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This paper describes the development of an inflatable concentrator for solar propul-
sion, providing the source of heat to a hydrogen engine aboard the Solar Rocket.
The latter is a device designed to carry payloads from a low earth orbit (LEO) to a
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) G. Grossman geosynchronous orbit (GEQ) at significant mass savings in comparison to chemical
propulsion; it involves two lightweight parabolic reflectors in an off-axis configura-
tion focusing solar radiation into the absorbers of the engine, which causes the emis-
sion of a hot hydrogen jet. Each of the reflectors has an elliptical rim with a 40 m

major axis, providing heat to the propellant sufficient to produce about 40 Ibs. of
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thrust. The same concentrator concept is contemplated for space power applica-
tion-to focus solar radiation on a conversion device, e.g., a photovoltaic array or

the high temperature end of a dynamic engine. Under the present project, a one-

fourth scale, 9x 7 m off-axis inflatable concentrator has been under development as

a pilot for the full-scale flight unit. The reflector component consists of a reflective
membrane made of specially designed gores and a geometrically identical

transparent canopy.

The two form together an inflatablenslike Structure which,

upon inflation, assumes the accurate paraboloidal shape. This inflatable structure is
supported alongifs rim by a strong, bending-resistant torus. The paper describes the
development of this system including the analysis leading to determination of the
. gore shapes, the reflector membrane design and testing, the analysis of the sup-
‘porting torus, and a discussion of the effects of the space environment.

1 Introduction

Solar concentrators for use in space have received growing greater than those attainable by arelectric arcjet thruster. The
attention in the past few years in view of their many potential solar rocket offers the mission planner a viable alternative be-
applications. Among those, perhaps the most important ones tween the high payload-long trip time of aarcjet propulsion
are space power generation and solar propulsion. In the device and the relatively low payload-short trip time of the
former, the concentrator is used to focus solar radiation on achemical system.

conversion device, e.g., a photovoltaic array or the high
temperature end of a dynamic engine; in the latter, concen-
trated solar radiation is used to heat a low molecular weight
gas, thereby providing thrust to a solar rocket.

Figure 1 illustrates the Solar Thermal Rocket (references
[1-3]). In this propulsion scheme, solar energy is reflected by
the large parabolic mirrors toward the rocket body, where
hydrogen fuel is heated to a very high temperature and ex-
hausted through a nozzle. Table 1 compares solar propulsion
with a number of other schemes, for delivering a payload of
the same initial mass from the Low Earth Orbit (LEO) of the
space shuttle to Geosynchronous Earth Orbit (CEO) [4].1tis
evident that solar propulsion is potentially capable of deliver-
ing specific impulses nearly double those of current chemical
propulsion. The thrust levels are an order of magnitude
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Another application of spaceborne solar concentrators is
for power generation [5]. Future missions in space will require
abundant power for use on satellites. While conventional
photovoltaics have been used in the past and provide a reliable
source of power, they do have several drawbacks. Their low
efficiencies make it necessary to use large areas of cells, requir-
ing extendible hard structures for support. These large struc-
tures make for a complex deployment scheme as well as a high
system weight. Another drawback is that the large area re-
quired for the low efficiency cells will create significant drag
for satellites, especially in Low Earth Orhit (LEO). Solar
Dynamic Power Systems (SDPS) offer aviablealternative to
photovoltaics, with lowersystem weight and drag area. These
power systems typically consist of large parabolic reflectors
that focus solar radiation into a receiver where the high inten-
Sity heat is collected. This heat is then used to generate
mechanical power using aBrayton, Rankine, or Stirling cycle
engine. The lower system weight andarea is mainly dueto the
higher efficiency of dynamic power systems; for a given area
of collector surface, more energy is generated with the
dynamic power system than with photovoltaics.

Currently, material tests and system designs are beingon-
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Table 1 Performance Comparison of Different Propulsion

Schemes [4]

Arcjet
Specific impulse 1,000
(impulse per unit mass)
(sec)
Mass to GEO (ibm) 15,500
Thrust (Ibf) 0.5
Trip time (days) 103
Initial mass (bm)at LEO 62,000

Fig. 1 lllustration of the solar rocket system (courtesy of Rocketdyne
Div., Rockwell International Corporation)

ducted leading tothe development of a SDPS for satellite
power [6]. The baseline system consists of an off-axis segment
of a paraboloidal dishwith approximate dimensions of 7x9m
(Fig. 2). The concentration ratio (ratio of concentrated heat
flux at engine aperture to solar flux incident on reflector) re-
quired by this type of system is on the order of 2,000.

