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ABSTRACT

An experimental campaign was conducted to investigate heat and mass transfer phenomena in superfluid helium (He II) in two rectangular cross-section channels
of high aspect ratios and different thickness resembling the space between steel collars in the LHC superconducting magnets. The experiments consisted of clamped
heat flux tests at atmospheric pressure, in which a heater strip suddenly releases a constant heat load into the channel that is open to a helium bath on one side. The
difference in thickness between the two channels allowed exploring the effect of the geometrical confinement on the propagation of both phase change fronts: i) the

He II-He I A-transition front; ii) the He I-vapour first-order transition front.

The observations show that, in the thinner channel, it is possible to distinguish different behaviours of the phase fronts depending on the extent of the heat flux. For
increasing heat flux values, the A-front speed successively increases sharply, decreases, and increases weakly. This sequence is determined by the presence of the
vapour film, which either diminishes the He II-He I transformation rate by lowering the heat transfer or pushes the i-front while expanding. In the thicker channel,
the intermediate behaviour is absent as the level of confinement is lower and the He I phase never expands considerably along the highest dimension of the channel.

1. Introduction

Superfluid helium (He II) is used as a thermal vector in the cooling
system of superconducting magnet technologies because of its extraor-
dinary heat extraction capability. The equivalent thermal conductivity
of He II depends strongly on the magnitude of heat currents potentially
present. In the heat flux range of magnet cooling applications, the ther-
mal conductivity of He II is several orders of magnitude larger than
metals [1], making it a unique coolant.

Despite the outstanding properties of He II, the confined structures
surrounding superconducting magnet coils hinder significantly the cool-
ing process. The cable electrical insulation tapes of the LHC magnet
coils create a network of micro-channels in the range of 10 um [2],
which constitutes a thermal barrier between the He II stagnant bath
and the coils. The necessity to improve the magnet cooling incentivized
extensive studies to investigate the heat transfer taking place in such
conditions, [3], [4], [5], [6] and come up with novel tape configura-
tions that enhance the heat removal [7].

Another example of thermal barrier is represented by the steel col-
lars, which are stacked in series along the LHC magnet dipoles and
separated by spacings of about 200 um [8]. An inefficient heat extrac-
tion at this level of confinement may cause a temperature increase in
the coil, upon which the superconducting coil may quench [9]. With-
out effective quench protection measures, the event may result in high
energy dissipation that vaporizes the coolant. The risk of such sudden
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events motivated a series of studies to understand magnet quench and
prevent it [10], [11], [12], [13].

The phenomena arising in He II following high energy dissipation
are yet to be clarified for geometrical confinements of few hundreds of
microns. Unlike other fluids, helium has three different fluid states. Be-
sides the already mentioned superfluid state (He II), helium can take the
form of either an ordinary viscous liquid (He I) or a gas (helium vapour)
depending on its thermodynamic conditions. It follows that there exist
two phase transitions associated with helium as a fluid at atmospheric
pressure: the A-transition (He II-He I), which is a second-order tran-
sition, and the evaporation/condensation (He I-vapour), which is a
first-order transition.

Depending on the amount of energy released in the He II contained
in narrow spacings, one or both transitions can be triggered with con-
sequent drastic changes in the thermophysical properties of the fluid.
If we consider a one-dimensional channel of length L filled with static
subcooled He II at an initial temperature T}, it is possible to compute
the minimum heat flux necessary to trigger the A-transition (at the A-
point) by integrating the heat conductivity function f of He II over the
range of temperatures between 7, and 7, [1]:
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Nomenclature

Roman letters

a empirical coefficient

c specific heat capacity.......................... Jkg'K~!
D hydraulic diameter...............c.oooiiiiiiiiiiii, m
f heat conductivity function ..................... m KW3
g gravitational acceleration.......................... ms—2
L characteristic length ............... ... ool m
n conductive heat power law coefficient

q heat flux.....covviiiii i Wm2
T TEMPEIALULE . .. ettt ettt et e e e e eeeeeeenns K
t HMe .. s
v (S (0T P ms™!
x position coordinate ............oiiiiiiiiiiiii m

Greek letters

a thermal diffusivity................................ m?2s~!
p) AENSItY .. v e kgm 3
c surface tension coefficient......................... Nm™!
T thermal time constant...........c.coeeiiinenenenenennn.. s

Dimensionless numbers

Bo Bond number; D%g (p; - p,) 07!
1
Co Confinement number; Bo™ 2
Subscripts
A lambda point, lambda transition related
b bath
He helium
/ saturated liquid
P constant pressure
v saturated vapor

where n is a coefficient that depends on the temperature and ranges
from 3 to about 4 around T, [14-16]. Some authors used 3.4, which
is a good approximation in the range of temperatures between 1.7 K
and T, [17]. In particular, Sato et al. performed a series of experi-
ments at steady-state conditions to derive an accurate correlation for
the heat conductivity function for n=3.4 [18]. Above g,,,, the fluid in
contact with the heating surface will eventually undergo A-transition. It
is straightforward that the A-time 7, needed to achieve the A-transition
varies with the heat flux. Dresner derived a formula for ¢, as a function
of the heat flux and temperature difference utilizing their own analyti-
cal method [19]:

75 (1T

(ag)* £(T)
where the thermophysical properties of He II are averaged in the range
of temperatures between T, and T, while the proportionality constant
a is equal to 1.16 [20]. The A-time appears to depend strongly on the
heat flux, decreasing with the fourth power of its reciprocal. Eq. (2)
was validated experimentally with an agreement of 20% [1]. An equiv-
alent equation for the A-time was derived by Baudouy, who proposed a
solution independent of experimentally fitted parameters [21]. Once
t, is reached, a A-front is formed close to the heating surface. The
rate of transformation of He II into He I determines the way this front
propagates throughout the channel. In the context of the superfluid re-
covery in helium-cooled conductors, Dresner was able to approximate
the speed of the front v, as [22]

t (2)
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where x, is the front position, T} is the fluid temperature at the heating
surface, and the properties of helium are averaged between T and 7).

As the heat flux is further increased, nucleate boiling phenomena
take place until a vapour film arises at the peak nucleate boiling heat
flux ¢*. However, in confined geometries like narrow channels, the
coolant volume is small and thus the heat removal due to convec-
tion and boiling is limited. As a consequence, ¢* is much lower and
the vapour film is easily established. It follows that, if He II undergoes
A-transition, the heat flux is likely to be large enough to trigger the first-
order transition too [23], resulting in a stable triple-phase phenomenon
[24], [25].

The goal of this work consists of unravelling the fundamental ther-
mal phenomena occurring in He II when subjected to high heat fluxes in
thin geometries with high aspect ratios, resembling the space between
the collars. The study focuses on the heat and mass transfer of super-
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fluid helium as well as the other fluid phases of helium. In particular, a
wide range of heat fluxes will be tested to investigate the evolution and
propagation of the helium phase transitions.

2. Experimental setup

The experimental rig needed to conduct the tests is presented in this
section along with the main components and sensors utilized. The tests
are carried out within a cryostat capable of keeping the temperature at
values below 2 K. The experimental setup is constituted by solid com-
ponents arranged together to form a thin channel, which is submerged
in He II in horizontal position during the tests. The vertical position of
the channel was also tested during another experimental session, which
is not herein reported to preserve the scope of this study and can be
found in [26].

The cryostat used for the experiments is a typical Claudet cryostat
[271, which allows conducting the tests in a pressurized He II bath
rather than at saturated conditions. This is particularly useful for the
goal of the present study as the stagnant bath that surrounds the dipoles
of the LHC is pressurized. The cryostat is constituted by an outlying
stainless steel shell and two copper vessels. The outer vessel is separated
from the shell by two radiation shields that minimize the radiative heat
fluxes from the ambient condition of the laboratory. The outer vessel
is connected to a pumping system that allows regulating the pressure
inside the vessel containing saturated He II that is used to cool the in-
ner vessel (see [26] for a detailed description of the cryostat and its
components). The inner vessel is the actual test environment that ac-
commodates the setup, which is fixed to a support frame equipped with
an insulating G10 plate (also called A-plate), four radiation shields, and
an upper metal flange that serves to seal the cryostat when the frame
is placed inside it. The A-plate is a thermal insulation that separates the
two helium baths in the inner vessel (see Fig. 1). The experiment takes
place in the lower bath (~ 12.3 L) in pressurized He II, which hence
must be cooled down below the lambda point.

The experimental setup is designed to form the desired geometry,
which is meant to resemble the space in between the collars surround-
ing the superconducting coils. The concept of the experiment is repre-
sented in Fig. 2. He II fills a thin channel that is open to the bath of
the experimental environment on one extremity and closed on the other
by a heating source. The channel is enclosed by thick solid pieces that
insulate thermally the He II contained in the channel from the bath.
The heat source is supposed to dissipate energy only inside the chan-
nel. This preferential direction of the heat flux is obtained by means of
an insulating plug posed behind the source and attached to the other
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Fig. 1. Channel setup anchored to the frame bars in horizontal position.
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Fig. 2. Channel experiment concept representation.

solid parts. Several sensors mounted on the solid pieces will provide
information about the temperature of the He II in the channel.

