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ADVANCING CRYOGENIC
TECHNOLOGIES THROUGH
PULSATING HEAT PIPES

Comprising thin tubes that contain ultra-cold liquids and vapours,

‘cryogenic pulsating heat pipes’ can transport heat far more

rapidly than even the most conductive metals. Logan Kossel

and John Pfotenhauer at the University of Wisconsin-Madison

are exploring the unique capabilities of this technology in

unprecedented levels of detail. Through their research, they hope
to boost the performance of pulsating heat pipes even further -

potentially leading to new breakthroughs in many technologies

that rely on cryogenic temperatures.

Heat Flow at Cryogenic Temperatures

The ability to manipulate heat flow

is a crucial requirement in many
cutting-edge technologies. For the
newly-launched James Webb Space
Telescope, for example, its detectors
need to pick up the barely perceptible
signals of galaxies occupying the most
distant reaches of the observable
universe. Unless these instruments
are maintained at temperatures close
to absolute zero (around -273°C), the
faintest signals they detect would be
drowned out by random fluctuations in
detected heat.

To avoid this problem, any heat
generated by the spacecraft needs

to be transferred to an ultra-cold
radiator, or ‘cryocooler’, where it can be
transmitted out into space. However,

in the shady environment of the James
Webb Space Telescope’s sunshield -
which blocks out almost all of the Sun’s
radiation - there is very little difference
in temperature between the telescope’s
detectors and cryocoolers, making heat
transfer especially challenging.

‘A temperature difference is
fundamentally required to transfer heat,
explains Dr Pfotenhauer, a Professor at
the University of Wisconsin-Madison.
‘Ideally, however, we would like to
transfer the heat with as little of a
temperature difference as possible’

This same problem is also relevant

in technologies across the field of
cryogenics, which all involve cooling
fluids to temperatures close to absolute
zero. Today, perhaps the most well-
suited method for transporting heat
within these ultra-cold systems is a
device named the ‘pulsating heat pipe’

The Heat Pipe Concept

In more traditional heat pipes, which
connect warm heat sources with cooler
heat sinks, the energy absorbed at the
pipe’s warmer end is transferred to a
liquid in contact with its inner surface.
The liquid vaporises, and this vapour
then travels to the colder end of the
pipe, where it condenses, releasing
the heat it absorbed as it evaporated.
Finally, the liquid returns to the hotter
end of the pipe through a wicking
mechanism along the walls, and the
cycle repeats.
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In the early 1990s, researchers in Japan
introduced a simpler design, featuring a
snake-like arrangement of pipes without
any internal wick. ‘The pulsating heat
pipe comprises a capillary sized tube,
extending back and forth between

a heat source and a heat sink, and
partially filled with some fluid, Dr
Pfotenhauer describes. ‘Its most exciting
feature is that it can transfer heat very
effectively with very little temperature
difference between the ends

Faster Heat Transfer

The pulsating heat pipe’s structure
can essentially be broken down into
three parts. Firstly, the colder end, or
‘condenser’, takes up the top 10% of
the pipe’s structure. Here, the pipe
repeatedly passes through the heat




Cutaway view showing inside of the capillary tubes that make up a pulsating heat pipe.

sink, condensing the vapour inside into a liquid. The opposite
occurs at the hotter end, or ‘evaporator’ — which takes up the
bottom 10% of the pipe. Finally, the ‘adiabatic’ region occupies
the space between the sink and source, and must be traversed
by fluid inside the pipe in order to transfer heat between both
ends.

Because the pipe is so narrow, the surface tension force,

being larger than gravitational force, prohibits the liquid from
collecting at the lower end. Instead, the alternating liquid and
vapor regions are maintained. ‘Vapor regions growing as they
go through the evaporator and shrinking as they go through the
condenser give rise to a pulsating motion of the fluid, explains
Dr Pfotenhauer. ‘Small differences between the expansion and
contraction forces, from one loop of the pipe to the next, causes
the fluid to spontaneously move between both ends - either
following a single direction, or pulsating back and forth as the
vapor bubbles compress and expand’

Comparing Performance

To understand just how effectively pulsating heat pipes can
convey heat, Dr Pfotenhauer and his PhD student Logan
Kossel compared their performance with the heat-conducting
capabilities of pure metals. ‘Maximum values of thermal
conductivity range between 2,000 and 3,000 watts per meter
per kelvin for high-purity copper or aluminium, Dr Pfotenhauer
recalls. ‘In contrast, values as large as 300,000 watts per meter
per kelvin have been reported for helium pulsating heat pipes.
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The device’s unmatched ability to transfer heat is made
possible by the unusual properties of the cryogenic fluids it
contains. Helium, for example, is around 100 times less viscous
in liquid than liquid water at room temperature. To assess

the overall performance of pulsating heat pipes at cryogenic
temperatures, it is crucial for researchers to gain a detailed
understanding of these behaviours.