One of the most important objectives in the design of space
concentratorsis low mass. A promising option for achieving
this goal isthe use of inflatables, the inherent advantages of
which have been demonstrated[7,8]. Inflatable space systems
invariably require less packaged volume, are lower in weight,
and cheaper throughboth development and production phases
than competing mechanically erected systems. The potentially
harmful effects of the space environment, including that of
micrometeoroids, are much less than originally anticipated
since large inflatable concentrators require very low inflation
pressure; gaslost through leaks can be easilyreplaced from a
small supply of reserve gas. Inflatables deploy “and function
very well in space, where the absence of gravity creates ex-
tremely low loads. High surface accuracy is obtained due to
the constant force provided by the inflatant.

This paper describes the development of an inflatablcon-
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Fig. 2 Inflatable solar reflector for satellite power system
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centrator for solar propulsion, providinghe source of heat to
a hydrogen engine aboard the Solar Rocket. The ultimate
system will require two reflectors, each having an elliptical rim
with a40-m major axis, to provide 40 Ibs. of thrust to the two
engines of the rocket. Under the present project, a one-fourth
scale, 9x7 m off-axis concentrator has been under develop-
ment as a pilot forthe full-scale flight unit. The reflector com-
ponent consists of a reflective membrane made of specialy
designed gores and a geometrically identical transparent
canopy. Thetwo form together an inflatableienslike structure
which, upon inflation, assumes the accurate paraboloidal
shape. This inflatable structure is supported alongts rim by a
strong, bending-resistant torus.

The paper is dividedinto four sections. First, a description
of the concentrator system is given, including the reflector
membrane, the outer rim support or torus, and the structural
truss. Next, the development of the inflated reflector is
discussed. The third section is devotecto the torus, which sup-
ports the membrane. The last section discusses the effect of
the space environment on these inflatable structures.
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2 Concentrator Description

The function of the Deployable Solar Concentrator in the
propulsion system of the Solar Rocket is, as explained earlier,
to focus solar radiation into the absorber of the hydrogen
engine and heat the gas tc2500°C, thereby causing the emis-
sion of the hydrogen jet to provide the thrust. The total
amount of heat to be supplied by the concentrator is 150kWw,
requiring a total reflector projected area of approximately
1500 m?. The concentration ratio necessary to achieve the re-
quired temperature is about 10,000: 1.

Two paraboloidal reflectors in an off-axis configuration are
located on either side of the rocket asillustrated in Fig. 1. The
reason for this configuration is to avoid an interaction be-
tween the reflector and the propellant jet. The off-axis
geometry is formed by a plane intersecting a parent paraboloid
of revolution (on-axis) of focal length F at some angle to its
axis of symmetry. The resulting rim is an €ellipse; when viewed
along the paraboloid’s axis the rim assumes the shape of a cir-
cle with a diameter equa to the ellipse’s minor axis.

Each reflector is mounted on a truss providing the correct
position with respect to the engine. The members of the truss
are connected to the reflector outer frame by means of
jackscrews, alowing for fine position adjustments, and to the
body of the spacecraft by means of aturntable, asillustrated
in Fig. 2. The turntable provides one of the two degrees-of-
freedom required for pointing the reflector toward the sun ir-
respective of the direction traveled by the rocket. The other
degree-of-freedom is provided by the rocket’s roll about its
own axis, A control system sensing the location of the concen-
trated sun spot with respect to the engine aperture employs the
jackscrews to adjust the position and to point the reflectors
toward the sun as the rocket maneuvers and moves through
space. The current sensing concept employs heat/temperature
sensors located on the turntable around the absorbeaperture,
This concept is not final and other methods are being
investigated.

Figure 3 illustrates the concentrator, showing its main parts.
It consists of two geometrically identical thin membranes
forming together a pillowlike structure which, upon inflation,
assumes the accurate paraboloidal shape. The two membranes
are attached together aong the plane, elliptical rim. One mem-
brane has a reflective coating and serves as a concentrating
mirror; the other is transparent and serves as a canopy. As
mentioned earlier, the dimensions of the prototype reflector
presently under development are 7 x 9 m. The inflatable pillow
is mounted on a strong, bending-resistant rim support by
means of connecting tandems and straps.

