capabilities to accommo-
date another test program. The facility was further modified for this test
program by the incorporation of the infrared heating lamps. Such extensive
modifications would normally require a checkout of the facility before it was
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P 63-1889
Figure V-9, - Infrared heating lamp assembly for simulating aerodynamic

heating of insulation surface on circular-segment tanks. (Insulation
surface painted black)
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Figure V-10, - Typical launch simulation of pressure altitude and
surface temperature in vacuum chamber used to test insulation on
circular-segment tanks.

used for testing. A complete
checkout would have required the
use of an instrumented, insulated
tank filled with liquid hydrogen.
An insulated tank other than the
circular-segment test tanks was not
immediately available, so the capa-
bilities and operation of the fa-
cilities were checked with the in-
sulated circular-segment test
tanks, This approach was deemed
necessary because of a heavy test
schedule for the facility. This
procedure resulted in some problems
in evaluating the constrictive-wrap
insulation systems and produced
changes in the test procedure for
each circular-segment test tank.

TInstrumentation

The circular-segment tanks
were instrumented to determine the
structural and thermal performance
of the insulation systems. Total
flow of boiloff gas was read from a
gas meter in the vent line (fig.
V-8), while the flow rate was de-
termined at fixed time intervals by
use of the gas meter and a stop-
watch. During the surface heating
tests in the vacuum chamber, the
rapid changes of flow rate were re-
corded by a movie camera that photo-
graphed the rotating dials on the
meter. Gas temperature at the me-
ter, used in the calculation of the
mass flow rate, was measured with a
copper-constantan thermocouple.

Surface temperatures were mea-
sured on the outside of the insula-
tion and on the inside walls of the
tank with copper-constantan thermo-
couples., The number and the loca-
tion of thermocouples varied from
tank to tank depending on the insu-
lation configuration and the re-
sults of previous tests., The num-
ber of thermocouples on the outer
insulation surface varied from 5




to 10. Typical locations are shown on figure V-8. Epoxy adhesive with a cover
patch of MAM laminate was used to attach the thermocouple to the insulation.

On insulation systems 2, 3, and 4, static-pressure taps (two on each side)
were installed on the outer surface of the tank side walls with leads running
to the top through the inside of the tanks (fig. V-8). These taps were used to
determine if any leakage of air into the area between the tank walls and the
insulation panels occurred from cryopumping.

Liquid levels near the full point were indicated by hot-wire point sensors
mounted through the vent tube with a support extending into the top of the tank
(fig. V-8). This level was used as a starting point for the boiloff period.

Tegt Procedure

Ground-hold thermal tests. - Tanks mounted on the atmospheric test stand
were filled with liquid hydrogen, and were allowed to stabilize at a constant
pressure to eliminate transient effects before any thermal data were taken.
Tnitially, it also was planned to fill the cold guard tubes at the edges with
liquid hydrogen, but because of their small volume and high heat leak, this was
found to be impossible. However, a constant flow of liquid and gas maintained
a temperature near the saturation temperature of liquid hydrogen at the edges,
to eliminate any significant heat leak through the edges into the main tank.

Following the stabilization period, the liquild hydrogen was allowed to
boil off at constant pressure until the tank was empty. The volume flow rate
of boiloff gas was recorded at 5-minute intervals during the approximately
2 hours required for the tank to boil dry. Visual inspection of the insula-
tion was made immediately following the end of the boiloff period.

Simulated launch tests in vacuum chamber., - Before filling a tank in the
vacuum chamber with liquid hydrogen, considerable purging of the chamber with
gaseous nitrogen was performed to ensure against the presence of a combustible
mixture, in case a hydrogen leak should occur. Considerable care was exercised
when purging the vacuum tank because of the unknown effects of pressure excur-
sions on the insulated test tank. An increase in external pressure along with
the load imposed by the constrictive wrap might collapse the tank, while a de-
crease in external pressure might rupture the insulation system prematurely.
Purging was accomplished by alternately increasing the pressure slightly with
gaseous nitrogen and venting to amospheric pressure several times. Purging of
the test tank was accomplished by several cycles of pressurization to 15 pounds
“per square inch gage with helium and venting to 5 pounds per square inch gage.
A 5-pound=-per-square-inch-gage minimum pressure was maintained to ensure that
the tank did not collapse because of the constrictive wrap. After the tank was
filled with liquid hydrogen, the system was allowed to come to thermal equilib-
rium before tests were conducted., Following this period, the launch sequence
of pressure drop and surface heating was performed. The volume flow rate of
boiloff gas was measured by a gas meter and was recorded during these tests
through the use of a motion picture camera. Visual inspection of the insula-
tion could not be made until the tank was removed from the chamber several
hours following the tests.
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THERMAL PERFORMANCE DATA REDUCTION

The thermal performance of the insulation system was measured in terms of
an equivalent thermal conductivity Kequiv‘ The method used to obtain Kequiv
from the boiloff tests is basically that presented in reference 2 and is out-

lined in this section.

A heat balance on the volume of liquid in the tank indicates that the
total heat input to the liquid hydrogen Qp 1s the sum of the heat inputs
through the insulation panel QI and the 1nsu1ated tank ends Qext OF

A = Qr + Qext (1)
where
Qp total heat input to liquid hydrogen as determined from boiloff data,
Btu/hr
QT heat input to liquid hydrogen through insulation side panels, Btu/hr

Qext  extraneous heat leaks through ends of tank, Btu/hr
If it is assumed that
(1) The heat transfer across the insulation is one dimensional
(2) The heat transfer across the bottom 1id of the tank is constant

(3) The ullage gas recovers all the heat transferred through the insula-
tion above the liquid

the heat input through the side walls is given by the one-dimensional Fourier
law as

KequivAI(TI B Tc)

ar = = (2)
where
Kequiv equivalent thermal conductivity of insulation system, (Btu)(in.)/
(hr)(sq £t)(°R)
At gidewall wetted surface area, sq ft
Tr outside insulation skin temperature, °R
Te temperature of saturated liquid hydrogen, °Rr
JAVe thickness of insulation system, in.

Substituting equation (2) into equation (1) gives
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A = KequivAI(TI " Tc)
T - Ox

+ Qext (5)

For steady-state conditions, the temperature difference across the insulation
T - T, 1is constant, and since the insulation thickness Ax 1s also constant,

equation (3) is the equation of a straight line, that is,
Qp = Cohg + Qexy (4)
where Cy, the slope of the line, is

B Kequiv(TI - Tc) (5)
1~ Ax

C

The total heat input to the liquid hydrogen QT is given by the product
of the mass flow rate boiled off at the liquid-vapor interface and the heat of
vaporization of the liquid., If it is assumed that steady-state conditions
exist between the liquid-gas interface and the gas meter, then the mass flow
rate is the product of the volume flow rate at the gas meter and the density of
the gas at the meter. The density of the gas is determined from the gas tem-
perature at the meter by assuming the ideal gas equation of state at a pressure
of 1 atmosphere. The assumption of steady-state conditions in the volume be-
tween the liquid-gas interface and the gas meter requires that the total mass
of gas in the volume remain constant with time. Changes in gas pressure and/or
gas temperature, unless they compensate each other, produce a change in total
‘mass in the volume and thus an erroneous value of the heat flow rate to the
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Figure V-11. - Typical results of ground-hold thermal performance test. (Insulation sys~
tem 2, test B.) Temperature difference, 450° F; equivalent thermal conductivity of sys-
tem, 0.14 (Btu)(in.)/{hr){sq f)(°R); slope of line Cy, 160 Btu/lhr)(sq fi).
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liquid. For a constant gas temperature, an increase in gas pressure because of
an increase in atmospheric pressure results in an indicated wvalue of heat flow
to the liquid that is too low, and vice versa,

From equation (4), it can be seen that, if Qp, as determined from the
boiloff data, is plotted against A, which is a function of the cumulative
volume boiled off, the result is a straight line, and the equivalent thermsl
conductivity Kequiv can be determined from the measured slope of the line Cq

and equation (5).

Figure V-11 is a plot obtained from the data on system 2 illustrating the
linear relation between total heat flow QT and wetted area AI.

RESULTS AND DISCUSSION

The results of the ground hold and quasi-simulated launch tests are summa-
rized in table V-III. Also included in this table are the distinguishing fea-
tures of the individual insulation systems and variations in the test proce-
dures.

Insulation System 1

The first system consisted of three small insulation panels on each side
of the tank with no foam fillers between panels and with a nylon constrictive
wrap wound at a 1° helix angle., The panel edge channels were of 0,0024-inch-
thick MAM laminate.

The heat flux to the liquid hydrogen during ground-hold tests of this sys-
tem was 200 Btu per hour per square foot. The average outside insulation skin
temperature was 47° F. The equivalent thermal conductivity for the system was
0.17 (Btu)(in.)/(hr)(sq ££)(°R). This value of equivalent thermal conductivity
is slightly higher than the average value of 0.14 (Btu)(in.)/(hr)(sq £t)(°R)
measured in the thermal-conductivity apparatus (see ch. III). This may be due
in part to the high heat shorts caused by the MAM-laminate edge channels, as is
indicated in figure V-7 (p. 51) by the frost deposits over the panel joints.

A visual observation immediately following the test revealed that one of
the panels had blistered in a small area because of a gas pressure buildup be-
tween the polyurethane foam and the outer sealing laminate., Pressure in the
blister relieved itself after a short time., No evidence of a leak between the
outer tank wall and inner sealing laminate was observed during the ground-hold
test.

After the ground-hold test, insulation system 1 was installed in the vacu-
um tank with the nonblistered side of the tank facing the infrared lights.
When the tank was filled with liquid hydrogen, a hydrogen leak into the vacuum
chamber was detected, and the test was aborted. The leak was presumed to be
in the cryogenic valves located inside the vacuum chamber (see fig. V-8, p. 52).
The tank was then filled with liguid nitrogen and the test completed. The test
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was only partially successful. Most
of the lamps in the two center rows
(fig. V-9, p. 53) failed to operate.
Unfortunately, all the insulation
skin thermocouples including the one
for the heating control, were lo-
cated in this unheated region. As

a result, a large portion of the in-
sulation surface was subjected to a
high unknown temperature, which
caused the nylon constrictive wrap
and outer MAM laminate seal to rup-
ture as shown in figure V-12., In
two small areas, upper and lower
left corners of tank, the foam
cracked and separated from the MAM
laminate and fell out. Visual in-
spection of the unheated side, es-
pecially the blister that developed
during the ground-hold test, indi-
cated that rapid depressurization
did not affect the insulation.
Thermal performance of the insula-
tion was not determined for this
test, since liquid nitrogen was used
in place of liguid hydrogen.

Figure V-12. - Insulation system 1 after being subjected to simulated launch

tests. Maximum surface temperatures unknown.
Tn order to determine the tem-

perature limit of the nylon con-

t t o | t | Teprature, °F t | .. | t t e

650 712 600 674 679 ?

Figure V-13, - Results of small patch tests to determine nylon-constrictive-wrap rupture temperature. Insulation system 1.
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strictive wrap, heating tests on l-square-foot sections of the good side of the
test tank were made later under atmospheric conditions. The results of the
tests are shown in figure V-13, The nylon constiictive wrap ruptured in the
temperature range from 675° to 7000 F,

Insulation System 2

Insulation system 2 consisted of one large and one smell panel on each
side of the tank with foam filler strips between panels. The nylon constric-
tive wrap was wound at a 6° helix angle, The edge channels for system 2 were
0.002-inch-thick Mylar,

Two ground-hold tests (A and B, table V-III) were run with system 2 to in-
vestigate any cyclic effects on the insulation system from repeated fills.
Heat flux to the liquid hydrogen during test A was 150 Btu per hour per square
foot. The average outside insulation skin temperature was 30° F, and the
equivalent thermal conductivity was found to be 0.13 (Btu)(in.)/(sq £t)(°R).

Inspection of the insulation after completion of test A revealed a blis-
tered area in one of the large panels, and as the tank warmed up, one of the
panels bulged out from the tank wall, which indicated that gas had been cryo-
pumped into the space between the insulation panel and tank wall., The blister
covered an area of gbout 1 square foot and appeared to be somewhat different
from the blister that occurred on insulation system 1. The blister on system 1
felt as though it was gas filled, while the one on system 2 had the feel of be-
ing filled with crushed ice, When the pressure behind the bulged panel was
relieved through the pressure tap on the tank side wall, the nylon constrictive
wrap forced the panel back solidly against the tank wall with no apparent
damage to the panel. As a result of this leak, a full adhesive bond between
the insulation panel and the tank wall was used on insulation system 3.

After the tank had completely warmed up following test A, it was refilled
with liquid hydrogen and another boiloff test B was conducted. The heat flux
to the liquid during test B was 160 Btu per hour per square foot. The average
outside insulation skin temperature was 50° F, and the equivalent thermsl con-
ductivity was 0.14 (Btu)(in.)/(hr)(sq £t)(°R). No additional blistering was
observed following test B, and the bulge did not reoccur. Since the heat flux
and the equivalent thermal conductivity from both tests were in general agree-
ment, it was concluded that the observed damage to the panels (blistering and.
bulging) due to leakage during the first fill and warmup cycle had little ef-
fect on ground-hold thermal performance. The equivalent thermal conductivity
for this insulation system is slightly lower than that for system 1. This may
be a result of the use of Mylar as edge channels or of the change in panel con-
figuration, which resulted in less panel joint length on system 2.

Insulation system 2 was subjected to two simulated launch tests (C and D,
table V-III) with liquid nitrogen as the test liquid. During the first test
(¢), the insulation outer surface thermocouple system failed, and the insula-
tion was subjected to an unknown high temperature. As with insulation sys-
tem 1, the nylon wrap was ruptured as shown in figure V-14. The MAM laminate
was wrinkled but remained intact, and the bond between the MAM laminate and the
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Figure V-14. - Damage inflicted during first quasi-simufated launch test of insulation system 2.
Maximum surface temperature unknown.

e

Figure V-15. - Second test side of insulation system 2 after being subjected to
quasi-simulated launch tests.

per e el 0 (3179

foam was apparently not affected
by the heat and decompression.
The unheated side of the tank did
not show any effect of the decom-
pression either.

For test D, the tank was
turned so that the undamaged insu-
lation side of the tank was ex-
posed to the infrared heating
lamps. The maximum recorded insu-
lation outer skin temperature for
this test was 650° F. Damage to
the insulation was very slight.
The nylon yarn frayed in one small
section, as shown in figure V-15.
There was no apparent damage to
the outer MAM laminate seal, No
detrimental effects due to decom-

pression were observed, even in the areas that were severely damaged during the

first heating test.

After completion of tests on system 2, the insulation system was dis-
sected., In the areas where the nylon constrictive wrap was undamaged, the
yarns retained some tension, as was indicated by separation of the ends when
they were cut. This was also observed on other tanks. Inspection of the blis-
tered area showed that the bond between the foam and both MAM laminates had
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failed, and the foam had warped and cracked,

Insulation System 3

The materials and the panel size in system 3 were identical to those in
system 2, except that the sealing MAM laminate was reduced in thickness from
0.0024 to 0.0015 inch. In addition, two protuberances that penetrated the in-
sulation panels were added, one on each side of the tank, and a 100 percent
area adhesive bond was employed between panels and tank walls.

During installation of the tank for the ground-hold test, a small hole was
inadvertently placed in the ouber MAM laminate skin in the large panel on one
side. Before testing, this hole was repaired in the field. The repalr was
made by cutting and peeling back some of the nylon constrictive wrap while
other yarns were separated in a longitudinal direction to expose the hole in
the MAM laminate., The hole in the MAM laminate was covered with a patch of MAM
laminate and sealed with Vitel PE 207 adhesive. The severed nylon yarns were
tied off to adjacent wrap strands and adhesive was applied to the area to pre-
vent slipping of knots. The repaired area is shown in figures V-16 and V-17.

The boiloff data for the
ground-hold test for system 3 ex-
hibited some scatter for an unknown
reason, Heat flux to the liquid
varied from 165 to 185 Btu per hour
per square foot., The average out-
side insulation temperature was
279 F, which gave an equivalent
thermal conductivity of about 0.15
(Btu)(in.)/(hr)(sq £t)(°R).

Again one panel developed a
blister during the warmup period
immediately after the ground-hold
test, as shown in figure V-16. The
blister was in the small panel and
was located next to the area in the
large panel that had been repaired
before the test. Pressure in the
blister did not auvtomatically re-
lieve itself as the insulation
warmed up, which indicated that the
leak only occurred at cold tempera-
ture. The pressure was relileved by
puncturing the MAM laminate. This
puncture was repaired by a MAM lam-
inate patch and Vitel PE 207 adhe-
sive before the quasi-simulated
. launch test in the vacuum facility
Figure V-16. - Panel blister caused by small leak into panel during ground- was made, The leak itself was not
hold test. Insulation system 3, shown before pressure was relieved, found., When the pressure in the
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Figure V-17. - Panel blister after pressure was relieved by puncturing outer MAM laminate. Patch
over puncture is in center of outlined area; insulation system 3,

blister was relieved the tension in the nylon wrap forced the MAM laminate back
solidly against the foam, as shown in figure V-17. The area that was repaired
prior to the tests did not exhibit any change after the test. This indicates
that satisfactory field repairs can be made to the insulation system.

Bulging of panels similar to that which occurred on system 2 was not ob-
served., The 100 percent area adhesive bond between panels and tank wall ap-
peared to be effective in preventing cryopumping of air behind the panels.

Insulation system 3 was the first tank to use liquid hydrogen for both the
ground-hold and the guasi-simulated launch tests. The maximum insulation outer
surface temperature recorded during the simulated launch test was 620° F on the
black painted surface. A thermocouple located on the outer surface of the pro-
tuberance that had not been painted black recorded a maximum temperature of
520° F, This temperature difference of 100° F results from the low value of
absorptivity of the MAM laminate in its natural state.

Inspection of the heated side did not reveal any obvious damage to the
nylon constrictive wrap. The MAM laminate on the heated side, however, had
several small horizontal slits. This had not occurred on system 2, which was
subjected to a slightly higher temperature (650° F), System 2 used a thicker
MAM laminate (0.0024 in.) than system 3 (0.0015 in.).

The blister that developed during the ground hold test (figs. V-16 and
V-17) was on the cold side during the simulated launch test. It became larger
during the test. The increase in size is shown by the dark line in figure
V-18. Enlargement of the blister is a further indication that the leak occurs
only at cold temperatures.
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Insulation System 4

Insulation system 4 employed
the same panel size and configura-
tion as system 2. The thinner
(0.0015~-in. -thick) MAM sealing lami-
nate was used in system 4., The con-

: = , strictive wrap was fiber glass wound
launch test : . - at a 6° helix angle. The 100 per-
: cent area bond between panels and
tank walls of system 3 was replaced
for system 4 with a perimeter and
grid pattern (table V-II, p. 45).

Two ground hold boil-off tests
(A and D, table V-III, p. 58) were
made, one before the system was sub-
Jected to heating and the other fol-
lowing two heating cycles. The heat
flux to the liquid hydrogen in
test A was 165 Btu per hour per
square foot., The average outside
insulation skin temperature was
30° F, which gave an equivalent
thermal conductivity of 0.12

(Btu)(in.)/(hr)(sq £t)(°R).

