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PERFORMANCE OF A HYPERSONIC HOT FUSELAGE STRUCTURE
WITH A CARBON DIOXIDE FROST PROTECTED,
NONINTEGRAL CRYOGENIC TANK

By Ellsworth L. Sharpe and L. Robert Jackson
Langley Research Center

SUMMARY

To study fuselage tankage for hypersonic vehicles, a model representing a section
of fuselage of a Mach 8 air-breathing launch vehicle was designed, fabricated, and tested.
The model consists of a hot structure of René 41 alloy with Z-stiffened skin surrounding
a nonintegral cryogenic tank of aluminum alloy with a carbon dioxide frost thermal pro-
tection system. The model was loaded at room temperature, and strain-gage data were
recorded. The model was subjected to tests in which the flight of a hypersonic launch
vehicle was simulated by heating and loading while liquid nitrogen inside the tank was
withdrawn at the rate fuel would be consumed. Prior to each simulated flight test, car-
bon dioxide was cryodeposited in the insulation bonded to the tank.

Both the model and test apparatus were modified as the investigation progressed.
The modifications included: increasing the strength of spotwelded joints between panels
of the outer skin by adding rivets, reducing purge gas leakage through the outer skin by
flame spraying panel joints with a nickel-aluminum material, and adding a gas circulation
and heating system which mixed the purge gases and maintained an ambient outer skin
temperature during preflight simulation.

The results of the experiments were compared with results obtained analytically for
both structural and thermal responses. The results of the study indicated that with the
above modifications the hot structure, the nonintegral tank and suspension system, and the
carbon dioxide frost thermal protection system performed as predicted by the thermal and
structural analysis.

. INTRODUCTION

Studies of hypersonic airplanes have been predicated on the use of liquid hydrogen
as a fuel (refs. 1 and 2). Liquid hydrogen is of interest for such applications because of
its high heat of combustion and its high cooling capacity. However, its low density —
73.1 kg/m3 (4.56 Tom/%t3) — leads to large tankage volumes, and the manner in which
this cryogenic fuel is contained can strongly influence configuration weights.



With uncooled structures, large temperature gradients exist between the structure
and the tank, which can cause thermal stress problems. At the high heat fluxes associated
with hypersonic flight in the atmosphere, large portions of the vehicle surface structure
will reach temperatures above 1144 K (16000 F); whereas, the temperature of hydrogeﬁ
tanks will be 21 K (-423° F), a temperature difference of over 1111 K (2000° F). Thus,
tank suspension systems are required that permit unrestrained thermal expansion, but
support tank inertial loads. The large temperature difference also imposes critical
insulation requirements to avoid excessive fuel boiloff.

The low temperature of liquid hydrogen presents another problem in that air reach-
ing the tank surface will condense and thereby create a partial vacuum which pumps in
more air, a process called cryopumping. Meanwhile, the condensate flows down the tank
wall, drips from the insulation onto the hot structure and evaporates, and then recondenses
on the tank wall. This continuous pumping action transfers large quantities of heat from
the hot structure to the tank and produces wasteful boiloff of the liquid hydrogen (refs. 3
and 4).

Finally, the small molecular size of hydrogen and its consequent propensity to leak,
together with the large range of fuel-air ratios for combustion, and the low energy required
for ignition make it desirable to create an inert space between the tank and structure.

One solution to these problems which is successfully used for land-based storage
is to enclose the tank in a vacuum. Unfortunately, flight-weight sealed systems (refs. 5
and 6) have proven to be unreliable, and they are considered to be beyond the present state
of the art. For example, in reference 7, attempts to fabricate an evacuated flight-weight
structure were terminated when, after repeated trials, a leak-free structure could not be
obtained.

Another approach, which has been used in some spacecraft, is to purge the space
between the tank and structure with helium. Helium is the only gas that does not liquefy
at liquid hydrogen temperatures, and thus, does not cryopump. Helium-purged thermal
protection systems have been the subject of two extensive studies. (See refs. 5 and 8.)
The simplicity of the system is a decided asset; however, helium is a rare and costly gas
and its high thermal conductivity makes helium-purged systems inefficient (heavy) (ref. 8).

A third approach, investigated in this study, makes use of carbon dioxide frost, which
is cryodeposited within a layer of fibrous insulation prior to each flight. (See refs. 6,9
and 10.) At pressures below 5 atm, carbon dioxide has no liquid phase and thus cannot
establish the continuous pumping action exhibited by other condensable gases. Further-
more, carbon dioxide can be deposited as a low density, low conductivity frost (ref. 10).
During flight, aerodynamic heating causes the frost to sublime. The sublimation process
not only supplies a purge gas of low conductivity to the system, but also absorbs heat that
would otherwise be transferred to the hydrogen fuel.
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In this study, a conical model representing a hypersonic vehicle fuselage with an
outer structure of Rene 41 alloy and a nonintegral aluminum alloy tank protected by a
carbon dioxide frost thermal protection system was subjected to thermal and structural
loads typical of those to be encountered in the flight of a Mach 8 air-breathing launch
vehicle. During the investigation the model, test apparatus, and experimental procedures
were modified to improve the performance. Results of the tests are presented and com-
pared with analytical performance predictions.

SYMBOLS

Values are given in both SI and U.S. Customary Units. The measurements and
calculations were made in U.S. Customary Units.

d insulation thickness

E modulus of elasticity

K¢ fixity factor

L unsupported length

M total bending moment

N & meridional force per unit width
N Y shear force per unit width

P force exerted by moment jack
PS force exerted by shear jack

r radius

T temperature

t metal thickness

t effective skin thickness (includes contribution of stiffeners)



vV transverse shear load applied to model

X frost thickness
a coefficient of thermal expansion
B percent of carbon dioxide (partial pressure) in the purge gas mixture

during frost deposition

€ strain

€n strain at gage location n

€x:€y strain at principal axis

6 angular coordinaté (see fig. 9)

i Poisson's ratio

Oop critical stress

Oth thermal stress

T time

Q cone half-angle

w mass of frost deposited per unit tankage area

DESIGN CONSIDERATIONS

The fuselage model, shown in figure 1, which was designed to simulate part of the
first stage of a two-stage, hypersonic vehicle, utilized the carbon dioxide frost, hot-skin
stringer-structure concept of reference 6. This concept was selected in lieu of other
more efficient concepts investigated in the same reference because it was believed to be
more nearly at the state of the art and, although somewhat heavier, would provide an
acceptable mass fraction for the intended application. The full-scale vehicle would have
a maximum diameter of approximately 6.1 m (20 ft) and fuel tanks up to 12.2 m (40 ft)
in length.



