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ABSTRACT
CEA-Grenoble performs experiments to optimize the cooling system of large superconducting magnets. An important
application concerns the Large Hadron Collider (LHC) experiment at CERN, where magnets will be cooled by a superfluid
He co-current two-phase flow. We show that this flow exhibits, for vapor velocity exceeding a few meters per second
(=5m/s in the conditions of figure 1) an atomization transition from a pure stratified two-phase flow to a flow including
droplets in the vapor. In the presence of atomization, heat exchange is improved between the flow and the walls. This
excess of heat transfer is due to an increase of the wetted perimeter. The droplet mist is studied by laser light scattering
and by Doppler particle analysis (pda) technique. A small angle (15°) is used for pda detection (see e.g. Di Muoio et al.,
2001) due to the low refractive index of helium (1.028 at 1.8 K). We have obtained size and velocity probability density
functions (pdf's). The mean diameters d10 are about 20 µm, and the number density follows a near exponential decrease
with diameters. A vertical exploration of the mist shows that the flow of droplets is stratified. A large fraction of helium is
dragged near the wavy liquid-gas interface and the size pdf gets narrower moving away from the interface. The transition
to atomization is not accompanied with an annular transition for the whole range of flow conditions investigated. Helium
opens the way to the study of the role of a low surface tension on two-phase flow atomization.

Fig. 1. Observation of atomization in a 40mm I.D. horizontal pipe with superfluid two-phase co-current flow in
steady regime. The liquid at the bottom (seen from its bright interface) is dragged by the rapid vapor stream.
Visualization is made through a Pyrex tube illuminated from rear side and observed at 10° from forward
direction. The total mass flow rate (vapor plus liquid) is fixed: 7g/s, and the temperature is of 1.79 K. From
left to right: Superficial vapor velocity USG : 2.5, 3.9, 5.4, 7, 7, 9.7 m/s. The last two photographs used a
smaller diaphragm aperture.
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1. INTRODUCTION

Heat exchange at temperatures below 5 K is determinant in order to operate NbTi or Nb 3Sn superconducting magnets.
The main advantage of using low temperatures is to increase the maximum magnetic field and current density available
for operation. The system adopted by the CERN-LHC will rely on a two-step heat exchange with liquid HeII. HeII refers
to the superfluid phase of liquid helium, that exists below 2.17 K at 1 bar, its normal counterpart being HeI. The
conduction of liquid HeII is very high, whereas at saturation its low vapor pressure makes the vapor a very poor
conductor. The NbTi magnets are in direct contact with a HeII bath. When heat is released, it is transferred to HeII via
the surface of exchange between the magnets and HeII. To prevent boiling that would reduce this surface, this
superfluid bath is kept under pressure. Heat is further extracted through the circulation of a saturated HeII two-phase
flow in a Ø54mm I.D. copper pipe which goes through the magnet HeII baths. The evaporation of liquid HeII in the
saturated flow provides the cold source. Due to the density difference between the liquid and the vapor, the vapor
velocity progressively increases along the line. Under operation, a cold compressor fixes pressure - and therefore
temperature - at the line outlet whereas pressure losses determine the temperature gradient along the line (Lebrun et al.,
1998).
Many experiments were led at CEA-Grenoble to validate the performances of this cooling system. Among important
issues, the role of the vapor velocity increase in the co-current two-phase flow was explored. Whereas vapor velocity
will be limited to 5m/s at CERN-LHC under normal operation, an enhancement of heat transfer was observed for larger
velocities. The stratified two-phase flow model proposed by Rousset et al. (1998) was not satisfactory in this regime.
Two scenarios were proposed for large vapor velocities, involving either a transition to annular flow or a transition to
atomization. The first set of experiments in 2001 using planar capacitive probes glued on the walls excluded a transition
to an annular flow (see Thibault et al., 2002). This experiment was limited to a maximum total helium flow rate of 7g/s and
was extended in 2004 to 15g/s, with the same conclusion. We refer to these experiments by Expt.1 and Expt.2.
We focus in this paper on optical observations of the transition to atomization occurring at high vapor velocity, with
results from Expt.1 and Expt.2. We present in Section 2 the experimental setup and come back to the different flow
regimes observed. Optical characterization of flow is presented in Section 3. A total interface density of droplets is
obtained from light scattering measurements, and axial velocity and size distributions of individual droplets are measured
by a Particle Doppler Analyzer (pda). In Section 4, we precise the flow conditions to generate atomization and we
quantify the heat exchange enhancement in the presence of droplets in the flow, with possible application to the design
of future large cooling facilities. We finally comment on the interest of the physical properties of helium as an alternative
way to air-water system to observe atomization in well-controlled conditions.
2. EXPERIMENTAL SETUP, FLOW CONDITIONS AND HEAT TRANSFER

