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Effects of the Earth Orbit Environment on Thin-Wall Bubbles

Scott Thomas*
Utah State University, Logan, Utah 84322

The use of thin-wall bubbles and erectable films has been proposed for a variety of applications in Earth orbit.
These structures would be blown or erected from curable liguids. In this paper, the effects of the space
environment on such structures are analyzed. Effects due to thermal loads, high vacuum, ram pressure, and
atomic oxygen ablation are considered. The low thermal mass and large area of the structures lead to a strong
coupling with the thermal environment. Large temperature gradients and swings (~ 100 K) can be expected.
Although potentially detrimental, these properties could be advantageous to satellite thermal control systems.
For liquid structures, the relatively low vacuum leads to very long mechanical damping times (hours). A finite
liquid vapor pressure can also render closed structures unstable to bursting. The proposed structures have a very
small mass per surface area giving a large ballistic coefficient. Atmospheric drag is therefore significant. Liquid
structures can deform or collapse. The orbital lifetime of a free bubble can be very short (fractions of an orbit)
and sensitive to the ambient density. This sensitivity could prove to be a useful tool to study atmospheric density
at orbital altitudes. Associated with the drag process is the problem of atomic oxygen ablation at orbital
velocities. The thin nature of the structures can lead to short disintegration times (hours) by ablation.

Nomenclature
A = bubble surface area
A, = cross-sectional area
a = absorptivity at optical wavelengths
a, = acceleration due to viscous force
B = magnetic field
Cp = drag coefficient
Cy = specific heat of bubble wall
E;r = thermal energy of bubble
F = drag force
F, = viscous force in bubble wall

v
F(¢) = force on disturbance ¢
= collision parameter
= gravitational constant
radiant intensity inside bubble
= external radiant intensity
= emitted radiant intensity
= normal external radiant intensity
= ablation rate
= radius of bubble blower
mass of Earth
= molecular weight of bubble wall
= mass of bubble
= Avogadro’s number
= unit inward normal
= ambient number density
= radiant power
= partial pressure of insoluble gas
= pressure inside bubble
partial pressure of soluble gas
= liquid vapor pressure
pressure gradient in bubble wall
= ambient pressure
= distance from center of Earth
= bubble radius
radius of inner bubble surface
radius of outer bubble surface
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equilibrium bubble radius

= arc length

temperature

temperature at back of bubble

temperature at front of bubble

potential energy of disturbance

velocity in bubble wall

bubble volume

orbital velocity

coordinates of point on bubble surface
distance from center along symmetry axis
distance from symmetry axis

angle between velocity vector and surface normal
ballistic coefficient

amplification factor for disturbances
inverse time constant for damping

bubble wall thickness

= emissivity at infrared wavelengths

= ablation efficiency

absolute viscosity of liquid

polar coordinate

angle between surface tangent and symmetry axis
deformation parameter

kinematic viscosity of liquid

magnitude of spherical disturbance

= ambient mass density

mass density of bubble wall

surface tension

d0/8T = surface tension coefficient with temperature
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osg = Stefan-Boltzmann constant

T4 = disintegration time constant

Tr = thermal time constant

7, = viscous damping time constant

o = natural frequency of bubble
Introduction

HE purpose of this paper is to characterize the effects of

the near-Earth space environment on large, thin-wall bub-
bles and films. A thin-wall bubble is defined here as a thin
(1-100 pm) shell of solid or liquid surrounding a low-density
gas. A bubble or film, blown, erected, or released into Earth
orbit can be significantly affected by environmental factors
such as the high vacuum, thermal loads, ram pressure, and
atomic oxygen ablation by the ambient atmosphere. This work
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was undertaken in order to identify and to quantify these
effects in relation to their impact on possible practical applica-
tions. Emphasis has been placed on size and lifetime limits-and
altitude dependence. Thin-wall bubbles or erectable films may
have a number of applications in low Earth orbit.! These
include optical mirrors, radio frequency antennas, solar col-
lectors, thermal radiators, wake shields, and, as will be shown,
scientific probes of the mass density and ablative properties of
the ambient atmosphere. Some of these applications could be
filled by conventional inflatables, but bubbles, being thinner,
have the advantage of requiring less raw material and can be
formed in situ.! ‘

A bubble would be formed by creating a thin liquid film and
then ‘‘blowing”’ a gas on one side of the film. If liquid can be
added to the film, in principle, because of the lack of gravity,
the bubble can be ‘‘blown” indeterminately large. As will be
shown in the following, though, there are a number of envi-
ronmental factors that limit the maximum achievable size.
Depending on the application, the bubble could stay attached
to, or be released from, the blowing mechanism. In addition,
rigid or erectable frames could be used to define the shape of
the bubble or form thin films. After the desired configuration
is achieved, the liquid film could be solidified by photo poly-
merization, thermal setting, binary curing, etc.