Figure V-18. - Increase in blister size after quasi-simulated launch test. As with the previous three sys-
insulation system 3. tems, one panel developed a blister

during the test, but since there was
no evidence of a leak into the area behind the panels, the perimeter and grid
pattern of adhesive was considered successful. The blister occurred in one of
the small panels. An attempt to find the leak on this tank was made before it
wasg subjected to a simulated launch test. A hole was punctured through the
outer MAM laminate in the vicinity of the blister., A vacuum tap flanged fit-
ting was placed over the hole and secured with adhesive. A helium mass-
spectrometer leak detector was attached to the fitting, and the insulation
panel was surveyed with a jet of helium gas while the tank was at amblent tem-
perature conditions. The leak was not located, The vacuum tap was then sealed
for further tests.

Insulation system 4 was subJjected to two quasi-simulated launch tests (B
and C, table V-III); the first simulated the calculated insulation surface tem-
peratures for a typical trajectory on one side of the tank (fig. V-10, p. 53),
and the second simulated a much hotter trajectory on the other side of the
circular-segment tank. The temperature histories for the two tests are shown in
figure V-19. The maximum surface temperature measured during the first simula-
tion (test B) was 6200 F. The physical appearance of the insulation after the
test is shown in figure V-20. The glass constrictive wrap was in excellent con-
dition. The adhesive bond between the foam and the MAM laminate failed in some
small areas near the bottom of the tank. The MAM laminate pushed out between
the wrap but did not rupture. The outer MAM laminate on the large panel split
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Figure V-19. - Surface temperatures plotted against time for simulated aerodynamic heating

of insulation system 4

Figure V-20. - First side of insulation system 4 after being subjected
to simulated launch surface temperature of 620° F. :

near the tank midsection and along a
line parallel to and near to the MAM
laminate cover strip over the joint be-
tween the large and small panels. The
length of the split was about 13 inches
and its width was about 1/32 inch. No
effects of rapid depressurization could
be discerned.

Upon completion of a detailed exam-
ination of the physical condition of the
insulation after test B, the tank was
reinstalled in the vacuum charber with
the undamaged side of the tank oriented
towards the heating lamps. This side
was then subjected to a simulated launch
(test C) to determine the effectiveness
of the constrictive fiber-glass wrap at
a higher temperature. The highest mea-
sured temperature for this test was
835° F (fig. V-19). The appearance of
the tank after the test is shown in fig-
ure V-21(a). At this higher temperature
a large portion of the black paint was
removed, and the exposed Mylar was straw
colored. The fiber-glass wrap, however,
was not damaged. The adhesive used on
the joint cover strip and the fiber-
glass wrap softened and foamed up to
form globules along the wrap and joint,
as is shown in figure V-21(b). Damage
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(a) Front view, (b} Side view. Note expansion of foam and it being held in by fiber-
glass constrictive wrap.

Figure v-21. - Second side of insulation system 4 after being subjected to simulated launch surface temperature of 835 F.

to the MAM laminate was confined mainly to the bottom of the tank, as noted for
test B of system 4. In this case, however, damage was more pronounced. The
bond between the MAM laminate and the foam failed again, and, in addition, the
MAM laminate rupbured in two small areas., Failure of the insulation system
along the bottom edge was probably the combined result of two factors. First,
the constrictive wrap, because of inherent characteristics, has a more open
pattern near the ends of the tank. Thus, the panels are not supported as much
in these areas. Second, although both ends of the tank suffer from the first
deficiency, the bottom received more damage because it was probably heated to a
higher temperature than either the top or other areas where temperatures were
measured, The excess heating was produced by a slightly unsymmetrical location
of the infrared heating lamps on the reflector. The lamps in the bottom row
(fig. V-9, p. 53) were slightly closer to the boxed end of the reflector than
those at the top. Thus, reflection from the ends concentrated more heat energy
per unit area at the bottom of the tank then at the top. Similar damage was
not observed on the nylon-wrapped tanks, probably because of the fact that the
wrap pattern was not as open for the nylon system. The fiber-glass system re-
quired only 64 strands per inch compared to 120 strands per inch of nylon to
achieve the same compressive load on the insulation panels (table V-II, p. 45).
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Figure V-22. - Heat flow and internal tank pressure during quasi-simulated launch test of
insulation system 4 {table V-III, test C).

In addition to the MAM laminate separating from the foam and rupturing,
the excessively high temperature also caused the foam to swell and bulge out
beyond the fiber-glass constrictive wrap, as is shown in figure V-21(b). The
fiber-glass wrap, however, was not damaged.

Approximate values of the heat flow rates to the liquid hydrogen during
the second high-temperature simulated launch were determined from periodic mea-
surements of liquid boiloff. These heat flow results, as a function of time,
are shown in figure V-22. The corresponding outer-insulation skin temperatures
are shown in figure V-19 (test C).

The heat flow rate measurements shown are approximate because the changes
in tank pressure also shown in figure V-22 were not taken into consideration
when calculating the heat flow rate from the boiloff-vent gas flow rate. An
explanation for the tank pressure changes, especially the rapid changes at 133
and 233 seconds, cannot be given. The effect of pressure changes on the deter-
mination of heat flow rate to the liquid by the method used herein is discussed
in the THERMAL PERFORMANCE DATA REDUCTION section. The data are presented,
however, to indicate the magnitude of the change in heat flow rate with an in-
crease in outer-insulation temperature and to indicate the time lag of the heat
flow behind the outer-insulation temperature. The heat flow rates to the liquid
during the first part of the simulated launch were between 3800 and 4800 Btu per
hour and were slightly lower than those measured with full tanks in the ground-
hold boiloff tests (fig. V-11, p. 56). The high heat flow rate starting at
135 seconds was due primarily to the sudden decrease in pressure occurring at
133 seconds., The heat flow rates indicated just prior to that time are probably
too low because of the slow increase in tank pressure. The heat flow rate to
the liquid remained high (approx. 8500 Btu/hr) for a considersble period of time
after the outer insulation skin temperature had reached its peak value of 835° F
at 149 seconds and cooled off, This high heat flow rate was partially due to
the slow decrease in pressure during this period, while the remainder was caused
by the temperature lag in the insulation as a result of its heat capacity. The
magnitude of this temperature lag is indicated by the temperature curve shown
in figure V-19 for a thermocouple located on the inside of the tank wall and




and above the liquid. This temperature peaked about 90 seconds after the maxi-
mum outer skin temperature. The peak temperature was about -367° F. This tem~
perature time lag of the insulation is greater than that which was computed in
chapter II for a typical launch trajectory. The sudden decrease in heat flow
rate at 235 seconds, shown in figure V-22, was the result of the sudden pres-

sure rise at 233 seconds.

After the system was subjected to the two quasi-simulated launch tests
(tests B and C, table V-ITI) described previously, it was subjected to another
ground-hold boiloff test (test D, table V-III). The heat flux was about
315 Btu per hour per square foot. The outside insulation skin temperature was
-10° ¥, which gave an equivalent thermal conductivity of 0.31 (Btu)(in.)/
(hr)(sq ft)(°R). Although this test has no practical significance, since en
insulation system for a boost vehicle will not have to function under ground-
hold conditions after being subjected to aerodynamic heating, it does indicate
that the insulation, especially the outer MAM sealing laminate, can be moder-
ately damaged without producing a catastrophic failure.

SUMMARY OF RESULTS

The results of the evaluation of the insulation system using subscale
tanks in ground-hold and quasi-simulated launch conditions can be summarized as

follows:

;i Changes in design and construction (panel bonding, protuberances, and
panel edge seals) had little effect on the thermal performance within the accu~

racy of the measurements.

;C The thermal performance of the insulation measured in tank tests was
essentially the same as that measured in the thermal conductivity apparatus.

;ﬂ Both HT-1 Nylon and S/HTS Fiberglas were found satisfactory for the
constrictive wrap; however, the fiber glass has the capability of operating at
higher temperatures.

4. A perimeter plus grid pattern of bonding the insulation panels to the
tank was found to be as satisfactory as a full bond area in preventing cryo-
pumping of air behind the panels.

B. A hermetically sealed foam panel insulation system withstood the exter-
nal pressure decay assoclated with a launch trajectory without being damagedt7

6. In all tests conducted, some leaks were found in the hermetic seals of
the insulation panels. The effects of these leaks were localized, and within
the accuracy of the measurements, the leaks had little or no effect on the in-

sulation system thermal performance.
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CHAPTER VI

AERODYNAMIC HEATING TESTS OF SEVERATL
VARTATIONS OF INSULATION SYSTEM

by Reeves P. Cochran, Volodymyr O. Bazarkoc,
and Robert W. Cubbison

Lewis Research Center

Insulation systems for boost vehicles must provide adequate thermal pro-
tection for both ground hold and the launch trajectory. One of the prime con-
siderations during launch is to maintain the structural integrity of the insu-
lation system during the time that high aerodynamic heating rates and high
dynemic pressures are being encountered. This chapter describes the results of
tests conducted to evaluate the ability of the lightweight constrictive-wrap
sealed~foam insulation system to withstand conditions similar to those encoun-
tered during launch.,

Aerodynamic heating tests were conducted on several variations of the in-
sulation system in the subsonic exhaust jet of a turbojet engine and in tran-
sonic and supersonic (up to Mach 2) airstreams in the Lewis Research Center
8~ by 6-foot supersonic wind tunnel. The maximum temperstures and dynamic
pressures encountered in these tests exceeded those of the assumed typical
launch trajectory, although the airflow velocities were usually below trajec-
tory conditions. Specimens of the insulation were mounted on liquid-nitrogen-
filled model tanks and exposed to gas or air temperatures up to 840° F and
dynamic pressures up to 1300 pounds per square foot. Eight specimens were in-
vestigated. Four variations of the insulation system and two methods of handl-
ing the constrictive wrap around external protuberances were included.

DESCRIPTITION OF INSULATTON SYSTEM VARIATTONS INVESTIGATED

The basic lightweight constrictive-wrap insulation system is described in
chapter I. Specimens of several variations of this system were tested. These
variations represent a progressive development of the insulation system based
on the results of successive aerodynamic heating tests. In all of these varia-
tions, the core and sealant materials described in chapter I were used in mek-
ing the sealed insulation panels. The differences among the several variations
investigated were in the nature of the exposed (outer) surface of the insula-
tion, in the treatment of the seam areas between adjacent panels, and in the
materials and wrapping methods for the constrictive wrap. Detailed descrip-
tions of these variations in the insulation system are given in the following
sections.
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Mylar-Aluminum-Laminate (MAM) Covering

The insulating component of this system consists of a polyurethane foam
core encapsulated in a sealant covering of the 0.0015~inch-thick Mylar-aluminum
laminate (MAM) discussed in previous chapters. Sealed panels of this type are
bonded adhesively to the propellant tank and further supported by a preten-
sioned constrictive wrap of fiber-glass or nylon filaments to form the basic
insulation system. A cross-sectional schematic view of this basic system 1s
shown in figure VI-1(a). The space between adjacent panels (seam area) is
filled with a polyurethane-foam filler, which is sealed with a MAM cover strip
bonded to the foam filler and to the two panels. All the variations of the
insulation system considered herein are essentially adaptations and improve-
ments of this basic system.

Glass-Cloth Protective Layer

The MAM sealant covering has a published temperature limitation of approxi-
mately 500° F. To provide a better temperature- and erosion~resistant covering
for the foam insulation, a layer of glass cloth can be added +o0 the basic insu-
lation system. There are two possible locations for this glass-cloth layer. It
can be placed within the sealed panel (between the foam and the MAM sealant
coat, as shown in figure VI-1(b)), or it can be used as an outer coating for the
sealed panels, as shown on figure VI-1(c). In the internal location the glass
cloth would provide protection to the foam even if the MAM sealant covering
were destroyed, and, since it would be adjacent to the foam, the glass cloth
would not be dislodged if the MAM covering deteriorated. This arrangement does
not, however, provide continuous protection in the seam areas between adjacent
panels. With the glass-cloth layer as an outer covering for the insulation,
(external location) protection for the foam insulation is continuous.

Combination of Sealed and Unsealed Panels

Application of heat to the polyurethane foam core of the insulation will
cause the release of trapped gas. When released within a sealed panel in the
insulation system, this gas can cause the outer surface (MAM laminate, glass
cloth, and constrictive wrap) to bulge. To determine whether a completely-
sealed~foam panel is the most advantageous, a combination of sealed- and
unsealed-foam panels, such as shown in figure VvI-1(d) was investigated. With
this combination, the unsealed-foam can release gas through the glass cloth
(which is permeable) while the sealed foam underneath is still at a tempera-
ture sufficiently low to prevent release of gas. With the proper ratio of
thicknesses between sealed and unsealed panels, no cryopumping of air into the
unsealed panel will occur during holding time on the launch pad.

Glass-Cloth Reinforcement in Unconstricted

Area Around Protuberances
The 6° helix angle wrapping pattern (described in ch. VII) used for the
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constrictive wrap is interrupted by the presence of external protuberances on
the propellant tank. Protuberances can cause unconstricted areas such as shown
in figure VI-1(e). One way to protect such an area is to add a layer of heavy
glass cloth prior to wrapping so that the reinforecing glass cloth is anchored
around the edges of the unconstricted area by the filaments of the wrap as

shown in figure VI-1(e).

Special Wrapping Technique Around Protuberance

To avoid large-scale interruption of the constrictive-wrap pattern due to
external protuberances, the special wrapping technique illustrated in figure
VI-1(f) can be used. This technique has also been described in reference 1. A
row of pins spaced to match the wrapping pattern is provided on two opposing
sides of the protuberance. The pins are mounted on a sheet-metal saddle to
maintein the proper spacing. Each filament of the wrap that would otherwise
pass over the protuberance is bent around a pin in one of the rows, passed
around the side of the protuberance, and then bent around a corresponding pin
in the opposite row, and thereby returned to the original helical path.

APPARATUS AND PROCEDURE

Simulteneous duplication of the flight Mach nunmber and temperatures and
pressures imposed on the insulation in a complete launch trajectory is very
difficult to achieve in ground tests. Therefore, some simulation of actual
conditions must be used. It is believed that the insulation surface tempera-
ture and the dynamic pressure in the airstream are the most important environ-
mental factors affecting insulation durability; however, standing shock waves
generated at supersonic velocities by protuberances may also affect the insula-
tion. To evaluate the effects of these factors, test specimens of the varia-
tions of the insulation system previously described were mounted on liguid-
nitrogen-filled model tanks and exposed to the environments of the exhaust gas
gtream of a turbojet engine and the transonic-supersonic airstream (Mach 0.5 to
Mach 2) of a wind tunnel. The apparatus for the subsonic and the transonic-
supersonic tests are shown in figures VI-2 and VI-3, respectively. Figure
VI-4 shows a general comparison of the gas and ailr temperature and dynamic
pressure conditions available in the engine jetstream and the wind tunnel with
the predicted insulation surface conditions of the typical launch trajectory

from chapter IT.

Subgonic Aerodynamic Heating Tests

Test setup. - A turbojet engine mounted in an airplane was used to gener-
ate a hot gas stream for the subsonic aerodynamic heating tests (see fig.
VI-2(a)). A wheeled stand, carrying a model tank on which specimens of the
insulation system were mounted, was positioned on a guide rail behind the
engine exhaust nozzle in line with the jetstream. Variations in gas tempera-
ture and pressure for the tests were obtained by varying the distance between
the tank and the engine exhaust nozzle. An instrument and observation station
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Figure V1-2. - Apparatus for subsonic aerodynamic heating tests.
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Figure VI-3. - Apparatus for transonic-supersonic aerodynamic heating tests.

was located a safe distance from the test site. Flexible extensions on the
instrument lead systems connected the model tank to recording instruments at

this station.

Model tank. - The model tank for the subsonic tests is shown in figure
vi-2(b). This tenk had a 60-inch radius of curvature on the sides (fig.
vI-2(c)) to match that of the liquid-hydrogen tank of the Centaur vehicle.
Corkboard insuletion of the same thickness as the test specimens was used on the
small-radius portions at the top and bottom of the tank to withstand the large
crushing load generated by the tensioned filament wrap in the small-radius turn.

Specimens of the several variations of the insulation system were installed
successively on the tank., The insulated tank was mounted on a wheeled stand,
which could be adjusted in height and horizontal location to position the tank
correctly in the jetstream. An aerodynamic fairing for the forward end of the
tank (fig. VI-2(b)) was an integral part of the test stand. A large vent (seen
at the top of the vertical mast in fig. VI-2(a)) was provided for the test
tank to accommodate rapid boiloff of the liquid nitrogen should the insulation
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Figure ViI-3, - Concluded. Apparatus for transonic - supersonic aerodynamic heating tests.

experience a catastrophic failure while under the influence of the jetstream
) environment.

The model tank was equipped with temperature and pressure instrumentation
| to measure conditions in the jetstream, on the surface of the insulation, be-
L tween layers of insulation (for the combination sealed and unsealed case only),
| and in the liquid-nitrogen compartment. Three total-temperature probes and
| three total-pressure probes were mounted on the leading edge of the aerodynamic
fairing at the forward end of the test tank (see fig. VI-2(b)). The thermo-
} couples used to measure outer insulation surface temperatures were installed
[ under the constrictive wrap in varying patterns. All thermocouples were con-
“ nected to appropriate recording potentiometers, and the pressures were measured
on gages or manometer tubes.

tests were samples of the insulation system which, in materials and configura-
tion, duplicated the variations proposed in figure VI-1l. The total thickness

Test specimens. - The test specimens for the subsonic aerodynamic heating
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{b} Comparison of conditions in engine jetstream and wind tunnel with predicted
insulation surface conditions for typical launch trajectory from chapter II.