2.1 Experimental setup
A 10 m long cryostat with optical access was designed at CEA -Grenoble, with a central 40 mm I.D. stainless steel pipe,
°
schematized on figure 2. The mass flow rate m was injected in Expt.1 up to 7g/s. The extension to 15g/s in Expt.2 was
made possible by a new test facility (see Thibault et al., 2002).

To pumping
unit

Fig. 2. Configuration of superfluid two-phase flow under study. The mass flow rate and the vapor quality are set at
the line inlet, whereas steady state optical and thermal measurements are performed 9.3 m downstream. The
cryostat slope is adjustable even in operation, and a co-current two-phase flow is driven from right to left by
both the pumping unit, gravity and gas friction at liquid-gas interface. Atomization appears for USG=5m/s.
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In contrast with the LHC where heat will be dissipated along the string of magnets, evaporating helium all along the two°
phase flow, a discrete value of heating power Q° is set at the line inlet. The vapor quality θ =Q° /mL, where L stands for the
°
latent heat of evaporation (~23kJ/kg), is adjusted between almost 0 and 1 for Q = 10 W to 150 W (Expt.1) or 350 W
(Expt.2). The minimal Q° = 10 W corresponds to the estimated heat losses of the line. The line slope is tilted from
horizontal to 1.4% descending slope corresponding to the maximum LHC tunnel slope. Measurements are performed
9.3 m downstream from injection, where previous experiments (Rousset et al. 1998), had confirmed an established regime
°
was reached. During a run, the total mass flow rate m is set from the inlet Joule-Thomson valve and the outlet
temperature TOut is imposed by operating conditions of the cold pumping unit.

