DYNAMIC COMPRESSION MEMBERS

PAUL BIRCH,
48 Cliff Road, Cowes, IOW, PO31 8BN.

Jowrnal of The British Interplanetary Soclety, Vol. 42, pp. 501-508, 1989

Conventional compression members or struts are limited by the finite strength of available structural materials or by problems
of twisting and buckling. However, structures utilising momentum support could have any strength up to the relativistic limit
and need neither break nor buckle. They could also store large amounts of energy.

1. INTRODUCTION

The capability of conventional structural components to with-
stand great stress is limited by the finite strength of structural
materials. This is determined by the strengths of chemical
bonds. Materials available at present have specific strengths
(strength/density) of the order of 1-10 MN/m?/(kg/m’); for
example, Kevlar-49 [1] has a specific strength of (3.6GN/m?)/
(1450kg/m*)=2.5MN/m?¥(kg/m*). This specific strength dic-
tates the maximum force that can be transmitted a given
distance with a given structural mass (MN m /kg); thus 1kg of
Kevlar 1m long will carry no more than a 2.5MN load. The
specific strength therefore also dictates the maximum amount
of energy that can be stored in a flywheel of a given mass (MJ
/kg), because if a hoop of 1mradius and mass 1kg/radian is spun
at 158 1Imv's the tension, cansed by the centripetal acceleration,
v, is 2.5MN, and the kinetic energy is 1.25MJ/kg (note that
the dimensions of specific strength and specific energy are
actually the same, and correspond to the square of a velocity).
If we try to increase the load on the cable or the spin of the
flywheel above these limits the structure will fail. Compression
members may fail by buckling or twisting even before these
limits are reached. This is why struts tend to be more massive
than cables.

It is important to realise that any system using the strength of
materials to contain energy or transmit loads will be limited by
the specific strength, with the particular layout or technique
making a difference only of a factor of order unity. At best, a
system storing energy as electromagnetic fields within a solid
mass could, theoretically, store up to a factor of three times the
specific strength, six times as much as the simple flywheel (3D
rather then 1D tension gives a factor of three, relativistic field
energy rather than non-relativistic kinetic energy a further
factor of two); but that is as far as we can go with such
techniques. Chemical fuels, such as liquid hydrogen and oxy-
gen, can store similar amounts of energy (~10MJ/kg) only,
because similar bond strengths are involved. The most ener-
getic known chemical fuel is monatomic hydrogen, which
stores about 200MJ/kg.

Chemical energies are minuscule compared to relativistic en-
ergies 5o the strength of chemically-bonded materials is far
below the theoretical relativistic limit of ¢c*= 9x10'J/kg.

Dynamic structures, supported by the flow of momentum [2-
6], do not rely upon the strengths of chemical bonds and can,
therefore, have specific strengths approaching the relativistic
limit, depending only upon the momentum of the mass-streams
that make up the dynamic part of the structure.

Orbital Ring Systems [2-6], orbital towers and similar de-
vices, for use in Barth orbit, have specific energies ~60MJ/kg;
a Light-Sail Windmill [4] in close solar orbit ~100GJ/kg; and a
pellet-stream propulsion system for relativistic flight ~5x10'J/
kg, approaching the relativistic limit.

It is necessary to consider how to apply the techniques of mo-
mentum support to high-strength struts and energy storage
systems for use with solar sails, magnetohydrodynamic wings,
interstellar vehicles and other devices.

2. DYNAMIC COMPRESSION MEMBERS

Figure 1 shows the canonic dynamic compression member or
strut. If the relativistic mass line density is m, the mass-stream
velocity is v, and the length between reflectors is 1, then the
compressive force provided is:

F=2mv?
The total relativistic mass of the streams is:
M=2ml
Hence the specific strength is:
S=F/M=+v?
This assumes that the reflector mass is a negligible fraction of
the total, which will be true if the strut is sufficiently long.
The specific stored energy is:
E=1-1/7 =v¥2, yv<<c

where 7 is the Lorentz factor, (1-v¥c?) "2, and where we have
divided by the relativistic mass, not the rest mass.