Figure VI-4, ~ Temperature and dynamic pressure conditions in test environments
and in typical launch trajectory.

of each specimen was 0.4 inch, The test specimens are described as specimens 1
to 6 in table VI-TI and are pictured individually in figures VI-5(a) to VI-10(a).
The sealed-foam panels of the test specimens were bonded with an adhesive resin
to the 60-inch-radius sides of the test tank. The test area was approximately
20.0 inches long, 11.7 inches wide, and 0.4 inch thick, The specimens in-
stalled in this area were made either as two equal size panels with a central
longitudinal seam or as a single panel. The panels were installed with a foam
filler strip at the top and bottom edges to form a seam between the panel and
the corkboard (see fig. VI-2(c)). Depending on the specimen being tested, the
joints between the corkboard and the insulation panel were covered in the same
manner as the joints shown in figures VI-1(a) to (d). A constrictive wrap of
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TABLE VI-I. - DESCRIPTION OF TEST SPECIMENS
Speci- Name Description Shown in
men (a) figures -
by MAM-laminate Polyurethane -foam core encapsulated in MAM-laminate sealant |VI-1(a) and
covering covering; central longitudinal seam; high-strength-plastic VI-5(a)
constrictive wrap
bo Internal glass cloth |Polyurethane-foam core with layer of style 106 glass cloth {VI-1(b) and
bonded to outer face; core encapsulated in MAM-laminate vi-6(a)
sealant covering; single panel; fiber-glass-filament con-
strictive wrap; glass-cloth cover strip over seam not in-
cluded
bz |External glass cloth|Polyurethane-foam core encapsulated in MAM-laminate seal- VI-1(c) and
ant covering; single panel; outer surface of sealed panel VI-7(a)
covered with layer of style 106 glass clothj; fiber-glass-
filament constrictive wrap; glass cloth not extended over
seam area, terminated at panel edge
by |External glass cloth|Polyurethane-foam core encapsulated in MAM-laminate seal- [|VI-1(c),
with unconstricted ant covering; outer surface of sealed panel covered with vIi-1(e),
area layer of style 106 glass cloth; central logitudinal seam; and
unconstricted circumferential area 2 in. wide in center vI-8(a)
of tank reinforced with layer of 0.007-in.-thick glass
cloth; remainder of specimen constricted with fiber-
glass~filament wrap
bg |Combination of 0.25-in.-thick polyurethane foam encapsulated in MAM- vI-1(a),
sealed- and laminate sealant covering as inner layer; 0.15-in.-thick vI-1(f),
unsealed-foam layers |polyurethane foam (unsealed) as outer layer; outer sur- and
with special wrap face of unsealed foam covered with style 106 glass cloth; VI-g(a)
adaptation sheet-metal saddle with pin strip adjacent to external
protuberance to redirect filaments of wrap; fiber-glass-
filament constrictive wrap
bg |External glass cloth|Polyurethane-foam core encapsulated in MAM-leminate sealant vi-1{c),
with special wrap covering; outer surface of sealed panel covered with layer |VI-1(f),
adaptation of style 106 glass cloth; sheet-metal saddle with pin strip|and
surrounding external protuberance to redirect filaments of |VI-10(a)
wrap; fiber-glass-filament constrictive wrap
c; |External glass cloth|Four equal panels, each consisting of 0.4-in.~thick VI-1(c) and
furnace~cured polyurethane-foam core encepsulated in MAM vI-3(c)
laminate sealant covering; outer surface of sealed panel
covered with layer of style 106 glass cloth; fiber-glass-
filament constrictive wrap
cg External glass cloth|Single panel of furnace-cured polyurethane-foam core en- VI-1(d) and
with unsealed-foam |capsulated in MAM-laminate sealant covering; unsealed vI-3(d)
buildup pbuildup of foam to simulate faired covering over external
plumbing or wiring; outer surface covered with layer of
style 106 glass cloth; fiber-glass~filament constrictive
wrap
fUnless otherwise noted, foam core was 0.4 in. thick. MAM-laminate sealant covering is composed

of three layers, 0.0005-in.-thick plastic, 0.0005-in.-thick aluminum, and 0.0005-1in. -thick
plastic.

Psubsonic aerodynsmic heating tests (engine jetstream).

cTransonic—supersonic aerodynamic heating tests (wind tunnel).
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Figure VI-5. - Effect of heating test 1 on insulation specimen 1 (MAM-laminate-covered foam with
high-strength-plastic constrictive wrap).
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Figure VI-6. - Effect of heating tests 2 and 3 on insutation specimen 2
{internal glass-cloth protective layer with fiber-glass constrictive

wrap).

either nylon or fiber-glass filament
was applied in a filament winding
machine to complete the test specimen.

Test procedure. - An initial sur-
vey of the jetstream was made with an
instrumented rake to determine simul-~
taneously temperatures and pressures.
This rake was mounted on a wheeled
stand similar to that which carried
the model tank. Gas temperatures and
dynamic pressures measured at a sample
survey point are shown in figure
VI-4(a). A study of this figure will
show that the rake was not exactly
centered in the jetstream during this
survey point. The "eye" of the jet-
stream was slightly above and to the
right of the center of the rake. Small
misalinements such as this were un-
avoidable during tests with the model
tank also. The survey showed that
there were gradients in both tempera-
ture and pressure from the center of
the jetstream outward. However, the
high-temperature and -pressure zone
in the jetstream was sufficiently
large to cover most of the model tank
(see outline of tank in fig. VI-4(a)).
The general range of conditions in the
jetstream is shown in figure VI-4(Db).
From this survey, a distance behind
the engine exhaust nozzle was chosen
at which the desired conditions, or
the closest approximation to the
desired conditions, could be obtained.
This choice of test conditions was
based on the maximum temperatures and
pressures measured in the Jetstream.

Prior to a test on an insulation
specimen, the wheeled stand (carrying
the model tank) was positioned over
the guide rail about 40 feet from the
engine exhaust nozzle. Connections to
the recording instruments were made,
and the tank was filled with liquid
nitrogen and allowed to stand for a
sufficient interval of time to assure
that the presence of the cryogenic
fluid was felt by the insulation.
When all pretest preparations were
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Figure VI-7, - Effect of heating tests 2 and 3 on insulation specimen 3
(external glass~cloth protective layer with fiber-glass constrictive
wrap).
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completed, the engine was started and
brought to idle conditions for opera-
tional checks. Then the tank weas
moved forward to the predetermined
test position (12 to 15 ft from the
engine exhaust nozzle), and the engine
was accelerated to the speed that re-
sulted in the desired temperatures and
pressures. During the test, personnel
at the observation station monitored
the recording instruments, observed
the test visually, and recorded the
test operation on high-speed motion-
picture cameras. At the end of the
test, the engine was shut down abrupt-
ly to avoid further exposure of the
insulation specimen to the jetstream
environment.

A1l heating tests except the last
one were of 40-second duration. This
40-second time interval approximated
the time interval in the launch tra-
Jectory between the maximum dynamic
pressure and the maximum temperature
(see fig. VI-4(b)). The last sub-
sonic heating test was conducted as a
three-phase test with step increases
in temperature and dynamic pressure
between phases., These changes in jet-
stream conditions were accomplished by
varying engine speed. Total time in
this test was over twice as long
(82 sec) as in the previous tests,
although the time at maximum tempera-
ture and dynamic pressure was only
about half as long (~17 sec). This
latter test was considered to be more
representative of the temperature and
dynamic pressure profile of the launch
trajectory shown in figure VI-4(b)
than the single-phase tests.

Transonic-Supersonic Aerodynamic

Heating Tests

Test setup. - The transonic-
supersonic aerodynamic heating tests
on specimens of the insulation system
were conducted in the Lewis 8- by 6-
foot supersonic wind tunnel. A view
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Figure VI-8. - Effect of heating test 4 on insulation specimen 4 (external glass-cloth protective layer
with fiber-glass constrictive wrap; circumferential unconstricted band reinforced with layer of
heavy glass cloth).
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Figure VI-10. - Effect of heating test 5 on insulation specimen 6 (external glass-cloth protective layer
with fiber-glass constrictive wrap; special adaption of wrap in vicinity of protuberance).
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of the model tank sting-mounted at zero angle of attack in the transonic test
section of this wind tunnel is shown in figure VI-3(a). A retractable shock
generator was mounted on top of the tank to simulate the presence of a large
external protuberance. Two shock generator configurations - a 15° wedge and a
blunt body - were used during these tests. Schematic diagrams of these con-
figurations are shown in figure VI-3(b). ILiquid nitrogen was supplied to the
model tank through insulated lines, and gaseous boiloff was vented outside the

tunnel.

Model tank. - The model tank for these tests was similar in cross section
to the subsonic tank previously described, but of larger dimension (figs.
VI-3(a) and (e)). The chord of this tank was 3 feet, the length 5 feet, and
the thickness about 7 inches. The radius of curvature of the sides of the tank
was 60 inches to match that of the Centaur vehicle., Corkboard insulation of
the same thickness as the test specimens was used on the small-radius edges of
the tank to withstand the large crushing loads generated by the tensioned fila-
ment wrap at reduced radius. An aerodynamic fairing of fiber-glass-reinforced
plastic was attbached to the forward end of the tank.

Test specimens. - Two specimens of the insulation system were installed on
the tank For exposure to the wind tunnel environment. Specimen 7 (fig. VI-3(c)
and table VI-I) was fabricated as shown in figure VI-1(c) and installed on the
lower surface of the tank. Specimen 8 (fig. VI-3(d) and table VI-I), installed
on the upper surface of the tank, was similar in construction to the variation
shown in figure VI-1(d). Details of the specimen installation are shown in
figure VI-3(e). The sealed panels on both specimens were 0.4 inch thick. The
unsealed-foam buildup on specimen 8 simulated a fairing necessary to include an
external wiring or conduit tunnel under the consgtrictive wrap without forming
concave surfaces on the insulation. The maximum thickness of this unsealed-
foam buildup was 0.6 inch. The materials and methods of fabrication used on
specimens 7 and 8 were the same as those used on the panel portions of speci-
mens 5 and 6, respectively, with one exception. The polyurethane foam for
specimens 7 and 8 was furnace-cured at 150° F for 4 hours, 230° F for 8 hours,
and 3000 F for 8 hours. Trapped gas and constituents of the foam that are
volatile at temperatures up to 300° F were thus eliminated prior to sealing

with MAM laminate.

Thermocouples were installed in representative locations on the test
specimens to measure temperatures during test operations. Thermocouples were
bonded to the glass-cloth outer layer (under the constrictive wrap) in the pab-
terns shown in figures VI-3(c) and (d). Between the sealed and unsealed layers
of foam on specimen 8, the pattern of figure VI-3(d) was duplicated again.
Thermocouples were bonded to the outside of the metallic skin of the tank on
both sides in patterns matching those in figures VI—B(c) and (d). Total tem-
perature in the airstream was measured with three thermocouple probes on the
forward edge of the aerodynamic fairing, as shown in figure VI-3(a). All these
thermocouples, plus other thermocouples and pressure tubes that are standard
tunnel instrumentation, were comnected to the automatic data recording system

of the facility.

Test procedure., - Prior to the beginning of the transonic-~supersonic tests,
the tank and the associated plumbing system were filled with liquid nitrogen.
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TABLE VI-II. - DESCRIPTION OF AERODYNAMIC HEATING TESTS

Test|Speci- Test conditions Results Shown in
men figures
Maxi~-|Maxi~ |Maximum]Approxi- VI-T1
mum mum dynamic mate and -
gas insu- pres- time
tem- |lation| sure, |at test
pera~| tem- 1b condi-
ture, [pera- sq ft tions
oF ture,
op
g7 1 590 550 720 40 sec |Outer MAM laminate sealant covering destroyed over approximately three- vI-5(b)

fourths of test area; foam eroded away where exposed; inner sealant
covering destroyed over approximately one-fourth of test area; high-
strength-plastic-filament constrictive wrap intact without visible signs
of damage

25 2 600 560 648 40 sec |Outer MAM laminate sealant covering partially destroyed; underlying glass|VI-6(b)
cloth intact; foam core eroded away in local edge area; fiber-glass wrap
Intact; absence of glass-cloth protection over seam area contributed to
damage sustained in this and next test

3 600 530 648 40 sec |Some heat damage to outer glass-cloth layer and melting of underlying MAM|VI-7(b)
laminate sealant covering; fiber-glass constrictive wrap intact; absence
of' glass-cloth protection over seam area contributed to damage sustained
in this and next test

g3 2 665 620 792 40 sec |Damage area from test 2 greatly enlarged; glass cloth shredded locally VI-6(c)
along edge because of fluttering; appreciable foam erosion where exposed;
fiber-glass wrap intact

3 665 580 792 40 sec |Damage area from test 2 enlarged; glass cloth intact but damaged; some VIi-7(c)
local erosion of foam under edge of glass cloth; fiber-glass wrap intact

29 4 840 690 1150 40 sec |Planned test conditions greatly exceeded; unconstricted band of style 128|VI-8(b)
B glass cloth completely destroyed; style 106 glass cloth intact but dam-
aged from heat and flutter; foam thickness reduced by about 70 percent
except in seam area; seam area intact with only slight thickness reduc-
tion; fiber-glass wrap Iintact with loss of a few strands

gs 5 685 |#800 952 |P17 sec |Special adaption to wrap, fiber-glass wrap, and style 106 glass cloth all|VI-9(b)
intact; pronounced shrinkage in 0.15-in.-thick unsealed layer in local
areas
8 685 %615 952 |P17 sec Specilal adaption to wrap, fiber-glass wrap, and style 106 glass cloth all |VI-10(b}
intact; very little shrinkage
4
h6 221 205 1306 d1.5 hr |Specimen in excellent condition at end of test; no damage visually ap-
g parent
4
hs 224 212 1277 d1.5 hr |Specimen in excellent condition at end of test; only slight local
fg shrinkage visually apparent
8Fstimated.
Pat maximum condiiions (total test time, 82 sec).
CMeasured.

dat Mach 0.5 to 2.

€150 Wedge shock generator used above specimen.

TBlunt shock generator used above specimen.

gSubsonic aerodynamic heating tests (engine jetstream).
NTransonic-supersonic aerodynamic heating tests (wind tunnel).

During the test, a sufficient flow of liquid nitrogen was maintained to assure
that the tank was full at all times. Testing was begun at the minimum Mach
number (~0.5) and progressed stepwise to the maximum Mach number (~2). At
each test point, temperatures and pressures on the tank and 1in the tunnel were
recorded both without and with the shock generator extended over a portion of
the insulation. Color motion pictures of the insulation in the area influ-
enced by the shock generator were obtained at all test conditions. Continu-
cus television surveillance of the tank was maintained from two locations.

RESULTS AND DISCUSSION
Although the environmental conditions of the aerodynamic heating tests
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Figure VI-11, - Dynamic pressure and surface temperature on test specimens in
aerodynamic heating tests,

were only rough approximations of the conditions predicted in chapter II of
this report for the typical boost trajectory, the results of these tests should
be indicative of the gross effects of the actual trajectory conditions on the
insulation system. In general, these tests on several variations of the
constrictive-wrap, sealed-foam external insulation system showed that such a
system could be adapted to withstand temperature and dynamic pressure con-
ditions similar to the operational conditions of the boost trajectory. The re-
sults of the tests are discussed in detail in this section; a brief summariza-
tion of the tests is given in table VI-IT, and the test conditions are shown
graphically in figure VI-11.

Subsonic Aerodynamic Heating Tests

MAM-covered specimen. - The MAM-laminate-covered specimen (specimen 1,
fig. VI-5(a) and table VI-I) was tested at a position in the engine jetstream
where the maximum gas temperature was 590° F and the maximum dynamic pressure
was 720 pounds per square foot (test 1, table VI-II). The maximum temperature
measured on the surface of the insulation during exposure at these jetstream
conditions was 550° F., Time of exposure at these conditions was 40 seconds.
From figure VI-11 it can be seen that this test resulted in exposure at con-
ditions simultaneously approaching the maximum values of surface temperature
and dynemic pressure for the launch trajectory. The test exposure time of
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40 seconds was approximately equal to the time interval between peak values of
pressure and temperature shown in figure VI-4.

A large blister formed under the MAM-laminate layer near the middle of the
specimen early in the test. This blister was due to the formation of gas with-
in the sealed panel as the foam core decomposed upon heating. The blister
could be observed visually, and its formation was recorded by the high-speed
motion-picture camera, Inspection of the film showed that the blister receded
after a few seconds without catastrophic rupturing of the outer laminate,

After the recession of this blister, melting of the laminate layer was observed
at a spot gbout 5 inches from the forward edge and slightly below the horizon-
tal centerline. (Starting with this initial breskdown, the outer MAM laminate
melted and was blown away from about three-fourths of the test surface (see
fig. VI-5(b)). The underlying foam was eroded away over approximately the same
area, About one-fourth of the inner layer of MAM laminate melted and was blown
away, as can be seen in the lower-left corner in figure VI-5(b). At the end
of the test, the nylon constrictive wrap was still intact, and no damage to the
wrap was visually apparent.

Obviously from the results of this test, the MAM laminate does not have
sufficient heat and erosion resistance to withstand the anticipated launch
conditions. Once the protective coating of laminate was destroyed, the foam
insulation was eroded away by the jetstream. A more durable protective coating
is needed for the insulation. This need led to the next step in the develop-
ment of the insulation system, namely, the introduction of a protective layer
of fiber-glass cloth.

The initial test on specimen 1 indicated that the nylon-filament constric-
tive wrap wag capable of withstanding the conditions that partially simulated
the typical launch trajectory conditions predicted in chapter II and shown in
figure VI-4(b). Because of the inherently greater strength and temperature
potential of fiber-glass filaments, however, the remainder of the test speci-
mens were prepared with fiber-glass constrictive wraps.

Glass-cloth-protected specimens. - Specimens of glass-cloth-protected
sealed foam of the types shown in figures VI-6(a) and VI-7(a) were tested
simultaneously on opposite sides of the subsonic test tank. The specimen with
glass cloth enclosed within the sealed foam (specimen 2, table VI-I) is shown
in figure VI-6(a); the specimen with glass cloth as an outer covering (speci-
men 3, table VI-I; is shown in figure VI-7(a). FEach specimen was a single
panel., These specimens were constructed as shown in the schematic diagrams of
figures VI-1(b) and (c) except that there were no glass-cloth cover strips or
protective layers over the seam areas (foam filler) adjacent to the corkboard
edge coverings.

The specimens were subjected to two consecutive simulated aerodynamic
heating tests. During the first of these tests, the gas temperature was
600° F, and the gas dynamic pressure was 648 pounds per square foot (test 2,
table VI-IT and fig, VI-11). The maximum insulation surface temperatures mea-
sured on the specimens under these gas conditions were 560° F for the internal
glass-cloth specimen (fig. VI-6) and 5300 F for the external glass-cloth speci-
men (fig., VI-7). This difference in measured surface temperatures most prob-
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ably resulted from the test tank not being exactly centered in the jetstream.
The length of time at test conditions was 40 seconds. The conditions of these
two specimens at the conclusion of this test are shown in figures VI-6(b) and
VI-7(b). As can be noted from the damage patterns shown in these figures, the
centerline of the jetstream was above the centerline of the test tank. On the
side with the internal glass-cloth layer (fig. VI-&(b)), the MAM-laminate
sealent layer, cover strip, and edge channel and the plastic doubler (see fig.
VI-1(2)) melted and were blown away in a small area at the upper cornmer on the
forward (left) section. Loss of these outer coatings exposed the edge of the
underlying glass cloth and left an opening through which the jetstream eroded
the foam insulation. This erosion of the foam was confined to the localized
area on the specimen shown in figure VI-6(b). Although the MAM-laminate seal-
ant layer was strengthened by the underlying glass cloth, the interruption of
the glass-cloth layer at the panel edge created a potential trouble spot that
would not have been remedied even if a glass-cloth cover strip over the seam

had been used.

On the test specimen with the external glass-cloth layer (specimen 3, fig.
VI-7(b)), the MAM-laminate cover strip covering the seam melted, and the foam
filler was eroded away. However, the style 108 glass-cloth covering the test
panel was still intact, although loss of some of the silicone resin is obvious
from the change in surface appearance. There was no erosion of the underlying
foam, but slight shrinkage due to heat was apparent. Some melting of the MAM-
laminate layer, which was beneath the glass cloth on this specimen, was apparent
but without adverse effect to the insulation system. Destruction of the MAM-
laminate layer was not considered catastrophic on either of these specimens
because the purpose of this layer was to provide a seal for the insulation dur-
ing prelaunch time. It is not an essential part of the thermal-insulation func-
tion of the system after launch has taken place. No damage was apparent to the
fiber-glass constrictive wrap on either side as a result of the exposure to the
jetstream in this test.