2.2 Evolution of the liquid level in the line
The progressive evaporation of a given flow rate of helium along the string of magnets of the LHC corresponds to
increasing Q° in the test experiment. The consequences are twofold. The liquid level decreases and the velocity of the
low-density vapor phase increases. Friction with the vapor at the liquid surface accelerates the liquid, and its level
further decreases. These effects were modeled by Rousset et al. (1998) starting from the Barnea and Taitel model (1992)
and using a friction term (Andritsos and Hanratty, 1987) adjusted to reproduce the experimental pressure drop. The
prediction of this model is represented by the solid line of figure 3, showing the decrease of the wetted perimeter with
superficial gas velocity USG. As the vapor quality is set by turning on Q° , we get the simple relation USG = 4Q° /(Lρ GπD2)
where ρ G is the gas density and D is the pipe diameter.
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Fig. 3. Comparison, as the vapor velocity increases, of the effective perimeter that is wet by helium deduced from
heat exchanges (triangles) to the perimeter that is wet by the bulk liquid phase. The perimeter wet by the
bulk liquid is computed from the model introduced by Barnea and Taitel (1992) and compares well to the
observed liquid level (Figure 1).
2.3 Heat transfer
The modification of heat transfer through the pipe walls between the static pressurized HeII and the HeII two-phase flow
is measured via the heat transfer box represented on figure 2. A resistor dissipates a power Q° K in the pressurized bath
and the temperature increase of the bath is measured for different flow conditions in the line. We find that, while the bulk
liquid level decreases at large vapor velocity, the thermal exchange improves. This improvement is non linear, being
largest for the smallest heating powers. Typical results, obtained for a heating power of about 2 W/m, are reported on
figure 3, where they have been interpreted in terms of an increase of the wetted perimeter. This conversion assumes that
heat transfer is directly proportional to the surface that is wet by helium. As this assumption is very specific to heat
exchange with helium at low temperature, we detail its mechanism.
For moderate heat fluxes Q° K, liquid HeII behaves as an almost perfect heat conductor, with an apparent thermal
conductivity of ~ 1011 W/Km. In a cross-section of the pipe, both the pressurized HeII bath and the saturated HeII bath
are isothermal, independent of the liquid velocity. Concerning the vapor, the saturating pressure and the gas density are
very low (Psat ~ 16 mbar and ρ G ~ 0.45 kg/m3 at 1.8 K) so that heat transport by conduction but also by convection in the
vapor are negligible in comparison with the conduction into the liquid. This means that the lines of heat flux originating
from the pressurized bath run into the saturated liquid, as illustrated on figure 4 for a smooth-stratified flow below 2 K. In
the non wetted regions, the copper temperature is equal to that of the pressurized bath. Eventually, heat exchange is
controlled by the thermal resistance RCu in the metal and by the thermal resistance between the liquid and the pipe walls
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(Kapitza resistance RK). For practical values of RCu and RK, flux lines inside copper are essentially perpendicular to the
walls wet by the liquid, so that heat exchange is proportional to the wetted surface, apart from some limited fin effect. We
have also sketched on Figure 4 the temperature profile that develops between the two helium baths, far enough from the
vapor ( more than 1 or 2 mm).
At low vapor velocity, the effective wet perimeter is larger than predicted by the model of Barnea and Taitel (figure 3).
Fin effects explain some fraction of the discrepancy, but the main point is that the exchange decreases with USG as
predicted by the model. In contrast, at sufficiently high vapor velocity (above 5m/s), the measured exchange improves.
This means that the wet perimeter increases. This onset coincides with the velocity above which a mist can be directly
observed, and the formation of a thin film (several microns thick) can be detected by the capacitive probes. This
indicates that some liquid fraction gets atomized, and after some stay in the vapor, droplets fall back into the liquid or
deposit onto the walls, increasing the wetted surface. In this droplet-assisted cooling mechanism, heat exchange is
much improved, as indicated by the thermal measurements of figure 3. The level of improvement depends on the area of
the deposited film (controlled by the dynamics of wetting of the impinging droplets, as compared to the rate of the
gravity driven flow along the walls), as well as on its geometry (for individual droplets or for a finely divided film flowing
down the wall, fin effects will improve the heat exchange). Furthermore, the improvement should be non-linear with the
power injected, as, for large enough power, the droplets can be expected to be evaporated before forming a continuous
film. Such a non linear relationship between the heat flux and the temperature difference is indeed observed, which is a
qualitative test of the validity of the proposed mechanism. A quantitative test requires to evaluate the maximal cooling
power of the mist, i.e. the mass flow transported by the droplets to the walls, and to compare it to the result of the
thermal measurements. This measurement of the mass flow is the ultimate goal of our optical measurements.

a)
b)
Fig. 4. Sketch of the situation of heat transfer between a pressurized and a stratified HeII bath.
a) Cross-section of the pipe (not to scale).
b) Temperature gradients observed at copper/helium interface and inside copper.

3. OPTICAL INVESTIGATION

3.1 Optical accesses and direct visualization
Direct visualization is an efficient way to probe atomization. However, in a cryogenic context, IR radiation is a strong
source of heat leaks. The solution adopted here relies on several view-ports thermally anchored successively at 300, 77
and 2 K. Figure 2 presents the different possibilities offered by our optical arrangement. A first set of view-ports gives
access to a 20 cm long portion of the pipe made out of Pyrex glass, allowing direct imaging of the flow on a CCD camera
using a vertical sheet of either white light (Expt.1) or red light from a 1 mW laser diode (Expt.2). The Pyrex tube is also
used for pda measurements with an Aerometrics commercial apparatus in configuration c of figure 5. A second set of
view-ports gives access to the middle of the stainless steel pipe through 15 mm diameter flat windows located at He
temperature. Identity of the mist density at the two locations allowed us to check that IR radiation through the Pyrex
tube was not a limiting factor. We used the second access for measurements of light scattered from a 10 mW HeNe laser
traversing the flow. Extinction (and therefore mean free path) is measured in the forward direction on a photodiode (PD),
and scattered light is collected at a selected angle on a photo-multiplier (PM). In all cases, we restrict our measurements
to small angles of detection: ϕ=10° for direct visualization, ϕ=15° for pda measurements, and ϕ=4° for collection on a PM.
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a)