The trajectory for the vehicle included an ascent flight period of 11 minutes to
Mach 8, a 2g pull-up for launching an orbiter stage, and an equilibrium glide period of
about 21 mihutes. The pull-up at Mach 8 provided the limit load condition combining
maximum air loads and maximum material temperature. Thermal and structural analy-
sis of the fuselage at these flight conditions indicated that surface temperatures up to
1078 K (1480° F) and compressive stress resultants in the range from 87.6 to 525.4 kN/m
(500 to 3000 1b/in.) would be encountered. For these low structural indices the least
weight design is buckling controlled, provided the yield strength is sufficiently high to
insure elastic behavior. René 41 was selected for the primary structure because of its
high modulus and yield strength at the design temperature.

Outer skins, Z-stiffeners, and ring frames for the primary structure were sized by
minimum weight proportions in an axial compression analysis in which equal local buck-
ling, panel buckling, and general instability strength were used, along with a maximum
ratio of radius of gyration to effective thickness for the panel cross section. For the
compressive load of 222.4 kN/m (1270 lb/in.), selected for the point design, the analysis
yielded a structure with a unit mass of 13.0 kg/m2 (2.67 Ibm/ft2). Wall construction of
the model was identical to the full-scale design; therefore, because of the reduced diame~
ter, the model was not critical in general instability.

The optimization procedure yielded shallower and more closely spaced Z-stiffeners
than are generally encountered in conventional construction; moreover, since welding was
selected for attaching the skin to the stiffeners, a new approach to skin-stringer fabrica-
tion was employed. Instead of attaching each stringer to the frames and then attaching
the skin to the stringers, a preassembled panel approach was used, as shown in figure 2.
Panels from one to three frame spacings long, consisting of a skin section, end doublers,
and Z-stiffeners, were resistance spotwelded together as a subassembly. These panels
were resistance spotwelded to the ring frames, and a closure skin was heli-arc spot-
welded over the joint. Thus, the entire assembly could be accomplished from outside
the fuselage.

The nonintegral tank was of 2219 aluminum alloy waffle construction. Aluminum
alloys were selected primarily because of their superior resistance to hydrogen embrit-
tlement, and the 2219 alloy was selected because of its weldability and fracture toughness.
The tank was designed for an internal pressure of 345 kPa (50 psig). The waffle pattern
was optimized for a full-scale compressive edge load of 175 kN/m (1000 1b/in.) by con-
sidering both local and general buckling. The use of this optimization method resulted
in a tank unit mass of 11.0 kg/m2 (2.25 lbm/ftz).

The tank suspension system must permit differential thermal expansion between the
tank and the primary structure while simultaneously maintaining support for the tank iner-
tial loads. In addition, heat transfer to the tank through the supports must be low. With



a hot structure at 1144 K (1600° F) and a 12.2-m-long (40 ft) tank, the longitudinal differ-
ential expansion may be as much as 25 cm (10 in,), The tank suspension system for this
study (see figs. 1 and 3) consisted of thrust fittings at the tank midlength and concentric
bellows supports at each end of the tank. Midlength thrust fittings halve the expansion to
be accommodated at each end of the tank. Bellows supports provide little restraint
against axial or rotational movement, but are stiff against transverse movement. (Differ-
ential axial movement across the diameter of the bellows permits rotational movement.)
Thus, the bellows offer simple end support for all loads acting normal to the longitudinal
center line of the tank. Furthermore, they tend to distribute the loading on the periphery
of the tank and structure. :

A corrugated skirt is attached between the bellows and tank wall to permit differen-
tial radial expansion, (Expansion is accommodated by fanlike spreading of the hot end of
the corrugation and by flexing of small flats provided in the skirt at the ends of the corru-
gations, as shown in fig. 3.) To provide the flexibility and the thermal isolation desired,
both the bellows and the skirt were fabricated of thin gage, relatively low conductivity
Inconel 718, and insulated on both sides,

As indicated in reference 9, the COg9 frost thermal protection system offered the
least weight of the known purge systems. For the present application, the thermal pro-
tection system was designed to limit the tank temperature to 311 K (100° F) or less.
Analysis indicated that the lower tank surface, which was in contact with the fuel during
ascent flight, maintained a peak temperature of less than 311 K (100° F) when the thermal
protection system was optimized, based on fuel boiloff, but the upper tank surface was
overheated. Therefore, the upper surface became the governing factor and was used to
size the thickness of the thermal protection system. As indicated in reference 6, the

- average total mass of insulation, COg frost, and fuel boiloff is only 5.37 kg/m2
(1.10 tom/£t2),

MODEL DESCRIPTION

Structure and Tank

The model, shown in the sketch of figure 1 and in the photographs of figure 4, is
1.38 m (54.5 in.) long with end diameters of approximately 0.41 m and 0.91 m (16.3 in.
and 36.0 in.) and a half-cone angle of 10.24°. The conical shape and the model size were
selected so that the model could be tested in the Langley 8-foot high-temperature struc-
tures tunnel,

The primary structure, which consists of Z-stiffened skin panels stabilized by
Y-section and box section ring frames, is fabricated from solution-treated Rene 41 alloy.
The ring frames are built-up sheet metal assemblies joined by spotwelding. Machined
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end rings are provided for attaching the model to the test apparatus. Structural panels
consist of a 0.046-~cm-thick (0,018 in.) outer skin, 0.038-cm-thick (0.015 in.) Z-stiffeners,
and 0.046-cm-thick (0.018 in.) doublers at the fore and aft ends of each panel. In each
panel, the Z-stiffener pitch varies longitudinally, because the stiffeners are attached to

the skin on the straight-line elements of the conical surface. Each upper and lower panel
has a nominal Z-pitch of 1.94 cm (0.75 in.) at the larger end of the panel. Side panels
have a nominal Z-pitch of 3.8 cm (1.5 in.) at the larger end. The preassembled panels
are welded to the stabilizing rings from outside the model. More details on the assembly
procedure for the Z-stiffened panel structure are given in reference 11,

The tank was constructed from 2219 aluminum alloy waffle plate by fusion welding
several preformed sections together in the shape of a truncated cone. The sections
included the following: a one-piece formed front bulkhead, eight conical side panel seg-
ments, a T-section ring frame welded midway inside the conical tank, an aft bulkhead
weldment, and a bolt flange for attaching an access door. The access door is a one-piece
formed bulkhead with an attachment flange welded to it. Fill and vent lines, consisting of
formed tubes and machined flanges joined by fusion welding, are bolted to matching bosses
welded to the access door. Teflon seals are used at all bolted joints to prevent leakage.