Without any repairs being made, the two glass-cloth-protected specimens
were subjected to a second aerodynamic heating test during which the gas tem-
perature was 665° F and the gas dynamic pressure was 792 pounds per square foot
(test 3, table VI-II and fig. VI-11). The maximum insulation surface tempera-
tures measured on the specimens under these gas conditions were 620° F on the
internal glass-cloth specimen (fig. VI-6) and 580° F on the external glass-
cloth specimen (fig. VI-7). This difference in measured temperatures also was
due probably to the test tank not being located exactly in the center of the
jetstream. The length of time at these conditions was 40 seconds. The con-
ditions of the test specimens at the conclusion of this test are shown in fig-
ures VI-6(c) and VI-7(c). The damage areas that resulted from the previous
test were enlarged during this test. On the internal glass-cloth specimen
(specimen 2), the eroded area spread to most of the upper forward (left) quen-
drant, as outlined roughly by the damage pattern on the MAM-laminate layer
(fig. VI-6(c)). The exposed edge of the glass-cloth layer in this area was
shredded by the action of the jetstream. On the external glass-cloth specimen
(specimen 3) where loss of the MAM-laminate cover strip exposed the edge of the
glass-cloth layer (because the glass cloth did not extend over the seam area on
this specimen), severe buffeting by the Jetstream caused the glass cloth to be
shredded, Frosion of the foam occurred in the edge region where the glass-
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cloth protective covering was lost. There was further melting of the silicone
resin in the glass cloth, as evidenced by the change in appearance of the in-
sulation surface. The fiber-glass constrictive wrap was intact over both speci-
mens and was without apparent damage at the end of the test.

From the results of the tests on these glass-cloth-protected specimens it
is evident that the seam areas will be critical spots if proper protection is
not provided. It can also be concluded that the external glass-cloth layer,
with the possibility of contbinuous coverage across the seam area, is preferable
to the internal glass-cloth layer, where seam area protection can be had only
by splicing an added glass-cloth strip over the seam. Another specimen of the
external glass-cloth variation (made as shown in fig. VI-1(c)) was tested in
the engine jetstream to prove the reliability of a properly protected seam.

The specimen (specimen 4) is shown in figure VI-8(a) and described in table
VI-I. The unconstricted area in the center of this specimen is considered in
the section Specimen with Glass-cloth Reinforcement in Unconstricted Area.

This specimen was subjected to a gas temperature of 840° F and a dynamic pres-
sure of 1150 pounds per square foot for 35 seconds in the jetstream (test 4,
table VI-II, and fig. VI-11l). The test conditions had been planned to dupli-~
cate the conditions of the last previous test (test 3); but, due to an error in
positioning the test tank, these conditions were greatly exceeded., The maxi-
mum insulation surface temperature measured during this test was 690° F.

The effects of the test conditions on specimen 4 can be seen in figure
VI-8(b). The central longitudinal seam was still intact except in the uncon-
stricted area. Overlapping of the various component layers of the insulation
system in the seam area provided a better heat barrier above the foam core than
was present in the remainder of the panel. As a result, the seam area shrank
very little in thickness because of heat, and the constrictive wrap remained
taut over the seam, TIn the area between the central longitudinal seam and the
corkboard insulation, the foam core was reduced to an average thickness of
about 1/8 inch, The relatively rigid edges on the corkboard at the top and
bottom of the tank did not shrink when heated. These corkboard edges plus the
central seam provide anchor points for the glass~cloth layer and the fiber-
glass constrictive wrap. The high-speed motion pictures showed that severe
buffeting of the glass cloth and the wrap occurred above the panel in the areas
between the seam and the corkboard edges during the test. This buffeting ob-
viously impinged on the panel and probably contributed to the destruction of
the foam core. (The high edge of the corkboard edge covering was cut back and
replaced with a wedge-shaped foam buildup (see fig. VI-2(c)) for subsequent
testing. This foam buildup shrank with the test specimen and thereby avoided
the bridging of the filaments of the constrictive wrap between nonrepresenta-
tive high points.) A few strands of the fiber-glass-filament constrictive
wrap were cbserved (in the motion pictures) to fail during this test. The
glass-cloth layer covering the panel was still intact, however, despite the
severe buffeting encountered.

From this test, where the temperature and dynamic pressure were far in
excess of the design conditions (although the gas flow was subsonic), it can be
concluded that seam areas can be properly protected. The test results also
indicate that the constrictive wrap must remain taut on the surface of the
panel to maintain the integrity of the insulation system.
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Figure V1-12, - Insulation temperatures measured on specimens 5 and 6 during test 5. {Alf temperatures in )

Combination (sealed- and unsealed-foam) specimen., - Motion pictures and
visual observations of previous tests showed that gas blisters or bubbles some-
times Tormed on the surface of the sealed-foam insulation panels because of ex-
pansion of trapped gases. The gas pressure that caused these blisters was
sometimes sufficiently strong to raise the constrictive wrap appreciably. The
variation of the insulation system with & conmbination of sealed- and unsealed-
foam layers (fig. VI-1(d)) was devised to avoid this problem. A comparative
test was made on opposite sides of the model tank between a specimen of the
combination system and a specimen of the external glags-cloth system of fig-
ure VI-1(c). The two specimens had the same overall thickness (0.4 in.) with
the combination specimen consisting of 0.25 inch of sealed foam and 0.15 inch
of unsealed foam. Specimens are shown in figures VI-9(a) and VI-10(a) and
described in teble VI-I as specimens 5 and 6, respectively. The protuberances
and special patterns on the constrictive wrap that are a part of these speci-
mens are considered in the section Special wrapping technique.

The test specimens of figures VI-9 and VI-10 were subjected to a range of
jetstream gas temperatures up to 685° F and dynamic pressures up to 952 pounds
per square foot for a total test time of about 82 seconds (test 5). The de-
tailed conditions of the test are listed in table VI-IT and shown in figure
VI-11l. Tnsulation temperatures measured during the three phases of test 5 are
shown in figure VI-12. The 17-second time interval for phase C (fig., VI-11)
was not sufficient to complete a full set of temperature measurements during
this phase. The maximum insulation outer-surface temperature was 615° F on the
external glass-cloth specimen; the maximum temperature on the conbination layer
specimen was estimated to be about 600° F on the basis of comparing thermo-
couple readings at lower temperature levels during this test. The maximum tem-
perature measured at the interface between the sealed-and unsealed layers of
foam was 1340 F. TFigures VI-9(b) and VI-10(b) show the effects of the test
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conditions on the specimens., The fiber-glass constrictive wrap and the glass-
cloth covering on both specimens were intact after the test. The layer of un-
sealed foam on the combination specimen (specimen 5, fig. VI-9(b)) shrank in
thickness appreciably while the underlying sealed foam layer was not dimension-
ally affected by the test environment. The exposed sealed foam panel on speci-
men 6 (fig. VI-10(b)) showed a very slight shrinkage due to heat. The edges
of the corkboard insulation were provided with foam buildups (see fig, VI-2(c))
during this test so that the bridging and subsequent vibration of the glass-
cloth layer and constrictive wrap that occurred during test 4 were not en-
countered during this test., The wrap remained taut over both specimens 5 and 6
throughout the test.

The overall performance of the single-sealed panel was bebtter than the
combination of sealed and unsealed panels in this test. The choice of relative
thicknesses for the sealed and unsealed layers on the combination specimen was
arbitrary. A relatively thicker unsealed layer may be more desirable from a
structural standpoint, but some shrinkage of the layer is unavoidable. Any
combination of sealed and unsealed layers must also be evaluated for thermal
insulation performance., TFor the conditions of the typical launch trajectory
shown in figure VI-11, where the time at high temperatures is very short, the
bubbling of the insulation surface probably will not be a serious problem.
Preliminary tests on samples of polyurethane foam that were oven cured at about
300° F for approximately 4 hours prior to encapsulation in the MAM-laminate
sealant covering indicated that much of the tendency to bubble can be avoided
by removing the low-temperature volatiles before sealing the foam. It can be
concluded from this test that the single sealed-foam panel with an external
glass-cloth protective layer is the best of the insulation system variations
tested for this particular application.

Specimen with glass-cloth reinforcement in unconstricted area. - Speci-
men 4, containing an unconstricted area that was reinforced with a 0.007-inch-
thick layer of glass cloth, is shown in figure VI-8(a). This specimen was sub-
Jjected to a gas temperature of 840° F and a dynamic pressure of 1150 pounds per
square foot for 35 seconds (test 4, table VI-II, and fig. VI-11). These con-
ditions greatly exceeded the planned test conditions, as explained previously,
but the complete breakdown of the unconstricted glass cloth (as shown in fig.
VI-8(b)) indicated that this insulation system variation would be only marginal
at best under conditions of lower temperature and dynamic pressure., As a re-
sult of the successful test on the special wrapping technique described in the
next section, no further consideration was given to unconstricted areas on the
insulation system.

Special wrapping technigue. - Two test specimens that incorporated the
special wrapping technique shown schematically in figure VI-1(f) are pictured
in figures VI-9(a) and VI-10(a) (specimens 5 and 6). The parts pertaining to
the special wrapping technique on these two specimens are identical, although
the surrounding parts of the insulation system are different, as previously
described. These specimens have a cap strip covering the row of pins about
which the filaments of the constrictive wrap bend., This cap strip shields the
high~stress point at the bend in the filaments from the effects of aerodynamic
heating and anchors the filaments to the level of the insulation surface to
avold any displacegent due to bubble formation.
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Specimens 5 and 6 were sub-

|/ Shock movement jected to the jetstream environ-

// ment of test 5, table VI-II (see
Egansion POt A Point B also fig. VI-11). The condition
fan at _~ Flight terminal of the specimens at the conclu-
shoutder ™. ~~ shock sion of this test is shown in

figures VI-9(b) and VI-10(b).

- - Attached flow The maximum temperatures
- - measured on specimens 5 and 6
(a) Attached flow pattern showing upstream and downstream extremes of shock - during test S5 are shown in fig-
cation, ure VI-12. There was no apparent
3 damage to any part of the con-
\ strictive wrap or the special
At - Separated flow parts for rerouting the wrap as a
- . result of the test. It can be

{b) Flow pattern after breakdown occurring when shock moves forward to point A, concluded that this method of

Figure VI-13. - Schematic of alternating attached and detached flow pattern occur- eliminating unconstricted areas
ring at cone shoulder at onset of transonic flight. of insulation in the vicinity of
external protuberances is practi-
cal for the environmental condition of this test, which simulated typical
launch conditions except for high Mach number flow.

Transonic-Supersonic Aerodynamilc Heating Tests

Glass-cloth-protected sealed-foam specimen. - Subgonic aerodynamic heating
tests on the external glass-cloth-protected variation of the insulation system
(fig. VI-1(c)) have shown this to be a very promising configuration. Wind tun-
nel tests on a larger specimen of this variation (specimen 7, table VI-I and
figs. VI-1(c) and VI-3(b)) were made at airflow conditions up to about Mach 2 to
determine the effects of transonic and supersonic flow on the insulation.

These tests were conducted in the ILewis 8- by 6-foot supersonic wind tunnel and
are designated tests 6 and 7 in teble VI-IL. As shown in figure VI-11, the
values of temperature and dynamic pressure attained in the wind tunnel exceeded
those that occurred along the assumed launch trajectory at corresponding Mach
nunbers up to about Mach 2. The maximum value of dynamic pressure was approxi-
mately 50 percent higher in the wind tunnel than for the flight trajectory.

The point of intersection of the curves for the wind tunnel and the flight tra-
jectory is in the transonic range near Mach 1.0 for the wind tunnel and in the
supersonic range near Mach 1.9 for the flight trajectory. In the transonic
region, peak-to-peak static-pressure fluctuations as large as 40 to 50 percent
of free-stream dynamic pressure can OCCUr. These pressure fluctuations are &
result of the transonic phenomenon of a terminal shock moving down the tank.
Tirst indications of this shock occur at moderately high subsonic Mach numbers,
where flow expansion about the cone shoulder produces local sonic velocities
(see fig. VI-13). The onset of this expansion phenomenon is characterized by a
rapid oscillation between attached and separated subsonic flow at the shoulders
(fig. VI-13). An area of large pressure oscillations (from shoulder to point B)
which may adversely affect the insulation results from this flow mechanisnm.

As the flight Mach number increases, this expansion produces a supersonic vel-
ocity distribution with attendsnt low static pressures along the tank. Theo-
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In addition to the intensified shock
waves resulting from the wind tunnel testing, the time of exposure in the wind
tunnel was far in excess of that encountered in the flight trajectory. The
accumulated test time in the wind tunnel at airflow conditions between Mach 0.5
and Mach 2 was about 3 hours. Time of exposure in the flight trajectory is of
the order of a few minutes (see fig. VI-4(b)). Consequently, for the Mach num-
ber range covered, the wind tunnel investigation subjected the insulation to a
more severe durability test from the standpoint of shock strength and exposure
time than would be prescribed by the assumed trajectory conditions (figs.
VI-4(b) and VI-11).

Visual inspection of specimen 7 after tests 6 and 7 showed only slight
shrinkage in the insulation system. Maximum insulation surface temperatures
of about 212° F and maximum dynamic pressures of about 1300 pounds per square
foot were endured in these two tests. It appears that the buffet loads associ~
ated with transonic flow conditions did not have an adverse effect on any part
of specimen 7.

Unsealed-foam buildup. - On the basis of the results of the subsonic test
on a combination of sealed and unsealed layers of foam, the use of an unsealed-
foam buildup to permit the inclusion of external plumbing or wiring under the
constrictive wrap seemed to be logical. Specimen 8, which incorporated such a
buildup, was tested in the supersonic wind tunnel simultaneously with speci-
men 7 to determine the resistance of the unsealed foam to supersonic flow con-
ditions with and without the influence of standing shock waves. The 15° wedge
shock generator (shown in fig. VI-3(b)) was used in test 6, and the blunt body
shock generator (also shown in fig. VI-3(b)) was used in test 7 to generate
shocks similar to those that would result from large external protuberances on
the tank. Sketches of the centerline flow patterns that would be expected for
these shock generators in a supersonic stream are shown in figure VI-14. 'The
150 wedge produced a relatively mild oblique shock-boundary-layer interaction
compared to that caused by a strong detached or bow wave produced by the blunt
body. These interaction regions (especially that caused by the bow wave) are
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characterized by high turbulence and large pressure fluctuations that could be
detrimental to the constrictive wrap and the foam insulation.

In addition to the shocks from these generators, specimen 8 was also sub-
Jected to the same overall flow conditions discussed in detail in connection
with specimen 7.

Visual inspection of specimen 8 after tests 6 and 7 showed only slight
local shrinkage in the insulation. Maximum insulation surface temperatures of
about 212° F and maximum dynamic pressures of about 1300 pounds per square foot
were attained during these tests. The accumulated test time at airflow con-
ditions between Mach 0.5 and Mach 2 was about 3 hours. Exposure to these con-
ditions with the added shocks from the shock generators did not have an adverse
effect on the unsealed-foam buildup or on any other part of specimen 8. Color
motion pictures of the area around the shock generator did not indicate any
difficulties during the actual exposure to supersonic airflow conditions.

CONCIUSTIONS

From the results of aerodynamic heating tests on specimens of the light-
welght, constrictive-wrap sealed-foam insulation system for cryogenic propel-
lant tanks of boost vehicles, the following conclusions can be drawn:

Z. This type of insulation system can be adapted to withstand environmental
conditions similar to those predicted for a typical launch trajectory by incor-
porating a heat- and erosion-resistant protective coating of glass cloth over
the sealant coating of the foam panels and under the constrictive wrap. Speci-
mens of the insulation system satisfactorily withstood the envircnment of a
subsonic gas stream from a turbojet engine for pericds of time representative
of the critical part of a typical launch trajectory. Insulation temperatures
as high as 6159 F and dynamlc pressures as high as 952 pounds per square foot
were encountered during these exposures.] Similar specimens withstood super-
sonic wind tunnel enviromments up to Mach 2 with superimposed standing shock
waves from external protuberances. A maximum insulation temperature of 2120 F
and a maximum dynamic pressure of 1306 pounds per square foot were produced in
the wind tunnel environment.

2. Special adaptations to the constrictive-wrap technique must be used to
avoid large unconstricted areas on the insulation due to the presence of ex-
ternal protuberances on the propellant tank. One such adaptation, which in-
volves redirecting the wrap over two rows of pins, was successfully demon-
strated in the course of these tests.

3. Both nylon and fiber-glass filaments could be used for the constrictive
wrap. Fiber glass was investigated more thoroughly in this series of tests
because of its greater inherent strength and high-temperature potential.
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CHAPTER VIT

DESIGN, FABRICATION, AND APPLICATTON OF INSULATION SYSTEM
TO FULL-SCALE TANK
by Porter J. Perkins, Jr., Clem B. Shriver,* and Ralph A. Burkley*

Lewis Research Center

Thig chapter presents the details of the lightweight insulation system de-
sign, fabrication, installation, and weight breakdown for the full-scale Centaur
tank. The full-scale insulation design, tooling, and fabrication were conducted
concurrently with other development phases involving materials testing and ap-
plication and tests of subscale tanks. Application of the system to the full-
gcale tank was started only after material and application techniques had been
finally determined from the subscale tank tests discussed in chapter V.

This work was performed by the Goodyear Aerospace Corporation at Akron,
Ohio under Contract NAS3-3238 for the NASA Lewis Research Center.

INSULATION SYSTEM DESIGN
Full-Scale Centaur Tank Design

The propellants for the Centaur launch vehicle are stored in & two-
compartment tank 10 feet in diameter with an overall length of 25 feet (fig.
VII-1). The compartments are separated by a double-walled internal bulkhead
filled with fiber-glass insulation and evacuated. ILiquid hydrogen is stored in
the larger top compartment, and warmer liquid oxygen is stored in the bottom
compartment. The flight-vehicle tank is a pressure-stabilized structure with
thin walls of stainless steel (0.014 in. thick) fabricated with lapped joints.
The tank used for this program, however, was constructed for ground testing only
and, although the same as the flight configuration generally, it was of much
heavier wall construction (0.040 in. thick). This test tank had fill, drain,
and vent connections and a number of brackets attached to the outside walls that
were typilical of the flight vehicle. However, a number of other protuberances
from the side walls existed on the test tank for special instrumentation con-
nections which were not on the flight version. The experimental insulation sys-
tem reported herein was applied to the cylindrical side walls of the liquid-
hydrogen tank. This cylindrical area measured approximately 485 square feet

(10 ft in diameter and 15% £t high between top and bottom transition flanges,

*Goodyear Aerospace Corporation, Akron, Ohio.
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AAAAV“T see fig. VIT-1). The top dome also required insula-
59 tion for the liquid-hydrogen testing but was notl
' treated as part of the experimental system.

|

3.8lin,
<40ﬁ&%inMmaw* Insulation Panel Design
| .
priogen The final design of the full-scale insulation
Liquid- 54,25 1n panels was determined on the basis of test results on
hydrogen B insulation systems 1 and 2 as applied to subscale
tank , circular segment tanks (see ch. V) and on the basis
~Internal of thermal-conductivity measurements made on small
/_bulkhead test panels (see ch. III). The elements of this de-
sign are shown in figure VII-2. Mylar and aluminum
foil laminate (MAM) sealed top and bottom surfaces

of polyurethane foam with a nominal density of

2.0 pounds per cubic foot cut 0.4 inch thick. The
MAM laminate consisted of 0.0005-inch-thick layers of
Mylar bonded to both sides of 0.0005-inch-thick alum~
inum foil. Preformed channels of 0.002-inch-thick
Mylar sealed the edges of the foam with about a 0.62-

Figure VII-1. - Outline dimensions of full-
scale Centaur tank used for instaliation of

insulation system. inch overlap on top and bottom surfaces. The panels
were formed to the 60-inch-radius curvature of the
tank.

For upper panels, 87.37
For lower panels, 92,52

A A 37.54in. f{arc
| . . - - - - —Llrl:f length on

60.0in. rad.)

