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elastomer. For CO,, predominant sorption was noted with
the phenolic spheres. For H:O, a major interaction also
occurred with the phenolic spheres, and it was much more
rapid (< 10 min, compared with 3—4 hr for CO;). The silica
fibers sorbed water more slowly than did the phenolic spheres,
but they sorbed about the same amount of Hz0.

Component and composite sorption are compared in Table
2. Approximately 85% of the total He sorbed is due to inter-
action of He with the silica spheres, and the balance, with the
phenolic spheres. The saturation' pressure obviously must
be about the same in the two cases in order to make valid
comparisons. The question arises: can the sorption of a
given gas by the ablator be treated as a simple sum of the
sorption by the components? Interpolation of the results in
Fig. 4 gives 3.10 X 107 moles of He sorbed per gram of
ablator at 200 torr. It is significant that the sum of the com-
ponent interactions is in excellent agreement with this value
as shown in Table 2. Similar agreement with respect to the
additivity prineiple is seen for CO,. For H:O sorption, how-
ever, comparisons of either the extent of component inter-
actions or of the component interactions with the ablator are
not possible, since it is experimentally difficult to adjust
initial pressures in the technique used such that equivalent
saturation pressures are obtained.

The mechanism of He interaction with the silica spheres,
and of CO, with phenolic spheres, were demonstrated in addi-
tional experiments in which ecrushed silica and phenolic
spheres, respectively, were used. Sorption of He on the
crushed glass spheres was negligible (Fig.7). The mechanism
of He sorption on the silica spheres then involves simply the
diffusion of He through the walls. The diffusion of He through
glass is a well-documented phenomenon. The story is
different for CO, and the crushed and uncrushed phenolic
spheres, also shown in Fig. 7. The two curves may approach
the same limit at long time, but over 2-3 hr the sorption of
CO; on crushed phenolic spheres is greater than on the un-
crushed phenolic spheres; hence the CO, must interact with
the bulk phenolic resin represented by the annuli of the
hollow spheres. However, diffusion of CO; does occur from
the interface to the bulk resin and hence the long time neces-
sary to saturate the sample. We have indeed shown’ that it
is possible to obtain the infrared spectrum of the sorbed CO,
in the phenolic resin. The interaction of CO, with the silicone
elastomer was not established.

The mechanism of water interaction with the phenolic
spheres, silica fibers and silica spheres was not unambiguously
established. However, the rapid decrease in water vapor
pressure on exposure to the phenolic spheres suggests phys-
isorption of water. The somewhat slower decrease in water
vapor pressure on exposure to the silica fibers may be due to
physisorption in the small pores of the silica fibers. The
different amounts of water sorbed by the ablator at 5- and
30-min intervals are consistent with the time difference
observed in the case of the phenolic spheres and the silica
fibers
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Nomenclature
H,W = characteristic dimensions in the z and y directions
k = thermal conductivity
L = model scale ratio; e.g., L = H,/H,
q = heat transfer
R = thermal resistance
t = material thickness (z direction)
T = temperature
x,y,2 = coordinate directions
Subscripts
¢,s = coating and substrate, respectively
m,p = scale model and prototype, respectively

Introduction

XTENSIVE studies into the development of scale model-
ing criteria and the application of scale modeling tech-
niques to spacecraft systems have been presented.’=* Recent
studies have delved into the limitations inherent in scale
modeling due to material and gage availabilities and uncer-
tainties in thermophysical properties.®¢ These studies have
pointed out certain problem areas in the application of scale
modeling techniques. One problem, considered herein, re-
lates to the thickness of the thermal control coatings that are
used to control radiant heat transfer on the spacecraft. For
most solar reflecting coatings, the thickness (typically 10
mils) must be maintained in order to preserve the radiative
properties of the surface. In the scale models this preserva-
tion of coating thickness significantly affects the heat condue-
tion balance. The temperature errors induced in scale models
as a result of preserving the coating thickness and a technique
for over-scaling the substrate to offset coating effects, are
discussed in this Note.