The use of bubbles in low Earth orbit requires a knowledge
of the environmental effects and responses. Some applications
such as thermal radiators, wake shields, and scientific probes
depend on the coupling of the bubble to the environment. It
will be shown that the environment puts constraints on the
type of materials that can be used, on the usable size, and the
lifetime. An understanding of these limits and constraints is
needed to assess which applications are practical. Undesirable
responses to the environment may also be overcome if they are
sufficiently understood.

Analysis of Environmental Effects

As stated above, a thin wall bubble is defined as a thin shell'

(of solid or liquid) surrounding a low density gas. At the
ambient pressures in Earth orbit, the mass of the enclosed gas
is negligible compared to the mass in the wall (although this is
not the case at atmospheric pressures). The mass of the bubble
is therefore taken to be

m = 4nrip,, M

The total mass is very small, e.g., a 1-m-diam bubble with a
1-um wall has a mass of only 3-4 g. Since the total mass is
small, the total specific heat is small and resides in the wall.
Owing to the small inertial and thermal mass, the bubble is
very gossamer mechanically and thermally. This is the crux of
many of the applications stated above but is also why environ-
mental factors, usually not significant, are so important.

The pressure drop across the surface of a liquid wall bubble
is given by the Young-Laplace equation. For spherical symme-
try

4
Pi—Py=—" @)
ro

The P, can be on the order of 40/r,, s0 pressure terms such as
the ram pressure or liquid vapor pressure can have large
effects on shape and stability. These are not applicable to

solid-wall bubbles, but presumably the solid wall was formed -

from a liquid phase; these effects must therefore be consid-
ered.

We will discuss the effects of the thermal environment, the
relatively high vacuum, and the ambient atmosphere. The high
vacuum effects and deformation due to ram pressure are
applicable only to liquid wall bubbles. The other effects are
important for liquid or solid wall bubbles. The effects of the
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plasma environment and v X B field are not described. Except
for the case where a bubble is intentionally charged to many
thousands of volts, these effects are insignificant compared to
the effects detailed below.

Thermal

A bubble in Earth orbit will be radiatively coupled to the
environment. The radiant intensity from the sun is about 1350
W/m?, and in low Earth orbit about 240 W/m? from the
Earth. The thermal power radiated away by the bubble is

P=cogpgAT* 3)

The total thermal energy of the bubble is the heat capacitance
times temperature.

Er=p,c,0AT @

When a bubble crosses the terminator between day and night,
the input radiant flux changes by a factor of over 5. The
equilibrium temperature changes with a time constant on the
order of the total energy divided by the power radiated away

_ PuCwd
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Note that this is independent of bubble size. For a 1-um wall
bubble at T =300 K with e=1, we find 7~3 s. A bubble is,
therefore, strongly coupled to the thermal environment owing
to its small mass and large area.

To find the equilibrium temperature profile, we must con-
sider thermal transport within the bubble. Conduction and
convection are insignificant in the wall due to its small thick-
ness, and so we consider only radiative transport. Since essen-
tially all of the thermal mass resides in the wall, our model will
be a spherical shell with an external radiant intensity incident
from one direction. The temperature profile (on the shell) is
assumed axially symmetric about the direction of the incident
radiation (§=0). The shell is assumed partially opaque at
infrared wavelengths with emissivity e (equal to the infrared
absorptivity) and either opaque or nearly transparent at opti-
cal wavelengths with absorptivity . In equilibrium, the total
flux over every element of area on the shell must be zero. The
contributions to the total are the external flux, the loss radi-
ated inward and outward, and the flux from the rest of the
shell. The flux balance is