The reflector membrane and the canopy are made of very
thin films of plastic material. For the current development,
0.25 mil Mylar has been used. The materials for the flight unit
will be selected to withstand the damaging effects of the space
environment. Each membrane consists of specially designed
flat gores seamed together along the edges. When pressurized,

the gores undergo an elastic deformation so as to assume the

design paraboloidal shape. Note that the uninflated shape is
not a paraboloid. A design algorithm has been developed to
calculate the shape of the gores as a function of the properties
of the material and the inflation pressure. The details of the

design process are described in the next section. It should be

noted that the inflation pressure required is very low, on the
order of 0.0002 psi, and is inversely proportiona to the size of
the reflector.

The pressure acting over the membrane surface creates a
sizable force which must be taken up by the rim support at the
edges of the membrane. The rim support contemplated for the
present concentrator is an elliptical torus with a circular cross-
section. Two alternatives have been considered for the torus

SIEM: ONE 15 alully milatable toroidal tube; the other is a
rigidized structure with either a solid or an annular cross-
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Fig.3 Schematic description of the deployable solar concentrator

section. The former is preferable from the standpoint of easy
deployment and low weight; there is, however, a risk of punc-
ture by micrometeoroids and space debris which could cause
significant loss of inflatant. Note that the torus is different in
this respect from the reflector, the former requiring much
greater pressure than the latter. The rim support analysis and
consideration of alternatives will be discussed in detail in Sec-
tion 4.

The members of the truss connecting the concentrator
assembly to the rocket are made of the thin, lightweight
auminum shell. The truss is packaged prior to deployment
aong with the rest of the concentrator. When inflated, the
aluminum shell undergoes plastic deformation which rigidizes
it in place. Loss of inflatant from the shell later on will not af-
fect the dimensional stability of the truss. Changes in length of

the truss members due to thermal expansion and contractions

may be compensated for by the jackscrews.

The concentrator is equipped with a guidance and control
system designed to maintain its accurate paraboloidal shape
and point it toward the sun, when required, at the correct posi-
tion with respect to the rocket engine. The former task is per-
formed by sensing the distance between the membranes and
adding or venting inflatant, as needed; the latter task is per-
formed by the jackscrews and turntable. Note that the concen-
trators are in operation only through a fraction of the mission
time. The solar rocket path from LEO to GEO involves a
series of orbits around the Earth, with relatively short apogee
and perigee firings of the enging3).

Two key components of the Deployable Solar Concen-
trator-the reflector membrane and the torus-have posed a
challenge to development: The former in achieving the high
surface accuracy and the latter in providing rigid support
while maintaining low weight. The development of these two
components is described in the next two sections.

3 Reflector Membrane Design and Testing

To achieve the extreme concentration ratios required by the
solar rocket, the reflective membrane must be designed and
fabricated with very high accuracy. An analysis was per-
formed using the Concentrator Optical Performance Software
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Fig. 4 Geometry of reflector gores: (a) isometric view (b) gore
segments (c) top view

(COPS) obtained from the Sandia National Laboratory to
determine the effect of surface errors upon concentrator per-
formance [9]. This code takes into consideration the

divergence of the solar rays due to the finite size of the solar

disk and employs a Monte Carlo ray trace technique which
assumes a random distribution of surface inaccuracies over
the concentrator surface, within its specified RMS surface ac-
curacy. The code creates a map of power density on the
receiver surface and can produce a profile of concentration
ratio versus the distance from the center of the receiver. Two
modifications to the COPS code were needed in the course of
the analysis[9}: First, the axisymmetrical geometry used in the

the membrane is pressurized, a three-dimensionaparaboloid™==———

is formed.

For simplicity, the construction of an on-axis axisymmetric
reflector is desertbed-first-tFrg- =7 i
circular, with the axis of the paraboloid passing through the
center of the membrane. Due to the symmetry of the concen-
trator, all the gore segments are identical. To join the
segments, a 3/8 inch wide, 1/2-mil thick tape is used on the
back surface of the reflector. The seams are heat seded; ap-
plying a hot iron to the tape melts the adhesive, making a
much stronger bond than possible with a pressure-sensitive
tape. Asshown in Fig. 4(&), the gores do not al meet at the
reflector center. Instead, they meet at a circular cap to avoid
an excess of overlapping tape from the gore seams.

