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Abstract

The equilibrium temperature of a system in space can be lowered by a suitable choice of its geometry and its attitude. This remark is
important for devices based on medium temperature and high temperature superconducting materials, and offers the possibility of their
fully passive cooling without or with a marginal recourse to active systems. General parameterizations are given and simple schemes dis-
cussed. The adopted geometrical configuration and the attitude can enhance the role of passive cooling of the large superconducting
magnetic systems required for protecting from ionizing radiation manned habitats in deep space. A specific example based on MgB, cable
for protecting large volume habitats (500 and 1000 m?) is treated. The systems can be run in deep space at equilibrium temperatures
around 20 K mainly by passive cooling, provided that their geometry and attitude would be suitably chosen.
© 2012 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The equilibrium temperature of a system in space is
obtained by matching the absorbed heat with the heat radi-
ated to space. Its role was considered twenty years ago
(Cocks, 1991) for the DHTSC (Deployable High Tempera-
ture Superconducting Coil) for the protection from ioniz-
ing radiation of habitats in deep space. When the Sun
can be accounted as the only source, as it is far away from
celestial bodies, the absorbed heat is proportional to the
sun constant (1.35kW/m*> @ 1AU), the absorptive
constant o and the area A4, of the absorbing surface. The
radiated heat depends on the Stefan—Boltzmann constant
¢ and is proportional to the emissivity constant ¢, the area
A, of the radiating surface and the forth power of the equi-
librium temperature 7,,. By their matching (and neglecting
the temperature of the CMB, to be considered between 3 K
and 7 K, depending on the cosmic dust around the Sun,
and indeed from the distance from the Sun (Kelsall et al.,
1993)):
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T}, = (S/a) * (#/e) * (4u/A.) = (S/0) * Ree /R,

In the hypothesis that the system could be considered in
static equilibrium, without temperature differences among
different parts (i.e. a ‘point-like’ system) this relation can
be used to construct the plot of Fig. 1, relating T,, to the
ratio 4./A, between the radiation and absorption areas,
parameterized for several values (1, 0.1, 0.01, 0.001 and
0.0001) of the total insulation from the sunlight R, = a/¢
(including the heat absorption and heat radiation con-
stants, and considering the whole absorbed heat released
to space at the same T,,).

The value R, = 0.01 can be reached by an optimal
reflection of the incoming sunlight; a multilayer insulation
(MLI) can add two further orders of magnitude allowing
reaching R, =2 0.0001. Values R, = 0.001 and R, = 0.0001
can be considered the conservative and ‘advanced’ limits
of a ‘realistic’ range, whereby the corresponding limits
for the range of T, are:

T.,=69.9K/*/R, for R, =0.001

T =393K/*/R, for R, =0.0001
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Fig. 1. Equilibrium temperature as a function of the ratio R4 between the
radiating and absorbing areas for several values of the insulation from
sunlight. Horizontal dashed lines indicate the critical temperature at a few
tesla of the superconductors of Table 1. Vertical dashed lines indicate the
possible ratio R, between the radiating and absorbing areas for the
different geometrical configurations reported in Fig. 2.

In the following the ‘advanced limit’ will be used consid-
ering the fact that our examples are for the far future, when
the required technical progress could allow this value to be
reached.

2. Role of passive cooling in superconducting systems

The role of passive cooling in space is one of the main
ingredients of the thermal analysis of spacecrafts, and a
quantity of literature and computer codes exists. Its early
consideration is very important because it can drastically
change the picture for how to lay out the structure and atti-
tude of the space system and the mission profile. This
importance is nowadays highlighted in view of the neces-
sarily large electromagnetic systems that will be operated
in space in the future interplanetary missions and inter-
planetary stations. Furthermore it acquires a particular
role in the light of the progress in the production of new
superconducting materials in the last two decades.

Main properties of the currently produced superconduc-
tor cables are summarized in Table 1. Some of these super-
conductors can be operated at temperatures much higher
than those of the ‘traditional’ low temperature supercon-
ductors NbTi and NbSn. The critical temperatures of the
superconductors reported in Table 1 operated at a few tesla

Table 1
Main characteristics of the currently available superconductors.