At each end of the tank, corrugated skirts of Inconel 718 are riveted to short alumi-
num sleeves welded to the outside of the tank. Bellows are bolted to the corrugated skirts
and to the end ring frames of the structure. These bellows, which support the tank, are
formed from 0.102-cm-thick (0.040 in.) annealed Inconel 718 sheet, reduced in thickness
at the convolutions by chemical milling to permit the required longitudinal deflection at
low force. (See ref. 11.)

Machined male thrust fittings are located on the top and on the bottom of the tank
forward of the Y-frame. Matching female thrust fittings of sheet metal are welded to the
primary structure. The tank is installed through the large end of the model; then the
mating thrust fittings are engaged by rotating the tank several degrees to provide fore-
and-aft thrust connections. Finally, the bellows are bolted in place at both ends. The
design allows the access door to be removed from the large end of the model without
removing the tank from the structure.

Insulation blankets are bonded to the outside surface of the tank and clipped to both
sides of the corrugated skirts. The insulation blankets, which consist of layers of quartz-
fiber insulation encapsulated by quartz cloth, were machine stitched with Teflon-coated
quartz thread. The joints in insulation blankets are coincident with the joints in the tank
wall to permit inspection of the tank welds without removal of the insulation. The average
thickness of the insulation was 0.90 cm (0.35 in.).



Carbon Dioxide Frost Thermal Protection System

The carbon dioxide frost thermal protection system, illustrated in the wall section
drawing of figure 1(b), consists of fibrous insulation against the cryogenic tank into which
carbon dioxide frost is cryodeposited from a two gas mixture prior to each simulated
flight test. During flight, aerodynamic heating (simulated by radiant heating in the labo-
ratory) causes the carbon dioxide frost to sublime. Gas resulting from this sublimation
purges the space around the tank during flight. In addition, heat that would otherwise
transfer to the fuel and result in wasteful boiloff is absorbed as the frost sublimes and
transpires through the insulation. Thus, the carbon dioxide frost thermal protection
system not only prevents cryopumping of air to the cold wall, but also absorbs some of
the heat that would produce fuel boiloff.

The efficiency of this system depends on the density of the frost deposited (refs. 6
and 9). In reference 10, details of the process used to deposit carbon dioxide frost are
outlined. In the present study, insulation blankets identical to those on the model were
tested in the cryodeposition chamber of reference 10 to determine the parameters
required for depositing the necessary thickness and density of frost. Results of these
deposition tests are described in appendix A.

LABORATORY APPARATUS

For safety purposes, experiments were conducted in an enclosure with remote con-
trols provided for all the test apparatus. The apparatus was electrically isolated from
the enclosure because of the high voltage supplied to the heaters.

Support Stand and Hydraulic Load System

The support stand, shown schematically in figure 5, supports the model and provides
a rigid frame from which loads are applied. The model is cantilevered horizontally from
a cylindrical plenum attached to the vertical leg of the stand. This plenum is open to the
aft end of the model to allow introduction of purge gases into the space between the tank
and the structure. A door is provided at the rear of the plenum chamber to enable access
to the inside of the model. Instrumentation and plumbing required for the model enter
the plenum space through ports on the plenum chamber adjacent to the door.

Forward of the model, two hydraulic jacks are mounted to the base leg of the stand.
The jack nearer the model applies an upward force to the model. The other jack applies
a bending moment to the model through a bell crank attached to the base leg of the stand
by a pivot-slip joint. The pivot-slip joint allows the bell crank not only to rotate about
the joint axis but also to slide parallel to the model to permit unrestrained model expan-
sion when heated. Turnbuckles, which connect the bell crank to the load fixture, allow



the crank portion of the pivot-slip joint to be positioned properly relative to the slot in the
support stand.

Heaters are installed on the plenum chamber and on the loading fixture flanges to
which the model is fastened so that thermal mismatch between the model and test appara-
tus can be minimized during the heating tests.

Radiant Heaters and Temperature Control System

Banks of quartz-lamp radiant heaters were used to heat the model. As shown in fig-
ure 6, these heaters were supported by two stands that separated about the vertical center
plane of the model to enable access to the model between experiments. Figure 6(a) shows
the heater stand open; figure 6(b) shows it closed, as would be the case during a test.

Each of the heaters consisted of a water-cooled, gold-plated copper reflector, grooved

for contact cooling 16 quartz lamps, each 0.953 cm (0.375 in.) in diameter and 25.4 cm
(10 in.) long. The heaters were divided into zones to allow independent control of temper-
atures at the bottom, sides, and top of the model to simulate aerodynamic heating at an
angle of attack. Power to the three zones was supplied by a three-phase ignitron power

supply which could be preprogramed to impose the desired temperature histories on the
hot skin.

Cryogenic Storage and Transfer System

Liquid nitrogen, used as the cryogenic fluid throughout this test program, was sup-
plied by the cryogenic storage and transfer system shown schematically in figure 7. Four
200-liter liquid nitrogen Dewars were connected so that two were connected in series with
each other but in parallel with the other two. Two Dewars could be pressurized to {ill the
model while the other two were being refilled from outside the enclosure. The plumbing
for the Dewars allowed them to be filled either from outside the enclosure or from the
model when the model was being emptied. The plumbing also allowed the Dewars to be
vented while being filled from either direction or to be pressurized to supply cryogenics
to the model.

The transfer line from the Dewars to the model was insulated. Pneumatic valves
were located in both the cryogenic supply and vent lines going into and out of the model.
With the model vent line closed and the supply line open, the tank could be pressurized
with nitrogen gas to empty the tank into the vented Dewars. All valves associated with
the Dewars, shown in figure 7, had electrically insulated Teflon stems and could be hand
operated from outside the enclosure.