Experiments and Models

Through their research, Kossel, Pfotenhauer and their
colleagues have developed advanced techniques for gaining
this level of understanding. ‘Since the properties of the fluids
they contain are significantly different from fluids used for
room-temperature pulsating heat pipes, we have initiated a
variety of studies, both experimental and computer modelling,
to characterise their behaviour, Dr Pfotenhauer explains.

The team’s modelling techniques are based on computational
fluid dynamics — which can virtually recreate the complex
physics underlying the motions of liquids and gases.

By adjusting their models based on their experimental
measurements, the researchers can ensure the best possible
accuracy in their simulations - allowing them to visualise the
motions of ultra-cold fluids in close detail.

‘The model enables us to “see” inside the cryogenic pulsating
heat pipe, explore the fluid behaviour, and learn how the fluid
motion influences the thermal behaviour, Dr Pfotenhauer
continues. ‘As it flows through the condenser, the vapor breaks
into smaller liquid regions and condenses as it is cooled.
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Cryogenic pulsating heat pipe extending from the cryocooler on the left to the
detection surface of a space telescope on the right.

Surprises in Adiabatic Lengths

Out of the discoveries the team have
made so far, one result stands out as
particularly unusual. Where the length
of the adiabatic region of pure metals
has a direct effect on their rate of

heat transfer, this doesn’t seem to be
the case for pulsating heat pipes. ‘In
high purity metals, the temperature
difference would about three times
larger for the 1 metre length than

the 0.3 metre length,’ Dr Pfotenhauer
describes. ‘Our data displayed the same
temperature difference with an identical
rate of heat transfer across pulsating
heat pipes with a 1 metre and a 0.3
metre adiabatic length.

This discovery could have important
implications for the wide array of
technologies that could benefit

from pulsating heat pipes. In space
telescopes, for example, detectors and
cryocoolers are sometimes required to
be far apart, separated by more than
one metre. With pulsating heat pipes,
heat can still be carried away from the

telescope’s detectors just as rapidly as
if they were placed in close proximity

to the cryocooler. A large separation
between the detector and the
cryocooler is often necessary to avoid
degrading the detector’s sensitivity from
the cryocooler’s vibration.

Examining Influential Factors

In their current research, Kossel,
Pfotenhauer and their colleagues are
continuing to explore many different
factors that affect the performance of
pulsating heat pipes. Their investigation
can be divided into three broad areas.
Firstly, by studying the geometry of the
pipes, they hope to determine how long
their adiabatic regions can become
before their rate of heat transfer begins
to diminish.

Secondly, the team is examining the
factors that can be directly altered by
the operators of cryogenic systems

- including whether the pipes are
oriented horizontally or vertically, and
the proportion of their volume that is
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filled with fluid. Finally, the researchers
are studying the properties of the fluid
itself - including how the choice of
helium, nitrogen, or hydrogen affects
the device’s performance.

Pushing Cryogenic Technologies
Further

By improving the ability to rapidly
transport heat over large distances at
ultra-cold temperatures, the researchers
hope that their new insights could
inspire breakthroughs across a wide
array of cryogenic technologies. Their
work could provide important guidance
for researchers and engineers designing
future generations of space telescopes
- which may pick out the signatures

of distant galaxies at even higher
resolutions than the James Webb Space
Telescope.

Elsewhere, more advanced approaches
to pulsating heat pipe operation could
lead to better designs for propellant
holding tanks, which store fuels

such as liquid hydrogen at ultra-cold
temperatures. One hope is that the
pulsating heat pipes will help to
maintain a uniform temperature in

the holding tanks and thereby avoid
unwanted boil-off.

Even further, the team’s results

could lead to new advances in
superconductors, which offer zero
resistance to electrical currents flowing
through them. These materials are
already being extensively investigated
for their performance as highly compact
magnets; but if pulsating heat pipes
could be used to better maintain

their ultra-low temperatures, Kossel,
Pfotenhauer and their colleagues

hope that their use could be expanded
further.

If achieved, superconducting magnets
may soon become widespread across
numerous applications - ranging from
MRI'machines that produce high-
resolution medical images, to nuclear
fusion reactors that provide us with a
clean and practically limitless source of
energy.
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