_—

| N T — i Rad.,
b £ = \/////wﬁim
Mylar doubler- 0.62 in.~
MAM laminate O in. 38 in. <
N N /ﬁ[] 8 in. Fold diagram of Mylar
SRRy ~Mylar edge channel at corners
" edge {typical of four corners}

channel

overlap- 3+~
EAN Y

~~—Adhesive bond lines

~T= =

Enlarged section A-A (typical of all edges)

Figure VII-2. - Insulation panel details.
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To establish a basis for defining insulation panel sizes, a flat layout of
the cylindrical portion of the Centaur test tank was developed from actual di-
mensions taken from the tank. Figures VII-3 and VII-4 illustrate the number
and type of protuberances that were present. The number of insulation panels
selected for the full-scale Centaur insulation system was 20. This number was
based upon (1) availability and size of MAM sealing laminate, (2) perimeter
dimensions of the panels, and (3) panel locations with respect to protuber-
ances. The MAM laminate was available only in 38-inch-wide rolls, which, to
eliminate splicing and reduce possible leak sources, limited panel size to less
than this width. Because joints between panels were partial heat shorts and
presented possible sources of air leaks into and behind the panels, the total
length of joints around the tank was reduced by utilizing panels as large as
possible. Thus, with a fixed width the panels were made as long as practical
for handling purposes. A final consideration was to locate protuberance cut-
outs well within the area of the panel to avoid the difficulties of sealing at
or near the edge of a panel. Thus, two panel sizes were used, as indicated in
the design of the typical insulation panel shown in figure VII-2. To facili-
tate fabrication, detailed metal templates were developed for each insulation
panel.

Design of Insulation of Protuberances

As indicated previously, the external surface of the test tank was not a
smooth circular cylinder. The fill line connections, instrumentation connec-
tions, and support brackets (for support of the wiring harness, etec. ) that must
penetrate or pass through the insulation panels complicated the fabrication,
installation, and sealing of the insulation system. There were basically two
types of protuberances to be considered, as shown in figure VII-4: (1) small
protuberances that could be covered with insulation; (2) protuberances,
such as fill lines and brackets, that extended through the insulation. These
protuberances extended from the surface of the tank and required sealed clear-
ance holes to be cut through the insulation panels. Sealing of the foam

around the perimeter of these

i holes was accomplished with a
ﬁﬁ?ﬁ;%g$f°r preformed section of Mylar
| with a flattened out Z-shaped
‘ rAll joints bonded cross section, as shown in
<Insulation panel figure VII-4. Foam placed in
h this cutout section insulated
the area next to the protrud-
ing part.

Spun hat cover-

Formed Mylar
Z-edge seal

{a) Covered-over protuberance. If the protuberance could

be covered over as it is in Tig-
.~ Support bracket ~Insulation  ure VII-4(a), an impermeable hat
/ rEﬁ?ﬁﬁ“SifOr / panel section spun from 0.005-inch-

p thick aluminum-Mylar-aluminum
laminate was added over the foam
to provide a final seal. If the
protuberance extended through
Figure VII-4. - Insulation around protuberances. the insulation, a gas-tight seal

Formed Mylar Z-edge seal—-

{b) Protuberance extending through insulation.
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TABLE VII-T. - CONSTRICTIVE-WRAP MATERTAL PROPERTIES

Property of single strand HT-1 S/HTS Steel wire
Nylon |Fiberglas

Specific gravity 1. 38 2. 485 7.82

Welght, g/yd 0.021 0.031 0.128

Ultimate tensile strength, psi |100,000 400,000 530,000

Ultimate elongation, percent 10.8 3.2 2.15

Maximum elastic strain, percent 1.5 3.2 1.7

Modulus of elasticity, psi 500,000 12,500,000 | 30,000,000

was not obtained, and the small area around the protuberance was allowed to
cryopump air. Air could not get into the insulation panel because of the pe-
ripheral Z-section seal around the cutout mentioned previously. Thirteen of
the 20 insulation panels reguired cutouts for 1 to 11 protuberances.

Constrictive-Wrap Design

Constrictive wrapping, established as the primary method of attachment of
the insulation panels to the test tank, required that prestressed strands be
wound over the insulation in a helical pattern to provide a 2-pound-per-square-
inch normal compression load on the insulation. The 2-pound~per-square-inch
compressive load was chosen on a somewhat arbitrary basis, although this value
was used on the jettisonable insulation developed for Centaur. ILess compres-
sion could probably be used on this nonjettisoned insulation because there are
no trapped gases behind the insulation to push it off, as is the case with the
jettisonable purged system. A 60 helix was chosen to provide a large number
of crossover points to hold the wrap together while leaving as 1little open area
between strands as possible. Materials considered for the wrap were du Pont
HT-1 Nylon fiber yarn, high-strength steel wire, and Owens-Corning S/HTS Fiber-
glas roving. After development effort on
subscale tanks (chs. V and VI) proved

“Semwre | | | | | | | | s/HIS Piberglas to be desivable, this ma-
_________ Selected values for constrictive wrap= terial was chogen for the full-scale test
8 1 1 ! \ tank wrap.
Fiber glass J
/ / ' T The following discussion is a re-
2 % ! view of the various requirements and con-
g /: siderations leading up to the selection
;. / of the final wrap material.
8 4
- { 3/ A comparison of properties of the
! candidate materials is given in
) Nylon table VII-I. The load-strain relation
”/,,,—’—”’ for a strand of each material is given in
=1 figure VII-5.
0 -02 g?- : i? 08 10 The Centaur tank has a radius R
rain, fn-fi. of 60 inches; therefore, the required
Figure VII-5, - Load-strain curves for constrictive-wrap tension load T in the constrictive wrap

materials,
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TABLE VIT-II. - FACTORS AFFECTING INITIAT, PRESTRATN OF

CONSTRICTIVE-WRAP MATERTALS

Material Tank Maximum foam|Expansion of |Minimum final| Required
contraction,|deformation, {constrictive] residual initial

percent percent wrap, strain, prestrain,
percent percent percent
HT-1 Nylon 0.25 0.20 0.75 0.20 1.40
Steel wire .25 .20 .38 .20 1.03
S/HTS .25 .20 .19 .20 . 84

Fiverglas

TABLE VII-ITI. - SUMMARY OF CONSTRICTIVE-WRAP MATERIAL DATA

Material |Load per|Strand|Strands | Strand |Strand |Binder | Total
strand, |width, |per inch|crushing|weight,|weight,|weight,
1b in. stress, 1b 1b 1b
psi
HT-1 Nylon 0.80 [80,005| 150 2.67 18.00 | 6.53 24.53
Steel wire 8.70 . 006 15 24,2 8.17 .49 8. 66
S/HTS 2. 00 & 008 60 4.17 7.94 | 1.96 9. 90
Fiberglas

8Values based on tobtal roving width divided by number of strands in
roving.

to provide a 2-pound-per-square-inch compression load P on the insulation is

T = PR = 2X60 = 120 1b/in.

The wrapping strain must be sufficient to keep a positive compression load
on the panels during all conditions encountered during ground hold and launch.
Factors considered include thermal contraction of the tank during cooldown to
liquid-hydrogen ‘temperature, deformation of the panels from the constrictive-
wrap load, possible foam shrinkage during aerodynamic heating, and thermal ex-
pansion of the constrictive-wrap material during aerodynamic heating to a max-
imum temperature of about 625° F. This thermal expansion is a function of the
wrap material. Table VII-IT shows the possible values for these factors,
which, when summed up, provide the required initial prestrain in the wrap ma-
terial.

From table VII-IT and the load-strain curves given in figure VII-5, the
load per strand, strand width, strands per inch, crushing stress of the strands
on the insulation, and total weights for the materials considered were calcu-
lated and are summarized in table VII-IIT.

The weight data in table VII-III favor S/HTS Fiberglas over HT-1 Nylon for
the constrictive wrap. Although the weight of steel wire is somewhat less than
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that of S/HTS Fiberglas, the higher crushing stress under the steel wires would
be a disadvantage because of greater localized crushing and deformation of the
foam insulation. The superior physical properties of fiber-glass roving (no
creep under load, high strength-to-weight ratio, and excellent low- and high-
temperature characteristics) also strongly favor its use as a constrictive-wrap
material. In the earlier phases of the program, strand breakage during winding
at the required pretensioning (2.0 lb/strand) precluded the use of S/HTS Fiber-
glas. (The normal winding tension used for filament-wound fiber-glass rocket
motor cases is only 0. 75 lb/strand.) Laboratory tests with single fiber-glass
strands, however, demonstrated that a static load of 2.5 pounds can be carried
almost indefinitely (3 months) without failure by an uncoated strand of S/HTS
Fiberglas, which indicated that the application of a fiber-glass constrictive
wrap pretensioned to 2 pounds per strand should be feasible. Therefore, con-
tinued effort was exerted to develop a winding technique that eliminated the
strand breakage problem.

The winding procedure finally developed consisted of winding eight-strand
epoxy-preimpregnated S/HTS Fiberglas roving by a modified procedure for apply-
ing additional resin to the roving. This procedure was developed during the
subscale tank program (ch. V) in insulation system 4. Use of a preimpregnated
roving was required to eliminate snarling that resulted from occasional single-
filament breakage under the high winding tension. It was not possible to cure
the epoxy in the preimpregnated roving at room temperature; therefore, a
temperature-resistant silicone resin that could be cured at room temperature,
was also applied to provide fiber adherence to other fibers at crossover points
Tn conventional winding procedures, resin is applied to the fiber-glass roving
before it passes over the final distributor-head pulley guiding it onto the
tank that is being wrapped. Under the load of 2 pounds per strand used in this
procedure, occasional loose filaments that had been wetted with resin would
snag on the pulley. Once snagged, the roving would split apart and fail by
overwrapping about the pulley. To prevent this problem, a new silicone-resin
impregnation device was designed and bullt that applied the resin after the
roving had passed over the distributor-head pulley. Thus, the roving was im-
pregnated with resin, wiped, and deposited as a constrictive wrap over the in-
sulation without interference from pulleys normally employed in winding.

To qualify the eight-strand S/HTS Fiberglas-

impregnated roving selected for the constrictive

TARIE VII-IV. - TENSILE STRENGTH wrap for the full-scale Centaur tank, strand ten-
gsile tests of the eight-strand roving in preim-

FIBER-GLASS~IMPREGNATED ROVING
oF ER pregnated form were conducted. The results of

these tests are given in table VII-IV. The results

Specimen Ultimate tensile showed that the strength of the selected roving
strength, (ultimate tensile strength, 47.2 1b) was well above
1b - . A
the required wrapping tension of 16 pounds.
37.3
% 50. 8 These tests were conducted in accordance with
3 43.4 the strand test procedures used to qualify epoxy-
é égg preimpregnated fiber-glass roving material in
5 47.0 rocket motor case programs, with the exception
Average Z;TE that the impregnated roving was not preloaded

and cured to simulate a cured composite material.
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The average tensile strength per strand of roving when fully cured is about

9 pounds. In the qualification tests, in which the preimpregnated resin was in
an uncured state, only two-thirds of its ultimate strength is apparent. This

i1s understandable because the resin in the preimpregnated state has only a frac-
tion of its ultimate cured strength. It is known that a preimpregnated resin
will improve in strength with time and impart a higher interfilament shear
strength within the preimpregnated roving and thus further enhance the tensile
strength of the constrictive-wrap material.

FABRTCATTON OF INSULATTON PANELS

The insulation panels were constructed from the following elements, as
shown in figure VII-2 (p. 100):

1) Polyurethane foam slabs

(
(2) MAM-laminate face sheets
(3) Mylar edge channels

(4) Mylar doubler strips
5)

(

Techniques developed during subscale tank panel fabrication were employed
in the construction of the full-scale tank insulation panels. The major prob-
lems in panel fabrication were

Goodyear Vitel PE 207 adhesive

(1) Sealing Mylar channels at corner folds

(2) Accurately locating cutouts to match protuberance locations on the tank
(3) Sizing the cutouts to match the Z-section seal members

(4) Bonding Z-sections, doubler, and channels of lightweight Mylar without
incurring wrinkles that would be potential leak sources

To ensure reliability of the final product, a system of quality-control
procedures and careful workmanship was followed throughout the fabrication

processes.
Fabrication Procedures

TABLE VII-V. - FOAM FORMULA . )
Foam slabs 0.4 inch thick were cut from

Freon-blown polyurethane-foam blocks that

Compound R”?Szy were foamed in place in a steel block mold
velgn 10 inches deep by 42 inches wide by 99 inches
Plaskon 6 foam resin 100.0 long. The foam formulation is given in
Dabco LV-33 catalyst .6 table VII-V. The measured foam density in
Union Carbide L5310 1.5 the slabs ranged from 1.8 to 2.0 pounds per
gilicone surfactant . . . .
Glidden RCRS043 111.0 cubic foot. Slicing of the blocks into
isocyanate prepolymer 0. 4-inch~thick slabs was accomplished on a
Freon R-11 fluorocarbon 30.0 large bandsaw that had a hydraulically con-
blowing agent trolled feed table which moved the foam block
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past a bandsaw blade set 0.400 inch from a 32-inch-high by 48-inch-long backup
plate. With this setup, a thickness tolerance of #0.008 ihch was achleved over
. -
the entire area of the slab. N
Bt L
In the process of sealing the foam insulation slabs, e 0.0015-inch MAM
sealing laminate was bonded to the foam panels with a heat-sealable polyester
resin (Vitel PE 207, Goodyear Tire and Rubber Company). The foam surfaces were
spray-coated, and the face sheet materials were precleaned with methylethyl
ketone and brush coated lightly with resin and allowed to dry at least 2 hours.
The foam slab was placed on a convex wooden die to form the 60-inch radius of
curvature and covered with one of the MAM sealing laminate face sheets placed
with the adhesive side toward the foam. A vacuum bag was applied, and the face
sheet was heat sealed to the foam slab by ironing with a hand iron set at 265° R
The foam slab and the convex face sheet were then placed in a concave wooden die
having a 60.4-inch radius of curvature, and the second face sheet was applied
with the adhesive side toward the foam. A vacuum bag was applied, and the face
sheet was heat sealed to the foam slab by ironing with a curved-shoe hand iron
set at 265° F. The face-sealed foam slab was placed on a trim fixture and
trimmed to final size with a razor-type knife guided by metal straight-edge bars
clamped to each side of the slab.

The edges of the face-sealed foam slabs were sealed by bonding premolded
0.002-inch-thick Mylar channels to the perimeter of the slab. The Mylar chan-
nels were premolded by vacuum forming on steel molds and heat set at 275° F for
45 minutes. Before bonding to the edges, the Mylar channels were rough trimmed
to length, and channel legs were finish trimmed to a width of 0.62 inch. The
inside surfaces of the channels and the perimeter of the face sheets of the foam
slabs were precleaned with methylethyl ketone, brush coated with resin, and al-
lowed to dry. The channels were then assembled onto the edges of the foam slab.
Two opposite channels were finish trimmed to the length of the foam panel. The
other two opposite channels extended beyond the length of the panel at each
end. The excess lengths were carefully folded over as shown in figure VII-2Z
(p. 100) to form the corner seal. The assembly was vacuum bagged, and the chan-
nels were heat sealed to the face sheets by using a 265° F hand iron. The
channel-to-face-sheet bond was further reinforced and sealed with 0. 75-inch-
wide, 0.00l-inch-thick Mylar doubler strips centered along the edge of the chan-
nel (fig. VITI-2). The doubler strips were applied in the same manner as the
channels. To further ensure that the insulation panel was leak tight, the cor-
ners and all edges were double-dipped in a bath of Vitel PE 207 resin to a depth
sufficient to coat all edges and doublers. Earlier development work on subscale
panels had shown that doubler strips and dipped edges reduced the possibility of
leaks.

The fabrication procedures Jjust outlined are for the fabrication of a
typical full-scale Centaur insulation panel without protuberance cutouts. In
this program all panels were fabricated and leak tested (in a manner to be dis-
cussed later) before protuberance cutouts were made and then subsequently re-
tested after cutouts were sealed. Protuberance cutouts were located by detailed
metal templates previously developed from the flat panel layout of the Centaur
tank (fig. VII-3, p. 101). Beveled cutouts were hand cut at each protuberance
location to match the preformed Mylar Z-section perimeter seal as shown in

107




Figure VII-6. - Method of sealing protuberance cutouts in insulation panels using preformed Mylar Z-section and
perimeter seal.

figure VII-6. The Z-section and all bonding surfaces of the Z-section, doub-
lers, and face sheets around the perimeter of the panel cutout were coated with
Vitel PE 207 resin and dried. The Z-section and doublers were then assembled
into the panel cubtout and held secure by vacuum bag pressure while the bond was
sealed by irvoning with a hand iron set at 265° F.

Quality Control

Two key steps in the processing of each panel were carefully controlled,
since assurance of vacuum tight panels was required.

First, rolls of the MAM laminate were visually inspected over a back-
lighted glass table, and the frequency of pinhole light leaks was noted. Sam-
ples were cut from the pinhole areas and tested for leakage in & Dow-cell gas-
diffusion test apparatus. Since no leakage was noted, it was concluded that
the pinhole light leaks were holes in the aluminum foil only, and that the
backup layers of Mylar sealed the pinholes in the aluminum foil.

Second, qualification of the completed insulation panels for the full-
scale Centaur test tank included the following test procedures:

(1) Visual inspection. All panels were inspected for possible leak areas
along the bonded edge channels on the surface, and all questionable areas were
repaired with a patch of MAM sealing laminate and an overwipe of Vitel PE 207
resin.

(2) Leak test by liquid-nitrogen submergence. All sealed panels were leak
tegsted for vacuum tightness prior to bonding to the tank. A method of leak
testing was developed that somewhat duplicated the sealing requirements under
actual conditions. The cryopumped vacuum normally obtained when the panels are
attached to a liquid-hydrogen-filled tank was at least partially duplicated by
immersing the panels in a bath of liquid nitrogen for 5 minutes. The cooling
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caused the contained gases to contract or condense with a resultant decrease in
internal pressure. If a leak of small size existed anywhere in the seal mate-
rial, some nitrogen was drawn intoc the panel. Upon removal from the nitrogen
bath, the panel warmed up, and the entrapped liquid nitrogen vaporized rapidly
but could not escape through the small hole at a rapid encugh rate to keep the
internal pressure from building up to the point where a blister would appear in
the laminagte covering on the panel. Larger holes are not eagily detected by
this method since the warmed-up gases are able to escape without producing
significant pressure. These larger leak sources, however, can be found by care-
ful visual inspection of the panel after removal from the liquid nitrogen. A
small trail of vapor can usually be seen emerging through the larger hole in the
covering.

: Three panels were disqualified during the leak testing in liguid nitrogen.
Twenty three panels were built to obtain the twenty that qualified for use on
the Centaur tank.

INSTALLATTON OF INSULATTON SYSTEM

For mobility and accessibility during installation of the insulation sys-
tem, a multipurpose frame was used to support the full-scale Centaur test tank.
The frame held the tank in a horizontal position for storage and transporting
from fabrication area to test site. The frame also contained trunion bearings
for raising the tank to an upright position for testing at the test site. The
tank was supported in the frame by tubular spiders which were attached to tran-
sition flanges on the tank near each end. The tubular spiders were removable
Trom the base of the frame. When detached from the frame, these spiders served
as supports for mounting the tank in a filament winding machine.

C-13161

Figure VII-7. - Centaur test vehicle in filament winding machine.
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Bonding of Panels to Tank

For accessibility during installation of the insulation panels, the full-
scale Centaur test tank was installed in a horizontal filament winding machine

as shown in figure VII-T7.