Pressure relief valves and rupture disks were provided at each Dewar, at the tank,
and between any two valves to insure that pressure buildups resulting from trapped cryo-
genics would not cause hazardous failures. Pressure gages measuring the pressure in
the tank and in the Dewars were located at-the control panel.



Purge Gas System

The purge gas system, shown schematically in figure 8, could supply nitrogen,
helium, carbon dioxide, and various mixtures of these gases to the model. FEach of these
gases was supplied from standard gas cylinders through a manifold equipped with a pres-
sure regulator. (The carbon dioxide was heated by an electric heater before passing
through the pressure regulator to prevent freezing of the expanding gas.) The pressure-
regulated gases were fed through control valves located in the control panel into a common
manifold. From there, the gases flowed through a thermostatically controlled heater into
the plenum which supplied the model. The composition of purge gas mixture was moni-
tored with a partial pressure measuring system. A circulating fan and a heater were
added in the course of the investigation to improve the uniformity of the COg9-He mixture
and to avoid condensation and freezing of water vapor on the outside surface of the model
during the frost deposition phase of the operation.

Instrumentation and Data Acquisition

The instrumentation and data acquisition equipment included the following: pressure
gages, a gas analyzer, pressure trénsducers, flowmeters, thermocouples, strain gages,
and both remote high-speed and onsite printout recorders. Details of the use of several
of these items appear in the following paragraphs.

A partial pressure measuring instrument (gas analyzer), accurate to 0.1 percent,
was used to monitor the ratio of CO9 partial pressure to the mixture pressure in the purge
space during frost cryodeposition. Details of this instrument can be found in reference 12.
Samples of purge gas were drawn from six stations in the purge space around the tank in
the model through tubes. Sample stations were located at 6 = 90° and 270° near the
front and rear of the model, respectively, and at 0°, 900, 1800, and 270° at the midpoint
of the model. The tubes were valved and connected so that a partial pressure ratio at
individual stations or an average partial pressure ratio at all the stations could be read.

Strain gages were located at the upper and lower surfaces and at the side surfaces,
as illustrated in the schematic drawing of figure 9. (Note that the gages on the side are
at 90° to one another and 45° to the horizontal.) The upper and lower surface gages were
used to determine longitudinal inplane stresses and the side surface gages were used to

determine shear stresses. In addition, gages were applied to the Z-stiffeners, as indi-
cated in figure 9.

Chromel-alumel thermocouples were welded to the structure in 20 places and posi-
tioned in the tank insulation in 30 places. Copper-~-constantan thermocouples were welded
to the outer surface of the tank in 10 places and placed inside the tank at three elevations
to indicate liquid level. Figure 10 shows the locations of: liquid level thermocouples
which were used to determine the rate at which LNy was removed from the tank, outer
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skin thermocouples which were used to control the hot surface temperatures, and tank
thermocouples for which data are presented in the report.

EXPERIMENTS AND PROCEDURES

Room Temperature Load-Strain Tests

Three separate room temperature tests were run to relate the stresses in the
structure to the applied bending moment and shear load. In the first test, bending moment
alone was applied; in the second test, shear load alone was applied; and in the third test,
both bending and shear loads were applied. During all three tests, the loads were applied
in five equal increments. The maximum shear load (Pg) was 21.35 kN (4800 Ib) and the
maximum load on the moment jack (P,,) was 64.19 kN (14 430 lb), which represents a
moment of 32.61 kN-m (288 600 in-1b). The same values were used for combined loads.
These loads were greater than those subsequently used for the simulated flight test to
account for the higher material properties at room temperature. At each loading incre-

ment, outputs of the strain gages and of pressure transducers placed in the hydraulic lines
to measure loads were recorded.

Simulated Hypersonic Flight Tests

The model was subjected to three complete thermal cycles of simulated flight and

one partial cycle. During the first and third complete thermal cycles, mechanical loads
were also applied.

The complete cycle of simulated hypersonic flight for the third test is shown in
figure 11 and included a pretest (preflight) phase and a test (flight) phase. In the pretest
phase, the tank was filled with cryogen, carbon dioxide frost was deposited in the fibrous
insulation, and the tank was pressurized. In the test phase, heating was applied, the tank
was emptied, loads were applied and released, and the tank pressure was relieved.
Although the procedure differed slightly among the three tests as techniques were
improved, the tests were generally performed as follows: Initially, the plenum chamber
and purge space were purged and lightly pressurized (less than 6.9 kPa (1 psi) above
ambient) with COg9. Once all the air was purged from the system, as indicated by the
partial-pressure measuring instrument, helium gas was added. The flow of the two gases
(He and COZ) was adjusted to obtain the required mixture to deposit the necessary frost
thickness and density. The cryogenic tank was then filled as rapidly as possible with
liquid nitrogen. As cryodeposition began, the purge gas flows were readjusted to main-
tain the required mixture. (During the last test, the circulating fan and thermostatically
controlled heater were used to maintain the uniformity of the mixture and to provide a
constant purge gas supply temperature of 297 K (75° F).) After the required quantity of
CO9 frost was deposited, as determined from elapsed time and prior deposition tests, the
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deposition process was halted by purging the system with nitrogen. (Initially, a helium
purge was used, but it was found that the cheaper nitrogen purge gas was satisfactory
when the cryogenic fluid was also nitrogen.) Pressurization of the purge system was
maintained with nitrogen gas until it was replaced in the simulated flight cycle by the
subliming COq as the purge gas.

The test (flight) phase simulated the heating, fuel consumption, and limit load of the
launch vehicle, as shown in figure 11. Powered flight for this vehicle terminated at the
end of 11 min in a staging maneuver in which maximum aerodynamic heating and loading
occurred. For the tests, heat was supplied by quartz-lamp radiant heaters programed
to provide the same heating cycle presented in reference 6. During the initial portion of
the heating cycle, the liquid nitrogen was emptied from the model tank to simulate the
time of fuel consumption, as shown in figure 11. Mechanical loads were slowly applied
to the model through the loading fixture, and reached a maximum when the temperature
peaked. The loads were held at their maximum values (PS = 13.34 kKN (3000 Ib) and
P, = 35.59 kN (8000 Ib) (18.08 kN-m (160 000 in-1b) total moment)> for approximately
2 minutes to insure loading at the time of peak temperature, and then slowly released.

