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Nomenclature
a,b = curve-fit constants
T = temperature, °C
Tt = curve-fit reference temperature, °C
K = thermal conductivity, W/m-K
Ky = thermal conductivity at reference temperature, W/m-K
Introduction

N situ exploration of the surface and deep atmosphere of Venus

is impeded by an environment that is hostile to scientific instru-
ments. Temperature, pressure, and corrosion protectionmust be pro-
videdtoensuresurvivalofinstrumentsand electronicsfor even short
durations. Previous missions to Venus, namely the Soviet Venera
landers and the U.S. Pioneer-Venus atmospheric probes, used a
combination of titanium pressure vessels and thermal insulation for
this purpose.l> Recent work has investigated the possibility of us-
ing a balloonto deliver a small payloadinto the deep atmosphere of
Venus for surface imaging and atmosphericinvestigations>~¢ How-
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ever, smaller payloads suffer from reduced volume-to-surface-area
ratios and therefore heat up more quickly. This disadvantage has
motivated the developmentof more efficient thermal insulation that
retains the simplicity of design and operational robustness needed
in the current era of smaller and cheaper space missions. The so-
lution of using vacuum multilayer insulation (MLI) was originally
suggested in the context of a novel Venus balloon mission con-
cept capable of multiple descents into the hot lower atmosphere.”
However, concerns about the efficiency of MLI on small spherical
enclosures with multiple penetrations and the difficulty of ensuring
the necessary high vacuum under Venus atmospheric pressure and
temperature conditions led to a more robust alternative idea using
fiberglassinsulation with the void space filled with low thermal con-
ductivity xenon gas. The present work investigated the performance
of this xenon-filled fiberglass insulation in conjunction with a new,
low thermal conductivity internal structure. A full-scale prototype
was constructed and tested at simulated Venus surface temperature
and pressure conditions. Also, a centrifuge test was performed to
verify the ability of the structure to tolerate the expected decelera-
tion load upon entry into the Venusian atmosphere. The details of
the design and the test results are presented herein.

Prototype Design and Construction

The prototype design was guided by the mission specification of
protecting 15 kg of payloadat Venussurface conditionsof 460°C and
9.2 X 10° Pa (92 atm) pressure. Optimal performance of the cam-
era and other electroniccomponents requires a near-Earthlike state,
namely 10° Pa pressure and 20°C temperature. To meet the mission
requirement of 1-h residence time near the surface of Venus, it was
necessaryto limit the heat flow to the payloadto less than 100 W. The
other key design driver was the need to survive typical deceleration
loads when the probe enters the Venusian atmosphere from space. A
nominal value of 250 g was selected for the prototype design based
on the Pioneer-Venus experience!? and current mission studies.®

The prototypeis based on a concentricsphere designin which the
payload is located within the inside sphere and thermal insulation
is located in the annulus between the spheres. An expanded view
of the enclosure is shown in Fig. 1, and a list of component masses
is presented in Table 1. The spherical shape was selected because
it results in the lightest structure per unit volume for withstand-
ing external buckling loads, a fact that led to its use on the earlier
Pioneer-Venus probes. As with those earlier probes, titanium alloy
Ti-6Al-4V was selected for the outer sphere because of its excel-
lent strength-to-weightratio and its ability to tolerate the sulfuric
acid found in the clouds of Venus. The nominal diameter is 38 cm,
and the shell thickness is 0.38 cm, giving a diameter-to-thickness
ratio of 100. Given an expected buckling failure mode, this shell has
a computed 1.3 pressure safety factor at 460°C. For comparison,
the Pioneer-Venus probes used a slightly less conservative design
for which the diameter-to-thicknessratio ranged from 116 to 136
(Ref. 1).

The inside sphere is 30 cm in diameter with a wall thickness of
0.76 mm andis constructedfrom Type-304 stainless steel. The struc-
ture used to connect to the inside and outside spheres consists of
three sets of rigid Ti-6 Al-4V struts. The firstis a single, thin-walled
conicalstructurerigidly connectedto the spheresat their south poles.
This aperture cone is welded to the outer sphere and has a flange
onto which the inside sphere is bolted. It is inside of this aperture
cone that the camera window would be located in a fully functional
probe. The secondpartis an array of six thin-walled Ti-6Al-4V struts
arranged around the aperture cone. These six struts are welded to
the outer sphere but have a nominal 0.5 mm gap at the inside sphere

