THERMAL CONDUCTIVITY MEASUREMENTS OF
AEROGEL-IMPREGNATED SHUTTLE TILE AT
CRYOGENIC TEMPERATURES

B.P.M. Helvensteijn1, J.R. Maddocks1, LJ. Salerno2, P.R. Roach2,
P. Kittel2 and S.M. White2
1

Atlas Scientific
San Jose, C A 95120, US A
2

NASA Ames Research Center
Moffett Field, CA 94035, USA

ABSTRACT
New materials are being designed to allow the implementation of innovative concepts
in future space transportation vehicles. In present day spacecraft, launch vehicles consist
of an overall structure in which the cryogenic propellant tanks are mounted in a framework
covered by an aeroshell. In NASA s next generation space transportation vehicles the
innovative concept of conformal propellant tanks will be utilized. In addition to containing
the propellants the cryogen tanks will serve as part of the main vehicle structure. This
concept enables significant reduction in launch mass. Crucial to this approach will be the
development of a material that will serve not only as cryogenic insulation on the launchpad
and early in flight, but also as a thermal protection system (TPS), protecting the vehicle on
re-entry. Prior to selection for this challenging application various material properties are
to be assessed. The present paper discusses experimental results on the thermal
conductivity of a preliminary candidate material (an aerogel-impregnated shuttle tile) in the
presence of helium gas. Data have been taken at room temperature and near 80K at
pressures ranging from latm down to 20mTorr. The capability to extend the tests down to
lower temperatures (4K) was not utilized considering the noted adsorptive qualities of the
open cell structure of the tile.
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INTRODUCTION

One of the most significant factors in the development of any spacecraft is the
reduction of launch mass. Reusable vehicles are especially tied to this precept considering
that with each flight fuel may be saved and other expenditures reduced. Future space
exploration will rely increasingly on reusable launch vehicles making it the more relevant to
design low launch mass as an embedded feature into the next generation launch vehicles.
The traditional launch vehicle consists of an overall external shell with an internal
structure supporting the various modules. The propulsion system, propellant tanks and
payload are all separate items that are installed into the basic vehicle structure, each item
adding mass with its individual container and support struts. Significant mass reduction
becomes possible when each sizable item on board the spacecraft takes on multiple
functions. The greatest launch mass reduction may be achieved by merging the
functionalities of the major components of the spacecraft. The next generation spacecraft
will apply this concept by employing conformal tanks in which the propellant tanks partly
constitute the main structure of the vehicle.
The great promise of conformal design may be realized by researching the various
aspects involved in the actualization of this concept. The aspect we intend to investigate is
the functionality as a cryogenic insulator of the thermal protection system (TPS) that is to
be attached to the outside of the cryogenic propellant tanks, in particular the hydrogen
tank. Given the conformal design concept, the TPS performs the dual function of
insulating the cryogenic tanks from the open-air environment, preventing excessive boil off,
and of protecting the spacecraft as a thermal shield during re-entry into the earth s
atmosphere. Presently, several candidate materials have been identified while other
potentially suitable materials are yet in the development stages.

Characterizing the prospective materials as a cryogenic insulator involves two major
issues: 1) thermal conduction from the open-air environment through the vast TPS
insulating blanket to the tank wall; 2) adsorption of air, water and other substances from
the environment. The present paper concentrates on the thermal conduction aspect of the
TPS materials research. The design of the apparatus built to conduct the thermal
conduction measurements will be discussed. The method chosen to analyze the data will
be illustrated. Then the results of initial tests on a candidate material, aerogel-impregnated
AETB-8 shuttle tile (RF150), will be presented and compared with available data.