The setup, shown in Fig. 3, is constituted by five main components:
two stainless steel plates, two side stainless steel flanges, and one G10
support. These five pieces are assembled together in order to shape a
rectangular cross-section channel. The relative position of all the pieces
is fixed and ensured by several stainless steel screws covered with vac-
uum grease, which does not crack at cryogenic conditions. One of the
metal plates is machined on the central part of one surface to house
the channel, which emerges when the other plate is put in contact with
the machined one. These two plates are placed between the two side
flanges, which minimize lateral leaks. Vacuum grease is inserted in the
space between the main pieces, with particular attention to the contact
surface of the two plates in order to not obstruct the channel zone with
impurities to serve as sealant. The channel is 14 cm long and 5 cm wide,
whereas its thickness is determined by the machined surface. Since the
thickness is one of the study parameters, two machined plates were pre-
pared in order to produce two channels of different thicknesses: 0.5 mm
and 0.2 mm. Both plates are 2 cm thick and the overall side metal thick-
ness (side flange plus unmachined plate portion) is 2.25 cm per side.
Because of the small confined space inside the channel, a rough surface
could affect the fluid motion. The stainless steel ensures the smooth-
ness of the surfaces in contact with helium. The G10 support stands
for the heater plug previously mentioned and is 2 cm thick. The G10,
which is fiberglass, was selected as a plug material to ensure high ther-
mal and electrical insulation for the heater. The surface of the plug that
faces the helium channel is grooved to house the heating source, which
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was chosen to be a resistive wire made out of Manganin® [28] that al-
lows producing Joule heating through electric currents. The wire is as
thick as the channel and as long as the width of the channel, which
means that the heater matches entirely one side of the channel. The
uniform temperature distribution in the heated wire was verified by
comparison with numerical models [23]. The extremities of the wire are
soft-soldered to high-temperature superconductive (HTS) current leads
on each side of the channel. The HTS leads, made out of a YBCO com-
pound, prevent heat dissipation outside of the channel even in the case
of helium evaporation by maintaining superconductivity at high tem-
peratures. These tapes together with the heater are glued to the grooved
surface of the plug with a polymerized epoxy resin (3M Scotch-Weld
DP190) (see Fig. 4). The HTS leads, which are located between the side
flanges and the plug, are in turn soft-soldered to NbTi superconducting
wires with gold connectors to reduce the heat deposition in the pres-
surized helium bath. The current led by the NbTi wires to the heater is
provided externally by a Tektronix® PWS4305 DC [29] power supply.

The channel setup is equipped with nine temperature sensors. Due
to the size of the channel and the consequent small amount of helium
contained in it, the temperature sensors are required to have a small
size and thermal mass. For this reason, bare chip Cernox® CX-1050-BC
temperature sensors with a sapphire base are adopted to ensure fast
thermal response (1.5 ms at 4.2 K). Eight of them are inserted in appro-
priate holes machined in one of the steel plates. Their position in the
holes is fixed by gluing them with epoxy resin to G10 supports, which
also serve the purpose of electrically and thermally insulating the sen-
sors from the metal plate. The supports are placed inside the holes so
that the sensors are situated on the internal edge of the plate in direct
contact with the helium, without altering the thickness of the channel
at the hole location. The eight sensors are distanced 1.5 cm from each
other along the centerline of the unmachined plate and the closest sen-
sor to the heater is 1.5 cm far from it. This means that the farthest sensor
from the heater is 2 cm far from the aperture of the channel. The ninth
temperature sensor is meant to measure indirectly the temperature of
the heater. Because of the small thickness of the wire, it was not pos-
sible to make a measurement with a sensor in direct contact with it.
Therefore, a workaround, shown in Fig. 5, was conceptualized and im-
plemented. Inside a hole in the G10 support, a small high purity copper
rod is put in direct contact with the heater. This rod is machined such
that a bigger hollow part expands the measurable surface. Finally, the
sensor is glued inside the hollow part at a total distance of 2.8 mm from
the heater.

The nine bare chip Cernox® sensors are not provided by the con-
structor along with a calibration curve. Therefore, they were calibrated
in absence of heat loads against a Cernox® CX-1050-SD temperature
sensor installed in the insert and situated near the aperture of the
channel. The calibration data was collected from 1.5 K up to ambient
temperature with the channel in the horizontal position in order to min-
imize temperature stratification effects. Each bare chip is built-in with
the 4-wire resistance-temperature-detector (RTD) technique, which en-
sures accurate measurements by fully compensating for the resistance
error due to the wires. According to this technique, the current to power
the resistor is delivered through one pair of wires, and the actual volt-
age drop is measured through the other pair of wires. The sensors are
powered with 10 pA delivered by a battery system.