Table1 Mass list for prototype

Component Mass, kg
Outer sphere 10.9
Inner sphere 4.2
Simulated payload 15.6
Fiberglass insulation 1.4
Miscellaneous 1.5
Total 33.6
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Fig. 1 Expanded view of prototype enclosure.

under 1 g loading. The concept is that when high decelerationloads
are encounteredthe inside sphere will elasticallydeformand contact
the six struts at which time they will share the structural load with
the aperture cone. The aperture cone can therefore be designed with
a thinner wall (0.5 mm) because it does not have to supportall of the
load by itself. The key advantageof this designis that the heatflow to
the payloadis minimized becausenot only does the Ti-6Al-4V alloy
have an extremely low thermal conductivity (7.3 W/m-K at 20°C),
but the six secondary struts do not contact the internal sphere at all
during operationin the hot lower atmosphere. The third set of struts
consists of three thin-walled Ti-6Al-4V tubes that are bolted near
the equator of the spheres in a tangential direction. This provides
side loading and torsional support during the crucial atmospheric
entry phase.

The payload is simulated by a 15.6-kg aluminum block that is
bolted to both an axial support tube and the flange of the inside
sphere (Fig. 1). A small gap exists between the aluminum block
and the inside sphere flange to ensure that the primary loading path
is through the support tube and onward to the aperture cone and
outside shell.

Thermal insulation is provided by microfiber felt composed of
borosilicate glass fibers without any binder. Three sheets of thick-
ness 1.3 cm and nominal density 96 kg/m* were used between the
spheres. A total of three different insulating configurations were
tested: air-filled insulation, 99.9% pure xenon-gas-filled insulation,
and 99.9% xenon-gas-filled insulation plus four layers of two-sided,
aluminized Mylar (MLI) placed between the insulation sheets and
at either end.

Four Type-K thermocouples were cemented onto the outside of
the enclosure to measure external temperatures. In addition, eight
precision-integrated circuit temperature sensors were mounted in-
side, three to measure temperature on the inside sphere and five
on the simulated payload. The eight internal sensors were multi-
plexed with an onboard microprocessor and transmitted through
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the two spheres via electrical feedthroughs. This signal was further
multiplexed with the external thermocouple data and subsequently
recorded on a portable computer with a nominal sampling time
of 10 s.

Test Results and Discussion

The prototype successfully passed all three structural tests with-
out damage. The first was a 25°C pressure test to 12 MPa (1740 psi)
to simulate 1.3 times Venus surface pressure on the outside of the
enclosure. This test was conducted in a remote facility consisting of
a pressure vessel into which the prototype was placed. Nitrogen gas
was injected between the pressure vessel and the prototype over a
40-min period until full pressure was achieved. The second test was
a combined pressure and temperature test to 9.2 MPa and 460°C,
which is the Venus surface condition. The remote facility from the
first test was modified for this experimentto include electric heaters
inside the pressure vessel and around the prototype. Pressure and
temperature were simultaneously increased over a 75-min period
until maximum conditions were attained. The third experiment was
a centrifuge test at 250 g. For this test the enclosure was oriented
such that the polar axis was aligned with the accelerationvector. Al-
though the primary structure was undamaged during these tests, the
electrical feedthroughin the outer shell was observed to leak under
pressurization. This leak served to contaminate the xenon-gas-filled
insulation and therefore yielded unreliable insulation performance
data. The reason for the leak seemed to be inappropriate design
rather than a manufacturing defect or faulty installation.

As aresult of the feedthrough problem, the only reliable thermal
data obtained were from three heating tests done in an oven at am-
bient pressure. Temperature data acquired from the internal sensors
were combined with the known thermal capacity of the components
to yield a total heat-flow through the insulation. The heat-flow data
for all three tests is presented in Fig. 2. Note that the curve labeled
“xenon-fiberglass-MLI” is offset in time on the graph so as to be
more visible. The air-filled insulation clearly has a much higherheat
flow than either of the two xenon cases (214 W vs 98 W at the max-
imum external temperature of 460°C). The two xenon cases show
similar heating rates, suggesting that the addition of MLI did not
have an appreciable effect on the insulating performance.