Discussion

Consider a thermal control coating of thickness ¢, applied
to a substrate panel of dimension H X W X t,, as measured
in the z, y, and z directions, respectively. The thermal re-
sistance for heat transfer normal to the substrate and coating
(in the z direction) may be expressed as

R = (kcts + kstc)/tctsHW (1)

Ratioing the thermal resistance for a scale model to that of
the prototype configuration results in the equation

Rm/Rp = (Hpr/Hme) [tcptsp/tcmtsm] X
[(kcmtsm + ksmtcm)/(kcptsp + kspttp)] (2)

If the model is constructed with rigid adherence to the
three-dimensional scaling criteria as discussed in Refs. 1-5,
where L = H,/H, = W,W, = ken/kep = tem/tsp = kem/kep
= lem/lcn, then the ratio of thermal resistances reduces to

R./R, = 1/L* 3)
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If, however, the substrate is scaled and the coating conductiv-
ity and thickness are preserved, Eq. (2) still reduces to Eq.
(3). It is apparent that if all heat conduction occurs in the
normal (z) direction, no special consideration must be taken
when the coating conductivity and thickness are preserved.

The thermal resistance to conduction heat transfer along the
surface (z direction) may be expressed as

R = H/W(kd, + ko) “4)
so that

Rm/Rp = (Hvap/Hme) (ksptsp +
kcptcp)/(ksmtsm + kcmtcm) (5)

If the model is again constructed with a rigid adherence to
the three-dimensional scaling criterion, Eq. (5) again reduces
to Eq. (3). However, if the substrate is scaled while ¢. and k.
are preserved, Eq. (5) reduces to

Ru/Ry = 1+ (kepbep/kster)/ [L* + (Kopten/Ksntsn)]  (6)
Since R, = H/k¢. W, and R, = H/k.t.W, so that
RJ/R: = koto/kds @
Eq. (6) can be expressed as
R./R, = (1 + Rup/R.p)/(L* + Rep/Rep) ®)
The heat conduction ratio is
4n/qp = BpAT»/RnAT, (9

but the three-dimensional criterion requires that the energy
fluxes be scaled by the square of the scaling ratio. As strict
scaling requirements have been compromised, we use this
information to ecalculate the temperature differences which
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Fig. 2 Substrate requirements to compensate for failure
to scale thermal control coatings.

might result. The three-dimensional criterion requires that
AT./AT, = L*R./R, (10)

which reduces, with the substitution of Eq. (8), to
ATw/AT, = (1 + Bo/Rep)/[1 + (1/L%)(R.p/Rep)] (11)

Figure 1 is a plot of Eq. (11) illustrating the temperature
differences which occur for several selected scaling ratios.
Figure 1 also illustrates the range of the abscissa over which
selected combinations of substrate materials and coatings
would vary. Coatings which are typical of these two classes
are the inorganic Z-93 (developed at Illinois Institute of
Technology) and the organic B-1060 (developed at Boeing)
thermal control coatings. Both are applied in approximately
10-mil thicknesses (with radiative properties being thickness
dependent) and both are white, low «a./e coatings. The
nominal thickness of the substrate (¢,) utilized for this para-
meterization is % in. As t,, or k., increases, the effect of
failure to scale the coating becomes less important.

As most spacecraft would be fabricated from a variety of
metallic materials, it is evident that models in the range of %
to 5 of full size might incur considerable errors. One solu-
tion would be to overscale the substrate, when building a scale
model, to compensate for the increased conduction in the coat-
ing. If the model is constructed with H,,/H, = W,,/W, =
ksm/ksp = L, but tem/tsp = B, and kew/kep = tem/ter = 1, then
Eq. (2) reduces to

Rm/Rp = (ksptsp + kcptcp)/(BLksptaP + kcptcp) (12)

However, if the temperatures and heat transferred both
through the coating and substrate are preserved, then Eq. (3)
must apply. Therefore, setting the right side of Eq. (11)
equal to 1/L2 using Eq. (7), and rearranging, we obtain

B/L = 1+ (Bsp/R.p)[1 — (1/L%)] (13)

Figure 2 illustrates this relationship for the same range of
variables as shown in Fig. 1. Here, however, a definite limita~
tion is imposed on this method of overscaling due to the fact
that eventually the coating itself conducts more energy than
is permissible for the scaled coating-substrate system. At
this point, compensating by this technique would have com-
pletely eliminated the substrate material. Thus only the
most highly conducting substrates would allow accurate
modeling below scale ratios of .