EXPERIMENTAL SETUP

The purpose of the TPS is to guard the cryogen tanks both against destruction, due to
re-entry heating, and excessive loss of cryogen, due to heat exchange with the atmosphere.
Clearly, this requires excellent insulation qualities. Any material with potential will exhibit
large temperature drops even at low heating powers. Considering that in actual use the
TPS will be exposed to the open air, the test setup allows the samples to be engulfed in
gas. The apparatus is designed such that thermal conduction of the gas surrounding the
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sample does not affect the thermal conductivity measurements.
The configuration chosen in order to reduce parasitics including convection heat
transfer is that of an undivided isothermal box around the entire test sample. Having the
sample completely surrounded by an isothermal shell of known temperature eliminates all
concerns about potential heat exchange with any external substance or object. An
isothermal hot plate with an electrical heater is placed in the center of the sample. Hence,
all heat that is applied to the hot plate must flow through the sample once the temperature
differential between the isothermal surfaces has stabilized. The chosen configuration will
show changes in the sample s thermal conductivity with gas pressure if they occur. A
dependence of the experimental results on gas pressure may be correlated with the
transition from the molecular flow regime to continuous flow which is governed by the cell
size of the porous samples.
A cut-out view of the thermal conduction apparatus (TCA) is shown in Figure 1. The
isothermal sample box is made out of 6 mm (1/4) thick OFHC copper. The cylindrical
shell and bottom plates are all bolted together forming an isothermal box around the sample
while the top plate is simply resting on top of the sample. Flexible 40 mesh copper straps
connect the top plate to the box ensuring thermal equilibrium. The hot plate is equipped
with a cernox thermometer, a Si diode thermometer and an electrical heater. These three
items are each mounted inside a small instrumentation disc that mounts wholly inside the
hot plate (discs protruding from the hot plate in the cut-out view). The sample box is
equipped with a Si diode thermometer and an electrical heater. The hot plate heater is used
to apply heat for the thermal conductivity measurements; the sample box heater assists in
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Figure 1. Cut-out view of the test setup.
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raising the overall temperature. The box is heat sunk to and suspended inside an isothermal
(OFHC copper) vacuum tight sample chamber. This chamber is placed inside the vacuum
can and equipped with a heater and a Si diode thermometer. This arrangement allows
variation of the temperature of the sample chamber and its contents well above that of the
cryogen bath surrounding the vacuum can (LN2 or LHe). Two cylindrical boxes plus two
square boxes, each with a corresponding hot plate, have been constructed. In order to
connect the instrumentation on the hot plate to a terminal outside the box, 4 copper and 16
manganin wires are drawn, each 0.8 m long and 0.13 mm in diameter. These wires run in a
spiral through the sample from the hot plate to a terminal just outside the box.
The first TPS candidate material inserted into the TCA has been a set of 2 identical
round discs of shuttle tile, impregnated with aerogel. The intent of adding the aerogel is to
reduce the cell size of the tile s open structure. Such has the potential of bringing the
thermal conduction into the free molecular regime at atmospheric pressures, thereby,
substantially reducing the thermal conductivity. The center of each disc is machined to
make room for the isothermal copper hot plate which is placed in between the two discs.
The tile sandwich has a diameter of 20.2 cm and is 3.7 cm high; the round hot plate has a
diameter of 14.0 cm and is 0.9 cm thick. The insides of the round isothermal copper box
touch the external surfaces of the tile sandwich.

THERMAL ANALYSIS

The experimental setup has the advantage of eliminating uncertainties regarding any
heat loss due to unintended heat sinks even in the presence of gas. However, the box
geometry does not lend itself to a direct conversion of the test data into thermal
conductivity by means of a single closed formula. We illustrate our numerical solution to
this problem with the two-dimensional example sketched in Figure 2. Shown is a quarter
segment of a square plate. The isothermal center disc has a hypothetical 1 W heat load and
is assumed to be at 200K; the isothermal perimeter is at 100K. All internal nodes, such as
the one labeled 0, are at some intermediate temperature. However, there is no exact
formula by which the temperature of this node, or any other node, can be established.
Instead, the temperatures at the internal nodes may be approximated iteratively. The
following discusses the Relaxation or Gauss/Seidel method1 (R/GS) used in this paper to
solve the nodal temperatures for steady state heat flow.

Assumed are two isothermal boundaries (heavy lines in Fig. 2) to the medium that
conducts the heat. The medium is represented by the square array of nodes. Initial values
are assigned to the temperatures at all the nodes, i.e. all initial temperatures assigned to the
internal nodes are merely educated guesses. The only error free nodes are on the
unchanging isothermal boundaries.

Steady state implies that the heat flow into all internal nodes must cancel, which is
not the case for the nodal temperatures as initialized. For the square geometry in Fig. 2
with equally spaced nodes, we would find for instance for the heat flowing into node 0 :
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Figure 2. Quarter segment of a two-dimensional square geometry with a coarse nodal
arrangement. At convergence the net steady state heat flow into
each node internal to the insulator (e.g. node 0) cancels.

q

= (kA/L)(T 1 +T 2 +T 3 +T 4 — 4T0) > 0

(1)

where: k is the thermal conductivity; L the distance between nodes and T the temperature.

Adjusting T0 such that q = 0 , we find a new value for T0:
To = T 0 + AT0 = (T1+T2+T3+T4) / 4

(2)

The required adjustment AT0 is only one out of the many needed for one full iteration
in which all internal temperatures are adjusted (the boundary temperatures stay constant).
Note that each iteration does not reflect a physical change but merely alters our guesses of
the internal steady state temperature profile. The iterative application of Eqn. (2) results
in an ever changing but converging temperature profile since in each iteration errors in the
initial assumptions are divided out while error-free contributions from the isothermal
boundaries permeate into the internal array of nodes. After convergence a small error in all
internal temperatures remains that is nearly the same at all the internal nodes. This implies
an inherent difference in the thermal conductivity derived from applying Eqn. (1) to the
converged temperature profile at nodes on the inner, respectively outer surface of the
insulator. This difference is a measure of the accuracy of the calculation. If the error is too
large then one needs to refine the grid, i.e. add nodes.