(Hex-Hioss + Houp) d4 =0 (6a)

for every element dA. Dividing out dA4 and giving the explicit
expressions for H,

aHy {cosd | —2eospTH0O) + X dH' =0 (6b)
shell

everywhere on the shell, where 8 is the angle between the
outward normal of the shell and the incident flux. The in-
finitesimal intensity dH ', at position x, from an element of
area at x’, can be written®

(7a)
™

g 0T (n-Gx—x)n’ -(x—x’)}dA,
Jx—x ]

where n, n’ are the inward normals of the shell at x, x’.
Equation (7a) neglects internal reflections. This is a good
approximation at infrared wavelengths where most of the
unabsorbed radiation may pass through the thin film. For a
spherical shell, the term in brackets is equal to (4r)~2 for any
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(x, x ') pair. Equation (6b) then becomes

aH, | cos@ |- 2easpT 4(0)+ > j T4’ )smo d¢’=0 (7b)
. 0

For an optically opaque bubble, the external flux term is zero
on the back half of the shell, and so T is constant over #/2 <
6 < .=. For a nearly optically transparent bubble, the external
flux is nearly the same on the front and back half, so we take
T to be symmetric about 0= /2 in this case. For either case we
see from Eq. (7b) that

1" ‘
T4<f> =—S T49") sin’dg’ (82)
2 4 . i
and so the solution is of the form
H,
T40) = T4<E> + Ml (8b)
. 2/ 260’33

Substituting Eq. (8b) into (7b) we find for a free bubble

aHo‘ 1 ’
- 6

ZEO'SB<4 +cos >

H,
T4(0) = —
26053

T49) = = 05% opaque (%9a)

1
<§+|cos(9|> 0 < @ <7 transparent (9b)

The temperature profiles for radiant input from the sun or
Earth are given in Fig. 1. Temperature differences across the
bubble on the order of 100 K are possible. Temperature swings
at the terminator on the order of 100 K are also possible and
will take place in only seconds by Eq..(5). Note that the
temperature profile is 1ndependent of size. The dxscontlnuous
gradients at §=7/2 would of course be smeared out by con-
duction. :

If a satellite or blowmg mechamsm is attached to the bub-
ble, it can act as a net source or sink of heat. If we assume. the
satellite is at some given temperature and is attached at a point
8, then the temperature profile of the bubble is given by Eq.
(8b). Considering ‘only attach points on, the back half (7r/
2<f8<x) or front (0=0) of an opaque bubble

aH,
THO)=T¢ + cosh (Tb'specified) (10a)
SB ‘ ‘ :
350 ”
— OPAQUE — SUN
—-— OPAQUE — EARTH
—— TRANSPARENT ~ SUN
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Fig. 1 Temperature profiles for free opaque (a/¢=1) and transpar-
ent (a/e=0.1) bubbles with radiative input from the sun (Ho=1350
W/m?) or Earth (240 W/m?).
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T0)=T} +

aHo (cos@—1) (T specified) (10b)
0SB

where T}, or Tyis the source (or sink) temperature on the front
or back bubble surface respectxvely The net power sourced or
sinked by the satellite is the power radiated away minus the
total incident power. Using the temperature distributions of
Eqgs. (10) and assuming radiative loss over 4 steradians,

P,m = A <€OSBT2 ~ 8 aH0> (Tb Specified) (1 la)

P=A <eUSBT} — % aHo> (T specified) (11b)

The power per unit bubble surface area sourced by an attached
satellite at a temperature T is plotted in Fig. 2. The total power
sourced or sinked is quite large for T, or T, significantly
different from the equilibrium temperature of a free bubble. If
power cannot be sourced (or sinked) by the satellite, it will, of
course, eventually reach the equlhbrlum temperature of a free
bubble —the time constant for which is determined only by
how fast thermal energy can be transferred within the satellite.

' The large temperature gradlents and swings can have a
number of severe effects. These include deformation or rup-
ture of the wall during a temperature swing or nonuniform
curing along the bubble. In a liquid wall bubble, thermocapil-
lary -flow will occur since the surface tension of a liquid
depends on temperature. The thermally induced surface ten-
sion gradient is balanced by shear stress in the film, and a
pressure gradient and small flow result.? The pressure gradient
will cause liquid in the wall to “‘drain”’ toward a lower temper-
ature, much as the hydrostatic pressure gradient causes a
bubble wall to drain downward in the terrestrial environment.*
The magnitude of the thermocaplllary pressure gradlent is?

da/dTYVT
vP~(——?‘———6)— (12)

For a typical set of values (=1 um, 30/87 =0.1 dyne/cm,
Vv T'=1K/cm), the pressure gradient, and therefore the drain-
ing rate, is the same order as the hydrostatic gradient that
would result in the terrestrial environment.