Quantification of the insulation performance corresponding to
these tests depends on the details of the thermal model used to
simulate the behavior. The model devised for this study was a one-
dimensional unsteady nodal network composed of 11 nodes: 1 for
the outside shell, 8 across the insulation, 1 for the inside shell, and
1 for the payload. In addition to node-to-node conduction across
the insulation, the model included conduction along the outer to in-
ner shell connecting struts based on the known strut geometry and
thermal conductivity of Ti-6Al-4V alloy. The unknown in the anal-
ysis was the effective thermal conductivity x of air and xenon-filled
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Fig. 2 Heating data for prototype tests.
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fiberglass insulation as a function of temperature. An equation of
the form

kK(T) =ky + a(T — Ty) + b(T — T,)? (1)

was assumed for each gas, where T, was defined to be 20°C and
the constants xp, a, and b determined by fitting the model output
to the data of Fig. 2. As can be seen, reasonably good agreement
was obtained by curve fitting the data in this fashion. The resul-
tant k(7)) functions are plotted and listed in Fig. 3. The xenon-
filled fiberglass is seen to have roughly one-third the conductivity
of air-filled fiberglass at room temperature and half the conduc-
tivity at 460°C. At 20°C both insulations are 0.008 W/m-K more
conductive than their parent gases alone (Fig. 3), suggesting that
the fiberglass itself contributes this amount to the overall conduc-
tivity. The fact that the gas-filled fiberglass conductivities increase
with temperature more quickly than the parent gases alone is an
indication of substantial radiative heat transfer at the higher tem-
peratures. At 460°C the radiative component, as estimated by sub-
tracting out the parent gas and fiberglass conductive components, is
0.034 W/m-K for xenon-filled fiberglass (63%) and 0.044 W/m-K
(41%) for air-filled fiberglass.Note thatboth xenon heating curvesin
Fig.3havebeen fitted by the same x(7") function,demonstrating that
the addition of aluminized Mylar did not reduce the radiative heat
transfer.

Finally, the measuredheat flux to the simulated payload was 84 W
for the xenon-filled fiberglass and 189 W for the air-filled fiberglass
at the simulated Venus surface temperature of 460°C. The xenon
value therefore satisfies the original enclosure design target of being
less than 100 W. A further 26 W for the xenon case and 46 W for
the air case accumulate in the inner shell at this maximum 460°C
external temperature to yield a total outside to inside heat flow of
110 and 226 W, respectively.Only 12 W of these totals is caused by
conduction through the titanium struts.

Conclusions

Experimental data and analysis were presented for a prototype
of a small, lightweight protective instrument enclosure for use near
the surface of Venus. The novel features of the device included a
concentric sphere geometry, xenon-gas-filled fiberglass insulation,
and a low thermal conductance internal structure. Integrity of the
overall structure under simulated Venus surface pressure and at-
mospheric entry decelerationloads was successfully demonstrated.
Heating measurements yielded an effective thermal conductivity
for the prototype for both xenon- and air-filled fiberglass insulation.
For xenon this conductivity ranged from 0.014 W/m-K at 20°C to
0.054 W/m-K at 460°C. The net heat flow at 460°C to the simulated
payload through xenon-filled insulation was 84 W, well within the
required mission design goal of 100 W.
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Introduction

HE idea of using external burning for propulsionin hypersonic

flowfields has been proposed for various aerospace applica-
tions. Cuadra and Arthur,! for example, suggest external burning
might be used for propulsive orbit plane change maneuvers. In the
1960s and 1970s, however, most interestin external burning appears
to have been directed toward hypersonic cruise vehicles. In partic-
ular, Kiichemanr? discusses propulsive lifting bodies in support of
his global transportation philosophy. Here Kiichemann draws upon
the theoretical studies of Oswatitsch® and Zierep*> who derive lin-
earized expressionsfor the propulsiveefficiency of two-dimensional
bodies with external burning in supersonicand hypersonicflows, re-
spectively.

This Note briefly reintroduces the just-mentioned theoretical
studies and sets out a simple isobaric slice analysis (ISA) method
to obtain Oswatitsch’s expression in a direct manner. The method
is then extended to obtain an alternative approximation for propul-
sive efficiency in hypersonic flows, which sets a lower bound than
indicated by Zierep. The approach used is believed to be original,
although it bears some resemblance to an analysis by Gazley.5

Like the aforementionedworks,*~¢ the ISA method assumes per-
fect gas relations. Real gas effects and viscous flow effects are ig-
nored, and the simple analyticalapproximationsdevelopedhere may
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