Model Leak Tests

Difficulty was experienced in purging the model of air and in maintaining a positive
pressure in the purge space during the initial simulated flight test. To investigate this
problem, the model was removed from the test stand and the leakage rate of the structure
was measured. For these measurements, closeout plates were bolted to each end of the
model. A pressure gage and a tube attached to the purge gas supply were connected to
one of these plates. Purge gas, either COZ or helium, was supplied to the model and flow
rates (read from a flowmeter in the gas supply line) were recorded as a function of purge-
space pressure.

RESULTS AND DISCUSSION

Primary Structure

Room temperature load tests.- Strains measured during the room temperature tests

for shear, bending moment, and shear plus bending-moment loadings are presented in
table I. These results are compared with analytical results in figure 12.

The analytical results were based on equations for stress resultants in a conical
shell derived for the loading conditions of this study. The derivation used membrane
theory similar to that of reference 13. The following equations were used:

ng - M cos 6 ‘ (1)

171'2 cos 2
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where M and V are total bending moment and transverse shear load, respectively, at
the cross section of interest. These equations were applied at the forward strain-gage

station (see fig. 9), and the results were converted to strain by the equations

€= —Né’b (3)
Et
2N (1 + )
6
€ - €y = _..E.Et.____ (4)

The analytical and experimental values of strain at the top (8 = 00) and bottom
(6 = 180°) of the model at the forward strain-gage station (el and 62) are plotted in fig-
ure 12(a) as a function of the local moment. It can be seen that the experimental data
for all three loading conditions obtained as the model was loaded (unflagged symbols)
agree well with the straight-line theoretical variation predicted by equations (1) and (3),
the agreement being slightly better in tension than in compression. Comparison of the
loading data with unloading data indicates considerable hysteresis (as indicated by a com-
parison of flagged and unflagged symbols). The hysteresis is apparently due to friction
in the loading system. Apart from the hysteresis, a slight nonlinearity is noted during
loading in the compression data (unflagged symbols at the highest loading). This non-
linearity may be due to the proximity of the strain-gage station to the end of the model
or to initial imperfections in the model. However, at the maximum load, the measured
strain represents a stress of 179 MPa (26 000 psi), which is near the proportional limit
of the solution-treated René 41 (186 MPa (27 000 psi)), and some local yielding may have
occurred.

The analytical and experimental values of the shear strain | €n - € 8) at the side of
the model (6 = 900) for the same forward station are presented as functions of the local
moment in figure 12(b). The agreement between experiment and theory is good when the
model is loaded by the shear jack only, but is poor when it is loaded with the bending-
moment jack. An examination of the strain-gage readings for gages 7 and 8 in tables I(b)
and I(c) shows that the strains are opposite in sign but not equal in magnitude as would be
the case if there was pure shear strain at the horizontal center plane as expected. A
strain-gage rosette would be required to attain the correct shear strain, but the reason
for departure from pure shear strain remains unexplained.

The lack of any significant departure of the experimental data from a linear strain-
load relationship indicated that buckling did not occur up to the maximum load imposed,
which was the room temperature equivalent of the design limit load.
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Simulated flight tests.- After the model was subjected to the heating of the initial
simulated flight, it was found that the closure skin had buckled locally at the circumferen-
tial joints between panels. These circumferential buckles can be observed in figure 13(a).
It was also discovered that only a marginal clearance existed in the pivot-slip joint of the
loading mechanism; consequently, the possibility existed that the model could have been
overloaded because of a failure of the mechanism to accommodate thermal expansion.

The joints were repaired by spotwelding and the model was again exposed to the temper-
ature cycle of a simulated flight. This time the mechanical loads were not applied, and
care was taken to assure that there was adequate clearance in the pivot joint to allow for
model thermal expansion; nevertheless, as can be seen in figure 13(b), local buckling
reoccurred at the joints. (The light color bands along the joints in fig. 13(b) are flame
sprayed material used to seal the joints as will be discussed in a subsequent section.)

After this second failure, the design of the joints between panels, shown in figure 14,
was examined in more detail. For strength purposes, it was desired to have the closure
skin 0.091 cm thick (0.036 in.). However, to improve the weldability (see ref. 11), the
thickness of the closure skin over the flanges was reduced to 0.046 cm (0.018 in.) by
chemical milling. As a consequence of the chemical milling and the difference in pitch
of the Z-stiffeners of the two panels, only in the areas indicated by the hatching in fig-
ure 14 was the original thickness of the closure retained. Although placed as close to the
ends of the Z's as practical, the fusion spotwelds joining the closure skin to the Z's were
about 0.48 cm (0.1875 in.) from the end; thus a narrow unsupported strip (L = 0.95 cm
(0.38 in.)) in which the buckles occurred is formed. From the failures it was apparent
that the heli-arc spotwelds failed to hold the closure skin in contact with the ends of the
Z-stiffeners; however, it was not apparent whether the buckles or the spotweld failures
occurred first.

The model was repaired again; however, this time, instead of welding the closure
skin to the Z-stiffeners, rivets were used and were inserted as close to the end of each Z
as possible to reduce the unsupported length of the joint. (The center line of the rivets
was approximately 0.64 cm (0.25 in.) from the ends of the Z's; however, the 0.64-cm-
diameter (0.25 in.) heads of the rivets reduced the unsupported length of the closure skin.)
The repaired model was first subjected to an abbreviated thermal cycle (up to maximum
temperature without mechanical loading) and then to a complete simulated flight cycle
with both heating and loading (test 3). There was no sign of buckling after either test.

Despite the successful test, a stress and buckling analysis of the joint area (details
given in appendix B) indicates that the joint was at least marginal, if not inadequate.
The analysis indicates that thermal stress, resulting from the temperature difference
through the panel thickness (hot skin to Z inner flange), is sufficient to produce local
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buckling of a 0.046-cm (0.018 in.) closure strip with an unsupported length L of 0.95 cm
(0.375 in.). A conceptual design intended to overcome both the performance and fabrica-
tion problems encountered with the present closure is shown in figure 15. The design
features a thickened closure skin (0.091 em (0.036 in.)) and avoids the welding difficulties
by substituting rivets for the spotwelds.