After passing the leak test, the insulation panels were bonded and sealed
to the tank exterior wall with a low-temperature polyurethane adhesive, Narmco
7345/7159. Figure VII-8 shows the panel-to-tank bonding resin being applied to
the back gide of an insulation panel after it was cleaned with methylethyl
ketone. A pressure gun was used to lay a bead of the Narmco 7545/7159 resin
around the perimeter of the panel and across a 6-inch-square glue line grid
pattern. Each of the protuberance cutouts has its own perimeter glue line that
intersects the grid pattern as required. The grid-pattern method of bonding
held weight to a minimum and yet affected a satisfactory bond that provided a
sectioned sealed airspace between the panel and the tank wall. Before the
panels were bonded, the tank was wiped clean with toluene and thoroughly

Figure VII-8. - Application of panel-to-tank bonding resin grid pattern.

scrubbed with methylethyl ketone. A light brush coat of Vitel PE 207 resin was
then applied to serve as a primer on the tank surface.

Figure VII-9 shows the insulabtion panels being placed on the tank. At the
left are panels just fitted to the tank. At the right are panels previously
bonded to the tank and still under the vacuum bag used to hold the panels
tightly to the tank while the adhesive between the panels and the tank cured at
room temperature. The insulation panels were bonded to the tank in a sequence
of seven groups of two to four panels per group. The number of panels per
group was selected on the basis of the time required to prepare the panels for
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Figure VII-9. - Application of insulation panels to full-scale Centaur tank.

bonding and to cure the adhesive. There was a definite time limitation to ob-
tain optimum bonding results because of the pot 1life of the Narmco 7545/7159
resin mixture.

Panel Joints

Joints between adjacent panels were filled with a 2.0-pound-per-cubic-foot
polyurethane foam and cut and fitted in place as the panels were located on the
tank (see fig. VII-3, p. 101). These filler strips were bonded in place with
the Narmco 7343/7139 resin mixture. The nominal width of the filler strips was
1/4 inch; however, some changes in width were made to accommodate variations in
panel-joint gap due to panel size and tank diameter tolerances. The foam fil-
ler strips were sanded flush with outer top surfaces of the panel, and MAM-
laminate cover strips were bonded over the panel Jjoints. The MAM-laminate
cover strips, being about 2 inches wide, bridged the foam-filled gap between
panels and sealed the gap against air penetration.

Protuberance Covers

The majority of protuberances on the Centaur test tank were covered with
foam insulation, and a vapor-tight cover of spun aluminum-Mylar-aluminum lam-
inate (0.005 in. thick) was added over the foam to provide the final seal, as
shown in figure VII-4 (p. 102). These covers were bonded and sealed to the in-
sulation panel with Narmco 7345/7159 resin mixture. A vacuum-bag pressure was
employed to seat the protuberance covers while the resin was cured at room
temperature. The final assembly for all types of protuberances is shown in
figure VII-1O.
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() Hinge bracket cutout.

Figure VII-10. - Final assembly of sealed insulation over and around various types of

protuberances.
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Heat Protection Layer

Prior to the application of the constrictive wrap, the exterior surfaces
of the insulation panels were covered with a heat protection layer of style 106
Fiberglas cloth impregnated and bonded with Silicone A-4000 resin (see ch. VI).
The cloth was 38 inches wide and was applied in a series of single-layer cir-

cumferentiagl wraps overlapping each other approximately l% inches. The cloth

was cut out around protuberance covers. The resin was cabalyzed for a room-
temperature cure of 8-hour duration.

Constrictive Wrap

The constrictive wrap was applied to the Centaur test tank by a horizontal
filament winding machine (fig. VII-7, p. 109). Modifications were made to the
machine mandrel drive shaft and the mandrel support stands to permit the in-
stallation of the 10-foot-diameter, 25-foot-long Centaur tank in the machine.
The centerline of the mandrel shaft was offset from the drive-shaft centerline
and raised from a 4-foot to a B-foot swing by the installation of new gupport
stanchions for the mandrel (tank) shaft bearings. To reduce bending loads in
the forward and rear support spiders and attendent mandrel shafts, a pair of
idler wheels was installed on the base of the machine at each spider ring, as
shown in figure VII-7. A chain and sprocket arrangement coupled the relocated
mandrel shaft and the existing drive shaft from the prime mover of the machine.

The application of the fiber-glass roving constrictive wrap was accom-
plished by utilizing the spool wrap setup on the filament winding machine. Fig-
ure VII-11 shows the gpplication of the constrictive wrap. The entire wrapping

C-73167

Figure VII-11. - Application of fiber-glass roving constrictive wrap to full-scale Centaur tank.
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Figure VIi-12. - Displacement of helical wrap by protuberances.
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operation, including monitoring the wrapping speed control and the resin-
impregnation device, was commanded by an operator riding on the carriage of the
filament winding machine. Three rovings of eight-strand S/HTS HFiberglas preim-
pregnated epoxy roving were fed through the silicone resin impregnation device
mounted on the carriage in order to eliminate strand breakage. During the wrap-
ping process the rovings were manually displaced, by the operator, from their
normal 6° wrap angle to a greater angle as required to clear protuberance cov-
ers (fig. VII-12). The rovings were tensioned to 2 pounds per strand to provide
a 0.84 percent strain in the fiber-glass roving. Spacing was provided to give
a 2-pound-per-square-inch compressive load. The complete wrap required 504 man-
drel revolutions. An overnight room-temperature cure of the silicone A-4000
resin completed the application of the constrictive wrap.

Insulation of Forward Dome

The forward dome of the full-scale Centaur test tank was insulated to mini-
mize heat leak when testing with liquid hydrogen. For expediency and economic

TABLE VII-VI. - WEIGHT DATA FOR INSULATION SYSTEM AS APPLTED

TO CENTAUR TEST TANK

Material and thickness in inches Unit weight Estimated |Actual
total weight,| weight,
1b 1b
Panels
Foam (0.4) 2 1b/cu £t 31.46
Mylar-aluminum-Mylar 0.014 lb/sq It 13.21
(0. 0005-0. 0005-0. 0005 )
Mylar channels (0.002) .014 1b/sq Tt .85
Mylar doublers (0.002) .014 1b/sq Tt .85
Resin .05 1b/cu in. 2. 40
Subtotal 48. 67 50.50
Panel gap Joint a
Foam filler strips (0.4) 2 lb/cu £t 77 77
Mylar-aluminum-Mylar cover strips . 014 1b/sq ft .50 .71
Subtotal 1.27 1.48
Panel bonding system
Vitel PE 207 resin primer on tank .05 1b/cu in. 2. 60 1.75
Polyurethsne resin (grid pattern seal) .05 1b/cu in. 3.18 5.60
Subtotal 5.78 7. 35
Glass-cloth overlay
Glass cloth (0.0015) . 0059 1b/sq Tt 4.50 3.0
Vitel PE 207 resin binder .05 1b/cu in. 2.60 1.75
Subtotal 7.10 4.75
Constrictive-wrap system 4
S/HTS Fiberglas (60 ends/in. ) . 228X107% 1b/Tt 7.94 11. 38
Epoxy-~preimpregnated resin . 05 lb/cu in. 1.96 :
Silicone binder .05 1b/cu in. 1.96 3. 25
Subtotal 11.86 14.63
Total weight of system 74. 68 878,71

OBased on estimated weight for panel gap foam-filler strips.
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considerations, the dome was insulated with unsealed foam panels of 2.0-pound-

per-cubilc-foot polyurethane foam l% inches thick. These panels were covered
only with a helium-purge envelope made of 0.0024~-inch-thick MAM laminate.

INSULATION SYSTEM WEIGHT

Table VIT-VI lists the estimated design weights and the final actual
weights of the components of the insulation system as applied to the full-scale
Centaur tank. Estimated weights are based on component sizes and material den-
sities (2.0 lb/cu ft for the foam). Actual weights were obtained by keeping an
accurate tally of all the components and materials that were installed on the
tank. The total actual weight exceeded the estimated weight by only about
5 percent. This weight comparison indicates that, with careful control of fab-
rication techniques, the installed insulation system can be held very close to
the lightweight design. The average unit weight for the approximately 485
square feet of cylinder surface of about 0.16 pound per square foot makes this
system the lightest external insulation system for liquid~hydrogen rocket tanks
known to the authors.

SUMMARY OF RESULTS

[The results of designing, fabricating, and applying the sealed-foam
constrictive-wrap insulation system to a full-scale liquid~hydrogen tank can be
summarized as follows:

Y. A hermetically sealed polyurethane foam insulation system was developed
that was suitable for installation on full-scale cylindrical hydrogen tanks in
the form of large panels. The method of sealing the panels permitted protu-
berances to extend through the insulation by means of sealed cutouts in the in-
sulation panels.

2. The panels are held to the cylindrical tank by means of a pretensioned
congtrictive wrap. Comparison of high-strength steel wire, HT-1 Nylon, and
S/HTS Fiberglas as wrap materials showed that S/HTS Fiberglas was the best ma-
terial for the purpose. Special wrapping techniques were developed for apply-
ing the constrictive wrap of S/HTS Fiberglas at a pretension of 2 pounds per
strand.

3. The installed weight of the entire insulation system was 0.16 pound per
square foot, including the polyurethane foam O.4 inch thick, the hermetic seal-
ing material, a glass-cloth layer for protection from aerodynamic forces and
heating, and a constrictive wrap of S/HTS Fiberglas to hold the insulation in
place.
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CHAPTER VIII

FULL-SCALE-TANK GROUND-HOLD TESTS

by Howard F. Calvert, Porter J. Perkins, Jr.,
William C. Morgan, and Mario A. Colaluca

Lewis Research Center

The lightweight insulation system fully described in the preceding chap-
ters was applied to a full-scale Centaur vehlcle tank. The tank consisted of
two compartments, one for liquid oxygen (which was filled with liquid nitrogen
for these tests) and one for liquid hydrogen. The data obtained in this in-
vestigation were restricted to the insulation on the cylindrical section of the
hydrogen tank. Two long-time ground-hold tests were conducted at the Plum Brook
Station to investigate the insulation-system conductivity by measurement of
boiloff rates and to determine the pressure rise rate with vent valves closed.
The insulation was inspected after the completion of the investigation to de-
termine any degradation that may have taken place. The detailed inspection of
the insulation after the test is fully described in the appendix.

APPARATUS AND INSTRUMENTATTON
Test Tank

The propellant-tank assembly utilized in the full-scale investigation re-
ported herein was a heavy-weight model of the Centaur vehicle, which is a
pressure-stabilized structure consisting of a straight cylindrical center sec-
tion with two domed ends. Tigure VIII-1 shows a sketch of this tank. The wall
thickness of the tank was 0.040 inch, whereas the wall thickness of flight
models of Centaur is 0.014 inch. The straight section was approximately

1
155 feet long and 10 feet in diameter, and the top and bottom domes were approx-

imately 5 and 4 feet high, respectively. An intermediate bulkhead was located
at the junction of the lower dome with the straight section to form a 3000-
gallon liquid-oxygen tank at the bottom, and a 9400-gallon (1250 cu ft) liquid-
hydrogen tank in the upper section. The top dome and the straight cylindrical
section were fabricated from cold-reduced AIST 301l stainless-steel sheet with
spot-welded lap Joints. Spot-welded doublers were utilized around all open-
ings. The bottom dome was fabricated by using butt-welded gores.

The tank contained numerous protuberances or pressure fittings and brack-

ets, which made the installation of the panel insulation system difficult
(ch. VII). This tank had been a ground-test research vehicle and therefore had
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Figure VIII-1. - Schematic view of Centaur tank.

required more positions for measuring temperature, pressure, and liquid level
than a production flight tank.

Figure VIII-1 shows a schematic cross-sectional view of the intermediate
bulkhead and its junction with the outside wall. The bulkhead was formed by
two closely spaced domes, the intervening space being filled with a fiber-glass
mat,

Normally a vacuum is held in the bulkhead to assist in providing a satis-
factory insulation between the liquid oxygen and the liquid hydrogen; however,
during previous tests the intermediate bulkhead pressure approached atmospheric
pressure during the detanking of the liquid hydrogen, which indicated a leak.
The loss of vacuum would result in a high heat leak and in excessive loss of
liquid hydrogen from boiloff.

At attempt was made to locate and repair the leak before the installation
of the lightweight insulation system. Standard lesk detection techniques were
utilized to determine that the leak was in the area of the junction of the
bulkhead (inset in fig. VIII-1). The location made it physically impossible to
see the crack; however, the leak rate indicated the size of the crack to be
small. A long hypodermic-type needle was used to inject a room-temperature
curing polyurethane resin in the area of the crack. A vacuum was held in the
bulkhead so that the resin would be pulled into the crack and form a seal.

This technique sealed the crack so that the tank could be used for this in-
vestigation.

Test Stand
Figure VIII-2 is a picture of the test facility at the Plum Brook Station
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Figure VIII-2. - Centaur tank in test stand.
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used for this investigation. The test stand consisted of inner and outer frames
mounted on a concrete pad located beside an existing test facility that supplied
gas, liquid hydrogen, liquid nitrogen, and electricity. The inner frame sup-
porting the test vehicle was mounted in trunnion bearings on a stand that per-
mitted the tank to be held in the horizontal position for transporting or the
vertical position, as shown, for testing. The working platform, canvas weather
protection, system piping, and instrumentation were gsupported by the outer
frame. The tests were controlled remotely from the control room for this
facility.

Two vent systems were used for the hydrogen boiloff gas. One vent con-
tained a pressure-control valve and an orifice-type volume flow-rate measuring
system., The pressure-control valve was a flight valve that maintained a con-
stant tank pressure of approximately 6 pounds per square inch gage. The ori-
fice system was used to measure the volume flow of hydrogen gas from boiloff.
The second vent was a safety bypass system containing a remotely controlled
fully open or closed valve.

Tnstrumentation

Three systems were used to measure the level of the liquid hydrogen. They
were a hot-wire system, a differential-pressure gage, and a capacitance probe.
A fourth system consisting of copper-constantan thermocouples mounted on the
inside of the tank wall was used as an approximate-level indicator. The re-
dundancy in the systems helped ensure accurate measurements of the level of
liquid hydrogen. Liquid hydrogen 1is extremely lightweight and low in tempera-
ture (-4250 F), the gas to liquid interface 1s difficult to determine, and the
liquid may be boiling continually.

Eleven hot-wire liquid-level indicators were spaced on a vertical line so
as to determine the level of liquid hydrogen during the fill and boiloff tests.
The level was monitored and recorded by the use of a strip-chart recorder and
indicating lights.

A differential-pressure transducer was installed at the same level as the
lowest hot wire to measure the head of liquid hydrogen. The output of the
pressure transducer was recorded on a strip-chart recorder.

A capacitance-type liquid-level probe was mounted through the top flange
of the tank and extended approximately 16 feet down into the tank. The output
was recorded on a strip-chart recorder. This probe was operative for the sec-
ond run only.

Copper-constantan thermocouples were mounted on the inside wall of the
tank at six vertical locations. Two thermocouples were located at each station
180° from each other. Thermocouples were also attached to the outside of the
insulation at stations directly opposite the thermocouples on the inside sur-
foce of the tank. The method of attachment was the same as that described in
chapter V for the subscale tanks. It consisted of attaching the thermocouples
with an epoxy adhesive and a cover patch of MAM (Mylar—aluminum-Mylar) laminate.
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The orifice run used for measuring hydrogen-gas vent rates contained three
temperature-measuring stations. The temperature at the orifice was measured
with a platinum resistor, whereas the temperatures upstream and downstream were
measured with copper-constantan thermocouple probes. All temperatures were
indicated and recorded on strip-chart recorders. The platinum resistor was
read out on a null-balance system,

Television and Photographic System

Three television cameras were used to monitor remotely the visual appear-
ance and efficiency of the insulation system. Two cameras were mounted 180°
apart in a fixed position to present an overall view of the test. The third
camera was a pen and tilt, full-control camera system used to monitor, with
closeup views of the system (l) vents, piping, and connections for indications
of leaks, (2) operation of the automatic liquid-nitrogen fill system for the
liquid-oxygen tank, and (3) conditions of the insulation system such as frost
formation. A 70-millimeter remote-control sequence-framing camera was used to
record the insulation system condition with time.

TEST PROCEDURE

Two Fill and boiloff tests were conducted on the test tank 34 days apart.
These tests, in which the upper tank was filled with liquid hydrogen, were con-
ducted in a manner to determine the thermal conductivity and integrity of the
insulation under ground-hold conditions, and to determine the pressure-rise
rate of the insulated tank with vent valves closed. The primary purpose of the
second test was to determine if the first fill test had degraded the effective-
ness of the insulation.

The same general test procedure was used for both parts of the investiga-
tion.

Before the fill tests were conducted, the liquid-hydrogen and liquid-
oxygen tanks were filled with dry nitrogen gas at pressures of approximately
6 and 10 pounds per square inch gage, respectively, to maintain pressure stabl-
lization of the structure. At the beginning of the fill tests the liquid-oxygen
tank and its flow system were purged, and the tank was filled approximately one-
half full of liquid nitrogen and automatically held at this level with a pres-
sure of approximately 20 pounds per square inch gage throughout the duration of
the test. Liquid nitrogen was used because it is much safer to handle than lig-
uid oxygen, and still it provides a satisfactory temperature environment. The
boiling point of liquid nitrogen is close to that of liquid oxygen.

The liquid-hydrogen tank and its flow system were purged of gaseous nitro-
gen with hydrogen gas, and the tank was filled with liquid hydrogen. All the
liquid-level detecting systems were monitored to check out the instrumentation
and the tank filling characteristics. Two types of ground-hold tests were con-
ducted, that is, pressure-buildup and boiloff-rate tests. During the pressure-
buildup tests, the valves in both vent lines were closed, and the pressure-rise
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rate was measured. After the pressure reached 12 pounds per square inch gage,
the valves were opened and the tank was vented down to the operating pressure
of 6 pounds per square inch gage. The time required for this pressure buildup
was measured to determine the pressure-buildup rate. This procedure was re-
peated at 40- and 80-cubic-foot ullage-liquid levels. Boiloff-rate tests were
run continuously after the level had dropped to the cylindrical section until
the tank was approximately one-fourth full. The hydrogen gas was vented
through the orifice system, and the data were recorded for calculating the gas
flow. Simultaneously, the date from the hot-wire system, the differential-
pressure gage, and the capacitance probe were recorded on strip-chart recorders.
A record was also made of the time when each light in the hot-wire probe system

went out.

When the boiloff-rate tests were completed, the liquid hydrogen was flowed
back into the supply Dewars, and the full-scale Centaur model tank was slowly
warmed up to ambient temperature. Photographs were taken throughout the tests
and the warmup period. After the ground-hold tests were completed, the tank
was completely depressurized to determine if it would buckle from the constric-
tive load of the fiber-glass wrap over the insulation. A close physical exami~-
nation was also conducted during warmup and 54 days after the final test. The
insulation was cut away, section by section, closely examined, and photographed.

TEST CONDITIONS

The investigation reported herein was conducted in an open-air facility
where the lightweight insulation system was exposed to the weather. Table
VITII-I lists the weather conditions, barometric pressure, temperature, relative
humidity, wind velocity, and moisture content of air. During the first phase
of the investigation, the tank contained liquid hydrogen for approximately
25 hours, whereas, in the second phase, the tank contained 1liquid hydrogen for

approximately 11 hours.