1500
Ty FAIXED
1000 --- 1, FIXED
—~ 500
o~
£
~
z
< (o]
~
a.
-500
—1000 1 1 1 i 1
100 200 300 400

T (K)

Fig. 2 Net power per unit bubble surface area sourced by a satellite
of temperature 7 attached to' the back half or front of a bubble,
a/e=1, Hy=1350 W/m2 .
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Vacuum

. The pressure environment in low Earth orbit can be very

dynamic and complex. For example at an altitude of 320 kin,

the ram pressure due to collisions with the ambient atmo-
sphere can be 10~ Torr on a frontal surface and drop by two
orders of magnitude on a rear surface. The pressure near a
spacecraft due to outgassing or thruster firings can be as high
as 10~* Torr and drop to 10~7 Torr in the wake.’ In such
relatively low pressures, the only damping of disturbances in
the liquid bubble shape will be by viscosity in the wall. It is
also well known that bubbles can become unstable (nucleate)
when the liquid vapor pressure is on the order of the ambient
pressure, We will therefore consider the dynamics and stabil-
ity of a liquid wall bubble with finite vapor pressure.

We use the simple model of a spherical bubble in a uniform
ambient pressure and consider the equation ‘of motion for
spherically symmetric disturbances of the surface. The gas
inside the bubble is taken to be of three components: 1) a
component which does not diffuse through the bubble wall
and satisfies the ideal gas law, 2) a component which is pro-
duced at a uniform rate inside the bubble and is entirely
soluble in the bubble wall (collides only once with the wall and
then diffuses through), and 3) a component caused by the
outgassing of the liquid. The equations of state for the three
components are

|14

&
& t
T cons (13a)
P,A = const (13b)
PV =const (13¢)

The equilibrium of the bubble is given by Eq. (2) with
P;=P,+P;+P,.

The potential for a disturbance is just the energy required to
create the disturbance.

=SodA~j(P,~—PO)dV (14)
For an isothermal chahg’e in r from the equilibrium ro

U(r) = 8r0(r? — r2)— 47(Py— P, — P,)r3 en<—r~>
r(J

‘ 4
—16m0rd m(—f) +37Po—P) (r*~1)
0

—4xPai(r —ro) 4 5)

where we have used Eq. (2) to eliminate P,. The force acting
on a disturbance, £ =r —ry, is just — VU (E) To lowest order
in £

F(¢)= ~[32n0+ 4nro(3P,— 3P, — P,)]¢ (16)

The damping for small disturbances is derived in the Ap-
pendix; the result is that the damping is proportional to £, The
equation of motion for small £ is, therefore, that of a damped
harmonic oscillator

E+2vE+wiE=0 (17a)
with
3
y==5 (17b)
1)
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80 3(Py—P,)—Ps
p6r0 pdrg

2

= (17¢)

where we have used Eq. (1) for the mass of the bubble. The
frequency of oscillation (fy= wo/27) is plotted in Fig. 3 as a
function of pressure for different radii with =1 ym.

For ambient pressures much lower than (40/r), the surface
tension terms dominate the energy function, and the fre-
quency becomes constant. Conversely, for larger pressures the
pressure terms dominate and the frequency varies like the
square root of pressure. This increase continues only as long
as Eq. (1) is a good approximation. For most applications in
Earth orbit, it is expected that surface tension will dominate
the oscillations. This is because Py should be interpreted as the
lowest external pressure around the bubble and can be very
low for the wakeside of a bubble in the freestream.

The first important result is the damping of disturbances. It
is not hard to show that except for the special case wy?—0,
discussed below, the motion is highly underdamped. The time
constant for disturbances to damp out is then y~ 1.

