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Summary
We propose a comprehensive theoretical and experimental investigation (including groundbased studies and experiments conducted on board of the International Space Station) with
the aim of understanding and quantifying transport properties of nonconducting ferroluids
and physics of their flows. The specific emphasis is on using such fluids for safe and
reliable heat removal in micro-gravity conditions of a realistic spacecraft. Our preliminary
investigation indicates that compact magneto-convection heat removal systems can operate
in zero-gravity conditions and deliver better efficiency than their conventional convectionbased counterparts operating at normal gravity.

Background
One of the most serious problems which designers of spacecraft equipment currently face
is ensuring reliable heat removal in low and micro-gravity conditions. Due to the lack of
natural convection even equipment (such as various electronic devices) that was found to
operate faultlessly in ground conditions may be subject to thermal strain and even failure
due to overheating on board of a spacecraft. Using conventional methods of cooling
such as convective heat transfer that is mechanically forced by fans is highly
undesirable due to parasitic vibrations and noise they generate, as well as due to the
safety concerns which are caused by fast moving fan blades and long-range air drafts inside
a confined body of a spacecraft. Therefore there exists a pressing need for reliable and
safe alternative methods of equipment cooling in spacecrafts. Using non-conducting
nano-ferrofluids, which respond to externally applied magnetic field, as a heat
carrier offers such an alternative.
Common non-conducting artificial magnetic fluids consist of magnetite colloids which
contain ferro-magnetic (e.g. magnetite) nano-particles suspended in a carrier fluid, usually
synthetic oil, water or kerosene. To prevent formation of magnetite aggregates and their
subsequent sedimentation a surfactant such as oleic acid is frequently used. The industrial
production of such fluids began in the 1960s [1]. By now their manufacturing technology
is significantly improved which enabled the range of ferrofluid applications to widen significantly [2]. However due to the complexity of their composition physical properties of
ferrofluids depend not only on the type of components used to make them, but also on the
conditions of their storage and use and on the hydrodynamics of flows they are subject
to [1, 3, 4, 5]. Understanding of these dependencies is currently far from being
complete and will be subject of the proposed studies.
Artificially manufactured ferrofluids respond to an external magnetic field similarly to
natural paramagnetic and diamagnetic fluids (e.g. water, protein solutions, paramagnetic
melts) and gases (e.g. oxygen). However the degree of the magnetization which can be
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achieved in artificial ferrofluids is many orders of magnitude higher than that in natural
magnetic fluids. Therefore noticeable magnetic effects on fluid flows can be observed in
magnetic fields created by ordinary permanent or electro-magnets, which makes these
fluids suitable for a wide range of technological applications and, in particular, for their
use as a heat carrier in heat exchangers operating in reduced gravity conditions
on orbital stations where cooling by natural gravitational convection cannot be achieved
[4, 6].
Nonuniform heating results in a nonuniform magnetization of ferrofluid placed in an
external magnetic field: colder particles are magnetized stronger. Subsequently, a ponderomotive force arises which drives these cool fluid particles to the regions with a stronger
magnetic field. Therefore by focusing the external magnetic field around heat sources a
non-mechanically controllable flux of a cooling agent can be created to ensure optimal
thermal conditions for equipment operation. The so-created flow is known as magnetoconvection which is not associated with gravitational buoyancy forces. It is therefore of
primary interest in micro-gravity conditions. We have shown [7, 8] experimentally and
theoretically that the enhancement of the heat transfer rate of up to 5 times
in comparison with a pure conduction state can be achieved via magnetoconvection. This is a larger increase than that caused by buoyancy convection in normal
gravity conditions. We also discovered that the magneto-convective heat transfer enhancement similar in magnitude to that caused by conventional gravitational convection
is achieved in much thinner fluid layers. Therefore properly designed magneto-convective
heat exchangers should be more compact than their buoyancy-based counterparts operating in normal gravity conditions.