TABLE VITII-I. - WEATHER CONDITIONS

Time Barometric Temperature, Wind Relative Moisture con-
pressure, OF velocity, humidity, tent of air,
in. Hg knots percent grains/lb dry air
12/21/63|1/25/64 |12 /21/63|1/23/64|12/21/63|1/23/64|12/21 /63 |1 /23 64|12 /21 /63 |1/23 /64
8:00 a.m. 29.39 29.10 4 43 SW. 8 |SE. 5 59 89 10 35
12:00 m. 29.43 29.40 10 49 SW. 8 |SSE. 8 63 74 10 37
4:00 p.m. 29,465 28.88 16 55 SW. 8 |88E. 12 56 62 10 37

EXPERTMENTAL DATA REDUCTTON

Basically, the method used to reduce the boiloff data obtained from the
full-scale ground-hold tests was that outlined in the THERMAL PERFORMANCE AND
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DATA REDUCTION section of chapter V (p. 55). This method assumes one-
dimensional, steady-state heat transfer and utilizes a modified form of the
basic Fourier conduction equation:

Q. = KequivAI(TI 3 Tc) +q

T Ox ex?t
where
AI sidewall wetted surface area, sq ft

equiv equivalent thermal conductivity of insulation system,
(Btu) (in. )/(hr)(sq £t)(°R)

Qaset extraneous heat lesks through ends of tank, Btu/hr
A total heat input to liquid hydrogen, Btu/hr
Tc tank wall temperature (assumed to be 37° R)
T outside insulation skin temperature, °R
FAV. thickness of insulation system, in.

The total heat flow, measured by the boiloff rate, was plotted against the
product of wetted surface area and temperature difference across the insulation.
Tt can be seen from equation (1) that, if the end heat loss is constant, the
slope of the plot of QT against AI(TI - Tc) is Kequiv/Ax’ from which an
equivalent thermal conductivity can be determined. The data obtained by this
method differed slightly from the data for the ground-hold tests of the sub-
scale tanks, which are presented as total heat flow plotted against only the
wetted surface area. The inclusion of the temperature difference as part of
the independent varisble was necessary to account for the progressively de-
creasing insulation skin temperatures caused by the frost layer that developed
on the system during the longer full-scale tests.

RESULTS AND DISCUSSION

Ground-hold tests on the insulated full-scale Centaur tank consisted of
two liquid-hydrogen fill and pressure-rise and boiloff runs conducted 34 days
apart. The first test run was at a rather cold ambient temperature near 100 F,
whereas milder temperatures around 50° F existed during the second run (table
VIII-I). The principal reason for a second test was to determine the possible
detrimental effects on the insulation of a second cooldown and warmup cycle.

During the second test, the leak in the intermediate bulkhead reoccurred
and destroyed the vacuum insulatbion between the liquid hydrogen and the liquid
nitrogen. The resulting heat flow into the liquid hydrogen increased the total
heat inflow (insulation, bulkhead, etc.) over that of the first test.
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TABLE VIITI-II. - RESULTS OF GROUND-HOLD TESTS
Run Equivalent Average Mean
thermal temperature | temperature
conductivity, |difference | of insulation,
K . across T,
equiv insulation, om
(Btu) (in.) T - Te, R
(br)(sq £t)(°R) °R
Full scale
1 0,096 360 219 to 225
2 .10 280 180 to 203
Subscale
1 .17 470 273
2(a) .13 453 265
2(b) .14 473 275
3 .15 450 263
4(a) 12 453 265
4(b) 80.291 to 0.322 433 245

SData taken after insulation was subjected to heating
(see ch. V).

Thermal Performance of Insulation System

Thermal conductivity. - Equivalent thermal conductivities of 0.096 and
0.100 (Btu)(in.)/(hr)(sq £t)(°R) at an average mean temperature T of about
200° R were determined from the slope of the curves in figure VITITI-3. The
greater bulkhead heat leak and the lower temperature difference across the in-
sulation (see table VIII-II) experienced during the second test shifted the po-
sition of the plot of Qp against AT(TT -~ Te) by increasing QU and decreas-
ing AT AT. The thicker frost formation during the second test decreased the
temperature difference across the insulation. This does not, however, affect
the determination of Kequiv! which is a function only of the slope of these
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curves. These results are consistent with those reported in the literature for
polyurethane foam (see fig. VIII-4). Also evident from figure VIII-4 is the
fact that Kequiv for the full-scale system is from 30 to 40 percent lower than
Kequiv as determined from the subscale tests (see table VIII-II). The lower
mean temperatures of the full-scale tank tests account for a significant portion
of the difference in thermal conductivities measured in full-scale and subscale
tests. The fact, however, that most of the thermal conductivities measured in
subscale tests fall above the curves from reference 1 indicates that heat leaks
through the seam area were causing high values of equivalent thermal conductivi-
ty. In the full-scale tank tests with larger insulation panels, the seam areas
were a smaller portion of the overall insulated area. As a result, the equiva-
lent thermal conductivities are lower and agree better with thermal conductivi-
ties that have been obtained for the foam alone.

Rate of pressure rise. - Prior to the boiloff period of each test run, the
pressure~rise rate in an unvented tank was determined by closing the vent valve
until the pressure reached 12 pounds per square inch gage. These data are of
interest since the Centaur launch procedure requires that the vent be closed for
a period of time during the launch. The pressure~rise rates were recorded at
two ullage volumes of approximately 40 and 80 cubic feet (fig. VIII-1) at the
beginning of each thermal test run. Pressure-rise rates of about 2.36 pounds
per square inch per minute at an ullage volume of gbout 40 cubic feet and
2.2 pounds per square inch per minute at an ullage volume of about 80 cubic feet
were measured during the first test. A higher pressure-rise rate (3.9 lb/(sq
in. )(min) at a 40-cu-ft ullage) was recorded during the second test. This high~
er rate in the second test was ascribed to the high heat leak through the inter-
mediate bulkhead that resulted from the loss of vacuum previously described.

Photographic Test Data

Photographs were teken of the test throughout both phases of the investiga-
tion. The following discussion describes photographs taken during the second
ground-fill test of the investigation because it was more indicative of the
actual application where the tank would be loaded with liquid hydrogen more than
once. Also, it permitted the observation of the blistered areas that occurred
during the first run and the way in which they responded to the second test.

Tt should be noted that the tests described herein were more severe than in an
actual launch vehicle on the launch pad because there the vehicle is filled
with liquid hydrogen, but not held in this condition for long periods of time
as was the tank in this investigation. During the first run the tank was held
with liquid hydrogen for approximately 25 hours, and during the second test it
was held for approximately 11 hours. The characteristics of the frost forma-
tion, such as thickness buildup with time or local areas of excessive buildup,
would be indicative of the insulation performance. The weather conditions that
influenced frost buildup during the test are indicated in table VIII-I.

Figure VIII-5(a) is a photograph taken before the liquid-hydrogen tank was
filled, The ligquid-hydrogen flow for cooldown and filling the tank was started
at 10:25 a.m., and at noon the tank was full. Figure VIII-5(b) shows the tank
approximately 10 minutes after the start of liquid-hydrogen flow. The frost
shown around the lower flange was caused by the liquid nitrogen in the liquid-
oxygen tank, The liguid-oxygen tank had been filled approximately one-half full
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Figure VIII-5. - Centaur tank before and after filling with liguid hydrogen during second fill test.
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Figure VIII-5. - Concluded. Centaur tank before and after filling with liquid hydrogen during second fill test.
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and stabilized, and the automatic
control had been set for operation
before the liquid hydrogen was intro-
duced into the tank. Figure VIII-5(c)
shows the tank and insulation when
the tank was full. A light coat of
frost covered the entire insulation
system; however, it should be noted
that the frost was heaviest at the
bottom flange. Figure VIII-5(d)
shows the frost approximately 1/2
hour later. ILines of heavier fros?t
outlined the boundary of the insula-
tion panels and areas of greater
initial heat input. The frost was
extremely thin because the filament
winding was still evident. The next
four photographs (figs. VIII-5(e)

to (h)) indicates the frost buildup
with time. At 4:25 p.m. (fig.
VIII-5(g)) it was difficult to detect
the boundary lines of the panels.

It required approximately 5 hours for
the frost to reach a thickness
through which the filament winding
and panel outline patterns could not
be detected. At this time frost was
estimated to be approximately 1/8 to
3/16 inch thick, Figure VIII-6 is a
photograph of the frost during the
first phase of this investigation.
The photograph was teken approxi-

Figure VIII-6. - Frost formation during first fill test.

mately 17% hours after the tank had
been filled, The frost buildup ap-
peared to be approximately the same as in the second fill test, approximately
10 hours after the tank was full (fig. VIII-5(h)). Longer time was required for
the frost buildup in the first test because of atmospheric conditions such as
the lower humidity and moisture content shown in table VIII-I. Therefore, it
was concluded that no noticeable changes had occurred in the insulation system
between the two tests.

At 10:08 p.m. on the second fill test, the liguid hydrogen had boiled away
until the tank was one-fourth full. The test was ended, and the remaining
liquid hydrogen was flowed back into the supply Dewars. The tank was empty at
10:40 p.m., When the tank warmed up, sections of frost fell off, as shown by
the photographs in figure VIII-7. This frost fell off because of movement of
local areas of insulation that was triggered by the air that was cryopumped
into the insulation during the cooldown or hold tests. After the liquid hydro-
gen was expelled from the tank, and as the insulation was permitted to warm up,
the cryopumped air expanded and pushed either the MAM laminate and glass cloth
away from the foam or local sections of the panel away from the side of the
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Figure VIII-7. - Frost falloff as insulation warmed up.
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tank. Generally, the area of the insulation that blistered was only a fraction
of the frost-falloff area. For example, a l6-square-inch blistered area of

insulation resulted in a frost-falloff area of approximately 600 square inches.
This was caused by the low adhesive forces between the frost and the insulation.

After the tests were completed, a close examination was made of all the
areas that showed blistering. Results of this examination are discussed in the
appendix, The insulation was cut apart layer by layer and examined and photo-
graphed. Some of the areas that occurred during the first run exhibited little
movement during the second test, and they appeared to have healed themselves.
One aresa was repaired after the first run and showed no movement during the
second test. A majority of these areas occurred close to the protuberances,
and the lesks were in the seals around the protuberances.

The problems that were experienced indicated the requirement for a more
rigorous procedure for testing of panels before their application to the tank.
An improved adhesive-application system would be required for improving the
adherence of insulation panels to a tank such as described herein. Special
attention must be given to the surfaces around the protuberances and the
doublers so that the air cannot be cryopumped between the insulation and the
tank., In some of these areas, the adhesive must be applied to the tank as well
as the panels before the panel application. The new filament winding technique
for placing the winding around protuberances described in chapter VI would also
greatly aid in improving the system.

Tank Depressurization

The Centaur-launch-vehicle tanks are pressure-stabilized structures, and
therefore, structural stability is maintained by an internal pressure. For
these vessels, a minimum internal pressure of approximately 6 pounds per sguare
inch gage is specified. If the pressure is reduced to atmospheric, the tank
must be put into stretch, or sufficient end loading held to induce enough ten-
sion in the wall to prohibit collapse of the sidewalls.

In the application of an insulation system such as this to a boost vehicle,
it would be a serious disadvantage if the tank could not be depressurized with
the insulation in place. There is frequently a need to depressurize in order
to remove Till and drain lines or instrumentation or to have access to the in-

side of the tank.

At the time the insulation was installed on the tank there was some un-
certainty as to whether the constrictive load of the wrap would cause the tank
to buckle if the tank were depressurized, After completion of the heat-
transfer tests, the tank was placed in stretch and was completely depressurized
to determine if buckling would occur., It was found that there was no tendency
to buckle from the constrictive wrap. This depressurization took place approxi-
mately 158 days after the constrictive wrap was installed with a prestrain of
0.84 percent, This prestrain correspended to a 2-pound-per-square-inch com-
pressive load from the constrictive wrap. Prior to depressurization, several
strands of fiber-glass wrap were marked off in 100-inch lengths on the tank.
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They were then cut, removed from the tank, and remeasured. It was found that

the remaining strain in the winding while on the tank was 0.5 percent, which
resulted in a compressive pressure load of approximately 1.2 pounds per square
inch at the time of depressurization. The resulting compressive stress in the
tank wall would be 1800 pounds per square inch if it were assumed that all of
the load from the constrictive wrap were transferred through the insulation to
the tank wall.

Subsequently, buckling tests have been made on smaller gsteel cylinders
having a diameter to thickness ratio of about 250 to 1. In these tests a
constrictive wrap of nylon with a prestrain of about 12 percent was continu-
ously applied to the cylinders until they buckled. It was found that compres-
sive yield in the cylinders occurred before buckling. It now appears that a
bonded insulation system plus a constrictive wrap such as installed on the
full-scale tank actually increases, rather than decreases, the buckling resis-
tance of the tank. In fact, if a constrictive wrap is bonded to the tank, the
tank cannot buckle from the constrictive load until the bond fails.

CONCLUDING REMARKS

! The results of a long-time ground-hold investigation of a fiber-glass
constrictive-wrap, hermetically sealed foam insulation system as applied to a
fyll-scale Centaur tank filled with liguid hydrogen can be summarized as
follows:

lf The average thermal conductivity of the insulation system installed on
the flull-scale Centaur tank was found to be apgroximately 0.10 (Btu)(in.) /(hr)
(sq £t)(°R) at a mean temperature of about 200~ R during ground-hold tests.
This thermal conductivity is smaller than can be obtained by helium-purged in-
sulation or internal insulation in which hydrogen leaks into the foam. This
conductivity is consistent with the published values for 2-pound-per-cubic-
foot polyurethane foam.]

2. Several blisters in the insulation were caused by small leaks that per-
mitted air to be cryopumped into or behind the insulation during the ground-
hold tests. These small leaks apparently had no measurable effect on the ther-
mal performance of the system.

3, The leaks that occurred in the hermetically sealed insulation system
generally occurred in cutouts of the insulation panels for the protuberances.
Although these leaks had no serious consequences on the insulation system, they
should be minimized. More careful attention to sealing in these areas and
better support from the filament wrap, as discussed in chapter VI, should
significantly reduce the problem.

4, Experimental tests on both the full-scale tank and on small cylindri-
cal models have indicated that there is little danger of a depressurized tank
buckling from a bonded constrictive wrap. It appears that a bonded insulation
system plus a constrictive wrap actually increases rather than decreases the
buckling resistance of the tank.
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5, From the overall results of the ground-hold tests on this insulation
system, it appears that the system is satisfactory for hydrogen-fueled boost
vehicles., ' T
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APPENDIX - EXAMINATION OF INSULATTICN AFTER TEST

Figure VITI-8, a developed view of the lightweight insulation system,
shows how the panels were positioned with respect to the many protuberances and
the blistered areas observed during the first and second tests. The cross-
hatched areas occurred with the first run, whereas the dotted areas occurred
during the second run., Tt should be noted that four panels were affected dur-
ing the first test, and an additional four panels were affected during the sec-
ond test. A total of 11 areas were observed, panel 13 having three areas.

Five of the areas were observed during the first test, whereas the remaining
six were observed in the second test. In four of the areas, a piece of foam
was cracked free from the large panel. Three of the cracked areas occurred dur-
ing the first test. The MAM laminate and the glass-cloth covering were deformed
during warmup (fig. VIIT~-9) and showed the outline of the piece of foam that
cracked loose. This damage was caused by a local pressure buildup between the
panel and the tank. In other areas the adhesive bond between the MAM laminate
and the foam was broken, and the covering was bulged or pushed away from the
foam by a pressure buildup within the hermetically sealed panel. This pres-
sure builldup was caused by the air that was cryopumped into the system during
the long periods of time the tank contained liquid hydrogen. If a small leak
occurs in the insulation seal, the outside air will be pulled in and condensed
at the cryogenic temperature. 1In this investigation, this prccess occurred

over several hours. At warmup, however, the gas within the sealed volume
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Figure VIII-8. -~ Developed view of lightweight insulation system showing panels and locations of blistered areas.
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vaporized and expanded rapidly, and an increase in pressure resulted. It was
thig increase in pressure that caused the damage to the insulation system,

Figure VIII-9 shows detailed photographs of area 1 (fig. VIII-8). TFigure
VIII-9(a) shows the pattern of the filament winding around & large protuberance
and the outline of the broken piece of panel foam., It should be noted that the
unsupported area was much larger than the broken piece of foam. The MAM lami-
nate and the glass cloth were permanently stretched around the cracked foam as
a result of this buildup of pressure from the warming of the cryopumped air.
Figure VITI-9(b) shows the cracked foam, and figure VIII-9(c) shows that the
broken piece was over a section of the inside layer of MAM laminate that was
without adhesive, Chapter VII of this report describes how the adhesive was
applied on the panels before their application to the tank. Figure VIII-9(d)
clearly shows the adhesive pattern. The beads of adhesive were applied in a
square grid pattern with an approximate 6-inch spacing. When the panels were
applied to the tank, the beads were flattened and spread as shown. Therefore,
the MAM laminate within this adhesive-free area was unsupported. These free
areas showed signs of permasnent set from the pressure buildup where leaks per-
mitted air to cryopump behind the insulation panels. Close examination indi=-
cated the path of the cryopumped air leading from the large protuberance and
following the edges of the double reinforcement around the protuberance from
one unsupported section to another.

The constrictive wrap was applied with a pretension, which provided a com-
pressive load to the panels (ch. VII). The four local areas where the foam was
cracked were not covered by a constrictive wrap (fig. VIII-9(a)). The foam was
brittle at cryogenic temperatures, and therefore, the pressure buildup under
these areas without adhesive caused the foam to crack out.

Figures VIII-10 and VIII-11 are photographs of areas 2 and 3, respectively.
The characteristics of these areas were the same as those described for area 1,
except that the MAM laminate in area 2 (fig. VIIT-10(b)) was definitely under
pressure, The test had been completed 54 days before the picture was taken.
Figure VIII—lO(c) shows that again the failure was over an area without adhesive
and over a doubler or step in the tank wall., Area 3 (fig., VITI-11) was not
located over a doubler as were the other two areas.

Area 4 (fig. VITI-12) was cut open during warmup after the first test.
The outer layer of MAM laminate and glass cloth appeared to be excessively
bulged, and therefore, the pressure was relieved to prevent any permanent dam-
age. The crack that shows in the foam in figure VITI-12(b) was sealed, and a
MAM~laminate patch was installed to seal the panel again. Throughout the sgec-
ond test, the patched areas showed no indication of cryopumping or permanent
damage.

Tn seven of the reference areas, the only permanent damage to the system
was the bresking of the bond between the foam panel and the outside layer of
MAM laminate. This was caused by the buildup of internal pressure within the
sealed panel. The constrictive wrap prevented any serious damage. The outside
layer of MAM laminate and glass cloth in area 10 was expanded so that this
covering was bulged out between the filament winding to form a gap similar to

134




the gap shown below the scale in figure VIII-9(a). During the second run, this
area did not show the results of cryopumping, and hence, the small leagk ap-
peared to have sealed itself.

Many of the areas examined showed that little or no adhesive was bonding
the MAM laminate to the foam. For example, in areas 3 (fig. VITII-11(b)) there
appeared to be no adhesive on the inside of the piece of broken foam. Close
examination of figure VITII-11(b) shows that the piece of MAM laminate bent back
is covered with particles of foam, and this indicates that a good bond existed
between the foam and the outside layer of MAM laminate. The inside of all the
MAM laminate should have this appearance. Figure VIII-9(c) shows that the in-
side of the area 1 MAM laminate was clean and had not adhered to the Ffoam.