2

_Io
= 18
7 3v (18)

For a typical viscosity of perhaps 1 Stoke, the time constant
for ry=1 m is almost 1 h. The other important parameter to
consider is the amplification of external perturbations at the
natural frequency. The amplification factor for a weakly
damped osciliator is I'= wy/ (2v). For Eq. (17) with P, =P, =0,

this becomes
3P0r0 .
=20 / 1+
I'= % 6( Py ) (19)

Even for surfac’e__tension dominated oscillations with typical
parameters of, ry=1m, »=1 cm?/s, 0 =15 dyne/cm, 6 =1 um,
p=1 g/cm?, we find T ~10*~10°. For amplification factors
this.large, the entire energy function of Eq. (15) should be
used but the order of magnitude would probably not be
changed.

The combmatlon of long dampmg times and large amplifi-
cation of disturbarices near the natural frequency would seem
to make the bubble uncontrollable. Any finite disturbance has
the potential to amplify to a magnitude large enough to cause
the bubble to collapse on itself or to burst due to thinning of

2

10
[~ r=_.lm
10 —~
— N
N |
I -
S
v—o B
1=
10"1 oot crreond 3oy vl Lo
107° 107 107t 107 1072 g0
P —P, P (torr)

Fig. 3 Resonant frequency (fo= w0/21r) of spherical oscillations as a
function of pressure; ¢=15 dyne/cm, 6=1 pm.
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the wall. Since the damping time is so long compared to the
time scale of possible external pérturbations from, for exam-
ple, small lateral motions or rotations, the bubble is effectively
never in its equilibrium of stationary spherical symmetry.

One possibility to overcome the detrimental effects of weak
damping is to engineer a liquid wall with extremely large
viscosity by, for example, using thin film effects, which can
increase the effective viscosity by orders of magnitude’ (at
least in the wy—0 limit) or by using non-Newtonian shear-
thickening liquids. Another possibility would be to use extra
supports or .struts in the liquid wall thereby reducing the
effective ry in Egs. (18) and (19) and increasing the effective
frequency.

The second important result is that the bubble becomes
unstable to small disturbances for large enough P, and r.
From Eq. (16) the term in brackets is the spring constant for
the system. When this becomes negative, small disturbances
grow, and the system is unstable, This can also be seen from
Eq. (17¢) as the condition for imaginary frequencies. Higher-
order terms in Eq. (16) show that only £ > 0 disturbances are
unstable. The instability will therefore occur as an unbounded
growth in r until the bubble wall thins sufficiently to rupture.
Physically, the instability occurs when the work done by an
expansion of the gas PdV beomes greater than the energy
needed to create new liquid surface ¢dA4. The condition for
stability is

P,+ V4P, < (80/3r0)+ Py 20)

Equation (20) is plotted in Fig. 4 for different ro. The region
of stability is below each curve. Note that for any finite P,
there is some P, and ry for which stability is lost, larger ry
being more unstable. For P, + 1/3 P, < Py, stability is guaran-
teed. When the pressure drop across the bubble is larger than
P, (oscillations are surface tension dominated), instability is
possible. Higher modes are volume conserving to lowest order
and therefore unimportant in the instability.

In order to find the actual time dependence of the unstable
growth, the full energy function of Eq. (15) must be used.
However, the time constant for small disturbances to grow can
be estimated by solving the equation of motion for Eq. (15) at
the point of instability. Expanding in powers of £/ry, Eq. (15)
with P; =0 becomes

16 o (=nmt [ g]n
eS| BT e

when the condition of Eq. (20) is satisfied as an equality. To
lowest order, the time for an initial disturbance &, to grow to

O(rp) is then
@V3) [oird
! vV 50/ Io 8¢ (22)

The term under the last radical sign is just the inverse fre-
quency of a surface tension oscillation. Since the rms £, may
be a large fraction of rg, the time constant is therefore just
some factor times the inverse natural frequency that would
result if the pressure terms were unimportant. This time is long
enough to justify the equations of state [Egs. (13b) and (13¢)].

For a bubble attached to a blowing mechanism, the condi-
tion for stability is somewhat different. In this case r, corre-
sponds to the radius of curvature of the liquid film. For a
bubble blown from a circular orifice, the radius of curvature
is initially infinite when the film is flat. As the bubble is
blown, the radius of curvature decreases until it is a hemi-
sphere when the radius of curvature equals the radius of the
orifice. As the bubble continues to grow, the radius of curva-
ture again increases. Since the maximum ry equals the radius

I
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Fig. 4 Critical vapor pressure for instability as a function of ambient
pressure; ¢ =15 dyne/em.

of the blower, L, the necessary condition for some stable size
to exist becomes

poip <390 p (23)
v 3 s 1L 0

Figure 4 can also now be interpreted as the maximum orifice
size for some equilibrium to exist. The condition of Eq. (23)
does not guarantee that a stable bubble can be formed from a
flat film since, in general, the flat film is unstable to growing
modes if P, or P is finite.