b)

c)
Fig. 5. a) and b) Visualization at 10° of the flow illuminated from rear by a vertical sheet of white light (Expt.1) or
the slightly diverging beam of a laser diode (Expt.2.) Flow is along x direction, and the ellipsoid underlines
the scattering from the Pyrex tube.
c) Pda configuration used for longitudinal velocity (vx ) component of droplets. Two elevations relative to
pipe center were explored in (Expt.1): z=-3 mm and z=-12mm. Exploration in Expt.2 concerns both vertical
(z) and horizontal (y) directions.
These unusual angles are imposed by the low contrast of index of refraction between liquid helium and its vapor
(~1.028). As the helium droplets are large (= 10µm) compared to the laser wavelength, the geometrical approximation
applies, as confirmed by the angular dependence of intensity on scattering angle ϕ. In the case of helium, scattered light
is strongly peaked forward (<cos ϕ> = 0.98). Light intensity collected at some angle generally depends on the total crosssection of the scatterers within a given scattering volume. For large particles, the scattering cross-section is twice the
geometrical cross-section, due to diffraction (e.g. van de Hulst, 1957). Hence, in the case of single scattering the
scattered intensity is proportional to Σ, the total surface area of scatterers per unit volume. The consequence of multiple
scattering in helium sprays was discussed in Ladam et al. (2001). A quantitative treatment of Σ(z) from CCD pictures
shows a maximum of Σ near the liquid gas interface, corresponding to the bright regions of figure 1. Moving away from
the interface, Σ decreases by a factor of 1 to 2 decades depending on inlet power. A competition between gravity and
entrainment of droplets from gas turbulence may explain this stratification. The vertical gradient of droplets appears
however more complex than the simple exponential expected for a flow with no boundary. Stratification is discussed in
Binder and Hanratty (1992) and Thibault et al. (2002) in the case of helium. Introduction of source (atomization) and sink
terms (deposition at wall, droplet coalescence,…) could improve the model, but go past our current knowledge of helium
flows.
In order to evaluate the maximal heat transfer due to droplets impinging on the walls, we need the incident mass flux
transported by the droplets. This depends both on the volume density and the velocity normal to the walls. The first
quantity can be deduced from Σ if we know the Sauter diameter d32 of the droplets. This information is provided by pda
measurements that give the full pdf of diameters. Furthermore, these measurements allow to measuring the pdf of axial
velocity. Assuming an isotropic turbulence, the fluctuations of the axial velocity give an idea of the transverse velocity,
which would have been very complex to measure in our geometry.
3.2 PDA measurements
We show on figure 6a histograms of the size pdf's obtained at the center of the pipe (y=0, z=0) for different inlet powers
in the line, for a slope of 0.6° in Expt.2. The adaptation of the 30° working angle assumed by the Aerometrics software
(version 4.27.E) to the actual value of 15° is obtained by multiplying the sizes by the ratio sin 15°/sin 30°. We checked
this size conversion by measuring polystyrene beads suspended in benzyl alcohol that offer the same contrast of
refractive index as helium. The count numbers given in the figures are corrected by the ratio of the total number of
counts in the probe volume to the validated counts, and divided by the acquisition time. This correction assumes that

5

the statistics of the rejected events are the same as the validated ones.
°
For a total mass flow rate m=13 g/s, we span inlet powers from 140 W down to values where droplets disappear from the
center of the tube. The pdf's are roughly exponential, with a characteristic size d0 (equal to the inverse of the slope of the
logarithm of the distribution), and a maximum of counts near 15µm. We distinguish in our discussion d0 from the average
diameter d10, which is sensitive to the cutoffs in the distribution.
The decrease of corrected count number mainly reflects the decrease of the droplet density as the inlet power is reduced
(there is also a smaller velocity effect). Diameters d0 are of about 15µm, corresponding to almost parallel lines in a semilog plot. This suggests that the size distribution has a well defined shape. Axial velocity pdf's are presented on figure 6b.
The mean velocity v- and the corrected count numbers increase with inlet power at constant temperature. A tentative
characterization of a gaussian width ∆v for the distributions gives ∆v/v- ~15% almost constant (slightly smaller, 10%, for
Q° =80 W).