2.1. Heat leaks

Despite this experimental setup is meant to provide information
about the thermal response of He II, the interaction between helium
and the various components surrounding it cannot be ignored. If He II
undergoes phase transitions, its thermal time constant becomes compa-
rable with one of the solid components and, thus, heat leaks from the
channel through the materials start to be significant. Therefore, an anal-
ysis of the heat losses is presented to estimate the amount of energy that
is not dissipated in helium. First off, the thermal time constant 7 = L?/a,
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Fig. 5. Temperature measurement design for the heating wire.

defined as the ratio between the square of the characteristic length L
and the thermal diffusivity a of the material, must be evaluated for the
main leak paths of the setup. Components with a low time constant
suffer fast temperature changes, which affect the steady-state tempera-
ture profile of helium. Fig. 6 reports 7 as a function of the temperature
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Fig. 6. Thermal time constants of the experimental setup components.

for different components. The time constant of the HTS current leads is
several orders of magnitude lower than the other materials because of
its high thermal conductivity. On the other hand, the G10 components
(temperature sensor supports and heater plug) have very high .

The heat losses are computed via one-dimensional integration of the
thermal conductivity of the material for different ranges of temperature
starting from the reference value 1.9 K and taking into account the area
of contact with the helium in the channel. The total heat losses are
presented in Fig. 7 for both channel thicknesses. More specifically, Fig. 7
shows the heat loss as a percentage with respect to the heat applied
through the heater. Since the heat loss increases with the temperature,
the zone that experiences the highest losses is the one nearby the heater.
For this reason, the contact surface of the steel parts is taken as the
area from the heater to the first sensor. Taking into account that 10% is
an acceptable loss, the heat leaks become significant above 5 K for an
applied heat flux equal to 30 kW/m? and 15 K for 480 kW/m?. It must
be borne in mind though, that these values refer to the steady state and
hence have an actual impact only for test durations comparable with
the thermal time constant of the materials.

The experimental setup was also modelled numerically to verify the
heat transport phenomena recorded [23].

3. Experiments

This section reports the data from the experimental sessions con-
ducted with the channel setup described above. In the following figures,



A. Vitrano, V. Stepanov, G. Authelet et al.

10° ‘
el
7}
I~
)
&
107tF 1
i}
o
[0}
m
~
0
o
1]
g 1072¢ 1
s
" ——30 kW/m?
a ——60 kW/m?
o 120 kW/m?
——240 kW/m?
480 kW/m?
1073 ‘ ‘ ‘ ‘

5 10 15 20 25 30
Temperature [K]

(a) 0.2 mm thick channel

Cryogenics 135 (2023) 103741

10° : : : :

el

7}

I~

)

B0t

i}

o

[}

m

~

® -2

81072}

n

)

s

" ——30 kW/m?

a ——60 kW/m?

o 120 kW/m?

1073 FH ——240 kW/m®|{

480 kW/m?

5 10 15 20 25 30
Temperature [K]

(b) 0.5 mm thick channel

Fig. 7. Total heat losses estimation as a function of temperature for different representative heat fluxes.

the temperature sensors are labelled as “TSX”, where X is a digit that is
proper of a specific sensor. TS9 is the sensor situated in the heater plug,
behind the Manganin® strip, while for the sensors installed in the steel
plate (see Fig. 2) X goes from 1 (closest sensor to the heater) to 8 (clos-
est sensor to the channel aperture). Various tests were carried out with
different heat fluxes and bath temperatures T,. The experiments consist
of the so-called clamped flux tests, where a constant heat flux is ap-
plied on the closed side of the channel by providing electric current to
the resistive strip (i.e., the heater). The energy produced by the heater
via Joule effect divided by the contact area with the helium contained
in the channel determines the equivalent heat flux applied. If the heat
flux applied in the channel overcomes the minimum heat flux g,,;, (Eq.
(1)), He II undergoes A-transition. Depending on the extent of the heat
flux and its application time, the He II-He I transformation may propa-
gate along the channel. Experimental results obtained with greater heat
fluxes than g,,, are reported and discussed in this study to investigate
the phase transitions of helium.

3.1. Clamped flux tests

Fig. 8 shows the temperature evolution of helium following the ap-
plication of a clamped flux in the 0.2 mm thick channel for different
heat fluxes and a bath temperature of 1.9 K. At a heat flux moderately
above g,,, (Fig. 8a), the lambda transition does not occur beyond 3 cm
from the heater. After the initial temperature increase at the TS1 loca-
tion, the second time derivative of the temperature changes sign before
reaching the steady state because of the increasing temperature gradi-
ent close to the heater. Once the A-point is reached, the temperature
rises sharply as He II turns into He I. The distinct change in slope of the
temperature evolution can be explained by considering that the spe-
cific heat ¢, of helium at the i-point at atmospheric pressure is more
than seven times higher than at 2.2 K [1], raising the temporal partial
derivative of the temperature in the one-dimensional diffusion equation
(0T /ot = (pcp)‘ldq /0x). The steady state is reached after 20 s, when the
temperature at TS1 is stable in He I with temperature oscillations within
0.2 K.