This absence of a bond between the foam and MAM laminate made it much easier for
the insulation to blister,

A close examination of the foam, for example, the piece broken out of
area 1 revealed that the foam contained some holes completely through the ma-
terial and some that were almost through. These holes would not only reduce
the thermal efficiency of the foam, but would also serve as a storage for cry-
opumped air. The holes would also provide a path for the cryopumped air to
seek the weakest side of the foam and exert its resultant pressure to cause
blisters. A foam free of these defects should be used for the lightweight in-~
sulation system.

Ten of the eleven areas were located on the gide of the tank exposed to
the Sun (fig. VIII-8). This suggests the possibility that the MAM laminete
and/or the adhesive bond were susceptible to the detrimental effects of sun-
light.
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(c) Cracked foam removed.

Figure VII-9. - Continued. Blistered area 1.
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Figure VHI-10. - Continued. Blistered area 2.
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CHAPTER IX

SUMMARY OF INVESTIGATION
by Jack B, Esgar and Paul T, Hacker

Lewis Research Center

The concept of a sealed-foam, constrictive-wrapped, external insulation
system for liquid-hydrogen tanks of boost wvehicles as described in chapter I
was thoroughly investigated to evaluate its feasibility and practicality. The
investigation included (1) an analytical study to establish pertinent launch
environment parameters for use in design and testing, (2) the selection and
evaluation of insulation materials, (3) insulation of subscale tanks for devel-
opuent of fabrication and application techniques and for thermal and mechanical
testing in various environmental conditions, and (4) insulation of a full-scale
Centaur vehicle liquid-hydrogen tank that was tested under ground-hold condi-
tions. Details of the various phases of the investigation are presented in
chapters IT to VIII. This final chapter summarizes the design and pertinent
findings of the investigation, and, in addition, presents a comparison between
the payload weight penalties imposed by this lightweight nonjettisonable insu-
lation system and a heavy jettisonable insulation system that has been test
flown on a Centaur vehicle,

DESIGN OF INSUIATION SYSTEM

The insulation system, as finally developed and applied to a full-scale
Centaur tank, consisted of lightweight polyurethane foam panels that were en-
capsulated in a vapor-tight foil laminate to prohibit alr from being cryopumped
into the insulation. The insulation panels were bonded to the Centaur hydrogen
tank to stop air from cryopumping in between the tank wall and the insulation
panels. The panels were then covered with a lightweight glass cloth to provide
protection from the erosive action of aerodynamic forces during the launch tra-
jectory. The anchoring method that ensured that the insulation panels were
held firmly in place during ground hold and launch was a constrictive wrap of
prestressed fiber-glass roving that was applied in a large filament winding
machine.

Insulation Panel Construction

Polyurethane foam was selected for the insulation system because of its
superior insulating qualities. It is available in a range of densities using
either carbon dioxide or Freon as blowing agents. The selection of the foam
density for this insulation system was based on considerations of system weight,

4 thermal conductivity, and compressive strength. Thermal conductivity and com-
pressive strength both decrease with decreasing density. A foam density of
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2 pounds per cubic foot provided a reasonable compromise between thermal con-
ductivity and strength. It was, therefore, selected for use in this investiga-
tion. Freon-blown foam was selected over carbon-dioxide-blown foam because it
possesses a lower thermal conductivity (ch. V). The published thermal conduc-
tivity of Freon-blown polyurethane foam at a mean temperature of 250° R is
about 0.11 (Btu)(in.)/(hr)(sq £t)(°R). A foam thickness of 0.4 inch was se-
lected so that the total heat flux to a full-scale Centaur tank for this insu-
lation system based on the aforementioned thermal conductivity would be equiva-
lent to the total heat flux with an existing helium-purged heavy jettisonable
insulation system during a ground-hold condition.

The foam panels were hermetically sealed on the two faces by a thin Mylar-
aluminum-Mylar (MAM) laminate and on the edges by preformed channels of Mylar
film. The MAM laminate face sheets were made of 0.0005-inch-thick Mylar film
bonded to each side of 0.0005-inch-thick aluminum foil. The Mylar edge chan-
nels were 0.002-inch thick. The MAM laminate is better for sealing the foam
than either aluminum foll or Mylar film. Aluminum foil is less permeable than
Mylar, but Mylar is tougher and resists damage such as tearing and punctur-
ing in normal handling. Lamination thus combines the desirable features of the
individual materials while diminishing the undesirable characteristics. The
laminate can be thinner and thus welgh less than one of the materials by itself
since the probability of lining up the holes in the individual materials is
low. Mylar instead of MAM laminate was used to seal the panel edges to reduce
the thermal short effect. The use of a more permeable material in this area
was permissible because. the panel joints were protected by a MAM laminate cover
strip. The MAM laminate and the Mylar face and edge seals were bonded to the
foam with a polyester adhesive (Goodyear Tire and Rubber Co. Vitel PE 207).

The panels were contoured to the tank radius of curvature by holding flat
panels of foam in a mold while bonding the face seals to the foam.

The maximum panel size as applied to the full-scale Centaur tanks was ap-
proximately 37 by 92 inches. The insulation was divided into many individually
sealed panels so that the individual panels could be checked for vapor tight-
ness before installation on the tank wall (ch. VII), and the effect of the leak
could not spread throughout the entire insulation if a panel leaked after in-
stallation. The panel size was made as large as practical to provide ease in
handling during fabrication and yet minimize the total length of edge seals and
Jjoints on the insulated tank. The edge seals result in heat shorts, and leaks
into and behind the panels usuvally occur around edge seals and jolnts. The
panels were approximately one half as long as the insulated tank. The width
was selected on the basis of the width of available MAM laminate (38 in.) so
that splices would not have to be made in the panel faces.

Installation on Tank

The fabricated panels were bonded to the tank wall with Narmco 7343/7139
adhesive applied in a perimeter and grid pattern (ch. VII). The panels were
held under vacuum bag pressure at room temperature until the adhesive had
cured. The primary function of this adhesive bond was to seal the space be-
tween the tank and panels to prevent cryopumping of alr. The bond also held
the panels in place until the constrictive wrap was applied. Spaces between
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panels were filled with strips of foam and sealed by a cover strip of MAM lami-
nate. At each end of the insulated section of the tank, seal strips were also
used between the panel edge and the metal wall of the tank to provide an addi-
tional barrier to air that might cryopump in between the panels and the tank
wall.

After bonding and sealing the panels to the tank, the entire exterior sur-
face of the insulation was covered with a very lightweight glass cloth (style
106). The glass cloth was impregnated with Dow Corning Silicone A-4000 resin
that bonded it to the panels. From simulated aerodynamic heating tests, it was
found that the glass cloth was necessary to protect the insulation panels from
aerodynamic erosion under the high temperatures experienced during launch. An
analytical study of a typical launch trajectory (ch. II) indicated a maximum
temperature of about 650° F and a maximum dynamic pressure of 860 pounds per
sqguare foot would be encountered on the outer insulation surface. The two
maximums, however, do not occur simultaneously. The pressure maximum occurs at
an altitude of about 50,000 feet and a temperature of about 140° F, while the
temperature maximum occurs at about 140,000 feet and a dynamic pressure of
120 pounds per square foot.

Both S/HTS Fiberglas and HT-1 Nylon were evaluated for use as the
constrictive-wrap material (ch. VII). Fiber glass was selected for the final
system because 1t has a higher operating temperature capability and the result-
ing system was lighter in weight. An eight-strand fiber-glass roving preim-
pregnated with epoxy resin was applied to the tank under a tension of 2 pounds
per strand to provide a 0.84-percent strain in the roving. The wrap was bonded
to itself at crossover points and to the underlying glass cloth with Dow
Corning Silicone A-4000 resin that was cured at room temperature. The wrap was
applied by a filament winding machine at a helix angle of 6° and a strand den-
sity of 60 per inch. This spacing produced an average compressive load of
2 pounds per square inch on the insulation panels. The wrapping strain of
0.84 percent was sufficient tc keep a positive compression load on the panels
for all conditions encountered during ground hold and launch. Factors con-
sidered in establishing this strain were (1) thermal contraction of tank when
filled with liquid hydrogen, (2) deformation of the foam panels by the
constrictive-wrap load, (3) possible foam shrinkage during aeérodynamic heating,
(4) thermal expansion of the wrap material when heated, and (5) pressure his-
tories inside and outside the tank during ground hold and launch.

The Centaur test tank contained a number of protuberances on the cylin-
drical surface that required alterations in the basic panel design and the
constrictive~wrap pattern. The tank contained two basic types of protuber-
ances, those that could be covered with insulation and sealed and those that
could not be completely covered and provided a direct heat short to the tank
(ch. VII). In both cases, holes were cut through the panel to accommodate the
protuberance. The foam edges along the perimeter of these holes were sealed
with Mylar film in a manner similar to that used for the panel edges. Adhesive
was applied around these holes on the back side of the panel when the panels
were bonded to the tank surface. The presence of protuberances interrupts the
normal winding pattern and results in areas where the insulation panels are un-
supported on each side of the protuberance. These unsupported areas can be
damaged by aerodynamic forces (ch. VI). To eliminate this problem a special
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wrapping technique was developed. In this technique a row of short pins, nor-
mal to the tank surface and spaced to match the wrapping pattern, was placed on
opposite sides of the protuberance. The pins were mounted on a sheet metal
saddle placed around the protuberance. Rovings that would normally pass over
the protuberance were routed around it but were held by the pins in a normal
winding pattern much closer to the protuberance than was possible without the
special wrapping technique (ch. VI). This method of wrapping around the pro-
tuberances was employed on aerodynamic test models but not on the full-scale
Centaur tank, which was not subjected to aerodynamic tests in this investiga-

tion.

The total weight of the insulation system as applied to the Centaur test
tank was 78.7 pounds, which gives an average unit weight of 0.16 pound per
square foot. OFf the total weight, about 64 percent is the sealed foam panels
and about 19 percent is the constrictive fiber-glass wrap and its adhesive.

TEST RESULTS

During the development of the insulation system, a wide variety of tests
were conducted to evaluate its performance. Results of these tests pertinent
to the finally developed insulation system are summarized in the following

paragraphs.

The overall thermal conductivity of the insulation system was determined
(1) in a thermal-conductivity apparatus (ch. III), (2) by insulated subscale
tanks (ch. V), and (3) for an insulated full-scale Centaur tank (ch. VIII).
The overall thermal-conductivity value measured by the thermal-conductivity
apparatus was about 0.14 (Btu)(in.)/(hr)(sq £t)(°R) at a mean temperature of
282° R. The use of a lightweight, low-thermal-conductivity, open-mesh material
as a separator between sealed panels and cold wall designed to increase thermal
contact resistance did not lower the thermal conductivity appreciably. Changes
in the compressive load on the panels in the conductivity apparatus from 2 to
15 pounds per square inch did not appreciably change the overall thermal con-
ductivity either.

Subscale tank tests for ground-hold conditions gave similar thermal-
conductivity results to those obtained in the thermal-conductivity apparatus.
Two tests of the full-scale Centaur tank at ground-hold conditions gave about
0.10 (Btu)(in.)/(hr)(sq ft)(°R). The mean temperatures of the insulation for
the full-scale tests (about 200° R) were lower than those for the other tests
(about 282° R) because of very cold atmospheric temperatures. The thermal-
conductivity values obtained in these insulation tests approximated the
published data for 2-pound-per-cubic-foot-density polyurethane foam.

The ground-hold tests, subscale and full scale, revealed that the seal on
some of the panels did leak and allowed some air to be cryopumped into the foam
as was indicated by blistering of the panels during warmup of insulation after
a test. The affected areas were localized and did not spread throughout a
panel. The constrictive wrap was effective in preventing the outer MAM seal-
ing laminate from rupturing in the blistered areas. Panel blistering did
not affect the overall thermal performance as evidenced by the results of
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repeated tests,

The insulated subscale tanks used in ground-hold tests were subjected to
quasi-simulated launch tests in a vacuum chamber to determine the combined
effect of pressure change and heat on the insulation system (ch. V). The ap-
plied rates of change of pressure and temperature simulated launch conditions.
Heat was supplied by infrared lamps on one side of the tanks. The constrictive
wrap of fiber glass withstood temperatures as high as 835° F without any
obvious damage, while the nylon wrap began to fall at a temperature of about
675° F. The outer MAM sealing laminate, which was not protected on the sub-
scale tanks by the glass cloth, showed some damage at a temperature of
620° F. On the unheated side, depressurization by itself did not produce any
obvious damage, even in areas that had blistered during previous ground-hold
tests.

Aerodynamic heating and erosion tests were conducted with insulated sub-
scale tanks in a subsonic exhaust jet of a turbojet engine and in a wind tunnel
at transonic and supersonic velocities (ch. VI). In a jet engine test, the
final insulation design (consisting of foam panels, a fiber-glass constrictive
wrap, a glass-cloth heat-protection layer, and a protuberance) was subjected
simultaneously to a maximum insulation surface temperature of 615° F and a max-
imum dynamic pressure of 952 pounds per square foot. These maximum conditions
lasted about 17 seconds. The total time of the test was 82 seconds which was
consistent with the time at high temperature and high dynamic pressure during
launch. The fiber-glass wrap and the glass cloth were all intact at the end of
the test.

In wind tunnel tests of the final insulation system on subscale tanks, the
insulation was subjected to a maximum insulation temperature of 212° F and a
maximum dynamic pressure of about 1300 pounds per square foot. Total test time
at airflow conditions between Mach 0.5 and 2 was about 3 hours. The insulation
was in excellent condition at the end of the test; only a slight local shrink-
age of foam was noted. The buffet loads associated with transonic flow condi-
tions did not have any apparent adverse effect on the insulation.

Organic materials such as foam can be impact sensitive in the presence of
high oxygen concentrations. Since there is a possibility of a seal leak on the
insulation panel that would allow air to be cryopumped into the foam and become
liquified to produce a high concentration of oxygen, impact tests of insulation
samples immersed in liquid oxygen were conducted to determine whether a danger
of uncontrolled reactions existed (ch. IV). The tests showed that reactions in
the form of light flashes and audible detonations occurred in only about
25 percent of the tests, while sustained reactions occurred in only one out of
40 tests. The impact energy of 88 foot-pounds utilized in these tests 1s suf-
ficient to severely damage or puncture typical propellant tanks. The probabil-
ity of a sustained reaction occurring from an impact of the insulation on a
rocket propellant tank 1s very low because

(1) An accidental impact of the magnitude utilized is very unlikely.

(2) Areas affected by leaks in seals were observed in tank tests to be
limited to relatively small areas.
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(3) The affected area would be saturated with liguid air and thus would
have a lower concentration of oxygen than was present in the test specimens.

From the results of this series of tests, it was concluded that the insu-
lation system developed could satisfactorily withstand the ground-hold and
launch conditions experienced by a typical boost vehicle. The overall in-
stalled weight of 0.16 pound per square foot is the lightest weight for an in-
sulation system known to the authors that is suitable for a hydrogen-fueled

boost vehicle.

WEIGHT COMPARISON OF JETTISONABLE AND NONJETTISONABILE
INSULATION SYSTEMS

In making a weight comparison of Jjettisonable and nonjettisonable insula-
tion systems for a boost vehicle, the most important weight consideration is
the effect of insulation weight on payload capacity. On intermediate boost
stages, insulation weight would have only a small effect on payload weight
capacity. The largest effect occurs, of course, when the final stage is insu-
lated, such as for the Centaur vehicle. If the insulation is not jettisoned,
each pound of insulation welght reduces the payload capability by a pound. If,
however, all or part of the insulation can be Jettisoned prior to stage burn-
out, only part of the insulation weight is chargeable against payload. Hydro-
gen fuel losses from boiloff also reduce payload capacity, but in a more dras-
tic manner than jettisoned weight if the fuel capacity (volume) of the vehicle
is limited. When fuel is lost through boiloff, less is available for burning
and thus burning time is reduced. To achieve the same burnout velocity with
less fuel available, less payload weight can be accelerated to the required
velocity.

A complete trajectory analysis 1s required for any particular vehicle to
determine total payload loss resulting from hydrogen boiloff and from weight
that is carried through part of the trajectory and then jettisoned. Payload
loss factors supplied by the Centaur vehicle manufacturer, insulation weight
data from chapter VII, and boiloff loss data from chapter IT can be used to
calculate payload losses (as a result of insulation system weight) for the
lightweight nonjettisonable foam insulation described in this report and the
heavier Jjettisonable insulation that has been used on Centaur vehicles. These
welghts are compared in table IX-I.

Comparison of the weights in table IX-I reveals that, even though the in-
sulation weight of the jettisonable system 1s approximately 15 times as heavy
as that of the nonjettisonable insulation system, the payload capability of the
vehicle with the nonjettisonable insulation is 14.6 pounds less than that of
Centaur. Inasmuch as there are far greater unknowns in the weights in fuel
loading and utilization than this difference in insulation weight, the effect
on payload for the two systems can probably be considered comparable. The
greater inherent reliability of a nonjettisonable system could probably com-
pensate for the small difference in weights.
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TABLE IX-I. - COMPARISON OF JETTISONABLE

AND NONJETTISONABLE INSULATION SYSTEMS

Weight,
1b

Payload
loss
factor

Payload
loss,
1b

Sealed foam, constrictive-wrapped, nonje

ttisonable insulation system

Insulation agl.3 1.0 81.3
Jettisonable fairingsP 30 .058 1.7
Maximum fuel boiloff at O to 173 sec® 37.0 .23 8.5
Maximum fuel boiloff at 173 to 250 secd 16.0 .42 6.7
Maximum fuel boiloff at 250 to 675 sec® 15.3 .66 10.1
Total payload loss, 1b e 108.3
Typical jettisonable insulation system

Insulation 1200 0.058 69.6
Nonjettisonable weightf 9.0 1.0 9.0
Maximum fuel boiloff at O to 173 sec® 11.3 .23 2.6
Maximm fuel boiloff at 173 to 250 secd 7.7 .42 3.2
Maximum fuel boiloff at 250 to 675 sec® 14.1 .66 9.3
Total payload loss, 1b ——— ———- 93.

8TIncludes 2.6-1b allowance for foam fairing to cover wiring harness

required on Centaur vehicle.

bFairing to provide aerodynamic shield over fuel boost pump required
It can then be

during atmospheric portion of boost trajectory.

Jettisoned.

CJettisonable insulation jettisoned at 173 sec.

dFirst-stage sustainer engine cut off at 250 sec.

€Centaur engines burning.

fpart of helium-purge system and equipment for Jettisoning insula-

tion system cannot be jettisoned.

CONCLUDING REMARKS

A lightweight insulation system was developed for liquid-hydrogen propel-
lant tanks that utilized (1) a hermetic seal to ensure that its thermal effec-

tiveness was not degraded by cryopumped gases, (2) a lightweight fiber-glass

cover for protection from aerodynamic forces, and (3) an external constrictive

wrap to hold the insulation in place during ground hold and launch.

nonjettisonable system, which weighs only 0.16 pound per square foot, is com-
petitive with a heavy jettisonable system on the basis of payload penalty, can
have a thermal effectiveness as good as that of evacuated foam, and can with-

stand the environmental conditions expected during ground hold and launch.

Lewis Research Center,

National Aeronautics and Space Administration,

Cleveland, Ohio, November 25, 1964.
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