b)

a)

c)
°

Fig. 6. Pda measurements in Expt.2, m=13 g/s; slope=0.6%, T~1.8 K. Open squares: Q° =140 W, full squares: Q° =126 W;
open circles: Q° =106 W; full circles: Q° =80 W; diamond: Q° =66 W. Total corrected counts in probe volume are
per second, and droplet velocity is measured for y=0 and z=0 (center of the pipe).
a) Size pdf's.
b) Velocity pdf's.
c) Velocity-diameter correlation.
The axial velocity for different flow conditions can be compared to the superficial gas velocity of the flow. We compiled
in figure 7 mean longitudinal velocity measurements v- at the center of the tube (y=0, z=0) obtained during Expt.2 as a
function of USG. For the three temperature considered, v- is proportional to USG (with a slope of approximately 1.1). This
suggests that droplets follow the gas stream, a conclusion confirmed by the fact that the diameter-velocity correlation of
figure 6c is essentially flat. As an indication, the gas Reynolds number in the pipe would be of order 105 for a pure helium
gas flow. The scaling of v- with USG instead of the gas velocity could be questionable, but in the flow regime where
atomization is observed, the void fraction is always near 1.
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a)
b)
-

Fig. 7. a) Mean droplet velocity v at the center of the tube as a function of superficial gas velocity. Stars:
1.78=T=1.8 K; circles: 1.8=T=1.9 K; squares: 1.95=T=2.05 K. The line of slope 1.1 is a guide for the eyes.
b) Mean velocity profile across the Ø40 mm Pyrex pipe section. Power injected = 140 W, USG=11.6 m/s,
°
T ˜ 1.8 K, m = 7g/s, slope of 0.6°. Stars: transverse profile from y=-2 to 20 mm (symmetrized for clarity). Full
circles, vertical profile (z=-20 to 20mm) measured from pipe center.
Horizontal (y) and vertical (z) mean velocity profiles are presented in figure 7b. The velocities in the y>0 direction have
been measured across half the diameter and symmetrized. Small temperature drifts could explain velocity fluctuations
during the run (a 30 mK increase of T at 1.8 K implies a 10% decrease of average velocity). Despite of the very large void
fraction, the velocity profile of the two-phase flow is very asymmetric in the vertical (z) direction, showing a lower
velocity near the liquid-vapor interface. This is very likely due to the large density of droplets there.
We detail in figures 8 and 9 histograms of size and velocity pdf's obtained by exploring the section of the pipe in the
same conditions as in figure 7. The results corresponding to horizontal exploration are reported on figure 8a and 8b. Size
pdf's are very similar to each other, with a d0 of 9µm. Velocity pdf's show a maximum of the mean velocity at the center of
the line, and velocities decrease near the walls. However, the width ∆v of the velocity distributions increases close to
wall (up to 1.5 m/s), so that the fluctuation ratio ∆v/v- continuously evolves, from 6% to 12% at least. This differs
markedly from the trend obtained by varying the gas velocity at fixed location that preserves this ratio. The corrected
count number on figure 8b is maximum at the center of the pipe but by a small fraction, meaning that the droplet density
is almost constant along an horizontal diameter.

a)

b)
°

Fig. 8. Transverse (y) exploration of droplet pdf in Expt.2, slope=0.6%, T~1.8 K, m=7g/s, Q° =140 W. Total corrected
through probe area are per second. Open squares: y=16mm; full squares: y=15mm; open circles: y=14mm;
full circles: y=12; open diamonds: y=10mm; + crosses: y=8mm; X crosses: y=+6mm; stars: y=+3mm and
y=0mm (pipe center)
a) Size pdf's: the curves are shifted from each other by half a decade from first (y=15mm) for clarity.