Unlike many designs for thin-sheet construction, the present model was designed
for the hot skin to be fully load bearing (that is, no local buckling or rippling between
stiffeners). Examination of the model after the simulated flight tests (see fig. 13) indi-
cated that no inelastic buckling occurred.

Tank and tank suspension.- The tank and seals successfully withstood the low tem-
perature of 75 K (-325° F) and a pressure of 345 kPa (50 psig) without leakage. In
addition to the simulated flight test, the tank was filled and pressurized over 10 times

and the access door was removed several times during the preliminary checkout of the
test setup; thus, a reuse capability of the tank and seals was indicated.

The elements of the tank support system appear to have performed their respective
functions without difficulty with the exception of the forward bellows which experienced
some cracking. The problem with the forward bellows was apparently associated with
the small diameter of the bellows and would not be encountered with a full-scale vehicle.
As stated in reference 11, the forward bellows had to be thinned considerably to provide
the desired axial flexibility. In the chemical milling process, the forward bellows were
actually milled through in one spot. During tests, the forward bellows developed cracks
in the highly thinned convolutions. It is significant to note, however, that the larger diam-
eter rear bellows, which provided the required flexibility with a greater metal thickness,
did not crack.

Circumferential extension of the corrugations in the tank skirts during the simu-
lated hypersonic flight tests appears to have alleviated thermal stresses. Moreover,
the thermal isolation of the tank from the hot structure, afforded by the insulated skirt,
also was effective, since the test results of the thermal protection system indicated no
significant extraneous heat transferred to the tank walls. Tank wall temperatures agreed
with predicted temperatures for a one-dimensional heat transfer through the model wall.
The tests indicate that a corrugated skirt of the type used in the model is suited to tank
suspension.

COy Frost Thermal Protection System

Thermal performance.- Temperature histories for the model during the simulated
flight tests are presented in figure 16. As discussed in appendix A, a carbon dioxide
frost density of 801 kg/m3 (50 1bm/ft3) was used for the first two tests, and a density
of 561 kg/m3 (35 1bm/$t3) was used for the third. Figure 16(a) contains the results for
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the first test (previously reported in ref. 14) and figure 16(b) contains results for the third
test. (Results for the second test were omitted because they were essentially identical to
the first test results.) The two upper curves in both figures are the preprogramed surface
temperatures that were applied to the structure. The input temperature profile for the
first test (fig. 16(a)) was based on an equilibrium glide at a constant angle of attack durihg
descent, which produced an oscillatory flight path and consequently, oscillatory aerody -
namic heating. These oscillations were smoothed for the third test (fig. 16(b)) on the
assumption that, in an actual flight, a pilot would modulate the angle of attack to prevent
these large excursions. In addition to the variation in input temperature, the time
required for the cryogenic tank to empty differed from the planned 11 minutes. For the
first test about 20 minutes were required; whereas, for the third test 13 minutes were
required.

The ablation option of the analysis method of reference 15 was used to predict the
temperatures for the top and bottom of the cryogenic tank, shown by the curves at the
bottom of the two figures. In using the analysis to determine tank temperature histories,
the frost system was treated as a charring ablator, the COg frost-insulation composite
acting as the uncharred material, and the insulation outside the frost acting as a nonre-
ceding char layer. In addition, the following assumptions were made: (1) At the start of
the heating cycle (takeoff), no liquid was in contact with the upper tank surface; (2) at the
start of the heating cycle, liquid was in contact with the lower tank surface and remained
in contact until the tank was empty (20 min for test 1 and 13 min for test 3); (3) the frost
layer was evenly deposited around the tank and had a density of either 801 kg/m3
(50 1bm/£t3) (test 1) or 561 kg/m3 (35 Ibm/ft3) (test 3); and (4) the thermal properties
of the carbon dioxide frost were those presented in reference 9.

Two significant temperature plateaus can be observed for the lower surface in the
tank temperature histories shown in figure 16. When liquid is present, the temperature
rises as heat is applied until it reaches the boiling temperature of the liquid nitrogen in
the pressurized tank. (When the tank was pressurized at the beginning of the test, the
boi'ling temperature of the liquid nitrogen was increased; thus, the liquid nitrogen that was
initially saturated at atmospheric pressure became subcooled.) Once all the liquid has
been heated to the higher boiling temperature, no further increase in temperature is pos-
sible until the liquid is withdrawn; therefore, the first temperature plateau is the boiling
temperature of the pressurized liquid nitrogen. A second plateau is reached when the
tank temperature reaches the carbon dioxide frost sublimation temperature, and the tank
temperature remains at the sublimation temperature until all frost has sublimed from the
insulation at the location observed. The upper surface is at the sublimation plateau for a
considerable portion of the test period.
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Comparison of experiment (symbols) and analysis (curves) in figure 16 indicates
that (1) the thermophysical property data used in the analysis were adequate, (2) the cryo-
deposition data used in the experiment were reliable, and (3) the performance of the carbon
dioxide frost thermal protection system can be predicted. Moreover, examination of the
insulation blankets and their attachment to the tank revealed no damage from the freezing
and outgassing of the carbon dioxide or from the temperatures experienced during the
simulated hypersonic flight tests.

Structural sealing.- Difficulties in attaining and in maintaining a positive pressure
in the purge space were experienced in the first simulated flight test because of excessive
leakage at the butt joints between panels, despite the fact that there was a spotwelded dou-
bler behind each joint. To alleviate this problem, a technique for sealing these joints was
developed. A nickel-aluminum (96-percent Ni, 4-percent Al) material was flame sprayed
on the joints, burnished with a hand grinder (to reduce porosity), and resprayed with addi-

tional material. Photographs of the model in figure 13 show the model before and after
flame spraying.

Prior to the flame spraying of the model, small samples of the flame-sprayed joints
were tested to demonstrate the thermal compatibility of the René 41 structural skin and
the flame spray material. A joint made of two sheets of René 41 butted together, with a
doubler spotwelded to each sheet (similar to the joints in the model), was flame sprayed
using the techniques described above. The joint was sawed into strips (coupons) that were
between 1.27 cm (0.5 in.) and 2.54 cm (1 in.) wide. Ten coupons, each having a portion
of the joint (saw cuts were perpendicular to the joint), were cycled in an oven with an air
environment. A cycle consisted of heating the coupons to 1200 K (1700° F), holding the
temperature constant for 1/2 hr, and then allowing the coupons to cool down to room tem-
perature. After 50 cycles the coupons were visually unchanged, and the flame spray
material and the René 41 appeared to be compatible.