As the heat flux applied is raised (Fig. 8b), the A-front propagates
downstream and stops at around 4 cm far from the channel aperture.
It is clear that helium vapour is generated close to the heater, as the
temperature at TS1 fluctuates around 4.7 K after overcoming a plateau
at the boiling point. The He I region seems to extend over a great portion
of the channel, which grows with the heat flux covering an increasing
number of sensors. It can be noticed that in the early moments of the

transient the temperature at TS2 is higher than at TS1. This is not a
heat diffusion phenomenon as it would be witnessed also without phase
transitions. It is rather caused by the distribution of the vapour and He I
phases in the channel. It must be taken into account that the channel is
5 cm wide and hence the expanding phases are likely to be distributed
non-uniformly in horizontal position. When the bubbles are produced
in the vicinity of the heater, they develop downstream heterogeneously
and end up being confined in certain regions by the surface tension
forces and thickness of the channel. Eventually, their proximity to the
sensors determines the irregular temperature gradient.

At higher heat fluxes (Figs. 8c and 8d), the temperature fluctuates
markedly between 7 K and values just above the saturation one. Re-
markably, increasing the energy dissipated does not cause the A-front
to propagate farther in the channel. The temperature crosses the A-point
within 10 s since the application of the clamped flux and returns to the
superfluid range after a few seconds. This is observed at multiple sensor
locations with greater heat fluxes. Moreover, the A-front reaches fewer
sensors as the heat flux rises. This phenomenon is the consequence of
a vapour film generated quickly at the heater surface. The higher the
heat dissipated, the sooner the onset of the film boiling regime. Since
the thermal conductivity of helium vapour is considerably low, the film
acts as an insulator and increases the temperature gradient. For the
same reason, the steady-state temperature at TS1 in Fig. 8d is lower
than in Fig. 8c.

At very high heat fluxes (Figs. 8e and 8f), the amount of vapour
generated is such that, after the initial increase, even at TS1 the temper-
ature decreases almost below the A-point before rising again. Moreover,
the temperature at TS2 is no longer higher than the one recorded by
TS1 in the early transient, as the vapour region occupies a greater por-
tion of the channel and develops homogeneously throughout it. The
He I region is now limited to a small portion of the channel (i.e., less
than 1.5 cm), as the temperature at TS3 remains in the He II range un-
til steady state. The inset in Fig. 8e reveals the temporary increment
of the temperature due to diffusion in the whole channel at the very
beginning of the transient. Once the vapour film is generated, the tem-
perature drops before starting a slow growth that will bring helium at
TS2 to change phase twice at a much later stage of the test — after 10 s.
A bump that reaches 10 K happening above the boiling point is observ-
able in both Figs. 8e, 8f. A similar bump is also present in Fig. 8f at
TS2, which occurs right after the one recorded at TS1. This might be
due to a vapour region propagating quickly after the heat impulse and
collapsing as it travels through the channel.
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3.2. Effect of the channel thickness

The clamped flux tests were repeated in the 0.5 mm thick channel
in order to see the effect of a larger geometry on the phase change
phenomena. Before presenting the results, it is useful to make a few
considerations through the usage of the confinement number Co, which
is a measure of the restrictive effect of the confining geometry on the
boiling flow. The Co number is defined as the square root of the Bond
number (Bo) reciprocal:

_ 1 1 o
vBo DV el—p)

where D is the hydraulic diameter, o is the surface tension coefficient,
g is the gravitational acceleration, and p, and p, are the densities at

Co

(€]

saturation of the liquid and vapour phase respectively. The hydraulic
diameter for rectangular channels is computed as D =4A4/p, where A
and p are respectively the area and perimeter of the channel cross-
section. Calculating the Co number at atmospheric pressure gives as
result approximately the values 0.72 and 0.29 for the 0.2 mm and 0.5 mm
thick channels respectively. Cornwell and Kew identified Co = 0.5 as the
threshold that differentiates between confined and non-confined two-
phase flows [30]. Above this value, the boiling flow is affected by the
restricting geometry. Therefore, the propagation of the phase change
fronts, when the vapour phase is present, is expected to differ signifi-
cantly in the 0.5 mm thick channel compared to the smaller one.

Fig. 9 shows the temperature evolution in the 0.5 mm thick chan-
nel at T, = 1.9 K. It is immediately clear from a comparison between
Figs. 9a, 9b and Figs. 8a, 8b that the He I region is much thinner in
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Fig. 9. Temperature evolution in the 0.5 mm thick channel at 7, = 1.9 K and different heat fluxes g.

the larger channel. In fact, with a heat flux moderately above g,,,, the
A-front reaches TS1 before receding close to the heater. In Fig. 9b, the
vapour-He I interface oscillates nearby TS1, while TS2 remains in He II
until steady state. The He I phase is, thus, confined between the vapour
and He II phases in a portion that is less than 1.5 cm long. All the other
sensors register temperatures in the He II range of values. In contrast, in
the same range of heat fluxes in the 0.2 mm thick channel, the A-front
crosses multiple sensors before receding close to the heater. This dis-
similarity with respect to the smaller channel lies in the expansion of
the liquid-vapour mixture, which occurs mostly horizontally because of
space lacking in the direction of gravity.