The convergence for the R/GS method is slow when applied to the three-dimensional
case with a small node spacing. Despite the slow convergence for small node spacing we
believe this method yields a more accurate solution to the nodal equations than the direct
inversion of a large matrix. A slight gain in speed is achieved by starting the calculations on
the diagonals where the initial guesses have the greatest errors. Further, one may take
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advantage of symmetries, e.g. mirror planes or angular symmetry as is the case for the
round discs. Symmetries may eliminate the need to calculate the temperature profile
throughout the whole sample or may allow one to keep large segments in a single cell.
Given the rotational symmetry of our sample it is modeled as a set of annular rings. This
reduces the task essentially to solving a two-dimensional problem. Each annular cell is
defined by its radial and vertical position relative to the center of the hot plate. For this
configuration Eqn. (1) is altered to represent the variation in area A and pathlength L with
the location of the node and the direction of heat flow to the node.
In order to reduce the need for very fine node spacing, we have used a hybrid method
of successive refinement of the nodal grid and extrapolation of the results to an infinite
number of nodes. The points marked in the graph in Fig. 3 show the converged
computational results with the curve fits representing the extrapolation. Plotted is the
computed thermal conductivity for the sample geometry, versus the number of nodes (for
both the radius and height). A hypothetical 1 W heat load is assumed to cause the assumed
100°K temperature differential (i.e. a thermal resistance of 100 K/W).
The R / GS method has first been applied to three test cases to verify the validity of
the model. The test cases have a very thin layer of insulation covering the top, bottom and
sides of a rod or disc. For all these cases a good approximation is the linear equation:
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Figure 3. Asymptotic approach in the R / GS computation of the thermal
conductivity with nodal spacing refinement.
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TABLE 1. R / GS Model Results Versus ECn. (3)
D
Fcml
2.2
200.2
200.2

H
fern]
200.2
2.2
200.2

D
[cm]
2.0
2.0
200.0

h
[cm]
200.0
200.0
200.0

R/GS
[W/Kcm]
7.53548*10-'
1. 55727* 10'*
5.29986*10'"

Aerogel-Impregnated Shuttle Tile with R / GS Extrapolated Result
20.2
1 3.7
14.0
0.89
3.4301*10'5

Eqn. (3)
rW/Kcm~|
7.53765*10''
1. 55840* 10'8
5.30093* 10'y

N.A.

The temperature drop AT over the thin layer of insulation is again set at 100K for a
hypothetical heat flow of 1W. The R / G S test case results are listed in Table 1 together
with the results from straightforward application of Eqn. (3). The symbols represent: D —
outer diameter of the insulation; H —overall height; d —diameter of the rod or disc; h —
height of the rod or disc. Also listed is the R / G S extrapolated result (see Fig. 3) for the
measured tile for the stated hypothetical heat flow and temperature drop. All three test
cases closely match the values estimated by employing Eqn. (3).
The experimental temperature drop and heat load data may now be applied to derive
the actual thermal conductivity. The linear relation in Eqn. (1) allows one to factor in the
actual data as follows:
^actual _

1 actual/^ * actual

(4)

ATR
RESULTS AND DISCUSSION

Helium gas was used in most of the experiments since with nitrogen gas at
temperatures near 80 K significant temperature drops were observed upon lowering of the
pressure implying substantial desorption. Other tests showed roughly 2% weight loss
upon desiccation at room temperature.
The experimental data determine the actual ratio of heat flow to temperature drop for
the sample engulfed in gas. Comparing this ratio with the values used in the computer
model gives the actual thermal conductivity by virtue of Eqn. (4). The results, obtained
with the sample chamber at 290 K and 80 K, are depicted in Fig. 4. A smooth line is drawn
between the results to guide the eye. The presence of gas in the sample shows to have a
significant effect on its thermal conduction. Within the plateau at pressures between 0.1
and 10 Torr the plotted data represent the conductivity of the sample itself unaided by
conduction of the gas within. Below 0.1 Torr contact with the sample is lost because the
gas in the gap between the sample and the metal plates is transitioning from to the
continuity regime to the free molecular regime2. Above 10 Torr the reverse effect occurs:
the gas within the cells of the sample is transitioning to the continuity regime. At 1 atm,
the maximum pressure applied, this transition is not yet complete. Refinement of the cell
structure may shift the onset of the transition from 10 Torr up to atmospheric pressures.
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Figure 4. Thermal Conductivity of the RF-150 Aerogel-Impregnated
Shuttle Tile Based on the Experimental results.

CONCLUSIONS

The Relaxation / Gauss-Seidel based method of data analysis has been proven to be
applicable to establish the thermal conductivity from the experimental data. The results
indicate that further refinement of the pore size of the RF150 tile may achieve low thermal
conduction at atmospheric pressures while at cryogenic temperatures. The RF150 tile is
not likely to be a suitable TPS material due to adsorption of air at cryogenic temperatures.
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