The vapor pressure problem could be greatly reduced by
making the blowing chamber and/or bubble partially open to
the ambient P,. This would decrease the effective P, but not
eliminate it since the mean free path can be of the order of the
bubble size. For P, > P, it would be necessary to keep these
openings at pressures less than Py to decrease the destabilizing
effects. Also, the use of a Maxwell viscoelastic liquid would
add a positive term to the energy function thereby increasing
the critical vapor pressure.

Ram Pressure

The ambient number density in low Earth orbit can be as
high as 10° cm~3. The mean free path in low Earth orbit is on
the order of 1 km. In addition, the average thermal speed is
lower than the orbital speed by a factor of about 10. The
pressure on a rear-facing surface is therefore down by an order
of 10~2, We will, therefore, assume Py= 0 on rear surfaces and
ballistic collisions on frontal surfaces. With an orbital velocity
of the order of 8 km/s, the ram pressure due to collisions can
be as high as 10~ Torr as stated above. Due to a bubble’s
small mass and large surface area, the ram pressure can have
a number of important effects. For a liquid wall bubble these
include the tendency to become dislodged from its blower and
to undergo large deformations for Py,, ~4¢/r. The large bal-
listic coefficient of a free bubble also implies that the re-entry
time is very short.

The total force on an object due to the ram pressure is

F=Cpf.Vipv?A, (24)

where f, = 1 for inelastic collisions, and f. =2 for elastic colli-
sions. The maximum force of adhesion of a liquid bubble to a
blower is on the order of twice the surface tension times the
circumference of the blower. In order that the bubble stay
attached to the blower, this must be greater than the ram
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force. For a sphere suffering elastic collisions, this corre-

sponds to
L
r< 8%(—) @3
pvi\r

Equation (25) is plotted in Fig. 5 for L /r =0.1. The maximum
size of an attached liquid bubble is fairly restricted in very low
orbit. For some applications it may be necessary to attach
extra supports to the bubble in order to increase adhesion or to
form it in the wake of another object. Once the bubble is
solidified, this is not a restriction.

Next we consider the deformation of a liquid wall bubble
caused by the ram pressure. The normal pressure on the front
surface is

Py = f, V5 pv? cos’a (26)

The equilibrium shape of a liquid surface is given by the
Young-Laplace equation. If we assume axial symmetry about
the direction of the velocity vector, the Young-Laplace equa-
tion can be written®

y' 1 o
26{— ‘[1 + (y’)2]3/2 +y[1 + 1)2]1/23 =P — P 27

where’ =d/dx. The term in brackets is twice the mean curva-
ture of an axially symmetric surface described by y =y (x) with
y = 0 being the symmetry axis. The back half of the bubble is
spherical since Py =0 and therefore P; = 40/r. Substituting
this and Eq. (26) into Eq. (27) with f. = 2, we get the nondi-
mensional differential equation for the front surface.

y" _ 1 2uy 'y
Lo nrometuron &
where
— pv2
= 4o/r (28b)

The parameter y is a ratio of the pressures and sets the scale of
the deformation. The coordinate transformation

dx dy
— =COS\ — =sinA 29
Rt 29)
500
400 -
£
X
L SEPARATION FROM
o 300t
S 0 BLOWER L/r=.1
=
i
<
200 -
COLLAPSE DUE TO
RAM PRESSURE
100 Lo vvensb oo v v ppaaad 0 g s gy
-1 2
10 1 10 10
" mox (m)

Fig.s Maximum radius of a liguid wall bubble as a function of
altitude; o =15 dyne/cm.
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where ds is the differential arc length, brings Eq. (28) into the
somewhat more manageable form

d\ s =1
it —2+4 |cosh || | sinhds+yo| —2p sin®\ (30)

0

This also guarantees that the solutions are functions, A =\(s).
Equation (30) was integrated numerically using an explicit
second order Euler differencing, with initial conditions A=0,
d\/ds = —1, corresponding to x =0, y =ry, ¥ =0. The solu-
tion was then mapped to the (x,y) plane. The results for
different u are shown in Fig. 6. The bubble collapses on itself
for u=2.74. This defines a maximum size for a liquid wall
bubble and is plotted in Fig. 5 as a function of altitude. This
limit is not too restrictive except at low altitudes.