Results of leakage tests of the model before and after flame spraying are illustrated
in the plots of pressure against flow rate of figure 17. The data indicate the amount of
purge gas per unit surface area required to maintain a given pressure in the model. The
two curves are helium and carbon dioxide leakage rates for the model after the joints were
flame sprayed. The two points located high above the curves on the graph represent the
data obtained before flame spraying. (One point is for helium and the other is for carbon
dioxide.) Comparing flow at the same pressure indicates that leakage was reduced 84 per-
cent for helium and 70 percent for carbon dioxide by the nickel-aluminum flame spray.

Purge gas circulation and heating.- During the frost deposition phase of the initial
tests, it was found that the purge gas concentration varied by as much as 10 percent at
different stations within the purge space, and water vapor would condense and freeze on
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the outer surface of the model. To alleviate these problems, a thermostatically con-
trolled, heated circulation system for the purge gas (see fig. 8), which did not allow the
temperature of the circulating purge gas to go below 297 K (7 50 F), was installed. The
heating and circulating of the purge gas mixture not only thoroughly mixed the purge gas
(the variation in CO9 concentration was within 1 percent over the purge space) but also
maintained the external surface temperature of the model above the dewpoint, and thus
prevented condensation. In view of the importance of purge gas concentration on frost
cryodeposition (ref. 10), and because a vehicle may sit for a long period with liquid hydro-
gen onboard, similar circulation and heating systems will probably be necessary during
ground hold for hydrogen-fueled vehicles.

CONCLUSIONS

In this study, a model representing a section of the fuselage of a Mach 8 launch
vehicle was subjected to heating and loading representative of a typical hypersonic flight
trajectory. The model consisted of a nickel alloy, flight weight, hot structure containing
a nonintegral cryogenic tank of aluminum alloy. The tank was protected by a carbon diox-
ide frost thermal protection system.

The model and the test apparatus were modified as required to improve their per-
formance. These modifications included fastening the outer skins and doublers between
panels to the Z-stiffeners with rivets to prevent local buckling of the closure skin between
panels, flame spraying all joints in the outer skin with a nickel-aluminum material to
limit the leakage of the purge gas from the model, and installing a circulation system
which heated and mixed the purge gas (consisting of helium and carbon dioxide) during
frost cryodeposition prior to a simulated flight test.

From a comparison of the experimental results with the analytical predictions, it
can be concluded:

1. The hot structure with the modified (riveted) joints between panels, the noninte-
gral tank, and the tank suspension system sustained the simulated flight environment;
however, analysis indicates that the joint design is marginal.

2. The carbon dioxide frost thermal protection system performs as predicted and
offers the potential of light, reusable protection for liquid hydrogen tanks.

3. Leakage of purge gas through structural joints was significantly reduced by flame
spraying a nickel-aluminum material on the joints between panels.
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4. The circulation and the heating of the purge gases during simulated ground hold
prevented water condensation on the outer skin of the model and maintained a uniform
mixture of purge gases. '

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., December 4, 1974,
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APPENDIX A
CARBON DIOXIDE FROST DEPOSITION

Since there is no way of knowing by direct measurement the frost thickness and den-
sity that are present in the model, the parameters controlling thé deposition process must
be determined and controlled. Based on the results of some of the preliminary deposi-
tion tests of reference 10, attempts were made to establish a frost density of 401 kg/m3
(25‘1bm/ft3) for the first two simulated flight tests. (This frost density was recommended
in ref. 9 as a compromise between minimum weight and adequate strength.) Subsequently,
however, as the investigation of reference 10 progressed and a better understanding of the
factors affecting frost deposition was developed, it was determined that the actual frost
density for tests 1 and 2 was about 801 kg/m3 (50 1bm/%t3).

By the time of the third simulated flight test, deposition tests had been conducted
by using the cryodeposition chamber of reference 10 with the cryogenic tank covered with
insulation blankets identical to those for the fuselage model. For these tests, the purge
gas pressure and outer tank temperature were maintained at 6.9 kPa above ambient
(1 psig) and 300 K (80O F), respectively. Results of the tests are presented as carpet
plots in figure 18, and in figure 19 as functions of the parameters that were found to cor-
relate the data as single curves for mass and frost thickness as presented in reference 10.
(In both figs. 18 and 19, point A is the daia used in simulated flight tests 1 and 2, whereas,
point B represents the deposition parameters of test 3.)

From the data of figure 18, it is apparent that at a frost density of 401 kg/m3
(25 Ibm/ft3) the maximum amount of frost that could be deposited in the 0.9-cm-~thick
(0.35 in.) insulation was 2.44 kg/m2 (0.5 lbm/ftz). (The design thickness of the blankets
was 1.27 cm (0.5 in.); however, they became compacted during fabrication.) By using
the thermal analysis method of reference 15, it was found that with this amount and density
of frost, the tank temperature at the end of the simulated flight trajectory would approach
the maximum allowable temperature for an aluminum tank. Consequently, to provide a
larger temperature margin, the higher density frost (point B) was selected for the third
test.
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APPENDIX B
BUCKLING OF THE CLOSURE SKIN BETWEEN PANELS

During the initial simulated flight test, a temperature difference of over 278 K
(5000 F) was recorded between the outer skin and the inner flange of the Z-stiffeners.
Thermal stress in the panels Oth due to this temperature difference can be approxi-
mated by

»

o = E@ AT (B1)
where
E modulus of elasticity
o coefficient of thermal expansion

AT = Tl - Tav
T1 temperature at outer surface

Tav area-weighted average temperature of panel cross section
The bending moment M resulting from the thermal stress can be determined by
substituting the solution of equation (B1) into the following equation:
OthI