7

b) Velocity pdf's

a)

b)
°

°

Fig. 9. Vertical (z) exploration of droplet pdf in Expt.2, slope=0.6%, T~1.8 K, m=7g/s, Q=140 W. Total corrected
counts in probe volume are per second. Pipe center is at y=0, z=0. Open squares: z=-15mm; full squares: z=10mm; open circles: z=-5mm; full circles: z=0; open diamonds: z=+5mm; crosses: z=+10mm; stars:
z=+15mm.
a) Size pdf's : the curves are shifted from each other by half a decade from first (z=-15mm) for clarity.
b) Velocity pdf's
The results corresponding to vertical exploration are reported on figure 9a and 9b. Size pdf's evolve with height, with a
d0 ranging from 20 µm to 5µm going from bottom to top. The location of the maximum of the pdf also decreases with
height. Some structure is seen for the large diameters, above 50µm, but this might be due to some artifacts in the diameter
determination. Count number increases moving away from interface. Velocity pdf's show a maximum of the mean velocity
above the center of the line, and a decrease in velocity near the walls. The pdf mean velocity values have a very
asymmetric profile, with a much slower velocity of the droplets near the interface. The velocity is also smaller close to the
top part of the pipe, so that the decrease of d0 in this region cannot be interpreted in terms of a locally stronger shearing.
The width ∆v of the distribution is very large near the interface (more than 2 m/s at z=-15 mm) with a maximum of ∆v/v- of
25%, whereas it is minimum at z=+5 mm, with ∆v/v- =6%. This leads to the conclusion that not only the droplets follow on
average the mean flow velocity, but that they also reflects either the local mean gas velocity (near the interface) or the
turbulence fluctuations (at the maximum flow velocity).
The correlation between mean d10 diameters and the droplet mean velocities v- is compiled on figure 10 for various
experimental conditions at the center of the tube. The d10's appear to increase with mean velocity. This dependency is
surprising as we expect the diameter d10 to decrease for increasing velocity. For example, simple mechanisms based on
radius stability criteria for droplets in a shear stress give a 1/v2 dependency (Pilch and Erdman 1987), or a somewhat less
acute velocity dependency (e.g. Azzopardi, 1988). Furthermore, the droplets size corresponds to a Weber number of
order unity, one order of magnitude smaller than the critical Weber number of ~12 (Pilch and Erdman 1987). The
observation of smaller sizes than predicted could point to the fact that the final atomization of droplets is not controlled
by shear stress, but by another process, e.g. binary collisions. It remains to be seen whether such a mechanism could
explain the decrease of the diameters with increasing height. In any event, a complete understanding of both the height
and velocity dependence of d10 should probably take into account the fact that we deal with a stratified flow.
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Fig. 10. Correlation between d10 and mean droplet velocity measurements in the line.

4. THERMO-HYDRAULIC PROPERTIES

4.1 Velocity and density dependence of atomization
Measurement of extinction of a laser beam is an easy and robust characterization of a spray. As explained in section 3.1,
the mean free path l along an horizontal diameter is obtained from Lambert-Beer 's law: I=I0exp(-D/l). In most of our
experiments l=D, guaranteeing single scattering of photons applies. We measure this extinction using a photodiode and
simultaneously record with a photomultiplier the light scattered at an angle ϕ which is proportional to the interfacial area
density Σ=2/l. The results of Expt.2 are presented on figure 11 as a function of USG for different flow conditions, and
compared to the previously reported results of Expt.1 (Di Muoio, 2001).

Fig. 11. Interfacial area density at the center of the tube as a function of superficial gas velocity. Expt.1 (slope 0.6%) :
°
°
°
Stars: m=7g/s, T=1.8K (ρ G=0.45kg/m3) ;Expt.2 (slope 0.6%) : Squares: m=13g/s, T=1.8K ; Open circles: m=15g/s,
°