Finally, we consider the re-entry of a free bubble due to the
net drag caused by the ram pressure. The drag acceleration
due to the ram pressure is

F/m = — Cpff. Yapv? @31
where the ballistic coefficient is given by

é_ 1
m 4p,6

8= (32)

Note that 3 is independent of r since mocr?. The ballistic
coefficient for a thin-wall free bubble is very large, and so the
re-entry time is very short. In fact, the time is so short that the
usual approximations of circular or elliptic orbits with slowly
changing radii are not good. To find the trajectory and life-
time, we therefore directly integrate the orbital equations of
motion with drag.

SMp+ L (33)

R= —
R? m

In polar coordinates these become
.. . GM I . . R
R~ RiP= == Co SR (14 R o

L A . . Rb
72R0 +RO=—CpBZp(R )(R2 +R Zez)m 34

Fig. 6 Deformation of a liguid wall bubble for different p.
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Fig. 7 Tréjectories down to 150 km of spherical bubbles released
from circular orbits; § =1 pm; the altitude scale outside the Earth is
expanded 10 times for clarity.

Equations (34) were integrated numerically using a second
order Euler finite differencing. The time step used was on the
order of 10~ ! s, and the accuracy in R per orbit for circular or
elliptic orbits with no drag was better than 1 cm. The ambient
density profile used was taken from Ref. 9. A value of
fo = 1.54 was required to fit the known trajectory of the global
low orbiting message relay (GLOMR) satellite launched from
the Space Shuttle.!®

The trajectory for a spherical bubble of 1-um wall thickness
released from a number of circular orbits is shown in Fig. 7.
The re-entry time for spherical bubbles of 1- and 10-um wall
thickness, released from initially circular orbits, is given in
Fig. 8. Because of the enormous ballistic coefficient, applica-
tions of a free bubble must be limited to short durations. This
suggests using free bubbles as probes of the ambient density.
If the trajectory could be accurately recorded from the
ground, the density along the trajectory could be extracted.
Actually, the trajectory differs so much from the drag free
orbit that a local measurement of the separation rate between
a bubble and a low ballistic coefficient satellite would give an
accurate measure of the local ambient density. For example, at
320-km altitude a 1-um wall bubble separates from a 8 =0
satellite with an acceleration of 0.07 m/s?, in the direction
opposite the velocity vector. This corresponds to a 100-m
separation in just under 1 min.

Above roughly 600-km altitude, the radiant solar pressure
becomes larger than the atmospheric drag. We have integrated
a number of trajectories starting from circular orbits above
600 km including solar pressure. The orbits become roughly
elliptical with the semiminor axis in .the direction of the solar
flux. The eccentricity increases rapidly and nearly linearly in
time. For example, starting from 800 km, the maximum alti-
tude initially increases by 6.7 km/orbit for a reflective 1-um
wall bubble.

Atomic Oxygen )

The major constituent of the ambient atmosphere in low
Earth orbit is atomic oxygen. The total reactive energy avail-
able to an oxygen atom at orbital velocity is on the order of 10
eV. This large reactive energy can cause chemical changes in a
surface. It has also been found to cause ablation of exposed
surfaces. Since the proposed structures are so thin, they are
very susceptible to disintegration in a short time by atomic
oxygen ablation.