An important feature of this compression member is that,
although using streams of mass in rapid motion (hence the term
'dynamic"), it does not use up any energy once set up, exceptin
overcoming losses at the reflectors.
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Fig. 1. A dynamic compression member.
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The mass-stream could take any convenient form: continuous
cable; discrete pellets; plasma; electrons or other sub-atomic
particles; light or other electromagnetic radiation. Likewise the
reflectors could be an arrangement of superconducting mag-
nets, an active accelerator system or actual mirrors. The essen-
tial feature is a highly efficient reversal of the energy and
momentum flows.

Orbital Ring Systems utilising dynamic compression mem-
bers have been analysed in detail [2-6]. As one example
consider the Partial Orbital Ring System (PORS), which is like
a masonry bridge in which the arch is under pure compression
(Fig. 2). In the PORS “‘bridge’’ the structure is dynamic, not
static, a continnously moving belt or cable, supporied by
magnets at its ‘‘foundations’’. This is not just a convenient
analogy; we could actually use PORS bridges 1o replace ma-
sonry bridges or provide new bridges with enormous spans. In
Orbital Ring Systems gravity causes the dynamic compression
member to be curved, except in an upward-pointing orbital
tower, but the principle is the same as in the canonic strut of Fig,
1 and the analysis above.

There is a circus *‘conjuring trick’* in which a rubber ball
bounces up and down between a vibrating table and a china
plate, which keeps in the air. This is, of course, a rather
inefficient dynamic compression member.

Practical implementations will usually require a reasonably
steady force. This could be achieved either with a continuous
mass-stream, like a cable, or with a sufficiently large number of
pellets of particles to enable the separate impulses to be
smoothed out. If the system is not to have too high a power
consumption, the mass-stream reversal must be highly efficient
i.e., "rubber superballs with a coefficient of restitution very
close to unity".

An important component in any practical implementation of
a dynamic compression member will be the control and stabi-
lisation system. The canonic dynamic compression member
described above is only neutrally stable. If the reflectors act like
mirrors, where the angle of incidence equals the angle of
reflection, any angular divergence of the mass-streams will be
maintained until they are lost to the side. Any misalignment of
the mirrors will lead to the same result. Furthermore, dynamic
instabilities of the mirror or reversal systems could be caused by
off-centred or uneven mass-streams, with behaviour depending
on the design of the reflector suspension.

Compression members using electromagnetic radiation, such
as light sails, can fairly readily be given an overall directional
and positional stability, for example by using secondary mirrors
around the periphery of the main beams, but efficient control
systems will still be required to adjust the balance across and
between the sails.

Other compression members, using cables or discrete mass-
streams, may suffer from more subtle forms of instability such
as oscillations within and between the streams themselves.
Some of these instabilities will be damped out by internal
losses, others will be avoided by careful design. However, most
practical systems are likely to have certain instabilities that can
only be eliminated by active feedback regulated by dedicated
electronic control circuits. The processing power required of

such systems may be considerable but within the capabilities of
current or near-future integrated circuit technology.

The stability of Orbital Ring Systems has been considered in
some detail [2] butreaders should be cautioned that some of the
analysis was in error and that additional instabilities exist which
must be countered.

A full analysis of the stability problems of dynamic compres-
sion members would be both complicated and strongly depend-
ent upon the specific configuration; it is to be expected that the
major part of the effort in designing practical structures using
dynamic compression members would have to be expended on
it

3. WING SUPPORT

An arrangement of dynamic compression members can be used
to support a compact payload above a large wing; Fig. 3 shows
a spanwise section through such a wing. Each mass-stream
produces a force balancing the lift on that portion of the wing,
thus obviating the need for large-scale structural strength.

The physical strength of the actual wing can be made arbitrar-
ily small by using as many separate mass-sireams as necessary.
A continuously spread-out mass-stream, such as electromag-
netic radiation or stream of plasma, would, theoretically, not
require the wing itself to have any strength at all.

The shape and motion of the wing and the relative position of
the payload can be controlled by changing the energy and
momentum flows in and between the individnal mass-streams,
or by moving the end-points back and forth.

Such a wing could be used within a planetary or stellar atmos-
phere, with designs based on the usual aecrodynamic forces of
lift and drag. A more exciting application would be to an MHD
wing, utilising magnetohydrodynamic forces to soar, wheel or
decelerate within an jonised interplanetary or interstellar medium.
Dynamic soaring in the turbulent interstellar medium and the
solar wind could allow unpowered wings or gliders to sail
between the stars and planets.