At a higher heat flux (Fig. 9¢), the maximum temperature at TS1
is greater than the steady-state one, which indicates a growing vapour
film. This is confirmed by Fig. 9d, where the vapour phase is stable at
TS1 at a temperature just above the saturation value and hence much

lower than in Figs. 9b and 9c. After the first diffusion-driven increment,
the A-front develops slowly and approaches TS2. Raising further the
heat flux (Figs. 9e and 9f) does not cause major differences in the tem-
perature evolution. The heat diffusion is such that the A-front passes
TS2 within 1 s since the application of the flux. After dropping down
below T, the temperature at TS2 starts a slow growth with a resulting
first-order phase change after 20 s (Fig. 9f).

It is important to underline a subtle distinction in comparison to the
smaller channel. While in the 0.2 mm thick channel the first tempera-
ture increment seems to attenuate as the heat flux increases (Figs. 8e
and 8f), in this case the time at which the temperature reaches T, ap-
pears constant (Figs. 9e and 9f). This will be confirmed by studying the
A-front speed, which is presented in the next section. It is also interest-
ing to notice that, unlike in the smaller channel, the temperature at a
sensor is always above the one at the next sensor (e.g., TS1 > TS2).
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This confirms that the overlapping evolution seen in Fig. 8 is due to the
size of the channel, which obstructs the homogeneous distribution of
the vapour and He I phases.

4. Double-front propagation

The data collected from the clamped flux tests in the 0.2 mm thick
channel provides information on the propagation speed of the A-front.
The speed is computed as the ratio between the distance from the heater
to a certain sensor and a time difference. The latter is the difference be-
tween the time at which a sensor measures T, and the time at which
the heater reaches T),. Fig. 10 is a comparison of the A-front speed at
four different bath temperatures among four heat fluxes in the range
between 35 kW/m? and 73 kW/m?2. The solid, dashed, dotted, and dash-
dotted lines refer to the speed profiles obtained respectively at 1.8 K,
19K, 2 K, and 2.15 K. As predicted by various authors [22], [31], [32],
the speed is inversely proportional to the front position. It is immedi-
ately clear that the lower the bath temperature, the wider the range of
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speeds covered in the same interval of heat fluxes. Both the speed and
the path length traveled by the front increase with the heat flux. How-
ever, as the bath temperature approaches T, the path shortens with the
heat flux. At 2 K, the front barely reaches TS1 at the highest heat flux.
This can be explained by considering the onset of film boiling. This is
confirmed by the profiles at 2.15 K, which diverge from the other results
by showing lower speed and slope, and a covered path independent of
the heat flux. The initial temperature is evidently too close to T for the
He I phase to travel down the channel before the latent heat of vaporiza-
tion is matched by the energy dissipated. It is legitimate to think, thus,
that the A-front propagation is affected by the vapour phase growth.

Fig. 11 shows the speed profiles for a larger range of heat fluxes
at 1.9 K. As seen in the previous graph, the speed increases with the
heat flux. This stops being valid at a certain heat flux (i.e., roughly
105 W/m?2), above which the speed starts decreasing with the heat flux.
This effect is particularly clear beyond TS1 as indicated by the speed
computed at TS2, where the value drops drastically above the afore-
mentioned heat flux. Moreover, the path length traveled by the front
does not vary for a wide range of heat fluxes: it is only at very high
values that the front approaches TS3. Increasing the heat flux above
10> W/m? results in a gradual change in the slope of the profiles, which
tends to resemble the behaviour already observed in Fig. 10 at 2.15 K. In
this case, since the bath temperature is lower, more energy is required
to trigger the first-order phase change in order to obtain this particular
slope.

This variation of the front propagation is better visualized in Fig. 12,
which shows the front speed as a function of the temperature difference
between the heater and the He II bath for different heat fluxes. The re-
sults obtained at 1.9 K (Fig. 12a) and 2.15 K (Fig. 12b) are compared.
The temperature dependence of the speed at a constant location in the
channel is roughly linear at low and high temperatures (Fig. 12a). How-
ever, the function is much steeper for low differences in temperature.
In the intermediate range of temperatures (i.e., between the two distin-
guishable linear trends for a specific sensor), the front appears to reach
TS1 only, where the slope becomes negative and the function ceases to
be linear. At locations from TS2 on, after the first linear function, the
front is again detected at a much higher heater temperature, indicating
that the phenomenologic change of the propagation occurs nearby the
heater.