The time taken for a wall of thickness é to entirely disinte-
grate is

)

T K(nv)
where (nv) is the atomic oxyg\‘en current density. The ablation
rate K is given by

Td 3%5)

&M

K
owiN4

(36)
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Fig. 8 Orbital lifetime (to reach 150 km) as a function of altitude for
a spherical bubble of different wall thicknesses.
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Fig. 9 Atomic oxygen disintegration time as a function of altitude
for different thicknesses.

where e is the efficiency of removing a molecule from the
surface per incident atom. The ablation rate has been mea-
sured for a number of materials in low Earth orbit. For
organic films similar to what might be used to form a bubble
K ~3x10~% cm3/atom,!! corresponding to an ey of about
10—4. The disintegration time for this K and the atomic oxygen
density of Ref. 9 is plotted in Fig. 9 for three different wall
thicknesses. The lifetimes are measured in tens of hours at
Shuttle altitude. This may eliminate most long duration appli-
cations of unprotected bubbles and thin films in low Earth
orbit, but very short duration applications may make use of
this limited lifetime. For example, given K, the time taken for
a thin film of known thickness to disintegrate gives a measure
of the atomic oxygen density. The film thickness could be
measured by optical interference techniques. A more extensive
treatment of the ablation problem in low Earth orbit is given
elsewhere.!?

Conclusions

This study has identified and quantified the relevant effects
of the Earth orbit environment on large diameter thin-wall
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bubbles and films. These effects are all relevant to the use of
gossamer structures in low Earth orbit. The principal results
of this study are as follows.

1) Because the thin-wall bubble has an extremely low ther-
mal mass, it is very efficiently coupled to the thermal environ-
ment and associated satellite. The thermal time constant is on
the order of seconds. Very large temperature differences
across the bubble (~ 100 K) and temperature swings at the
terminator (~ 100 K) can be expected. This can lead to ther-
mocapillary flow in a liquid wall, with a pressure gradient up
to the order of the terrestrial hydrostatic gradient. The combi-
nation of large temperature differences and pressure gradients
could deform or rupture a bubble or thin film. On the other
hand, the strong thermal coupling to the environment makes
the bubble a potentially useful tool in controlling spacecraft
temperatures.

2) The low ambient pressure leads to very long mechanical
damping times (hours) for a liquid wall bubble or thin film.
The amplification of disturbances at the resonant frequency is
also extremely large and could potentially make the structures
unusable. A finite liquid vapor pressure also presents severe
problems for forming a film or bubble. It may be necessary to
keep the bubble open to the ambient pressure or an even lower
pressure.

3) The ram pressure due to the orbital velocity through the
ambient atmosphere can have a significant effect since it is on
the order of the surface tension pressure for a curved liguid
film. Deformations can occur, and the net ram force can even
dislodge a liquid bubble from its associated satellite. This
defines a maximum usable size for liquid wall bubble. Because
of the enormous ballastic coefficient for a free bubble, its
orbital lifetime is very short. This suggests tracking the bubble
trajectory in order to measure the ambient density.

4) The ablation by atmospheric atomic oxygen is also signif-
icant for a thin film. This process would lead to a relatively
short lifetime for unprotected films.

The gossamer nature of thin films and bubbles in Earth
orbit makes them susceptible to the environmental effects
listed above. Some of these suggest novel applications such as
thermal radiators and probes of the ambient density. Others,
such as low vacuum and atomic oxygen ablation, need to be
considered in the design and use of these gossamer structures.

Appendix: Damping in a Liquid Wall Bubble

We will consider the damping of spherically symmetric dis-
turbances of a liquid wall bubble. Damping within the gas is
neglected, and the bubble wall is assumed to be a Newtonian
liquid with absolute viscosity 4. The viscous force per unit
volume is given by —» Vv 2u, where u is the velocity field in the
wall. The velocity in the wall can be calculated by assuming
the liquid is incompressible. The positions of the inner and
outer surfaces of the wall are

n=ryg+£& (Ala)

r=ryg+06+§ (Alb)

where § is the wall thickess and ¢ the displacement from
equilibrium. The velocity of the inner surface is simply

u(r)==% (A2a)

and, assuming the liquid is incompressible, the velocity of the

EARTH ORBIT ENVIRONMENT 445

outer surface, up to order £/ry and 8/ry, is
u(r)=[1-(28/r)lé (A2b)

The velocity in the wall is entirely radial and to first approxi-
mation a linear function of r. Given Eqs. (A2), therefore,
u(r)=[3-Qr/rié n<r<r (A3)

The viscous force per unit volume is therefore
F, 6).

=-q9|l5 Ad
% n(roz £ (Ad)

The acceleration due to F, is

a, = —(6v/rd (A5a)
or
a, = —2y¢ (A5b)
with
y=3v/r} (A6)

where v is the inverse decay time for spherical disturbances.
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