Dynamic soaring is the method that sustains the albatross in its
effortless flight [7]. It extracts energy from the relative kinetic
energy of regions of air with different wind-speeds in the shear
layer near the sea and can reach surprising high speeds, in
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Fig. 2. A PORS bridge.
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excess of 60 knots. Other birds use a similar technique in gusty
or turbulent conditions,

If the total velocity difference across a shear layer or in gusts
of turbulence is AV and the bird or glider can achieve a lift-to-
drag ratio of L/D, then speeds up to ~(L/D) AV/2 can be
reached. When we consider that both the solar wind and the
interstellar medium have speeds of ~100km/s or more, and that
ordinary gliders can have (L/D)~60 it is clear that there is an
opportunity for MHD gliders to reach speeds of at least .02c.
Indeed, since the solar wind is largely a collisionless medinm
there is reason to believe that an MHD wing could eliminate
frictional drag, thus achieving very much higher values of (L/
D), and perhaps even relativistic speeds. A "Starglider" inter-
stellar vehicle, propelled by free-ranging MHD wings, and ac-
celerating to relativistic speeds at a continyous one gee (10m/
§%), is an exciting possibility.

4. LIGHT-SAIL SUPPORT

Like wings, light-sails also can be supported by dynamic com-
pression members (Fig. 4). If light is reflected from the sail as
shown, the light pressure acts inwards, along the line of the
struts to the main payload. Limits on the concentrated mass of
payloads and on the size of sails can thus be overcome. The
geometry of this system is the opposite to that of a conventional
light-sail with cables. As with dynamically supported wings,
control is maintained by manipulating the component mass-
streams,

The simplest arrangement to construct is probably cne which

uses oncoming light itself as the medium for dynamic support,
by directing most of the light inwards to a mirror at the central
payload, with just enough directed sideways to balance the
momentum flow. Control of the sail is provided by changing the
amounts of light sent off in various directions at each part of the
sail.
The efficiency of this method as a means of support for the
light-sail is rather high, especially when the oncoming light is
well-collimated. The relative ease with which it could be
constructed and controlled make it an attractive possibility.

Figure 5 shows an arrangement of mirrors suitable for a light-
sail supported by the light itself. The component mirrors can be
as small as is convenient and can be arranged in an anoular
fashion around a central axis. Figure 6 is a detailed diagram of
the sail geometry. Figure 7 shows a suitable form for the overall
geometry, giving an indication of the effect of the finite angular
size of the Sun.

Itwill be observed in Fig. 5 that the light falling upon the upper
mirror (AB) is immediately reflected away, but the light falling

Fig. 4. Geometry for light-sail support.
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Fig. 5. Light-sail mirmor geometry.

upon the lower mirror (CD) is directed in towards the payload
mirror. Once between the light-sail and the payload, the light is
trapped into bouncing back and forth until it finds its way back
out the way it came. It must be emphasised that the collimation
of the light and the mirror surfaces need not be exact; the light
does not have to exit through exactly the same slot it entered by,
it is the average light flux that counts.

We may calculate the thrust generated by such a light-sail,
compared to the thrust on a black body of equivalent projected
area (the thrust on a perfect mirror at right angles to the light is
then two units). For simplicity, we shall assume perfect mirrors
and a point light source. More detailed calculations would need
to consider finite reflection coefficients and finite angular
sizes. The mirrors AB are set normal to the direction of the
payload at an angle ¢ they are double-sided. The mirrors EF,
CD and BE are set at angles o,  and ¥, respectively and can be
single-sided.

From the detailed mirror geometry of Fig. 7 we may obtain the
following equations:

T =o/2+p

¥, =Xx/cosa

y, =1=x
X, = y,c08 (@ + B)cosp
Xy = Y,c080
z, =X tanal
z =(l-x,) (tan (2+P)-tanf) +1/tan(a+ 2P)
y =cosc + zsina

Y3 = y-y[-Yj
Now the side force on the mirrors is:
F =x sin(2a)

This must be countered by the sideways component of the force
between mirrors and payload. This force is therefore:

F,=F/sina = 2x cosa
The forward force on the payload is therefore:
F, =F,coso. = 2x, cos’a
The total forward force is given by:
F, = x,(1+cos(2a))+(1-x ) (1+1)
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