Determining the shape of the gores is quite complicated.
While a complete analysis of the problem is outside the scope
of this paper, some theoretical background is presented. The
gores are designed to be cut out of a flat, thin plastic sheet.
When seamed together and pressurized, they undergo an
elastic deformation and assume the design paraboloidal shape.
The amount of deformation is a function of the material
properties, the inflation pressure, and the geometry. Based on
the target paraboloidal geometry with the desired foca length,
a “backward” calculation is carried out to give the uninflated
shape of the flat gores. The procedure is fairly straightforward
when dealing with the uniform properties of a uniform
thickness film. The problem then becomes axisymmetrical.
We denote arc elements of the inflated paraboloid by dc and
ds in the circumferential (hoop) and meridiona direction,
respectively, and the corresponding ones in the uninflated
body of revolution by dc’,ds’, respectively. Assuming an ,
elastic deformation, we can write:

SH—VSM)

= M

¥ de=dec’ (1 +

= Sy —vSy
as a1+ Su =25
AY AY E

where S, and S, are the stresses in the hoop and meridional
directions, respectively, v is Poisson’s ratio and E is the

@

code had to be replaced by the off-axis geometry of the present material modulus of elasticity.S,, and S, are given by[11]:

concentrator; second, the surface deviations found in in-
flatable paraboloids are not random, but highly ordered [10]
(“W" or “M” shaped typically when measured from one side
of the paraboloid to the other) due to the tension induced in
the membrane by the pressure. The actual concentrator error
is a combination of systematic and random errors, the latter
resulting partly from the imperfect specularity of the reflector
surface. The code was modified to take this into account. In
the course of the analysis, the modified code was used to
predict the concentrator performance for different combina-
tions of systematic and random error. It was found that a 1.5
mrad random error plus a 2.785 mrad systematic error gave a
peak concentration ratio of 10,600 at the center of the receiver
and an average of about 10,000 over the entire receiver aper-
ture, which satisfies the enginerequirements.?

Following the results of the analysi{9], a goa for the con-
centrator under the present development was set for the slope
error not to exceed 1.0 milliradian. The slope error at any
point is defined as the angle between the vector normal to the
actual reflector surface and that normal to the design

paraboloid, at that point. The design problem is to make pat-

terns (gores) of thin film such that when seamed together and

:ll was later learned that the COPS code in its original form had an error
which sometimes led to erroneous results. T. R. Mancini of Sandia National
Laboratory indicated to us that this was possibly related to the routine in COPS
generating the random Gaussian distribution of solar rays. This routine was
replaced by another Qng¢ but the results did not vary much. Further check of the
accuracy requirements using another code may be in order.
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Sy =PRy/2t 3)

)

where Ry, is the radius of curvature of the surface in the hoop
direction, R,, is the radius of curvature in the meridional
direction, p is the inflatant pressure, and ¢ is the material
thickness. R, and R,, aswell as dc and ds may be expressed in
terms of the cylindrical coordinates r,z defining the
paraboloid. Thus, for a given pressure, material properties
and thickness, four equations are available for the two
unknown stresses and the two coordinates defining the
uninflated shape. —

The problem becomes considerably more complex when
considering the effect of the seams, which are much stiffer
than the rest of the reflector and reinforce the membrane in
parts. Also, the plastic film used to construct the membrane is
often dlightly unisotropic; with different moduli in the meri-
dional and hoop direction. To solve this more complex
problem, a computer code has been developed [10] which
helps determine the gore shapes for the membrane. The
underlying principle is based on the fact that the material at
the gore center (single thickness) will stretch more than the
reinforced seams. The outline of each pie-shaped gore can be
tailored to provide forthis. This design tool has worked quite
well; reflectors have been built with slope errors below 3
milliradians RM S[9]. Under the present program, the ability
of the code has been extended to handle the off-axis case. This

Sy =(PRy/2t) (2 = Ryy/Ryp)
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is quite a ssimple extension, when considering that an off-axis
paraboloid is actualy a portion of a much larger on-axis

the sun. Moving the laser on the optical bench and the optical
bench on its vertical guides creates a series of parallel beams

paraboloid (Fig. 4(c)). A circle is projected over the top view simulating the solar radiation. The beam can impinge upon
of the dish to determine the points along the gore seams which any part of the reflector membrane, and is subsequently

lie on the border of the off-axis rim.