Teq(K)
Aabsorption/Aradiator for
R,.=10*

(a) - Sphere nR?/4nR? = 0.25 27.8

(b) - Cube @ L L2/61% = 0.133 23.7
f . at/(2ab+2a+2b)

(c) - Plate "}QET;“"' t=0.1a,a=b > R, =1/24 | 178
A . 2rt/(2rr2+2mrt)

(d)-Disc | <_ZD==t| l01r > R, -1/34.5 16.2

. 1<-D=2R) 1 d=2r | (4Rr)/((41Rr)+2nR2=
(e)-Ring | > R=100r > R, =1/160 11.2

Fig. 2. Equilibrium temperatures for simple geometries exposed to
sunlight from left, as indicated in the figure. In principle in the radiating
area also the absorbing area must be accounted, also if in practice it is
difficult to be achieved.

are indicated in Fig. 1 by horizontal dashed lines. It can be
noted that T, suitable to maintain superconductivity in the
low temperature superconductor NbTi can be reached only
for extreme values of the R ratio (>10%) and for the NbSn
low temperature superconductor R, values exceed 102,
which could be difficult to be obtained by configurations
and attitude in space. See in fact Fig. 2, where T,, that
can be reached by some simple configurations are reported.
Their possible R, values are reported by vertical dashed
lines in Fig. 1. It is clear from the figure that the medium
and high temperature superconductors offer more possibil-
ities for reaching equilibrium temperature lower than their
critical temperature by suitable configurations of the sys-
tem and suitable attitude in space. With R, ~ 0.0001, tem-
peratures lower that 40 K, suitable for the operation at a
few tesla of high temperature superconductors YBCO
and BSCCO-2223, can be reached for any value of the ratio
R, between the emission and absorption areas. For what
concerns the medium temperature MgB, superconductor
(Nagamatsu et al., 2001; Dou et al., 2006), operating tem-
peratures <20 K can be reached for geometries such as
plates, disks or rings. For cases (c)—(e) of Fig. 2 the ratio
between the geometrical dimensions of the system parallel
to the Sun direction and those transverse to the Sun direc-
tion cannot be pushed to very high values because the Sun
itself, as seen from the system, is not a point, but a disk
spanning an angle (9.3 mrad @ 1 AU), what limits the ratio
between the two perpendicular views to about <100 @

s.c. material Critical temperature (K)

Critical field @ 4.2 K (T)

s.c. density (g/cm®)

Production (km/year)

NbTi 9

NbSn 18
MgB, 39
YBCO [Yba,Cu;0-] 90

BSCCO-2223 [Bil_ngoAZSr2Ca2Cu3010] 108

10 6 >100,000
25 7.8 10,000
>40 2.5 >1000
>100 5.4 50

>200 6.3 80
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Fig. 3. Toroidal configuration assumed (Fig. 2 from Spillantini (2011)) for
evaluating the protection of a 6 m diameter cylindrical habitat.
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Fig. 4. (a) Top view (as seen from Sun) and (b) vertical longitudinal cross
section of the two-D toroid for the protection of a 500 m> habitat. As
represented in the transversal section (c) all conductors are envisaged as
continuous very thin sheets, shaped as a central ¢ = 6 m cylindrical tube
and two ¢ = 3 m tubes for the two return conductors.

1 AU (i.e. plates and discs cannot be too thin and rings
cannot have a too large radius in order to not affecting
the T,, value). For this reason, at 1 AU, T,, values lower
than 10 K cannot be reached by passive cooling, i.e. purely
or mainly passive cooling concept cannot be applied to
superconducting systems based on low temperature materi-
als NbTi and NbSn.

3. Passive cooling of s.c. magnetic systems for protecting
large habitats in space: two examples

Let’s apply this recipe to the toroidal superconducting
magnetic systems for the protection of large ‘habitats’ in
deep space (Spillantini, 2010, 2011). Let us consider Fig. 3
(reproduced from Fig. 2 of Spillantini (2011)) with internal
radius of the system R; =3 m but a very large external
radius, R, > 12 m. With this choice the number of outer
return conductors can be drastically reduced, from 16 as
in Fig. 3 to two only, realizing the ‘two-D toroid’ configura-
tion already considered in the past for the Astromag facility

Fig. 5. Attitude of the system with respect to sunlight: the axis of the
system points to the direction of the Sun. The arrow indicates that the
system can rotate around its axis if needed for dynamical stabilization.
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Fig. 6. Schematics of the rectangular coils assumed for approximating the
D-shaped coils of the two-D toroids used for simplifying the evaluations
of the equilibrium temperature of the system.