Directions of the required research
In order to ensure comprehensive and accurate understanding of physics of ferrofluids to a
degree enabling practical design of ferrofluid-based cooling systems and other applications
the research needs to be conducted in three complimentary directions. This will ensure
the most economical use of resources.

Ground-based experiments
While the emphasis of this investigation is on zero-gravity environment, in realistic spacecraft conditions the effective gravity is almost never zero due to various micro-accelerations
associated with equipment vibrations (high frequency gravity modulation) or maneuvering
of the ship (quasi-static gravity modulation) [9]. Therefore it is important to study combined convection caused by the competing gravitational and magnetic mechanisms. This
is much easier and cheaper to do in a well equipped ground-based laboratory provided
that the influences of gravitational buoyancy and magnetic effects are well distinguished
[7, 10, 11, 12, 13, 14]. The major goal of ground based experiments should be the investigation of influences on the resulting flow patterns and heat transfer of: (a) the gravity
vector orientation with respect to magnetic field and thermal gradient; (b) the shape of
the boundaries (e.g. spherical cavity, flat layer or thin tube); (c) the non-uniformity and
strength of external magnetic field. The ground-based experiments are also required to
design and optimize the data acquisition equipment and methodology to be used during
space-based studies.
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Theoretical and computational investigation
The main pitfall of ground-based experimental investigations is that, while enabling direct
observation and measurement of fluid and flow characteristics resulting from the combined
action of gravitational buoyancy, magnetic ponderomotive force, magneto-phoresis, Soret
effect, sedimentation and magneto-viscous effects, they cannot clearly distinguish which
of these mechanisms contribute the most to fluid behaviour for a given set of experimental
conditions. On the other hand such competing influences can be studied using careful
analytical modelling. For example, it has been analytically discovered [15, 16] that when
the coupling between gravity and magnetic mechanisms becomes too strong they tend
to suppress each other. Therefore not all results of ground-based experiments can be
easily extrapolated to zero-gravity conditions. Thus the major analytical effort should be
focused on developing physically relevant tractable models which separate the influences
of multiple physical mechanisms acting in a magneto-convective system, quantitatively
explain their interaction and enable evaluation of practically important characteristics
(such as heat transfer rate) as a function of governing parameters.

Space-based experiments
The intensity of magneto-convection flows and thus of the corresponding heat transfer depend on the magnetization gradient in ferrofluid. While the major reason for the existence
of such a gradient is the non-uniformity of a thermal field, there are other contributing
factors. The major one is the non-uniform distribution of magnetic particles. There exists
an experimental and numerical evidence [17] that in ground conditions it may result from
their gravitational sedimentation (i.e. the increase of particle concentration in the direction
of gravity) and lead to a sudden reduction of convective heat transfer. Although various
gravity-compensation methods are used in experimental studies (e.g. parabolic flight experiments) the time interval during which the reduced gravity can be maintained is limited
to few minutes. Therefore it is virtually impossible to eliminate the sedimentation effect
completely at the ground level when studying long-term fluid behaviour as would occur
at an orbital station. The actual spacecraft-based experiments are the only reliable way
to study magneto-convection which is not contaminated by particle sedimentation.
The other important mechanisms leading to the non-uniformity of magnetic particle
distribution are thermo- and magneto-phoresis (thermal or magnetic Soret effects) which
force magnetic solid particles to diffuse toward colder regions or regions with a stronger
magnetic field. The theory of this effect is currently being developed, but its validation
requires the knowledge of the fluids’ constitutive Soret coefficients. Similarly to fluid’s
thermal diffusivity, it has to be measured experimentally in a non-isothermal fluid layer.
Yet at normal gravity conditions such measurements are virtually impossible because of
the buoyancy-driven convection and/or sedimentation which will inevitably occur simultaneously with thermo-magneto-phoresis and lead to a distortion of the experimental results
up to several orders of magnitude.
Due to a very high cost of space-based experiments all experimental equipment needs to
be designed and thoroughly tested in ground conditions. Methodical work in this direction
is currently being conducted by the authors of this paper.
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