An accurate gore template and a gore mandrel were
fabricated, based on the computer caculations. The template
was used to cut the gores out of the flat plastic sheet and to
mark their end points. The mandrel was used to position adja
cent gore sections when joining them together. The mandrel
shape duplicates the profile of the calculated, uninflated
shape. )

Under earlier programs[9,10] two on-axis paraboloidal in-
flatable reflectors were developed and tested. The aim was to
show that an inflated membrane can be designed and
fabricated with a slope error below 3 milliradians RMS. This
was in fact achieved; the final tests yielded results better than
2.8 milliradians. Part of the surface inaccuracy is due to the
restrictive effect of the seams which is, however, confined to a
small area in the vicinity of the seam.

Figures 5 and 6 describe the test set-up for the present, more
complex off-axis reflector. A ray tracing technique is used,
employing a laser travelling horizontally on an optical bench.
The latter is mounted on a steel frame alowing for a vertica
change of its position. The frame is positioned with its frontal
surface at a 40 deg angle relative to that of the reflector, to
simulate the position of the off-axis paraboloid with respect to

reflected to a plane focal screen. The traces of the reflected
rays on the screen form a series of data points. The accuracy
of this method based on the size of the laser image on the
screen, and its distance from the screen, was estimated at 0.5
milliradian. Reflector accuracy is determined by a data reduc-
tion code based on the positions of the incident and reflected
beam relative to the reflector. The data was reduced for the
first test article, a subscale 2 x 3 meter membrane, showing
very good results. The slope error distribution over the reflec-
tor surface is described in Fig. 6. The RMS slope error is ap-
proximately 3 milliradians for this case.

4 Rim-Supporting Torus

The pressure acting over the surface of the reflector and
canopy membranes creates a sizable force which must be taken
up by the rim support at the edge. The rim support-a torus in
this case-must have not only the strength to carry this load
but also the rigidity to resist deformation and alow the mem-
brane to maintain its accurate shape. The first step toward the
design of the torus consisted, therefore, of aload and defor-
mation analysis [12,13}. A complete description of the
analysis is beyond the scope of this paper; a summary of the
methodology and the results is given as follows.

Earlier work on structural problems in rim supports of in-
flatable membranes has concentrated largely on circular rings.
Due to the axial symmetry, the membrane-applied tension
results in a uniform compressive stress in the ring. Murphy
[18] gave an excellent description of the experience with cir-
cular heliostat frames which have sometimes shown signs of
buckling out of the plane of the ring. This buckling results
from insufficient strength against bending in a circular ring
designed to hold no more than a uniformly distributed com-
pressive load. In the present off-axis case, the rim support is
not circular but eliptical; it is subject to a nonuniform load
and therefore must be designed to carry bending in the plane
of the ellipse. The resulting toroidal cross-section would make
it more than sufficiently resistant to out-of-plane buckling.

In calculating the load, the forces transmitted by the mem-
branes to the rim were first evaluated. Despite the complex
off-axis geometry, calculation of the forces may be simplified
by considering the fact that the off-axis membrane forms part
of a parent axisymmetrical paraboloid. The meridiona and

gl

Fig.6 Schematic description of test apparatus and test results (slope

errors are given in milliradians)

Journal 61 Solar Energy Engineering

NOVEMBER 1990, Vol. 112 1233



(Frimax=1-51pb° |(Fs)max=0-4pb®

Fig. 7 Internalforcesdistributionalongtheelliptical riminthenormal
(right)andtangential (left)directions

circumferential stress distribution in the latter may be
calculated using equations (3) and (4), with the radii of cur-
vature evaluated from the parabolic geometry. Then, the
forces transmitted to the rim support are calculated by apply-
ing those stresses at points along the off-axis elliptical rim
(recall that the off-axis paraboloid is formed by intersecting
the parent paraboloid by an inclined plane). The analysi[12]
has shown the tension per unit length of rim exerted on the rim
support by the membranes to be on the order opb), where p
is the inflation pressure and & is half the major axis of the
ellipse-a characteristic dimension of the rim support. The
tension, therefore, increases in direct proportion to the size
and to the pressure. Normally, the requirement in designing an
inflatable reflector is to maintain some minimum tension in
the membrane in order to remove wrinkles and “waviness’
from it. Thus, the larger the reflector, the larger the radius of
curvature and the smaller the inflation pressure required. For
the present 7 x 9 m reflector, the pressure was selected to be
0.0012 psi, based on the gore design. In the ultimate 31 x 40
meter unit, the pressure would be about four times lower. For
the geometry of the Deployable Solar Concentrator, the max-
imum force per unit area exerted by the two membranes on the
rimis 2 x 1.39 (pb) and is amost normal to the rim. For the
7x9 m concentrator this maximum force amounts to 0.6
1bf/in.