(Basini et al., 1988; Green et al., 1988). This choice is sche-
matically represented in Fig. 4 for the case of the protection
from ionizing radiation of a large habitat 500 m® in
volume.! Fig. 3(c) represents the vertical longitudinal cross
section of the system to be considered. Heat is radiated to
space mainly by conductive membranes stretched between
the conductors. Membranes and their deployment and sup-
porting structures must be highly heat conductive in order
to ensure that the whole system, as it reached the same
T,,, could be considered a point-like structure. The whole
scheme is oversimplified because the aim is to investigate
the limit T,, that can be reached under ideal (although
rough) assumptions. The attitude of the system relatively
to the Sun is represented in Fig. 5: the axis of the system
points to the direction of the Sun, and the system can rotate
around its axis if needed for dynamical stabilization. In the
embodiment of Fig. 4 a total current of 30MA was assumed
(divided in two return current of 15MA in each of the two
return conductors). For the superconducting cable it is con-
sidered the MgB, cable produced in a titanium sheath and

! Obviously the two-D toroidal scheme implies that, while the habitat
and the enveloping central column of current could be launched as a
unique piece, the two return current conductors have to be deployed or
assembled in space.
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Table 2

Equilibrium temperatures of the superconducting two-D toroidal systems protecting large habitats (see Section 3).

Point Sun Extended Sun Return current: 1 x 6 m? return
(9 mrad @ 1 AU) 1 x 6 m? cross section current cross section + extended Sun
Habitat 500 m® 18.6 K 18.8 K 163K 16.6 K
Habitat 1000 m® 18.5K 19.1K 159K 16.4 K

Table 3

Equilibrium temperatures of the superconducting two-D toroidal systems protecting large habitats (see Section 3) also considering the leakage of heat

from the habitat to the toroidal system.

Point Sun 1 x 6 m? return current +leakage from the 10 kW in the +leakage from the 10 kW in the
cross section + extended Sun habitat, with insulation R,, = 0.0001 habitat, with insulation R,, = 0.001
Habitat 500 m* 18.6 K 16.6 K 17.1 K 19.5K
Habitat 1000 m® 185K 16.4 K 16.8 K 192K

stabilized outside by aluminum (Alessandrini et al., 2006),
that has a low specific mass (2.96 g/cm?). By using this cable
at 20 K and with 1 kA/mm?® current density (1.3 safety
factor respect to the critical current density at 20 K and
B =2T), and if the conductors are assumed to be ‘continu-
ous sheets’ 1.59 mm thick,? the maximum field in the super-
conductor is B < 27T everywhere.

The total mass of needed cable for the whole system
amounts to 5.7¢, to which it must be added the mass of
the supporting mechanics and of the systems for the deploy-
ment and for supporting the pressure of the magnetic field
gradient. The masses of these additive parts are supposedly
much greater, and anyway depend from a detailed design.

In order to simplify the evaluation the two-D-shaped
coils can be schematized by rectangular coils. The geomet-
rical dimensions used for the evaluation are reported in
Fig. 6 for two cases of the protection from ionizing radia-
tion of large habitats of 500 m* and 1000 m>. As for the
two-D toroid of Fig. 4, in both cases the rectangular-
shaped two-D toroid is supposed to be realized by the same
MgB, superconducting cable and operated in the same 7 <
20 K and B = 2T conditions, which allows the same 1 kA/
mm? current density and the same 1.59 mm thickness of
the continuous current sheet. In the most straightforward
embodiment of the coil the central conductor can be sche-
matized as a 6 m diameter 1.59 mm thick sheath enveloping
the <6 m diameter habitat and the two return conductors as
3m diameter 1.59 mm thick tubes, maintaining the same
B = 2T maximum field in the conductor, and the same cur-
rent density. As for the two-D toroid of Fig. 4, the attitude is
that of Fig. 5 and heat is radiated to space mainly by con-
ductive membranes stretched between the conductors. The
T,, results to be 18.6 K for the 500 m® habitat and 18.5 K
for the 1000 m® habitat. At 1 AU these values must be

2 Except at the caps of the habitat where the 6m diameter cylinder is
subdivided in thinner cylinders in order to protect the two ends of the
habitat still maintaining B < 2T.

respectively increased by about 0.3 K and 0.6 K for taking
in account the finite angular dimension of the Sun.