Summary

If energy transport normal to surfaces is dominant (energy
transport along surfaces negligible), no special consideration
must be given to scaling thermal control coatings for steady
state response. If energy transport along the surface is not
negligible, failure to scale the coating will result in tempera-
ture errors as predicted by Eq. (11); the substrate may be
overscaled, to compensate for failure to scale the coating, in
accordance with Eq. (13).
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Nomenclature
A,B,C = dimensionless parameters
[ = gpecific heat
P,f = solar input functions
G1,G1,Gs = transform functions defined by Eqgs. (13, 14, and 20)
G(9;) = function defined by Eq. (24)
k = thermal conductivity
r = radius
.S = solar flux
t = thickness
T = absolute temperature
o = solar absorptance
€ = emittance
7 = temperature fluctuation function
[/ = angular position on circumference
P = density
o = Stefan-Boltzmann constant
T = dimensionless temperature defined by Eq. (4)
¥ = rotational position
© = angular speed
Subscripts
m = mean
n =12, ..

s position of solar vector

Introduction

HE temperature distribution in rotating space vehicles in

a solar environment is a subject of considerable engineer-
ing importance, and much attention has been given to the cor-
responding mathematical problems. Previous work on these
problems®2 has been largely limited to systems in which con-
duction heat transfer is continuous throughout the solid por-
tion of the body. During a uniform quasi-steady-state rota-
tion of a sphere or a cylinder, the explicit dependence on time
may be eliminated by relating time to spatial coordinates.®
The mathematical model is then generated based on an estab-
lished, nonchanging temperature profile as observed from a
fixed frame of reference.
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Fig. 1 Coordinate system.

This procedure cannot in general be implemented when the
system involves a discontinuity in heat conduction; the tem-
perature distribution will contain the explicit dependence on
time as well as the spatial coordinates. In this Note, a thin
cylindrical shell with a line conduction discontinuity is con-
sidered. The cylinder is rotating at a constant angular speed
about the geometric axis which is normal to solar radiation.
The temperature distribution is obtained as a function of time
and dimensionless groups which include the thermal and
geometric parameters. Comparison is made with a similar
system which does not include the effects of discontinuous
conduction. One direct application to this solution is in the
evaluation of thermal bending of tubular extendible elements
on spinning spacecrafts. Current designs of these elements
incoporate seams of interlocking tabs along which conduction
heat transfer is negligible.

Analysis

Consider an infinitely long thin cylindrical shell of open
cross-section rotating uniformly in a solar radiation field as
shown in Fig. 1. If it is assumed that 1) the open gap is
small and its position with respect to the solar vector does not
vary along the length, 2) internal radiation and heat inter-
change across the gap are negligible, 3) the thermophysical
properties are independent of temperature and geometry, and
4) thermal distortions are small, the differential equation
which relates heat conduction to the energy received, re-
radiated and stored may be written

aST r2pcw OT
4 o TPOW 9L
592 — f(6,¢) — oT Y o)
with the boundary conditions (assumption 2)
0T /08)s=0 = 0 and 0T /0B)g=2, = 0 2)

Since only quasi-steady-state conditions are considered, the
initial temperature may be taken as zero.

The input function f(8,¢), which characterizes the rotation
of each point 6 on the periphery with respect to solar radi-
ation, is a rectified cosine wave which is displaced along the
time axis by the magnitude of the angle, with § = 0 and 8 =
2w defining the edges of the gap. If a delayed function of the
form

Fiy =0 UW —0)

where F(y) = f(0,¢) and U(y — 6) is 1.0 for ¢ > 6 and O
for ¢ < 0, is inserted into Eq. (1), then the required quasi-
steady state temperature is obtained.

Equation (1) is linearized by introducing the following defi-
nitions!:

T="T,1+ ) In] « 1.0 (3)
=n+% ®

where 5 and 7 are dimensionless parameters and 7', is a mean
temperature which may be defined by

Tt = — f Sf(6,4)d8