The forces transmitted to the rim support create in it inter-
nal compression and shear forces; in the case of an off-axis
geometry, the lack of symmetry in the torus also causes ben-
ding moments. The internal forces and moments may be
calculated by a free body analysis of sections of the torus, tak-
ing into consideration the membrane-applied forces. The
analysis[12} has shown the internal forces to be on the order
of (pb?) and the internal moments-on the order of (pb?).
Figure 7 describes the internal force distribution along the rim
for the geometry of the Deployable Solar Concentrator. Shear
forces, normal to the rim, are shown on the right part of the
ellipse and compression forces, tangential to the rim, are
shown on the left. It is evident that the compression forces are
considerably larger, at any point, than the shear forces. Thus,
with (pb) approximately constant, the shear and compression
increase with the first power of the reflector size and the
moments-with the square of the reflector size; the stresses
resulting from these loads are dominated by bending. The
analysis has yielded the force and moment distribution along
the torus. The largest compression force and bending moment

2341 Vol. 112, NOVEMBER 1990
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occur at the top end (farthest from the focus). For the par-
ticular geometry of the Deployable Solar Concentrator, they
are 1.50pb* and 0.21pb?, respectively. In the 7x 9 meter con-
centrator, taking into consideration the effect of both the
reflector and canopy membranes, the maximum compression
force is 116.5 Ibf and the maximum bending moment is 2935
Ibf-in.

Knowing the force and moment distribution in the torus
makes it possible to calculate the deformation, based on the
properties of the torus material and its cross-section geometry.
In the deformation analysi{13], a differential element of the
torus is subjected to the loads calculated earlie{12]. Both the
bending and the compression contribute to the deformation
athough the effect of the former is dominant. Assuming the
deformations to bepurely elastic, we can calculate the change
in length of the element due to the compressive force and its
compression resistance (EA), and the change in its radius of
curvature based on the bending moment and the bending
resistance (EI). Here, E is the modulus of elasticity of the
torus material, A is its cross-section area, and | is its moment
of inertia. Neglecting the effect of compression, the analysis
shows the deformation to be on the order of (pb’/ED. With
(pb) approximately constant, the deformation increases with
the fourth power of the size. The deformation distribution
along the torus has been calculated by integrating the results
for the differential element over the entire torus length [13].
The maximum deflection occurs at the top, aong with the.
largest moment and compression force.

Figure 8 shows the moment distribution (left) and deforma-
tion distribution (right) along the elliptical rim. The moment,
normalized with respect to(pb?), reverses direction, as shown,
between points at the end of the magjor and minor axis. The
deformation is calculated, with respect to the point, along the
ellipse closest to the apex of the parent paraboloid.

The above results have been used to select a torus cross-
section to provide both the necessary strength and rigidity. As
mentioned earlier, two alternatives have been con-
sidered: one is a fully inflatable structure; the other is a
rigidized structure. A fully inflatable torus has a clear advan-
tage in ease of deployment and light weight. It consists of a
toroidal tube, made of a strong, flexible material which can be
folded and packaged into a small volume when uninflated.
Several materials were considered for this purpose with the
most promising being a coated Kevlar fabric. The pressure re-
quired for the inflation of the torus is considerably greater
than that for the reflector in order to provide the required
strength and rigidity. The one disadvantage of the inflatable
concept is the sensitivity to puncture by meteoroids. Due to
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Fig. 9 Meteoroid model-three regimes of particle size and their effect

the high pressure inside, the leak rate may be prohibitively
large.

Under the rigidized concept, a collapsible structure is envi-
sioned which can be packaged aong with the reflector prior to
launch and inflated in space. Once deployed, the toroidal

where m is the mass of the meteoroid in grams, LOG refers to
base 10 logarithms, and N is the number of particles of mass
or greater, per square meter per second of exposure time. To
convert meteoroid mass to size, the meteoroids are estimated
to have a specific gravity of 0.5. Debris is excluded in this case
since GEO s relatively unpolluted.

The meteoroid damage mechanism was also taken from
reference [15]. In all cases of puncture, the diameter of the
hole created is larger than the meteoroid. This is based on tests
performed prior to the Apollo missions, and also on recent
tested performed specifically on thin films. The damage to the
film is a function of the material-thickness-to-meteoroid-
diameter (T/D,,,) ratio.