T=1.85K (ρ G=0.53kg/m3) ; Full circles : m=15g/s, T=2K (ρ G=0.8kg/m3).
The interface density area increases monotonically for all flow conditions above a threshold of 5 m/s for the gas velocity
°
until drying out occurs in the line (not shown here). The stars correspond to the results at the maximum flow in Expt.1 (m
°
= 7g/s). The effect of an increase of m
up to 13g/s in Expt.2, which allows an extension to larger inlet powers, i.e. to larger
velocities, is seen on square symbols. A maximum of Σ of 60 m2/m3 is measured at USG =13 m/s. Not only is Σ increased
by the larger velocity, but the absolute value of Σ is about twice as large for a given velocity of 10 m/s. We believe that
this change results from the increase of the liquid level. Keeping in mind that the liquid level h in the line is low (h=4mm
°
for USG>5m/s), the free surface of the liquid available for atomization increases as mα (with α ~ 0.43 for h<<D/2) and so is
expected Σ. As the mist is stratified, the increase of the bulk liquid level with respect to the height of the laser beam
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could also play a role, but, in our conditions, this effect is expected to be negligible.
The effect of the gas density was also investigated at the maximum flow rate of 15g/s by comparing Σ obtained for the
temperatures of 1.85 K and 2K (corresponding to gas densities of 0.53 kg/m3 and 0.8 kg/m3). These curves are
superimposed, showing that the velocity only, not the vapor density, determines the interface area. This conclusion,
which confirms that drawn from Expt.1, strongly contrasts with a pressure-induced mechanism involving ρ GUSG2 or
another combination, suggested for water-air flows (e.g. Pan and Hanratty, 2002). We finally come to the conclusion that
atomization depends strongly of the gas velocity, and in a lesser extend of the liquid level.
The prediction of the functional dependency of the atomization rate with USG or other combination would be of major
interest and is much debated. One approach is based on semi-empirical relations, as in Pan and Hanratty (2002). Another
approach (see Hong, 2003) is based on a detailed analysis of the primary atomization and is supported by measurements
in air-water systems. After the growth of a Kelvin-Helmoltz instability, a Rayleigh-Taylor secondary instability would
appear in the transverse direction due to an axial acceleration from the gas. This instability gives rise to ligaments that
are further stretched until droplets are generated. The number of droplets is a large function of gas velocity (~ UG5), and
their size depend on the wavelength of the transverse instability, proportional to (σ/ρG)1/2. With a particularly low surface
tension (σHe=0.32 mN/m at 1.8 K) with comparison to water (σWater =72 mN/m at 300 K), helium is a promising system to
test these ideas.

4.2 Cooling power of droplets
The link between cooling power and flow regime is of major interest. A rough estimate is to consider that a flux of
droplets reaching the wall can extract a heat equal to the mass flux multiplied by the corresponding latent heat.
Assuming that all droplets have a diameter of 10 µm and contribute to an interface density of 60 m2/m3 (see figure 11), the
volume fraction of liquid is ΣD/6= 10-4 and the flow of enthalpy, for a transverse velocity of 1m/s would be
Q° C ~ 30 mW/cm2. This estimate assumes the transverse velocity is of order of the width ∆v of the distributions and that
the droplets have time during their trajectory along the pipe to impact the wall. This last consideration is of importance,
as it is appears for droplet densities already large that a decrease of vapor velocity associated to a higher working
temperature can also improve heat exchange. The value we have obtained for Q° C exceeds the applied heat flux Q° K used
for Kapitza measurements, but also the requirements for the LHC under standard operation. However, such a cooling
power can be of major importance during the transients (ramping of the magnetic field, cooling of the line) or for future
upgrades. For the largest flow rates investigated, a very dense mist of droplets can be generated as seen on Figure 12.
We observe transverse density gradients, already seen in Expt.1, accompanied with a time fluctuating position of the
maximum of scattered intensity. Heat exchange with the pipe walls is very high, and corresponds to 70% of equivalent
wetted perimeter, which is 5 times the macroscopic wetting probed capacitively. For large Q° K, heat that can be effectively
extracted depends on the dynamics of droplet deposition. We hope we can address this question in a near future, at
least experimentally.

a)

b)

°

°

Fig. 12. Expt.2 a) m =15g/s, Q° =80W at 1.85 K.

b) m =15g/s, Q° =240W at 1.85 K.

5. SUMMARY
Atomization has been observed in an established two-phase flow of superfluid helium. The appearance of atomization is
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associated with an improvement of heat transfer. The mist is composed of tiny droplets with almost exponential
distributions with characteristic diameters from 5 to 10 µm. A pronounced vertical density gradient is observed from
photographs taken at small angle, and confirmed from pda measurements. The size pdf's of droplets are mostly
exponential, with a distribution getting steeper moving away from interface. The velocity pdf shows lower velocities of
droplets just above the liquid gas interface, whereas transverse velocity gradient at mid height of the pipe is comparable
to that of a pure vapor stream of same Reynolds number. The droplets entrained in the vapor follow a complex motion.
The volume fraction of droplets entrained into the vapor is compatible with a droplet assisted cooling of the pipe, an
important issue for the design of present and future large superconducting magnets cooling systems.
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