At 2.15 K (Fig. 12b), the differentiation can be identified for TS1
only. The steep function is visible just for very low temperatures,
whereas above around 10* W/m? the speed increases at a slope simi-
lar to the high-temperature region of Fig. 12a. It appears clear at this
point that the A-front speed is greatly affected by the growing vapour
film and boiling front.

The data of the front speed was utilized to study Eq. (3), which
was derived by Dresner to approximate the A-front speed [22]. For this
purpose, a proportionality factor K is introduced and defined as

pc, (T, —T
K= U/lpcp( s /l) . (5)

€
(x;‘ o fsN ) dT) 3

where v, and x are the speed and position of the front, 7| is the heater
temperature, and density and specific heat are averaged in the tempera-
ture range between T, and T,. In Dresner’s formula, which is applicable
to He II-He I multiphase cases, the factor K would equal 1 assuming
that using averaged properties is a correct assumption. Any deviation
from unity would then indicate either the inaccuracy of the assump-
tion or a different multiphase regime (e.g., presence of helium vapour
at the heating surface). Computing K at every sensor location with the
present data reveals that K depends on the heat flux. Fig. 13 shows
that K varies from 0 to 3 below 10° W/m?2. Above this value, when the
vapour phase is stable at the heater, K drops down below 1. In this re-
gion, K depends markedly on the front position and varies weakly with
the heat flux. Averaging the properties represents no longer a correct
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assumption as the density lies between the values of vapour and He I,
decreasing considerably the value of K.

At last, it is interesting to compare the lambda and boiling fronts
with each other at the location where the most data is available (i.e.,
TS1). Fig. 14 presents this comparison as a function of the heat flux for
both channels, which are labelled according to their confinement num-
ber. In the 0.2 mm thick channel (Fig. 14a), three different regions are
clearly distinguishable for the A-front speed. In the first one, the speed
increases sharply with the heat flux until around 103 W/m?, where a
peak is reached. In the second region, the speed drops at a similar rate
down to the value of the first detectable front. Thereafter, the speed
becomes weakly proportional to the heat flux. On the other hand, the
boiling front travels at a much lower speed and never overcomes 1 cm/s.
Its speed increases slowly until 10° W/m?, after which a small drop oc-
curs. Then, the speed rises at the same rate of the A-front. To sum up,
this figure clarifies the mechanism of double front propagation in He II.
The A-front travels at a speed that is proportional to the heat flux until
the boiling front reaches its maximum value. As the heat flux increases,
the time to achieve the film boiling regime diminishes and the tempera-
ture gradient rises earlier. As a result, the He II-He I transformation rate
decreases, and thus the He I phase thins. The A-front speed is then de-
termined by the vapour phase growth, with the two fronts propagating
at the same rate.

In the 0.5 mm thick channel (Fig. 14b), the boiling front presents
similar characteristics. However, only two regions can be distinguished
for the A-front. The first one is comparable to the case of the smaller
channel. The second region resembles the third one in Fig. 14a, where
the speed rate looks like the boiling front one. Nevertheless, the speed
is greater than in the previous case. The intermediate region character-
ized by a speed drop is no longer present, which explains the absence of
attenuation in the first temperature increment (see Sec. 3.2). Since the
confinement number is lower than the critical value, the vapour and He
I phases expand more easily, ensuring a relatively high A-front speed
in the last region. Another difference lies in the number of times the A-
front travels through the same spot. Because of the early peaks detected
in multiple tests (see Fig. 9), it is possible to identify two A-fronts. The
primary front is the diffusion-driven one, similarly to the smaller chan-
nel. The secondary one is associated with speeds in the range of the
boiling front. This result confirms that the nature of slow A-fronts is
mainly due to the vapour-He I transformation process, which is also re-
sponsible for preventing the A-front speed to increase with the heat flux
for non-confined channels.

5. Conclusions

The present study investigates heat and mass transfer phenomena
in superfluid helium in two rectangular cross-section channels of high
aspect ratios. The experiments consisted of clamped heat flux tests at
atmospheric pressure, in which the heater releases a heat load into the
channel. The difference in thickness between the two channels allowed
exploring the effect of the geometrical confinement on the propagation
of the phase change fronts in the presence of helium vapour. The con-
clusions of this study are summarized below.

Applying clamped heat fluxes above the lambda critical value trig-
gers the second-order phase transition, which causes a sudden temper-
ature increase due to the abrupt drop in specific heat capacity from He
IIto He L

In thin channels of high aspect ratios the minimum heat flux needed
to trigger the second-order phase transition is sufficiently large to
initiate boiling too. At the saturation temperature, the fluid mixture
temperature experiences a steady evolution due to the latent heat of va-
porization. The duration and slope of this evolution are affected by the
heat flux: the higher the heat flux, the shorter and steeper the evolution
at a certain location.