For low vaues of T/D,, (large meteoroids) the hole
diameter created is dlightly larger (1.1 times) than the
meteoroid diameter. This is referred to as the “cookie cutter”
region. The particle passes through the film without breaking
up and continues to pierce the “back” side of the balloon.

In the intermediate range of the T/D,, ratio, the meteoroid
and the material break up upon impact and a hole is created
which is much larger than the particle, by an amount dictated
by the T/D,,, ratio. In this case, most of the particle’'s energy is
lost due to impact and the fragments do not continue to pierce

structure is rigidized in place such that the loss of inflatant at athe second side of the balloon.

later time no longer affects its strength or rigidity. Two

For very high values of the T7/D,, ratio, (large material

possibilities have been considered. In one, a thin toroidal tube thickness) the particle does not have sufficient energy for com-
is filled with polyurethane foam, produced in place from its plete penetration. Instead, a crater is formed in the material
two liquid monomer components, to form either a solid or an which will affect the local material strength, but there will be
annular cross-section. In the other, the torus is made out of a no passage of the gas from the inside to outer space. The addi-

gelatin-and-water-saturated fabric, which turns rigid as the
water evaporates out of the gelatin. At this point, a final deci-

tional effects of the stress due to cratering are unknown at this
time and are not factored into the analysis.

sion on which aternative to use has been postponed pending A summary of the meteoroid damage model is given in Fig.
9

further evaluation.

5 Effects of Space Environment

A number of environmental concerns exist with any
spaceborne object. Among the most important are the effects
of micrometeoroids, atomic oxygen, and UV radiation. Of
those, the ones of greatest potential hazard to inflatable struc-
tures are micrometeoroids.

In the past, inflatable structures have not been considered
for fear of puncture by micrometeoroids and man-made
debris. Their large size makes an easy target for these high
velocity particles. However, while most space design re-
quirements seek ultimate reliability through very limited punc-
ture, the thinking behind inflatables is completely opposite.
Rather than protect the structure with heavy bumpers, it is
made lighter in weight, allowing full puncture by meteoroids
and replacing the gas that leaks with a small supply of stored
inflatant. The full advantage of this approach becomes evi-
dent when considering that the larger the structure size, the
lower the inflation pressure. With an object in the space
vacuum, the inflation pressures are extremely low, on the
order of 10~ psia. The inflated volume is in fact so rarefied
that the leakage is dominated by free-molecular flow.

A model has been developed to estimate the effect of
meteoroid puncture [6]. It takes into consideration two fac-
tors: (1) the meteoroid environment, and (2) the meteoroid
damage mechanism. The same model has been used to predict
damage to other space structures [14]. For the present
analysis, the environment for GEO is used since the Solar
Rocket spends little time in the heavily cluttered LEO. The
flux eguations are given below[15]:
for -12=LOGm=< -6

LOGN =~ 14.339-1.584LOGm - 0.063(LOGm)? (5

for—6<LOGm<0

LOGN = —14.41 - 1.22LOGm ©)
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Combining both environment and the damage model yields
the inflatant loss. The gas loss from the solar rocket reflectors
for the first 30 days in space has been calculated to be only 1.3
pounds.

The most prevalent substance in Low Earth Orbits is atomic
oxygen, which tends to degrade any organic or highly oxidiz-
ing metal structure in LEO, partly due to a chemical reaction,
partly due to mechanical impingement. Coatings are presently
being developed to protect hard surfaces from atomic oxygen
degradation [16]. Similar coatings may be available in the
future for protection of thin films.

The films and coatings of spaceborne solar concentrators
are chosen to best protect it from UV radiation degradation.
Mylar tends to degrade and crumble due to space exposure.
Therefore, while Mylar has been used for the ground-based
reflector development tests, a material more resistant to UV
such as Kapton will be used in flight. Transparent Teflon will
be used for the canopy. An additional advantage to the Teflon
isthat it isthe |least reactive film to atomic oxgyen[17].

6 Conclusion

An inflatable prototype for the Deployable Solar Concen-
trator has been developed. Detailed analyses have been con-
ducted on different aspects of the inflatable off-axis concen-
trator-gore design, surface accuracy, rim support strength,
and deformation. The tests conducted to date on a subscale
2 x 3 meter model are encouraging. The studies show the in-
flatable reflector to be a viable concept and an attractive ater-
native to rigidized structures for space solar concentrators.
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