M= — (B2)

where I and c¢ are the panel moment of inertia and the centroidal distance to the outer
skin, respectively. This moment must be transmitted across the joint between panels by
the closure skin acting in conjunction with the outer flange of the supporting ring. The
resulting joint stress in the closure skin 0j is given by the following equation:
Mc]'
0, = ——= (B3)
J Ij

where Ij and ¢y are the joint moment of inertia and the centroidal distance to the other

skin, respectively. The solution to equation (B3) yields 437 MPa (63 350 psi).
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APPENDIX B - Concluded

An approximation of the stresses 0., required to buckle a thin, narrow strip,
such as the closure skin, is obtained from Euler's equation

2.2
K¢r“Et
Sey = ___f__.._z.__z (B4)
12(1 - p*)L

where
Kf fixity factor
t metal thickness
i Poisson's ratio
L unsuppoi‘ted length (axial distance between end welds)

The fixity factor, which depends on the end support, is difficult to determine. (For simply
supported edges, K;= 1; for clamped edges, K;= 4.) By assuming that K¢ = 1.0,

L =0.953 cm (0.375in.), and t = 0.0457 cm (0.018 in.) (this assumption does not include
any added strength which is obtained from the 0.0914-cm (0.036 in.) portion of the clo-
sure skin), equation (B4) yields a critical buckling stress 0., equal to 395 MPa

(57 265 psi) and indicates that the closure skin would buckle from thermal stress.
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(c) Hot structure without
closure skins.

(b) Aluminum tank with
access door removed.

Figure 4.- Hot structural model and components. L-74-8542
: Erncl
Enclgsure Research model nc %sure

Pivot-slip joint

Turnbuckles

Plenum

v

Access door

,

s

I
I

|

|

/////——Support stru

Yifloor

cture

/

élBending-moment jack

S

|
l
i

Shear-force jack

Figure 5.- Hydraulic loading and support system.
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‘i} Pneunmatic valve
M Hand valve

Dewar fili line

200-1liter liquid nitrogen Dewars

N2 gas pressure line —

— Cryogenic-supply-line
vacuum jacket

I
Cryogenic fuel tank Vent valves -—/

+ |
. “/-’ ~ '%_____: FLI -'2 N
~. ~ 4 bt
Y » T veme

/ 1
h del
Research mo -~ Plenum chamber

N '3
, 8as pressure line —\

34

-4

7N
Control panel

Figure 7.- Cryogenic storage and transfer system.



To LN, Dewars

2
Heater
Fan ri]j;n(ﬂ} ==
L___\J
=l Y
' - T\ j co,
—-— - — 1 —_ —_
L 4 .
\\_\\\ ; Plenum |{Gas = <
— T & Jregulator~/\_/
Heater = =
[
Heaterz
e |
w . , —Manifold
\_ - \‘w T »iL_Qiﬂ:::T—j:_____
Isolation wall N2 He 002

Partial pressure meter -l

Figure 8.- Purge gas system.



Strain Gage Strain Gages

36

45° Z-flange
\ 450 Z-web
Skin
Shear (outer surface)
Bending
Strain gage Station 6, deg Type Location
(a)
1 A 0 Bending Z-flange
2 A 0 Bending Z-web
3 A 180 Bending Z-flange
4 A 180 Bending Z-web
5 and 6 A 270 Shear Skin (inner)
7 and 8 A 90 Shear Skin (inner)
9 A 315 Bending Skin (inner)
10 A 45 Bending Skin (inner)
11 B 0 Bending Z-flange
12 B 0 Bending Z-web
13 B 180 Bending Z-flange
14 B 180 Bending Z-web
15 and 16 B 90 Shear Skin (inaner)
19 B 45 Bending Skin (inner)
20 B 315 Bending Skin (inner)
21 A 0 Bending Skin (outer)
22 A 180 Bending Skin (outer)
23 and 24 A 270 Shear Skin (outer)
28 A 45 Bending Skin (outer)
29 B 0 Bending Skin (outer)
30 B 180 Bending Skin (outer)
31 and 32 B 90 Shear Skin (outer)
35 B 45 Bending Skin (outer)
36 B 315 Bending Skin (outer)

dgtation A is 22.2 cm (8.75 in.) from the small end and station B is 9.4 cm (3.7 in.) from

the large end.

Figure 9.- Strain-gage locations.




Upper surface Upper tank thermocouple
control thermocouple

Liquid level thermocouples
(suspended in tank volume)

Lower surface \\-\
control thermocouple

Lower tank

Insulation thermocouple

Figure 10.- Thermocouple locations in test model.

Fraction of

maximum :
Temperature rise
1.0/1_ ey — —j7[_‘ (outer surface)
.9 \
Fuel fill ——- / 1
.8 4 Load (shear and

C02 frost / , -L- bending moment)
deposition-—\ ) L
.6
5L
J
!
|

L3t Fuel

/ 1t |
]

4 ‘/—- Tank pressure
J/ | P | ! i

-40 -30 ~20 -10 0 10 20 30 40

Time, min

Figure 11.- Simulated hypersonic flight test conditions.
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l.oxl10"2 ]

Strain

-1.0 1 1 ] 1

1 1

0 1000 2000 3000 4000

Moment, kN-m

L | 1 1 i |

5000 6000

o 50 100 150 200 250

Moment, in—lb

(a) Upper and lower surfaces.

300 350 x 103

Figure 12.- Measured strains at forward station for three loading conditions.

(Flagged symbols denote unloading.)



.Bx l0—3 —

Shear
strain

@
0

-1.0
-2 i i i i 1 1
o 1000 2000 3000 4000 5000 6000
Moment, kN-m
(. 1 i 1 i 1 | 1 :
0 50 100 150 200 250 300 350 x 10°

Moment, in—1b
(b) Side surface (shear).

Figure 12.- Concluded.

39



40

67-3868

L

(a) After first test.

Figure 13.- Circumferential joint buckles.



L-68-9028

(b) After second test.

Figure 13.- Concluded.
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15— B, percent CO, —/ 3
0) 5 :
o 10
0 0 15 D/A s
A 20
w, kg/m2 ! ®, Lom/ft2
51— A —1
B
oo Ly
0 4 8 12 16 20 2
24 x10
@dl, min/cm
| l | | | | ]
0] | 2 3 49 5 6x{03
E:L . . .
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10— A0 -4
<
81— A D |3
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Figure 19.- Deposition results correlated with the parameters of reference 10.
(A and B denote conditions for tests 1 and 3, respectively.)
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