A suitable distribution of the current in non-circularly
shaped tubes of the current return conductors can maintain
the magnetic field B < 27 in the conductor, and therefore
the corresponding current density, what allows minimizing
the area exposed to sunlight. For example, by a suitable
distribution of the current, cross section of the return cur-
rent conductors could be ‘quasi-oval’, about 1 x 6 m?, with
the 1 m side exposed to sunlight. The above quoted T, val-
ues for the 500 m* and 1000 m? habitats diminish to 16.3 K
and 15.9 K respectively, increasing to 16.6 K and 16.4 K
for the finite angular dimension of the Sun. All these values
are summarized in Table 2. These T, values are lower than
the assumed 20 K operation temperature. However it must
be stressed that they must be considered as ‘minimum limit
values’, since in practice in a project the thermal inertia of
the mechanical and electrical structures and possible other
internal heat sources must be taken into account.

In previous space missions in deep space (such as Plank
(Planck collaboration, 2011) and Spitzer (Gehrz et al.,
2007) missions) in order to reach temperatures lower than
30 K, passive cooling had to be integrated by cryogenic flu-
ids and active cooling devices. It must however be consid-
ered that the geometry of these apparatus, including shields
and radiators, is compact and not mainly turned to the
optimization of the passive cooling contribution. It is rea-
sonable to expect that the above reported ‘minimum limit
values’ could be approached in future by technological pro-
gresses and designing of an appropriate geometry and an
appropriate attitude in space.

4. Passive cooling of a s.c. magnetic system for protecting
large habitats in space: some comments

Three comments need to be made for the above applica-
tion to the protection of large habitats in space:

I - For the above evaluations the system was considered
in deep space, i.e. far away from any celestial body. The
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evaluations for habitats near celestial bodies are more com-
plex: the total sunlight input could be reduced by the sha-
dow of the celestial body, but its albedo light, also if less
intense of direct sunlight,® must be taken into account; fur-
thermore 7, is difficult to be managed by acting on the
attitude of the system.

IT — Inside the habitat the temperature should be about
300 K, needed for the life of astronauts and maintained by
the metabolism of astronauts themselves and the electric
equipment. If the insulation between the habitat and the
superconducting conductor could be pushed to R,
~ 0.0001 (as for the direct sunlight), the contribution to
the T, of the superconducting magnetic system would be
of secondary importance, 2.65 mW/m? for each kW dissi-
pated inside the 500 m® habitat and 1.37 mW/m? for the
1000 m® habitat, and the T,, would be slightly modified
according to Table 3. However the distance between the
external wall of the habitat and the internal face of the
superconducting sheath must necessarily be small for not
jeopardizing the volume of the habitat, and could consti-
tute a problem for reaching such very low R,.. By assuming
R,.=0.001 the contribution to the superconducting system
increases 10 times and T,, results considerably modified
(increased by about 3 K, see last column of Table 3) also
if still in the limits of the superconducting operational
parameters.

III — T,, values given in Tables 2 and 3 are evaluated
considering a CMB effective temperature of 7 K. It must
be again stressed that they are ‘minimum limit values’,
approachable but difficult to be reached in practice.
Technical progress can be envisaged in near future for large
screens against solar radiation, treatment of reflecting
surfaces and efficiency of insulating materials that could
facilitate this approach. They also depend from many
other practical issues, such as the not enough high heat
conductivity of the whole mechanical structure that
prevents from considering an identical temperature on
the whole radiating surface, the difficulty in maintaining
a precise attitude of the system, the difficulty in disposing
of the residual heat contribution from the habitat (see
above paragraph II), and the needed mechanical intercon-
nections between the habitat (where an internal pressure of
about latm is required) and the external superconducting
tube subject to the strong pressure of the magnetic field
gradient.

* The albedo near the Earth (bond albedo) is ~30% of the value of the
solar constant @ 1 AU, and decreases with distance as the inverse of the
square of the distance from the center of the Earth. The albedo of the
Moon is 11%, also decreasing with the inverse of the square of the distance
from the center of the Moon, and that of Mars is 15% of the solar flux in
the Mars orbit, also decreasing as the inverse of the square of the distance
from the center of Mars.

5. Conclusions

In conclusion large magnetic systems based on MgB,
superconducting cables can be mainly operated by passive
cooling with marginal recourse to active devices for com-
plementary cooling, for guaranteeing temperature margins
to operate the superconductor and for redundancy and
backup. The role of passive cooling can be enhanced by a
suitable choice of the geometrical configuration and attitude
in space. This observation has the potentiality of greatly
simplifying the problem of the protection of large habitats
by superconducting magnetic systems in deep space. This
conclusion is even more valid for the high temperature
superconductors that also could be a valid choice for space
applications provided that their higher specific mass would
not affect the total mass of the system too much.
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