Considerably different steady-state temperature profiles can be dis-
tinguished in the confined channel depending on the heat flux applied.
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Fig. 15. Representation of different multiphase regimes according to the extent
of the heat flux applied.

By qualitatively subdividing the heat fluxes into low, moderate, and
high values, three different phenomenologic zones can be distinguished.
Increasing the heat flux has different effects within each zone (see
Fig. 15): the He I phase occupies an increasing portion of the chan-
nel, while helium vapour is confined next to the heater (low ¢ zone);
the He I region progressively shortens after an initial expansion and He
II returns to occupy the majority of the channel (intermediate g zone);
the He I phase occupies a small portion of the channel between He
IT and the expanding vapour phase (high ¢ zone). These opposing be-
haviours are due to different multiphase regimes. At low heat fluxes,
the vapour phase is heterogeneously constituted by small regions that
allow maintaining a direct thermal link between the heater and He II. As
a consequence, the He II-He I transformation rate grows proportionally
to the heat flux and, hence, the He I phase expands quickly. At moder-
ate heat fluxes, the vapour regions slowly coalesce into a homogeneous
insulating film that blankets the heater (i.e., film boiling) and makes
the temperature gradient increase. It follows that the A-front propaga-
tion slows down and stops earlier before receding because of the heat
removal from the He II bath. At high heat fluxes, the onset of film boil-
ing takes place so rapidly that the He II-He I transformation is hindered
since the beginning of the transient. The vapour phase expands then
proportionally to the heat flux.

At high heat fluxes, a bump-like temporary temperature increment
is always observed at the beginning of the clamped flux tests. This incre-
ment decreases towards the bath but occurs at the same instant at every
location of the channel. As such, it has been attributed to a diffusion-

10

(a) Co>0.5
_
(b) Co<0.5

Fig. 16. Representation of different multiphase configurations according to the
confinement number Co.

driven temperature rise that stops at the onset of film boiling, when the
temperature drops back within the He II range. The peak of the bump
decreases with larger heat fluxes until it disappears.

The thickness of the channels determines the relative proportion
between the different phases of helium. In contrast to the 0.2 mm
thick channel, in the thicker channel the He I phase does not cover
a large portion of the channel regardless of the heat flux (see Fig. 16).
Therefore, the thinner the channel, the more the He I phase expands
longitudinally. It can be concluded that the thickness of the He I region
decreases with increasing characteristic dimensions of the geometry un-
til it reaches a minimum value determined by He II and vapour.

If the temperature is sufficiently lower than 7, and the heat flux is
moderately low (i.e., below 105> W/m?), the A-front speed is inversely
proportional to the front position in the channel. However, if the tem-
perature is in close proximity to T or the heat flux is too large, the slope
of the speed profile changes, altered by the growing vapour phase.

In the confined channel, at a constant location not far from the
heating surface, the A-front speed varies differently according to the
heat flux range. With reference to the categorization previously intro-
duced, it is possible to distinguish three main zones: the speed increases
sharply with the heat flux (low ¢ zone); the speed decreases with in-
creasing heat flux (intermediate g zone); the speed increases weakly
with the heat flux (high ¢ zone). Since in the moderate zone the i-front
propagation slows down and stops earlier, this zone is absent at loca-
tions farther from the heater. Because of the change in behaviour from
the low zone to the intermediate one, there exists a top speed and a
maximum length covered by the front.

The boiling front travels much more slowly than the A-front. Unlike
the latter, the boiling front shows two behavioural zones only: the speed
increases with the heat flux with a negative second derivative until a
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maximum value (first zone); the speed increases weakly with the heat
flux at the same rate as the A-front (second zone). The first zone matches
roughly the A-front low zone. Since the second zone corresponds to both
the moderate and high A-front zones, the similar growth rate in the
second zone indicates that the A-front propagation is mainly determined
by the expansion of the vapour phase and hence of the boiling front
propagation.

Different levels of geometrical confinement affect significantly the
relationship between the A-front speed and heat flux. In the non-
confined channel, only two zones are distinguishable: the speed in-
creases sharply with the heat flux (low zone); the speed varies weakly
with the heat flux (high zone). Since the level of confinement is lower,
the vapour and He I phases expand more easily and, thus, the A-front
speed in the high zone is greater than the top value reached in the con-
fined channel.

Because of the diffusion-driven temperature increase in the early
moments of the transients, the A-front may cross the same location in
the channel twice. The primary front is diffusion-driven and travels at
a typical A-front speed, while the secondary front is due to the vapour
expansion and travels at a typical boiling front speed.
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