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The steady-state evaporation of superfluid helium at a liquid-vapour interface near
the exit of a cylindrical capillary is considered. In order to maintain phase equilibrium,
as the evaporation rate increases the liquid-vapour interface will retreat into the capil-
lary. Due to the very large density difference between the liquid and vapour, the retreat
of the interface into the capillary produces a sharp change in mass flow. A simple
capillary model has been applied to flow in porous plug phase separators by consider-
ing parallel capillaries of equal length but with a distribution of diameters. In this case
it is found that the change in mass flow is consistent with what has been observed
for an increasing pressure drop across a porous plug. This suggests that the equilib-
rium flow states occur as the liquid-vapour interface retreats into a porous plug in

response to incremental increases in the pressure drop across the plug.
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Recent low temperature experiments in space have shown
that long term thermal stability can be achieved through
controlled evaporation of superfluid helium at the surface
of a porous metal sponge (porous plug phase separator)'—,
The function of the porous element is two-fold: (1) capil-
lary forces ensure a supply of liquid; and (2) the thermome-
chanical effect in superfluid helium allows for thermal
regulation of the mass flow. Future high-precision exper-
iments in space, for example, the Relativity Mission and
STEP, require not only thermal stability, but a sufficient
mass flow to provide the thrust needed to compensate for
disturbance forces due to air drag. This added requirement
on the mass flow may lead to the use of the porous element
in a mass flow region which is not well understood.
Previous experiments*~ on porous plug phase separators
have shown that the mass flow can be divided into at least
two flow regimes (see Figure 1b). These two regions are
separated by a sharp slope change in the plot of mass
throughput versus pressure drop across the plug. The region
of small mass flow is believed to be linear and can be corre-
lated to the pore geometry via a constant impedance factor
which can be determined by a separate measurement (e.g.
vapour flow at room temperature). The region beyond the
slope change as well as the dynamic behaviour of the tran-
sition between the two regions are not well understood. In
fact, a number of experiments have shown that mass flow
in the region is hysteretic, i.e. an increasing pressure drop
produces a different mass flow than a decreasing pressure
drop (see the inset of Figure 1b)*~%. Such non-linear behav-
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iour can obviously lead to unacceptable performance of
spacecraft control systems which rely on the porous plug.

Starting from an earlier paper which argued that the ori-
gin of the mass flow change is due to the liquid—vapour
phase boundary retreating into the plug*, we model the
porous plug by considering a straight cylindrical capillary.
We then ask the question under what mass flow conditions
is it possible to have the coexistence of liquid and vapour
in the capillary? Rather than pursue arguments based on a
balance of mechanical forces at the liquid—vapour inter-
face®, we base our analysis on conditions of mass flow con-
tinuity and phase equilibrium. A similar approach has been
used in petroleum engineering studies of classical two-
phase flow in porous media’. In the case of superfluid
helium, however, the situation is slightly more complicated.

As is well known, the laminar flow of superfluid helium
can be described by the two-fluid model. For evaporation
from a cylindrical capillary of diameter d, this leads to a
net mass flow per unit area 1, given by®

d¥(pS)’T | dT

m=r———— | — (1)
32nA +8T) | dx

where: p is liquid density; S is liquid entropy; T is the tem-
perature in the liquid; 1 is the normal fluid viscosity; A is
the latent heat of vaporization; and x is the distance along
the capillary. We have ignored the thermal conductivity of
the capillary and consider only heat conduction by the fluid.
The temperature gradient along the capillary is taken to be
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Figure 1 (a) Equilibrium position of liquid—vapour interface for a given mass flow through a capillary of 2 um diameter and 2 cm
length. {b) Mass flow versus pressure drop across the capillary. The inset is a plot of the experimental data of Murakami et al.®

small (d7/dx << T) and can be related to the pressure
gradient along the capillary by

—Lt=ps - @

where P, is the liquid pressure. Thus, using (1) and (2),
for a given evaporation rate /1 we can find the temperature
and pressure in the liquid along the capillary. For the vap-
our, we consider laminar flow.

In order to determine the location of phase transition, we
use a thermodynamic analysis and assume that at the
liquid—vapour interface the evaporation takes place reversi-
bly at a constant temperature 7. The location of the liquid—
vapour interface along the capillary is determined by the
condition A

me (TP = py (TLPy) 3)

where y,, P, are the chemical potential and pressure of the
liquid and w,, P, are the chemical potential and pressure
of the vapour. For a flat liquid—vapour interface,
P, =Py = P,. In the capillary, however, the interface is no
longer flat but curved. Given that the liquid wets the wall
(contact angle is zero), let us take for the interface in the
capillary a surface with a radius of curvature d/2, where d
is the diameter of the capillary. The liquid and vapour
pressures P and Py are no longer equal but given by

Py~P = 4)

where oy is the liquid—vapour surface energy. It is
important to note that on a curved interface the liquid and
vapour no longer coexist on the saturation line, P,(7T), as
defined by the thermodynamic equilibrium of a flat liquid—
vapour interface. In fact, deviation from P,(T) can be sig-
nificant. It is straightforward to show that both the liquid
and vapour pressures are lowered from their nominal equi-
librium value regardless of pressurization of the liquid, and
result in a phase transition between a superheated liquid
and a superheated vapour. The liquid pressure is lowered by
a significant amount for pore diameters less than 100 m,
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whereas vapour pressure lowering can be neglected for pore
diameters larger than 0.1 pwm.

It becomes clear then that in order to find a phase bound-
ary along the capillary which satisfies the conditions of
phase equilibrium we must also know the thermodynamic
properties of the superheated liquid. For the free energy of
the superheated liquid, we use a linear extrapolation of the
tabulated bulk free energy data. The vapour free energy can
also be found through extrapolation by assuming the vapour
to be an ideal gas. We can now find the position of the
liquid—vapour interface in the following way. For a given
mass flow 1, we calculate the pressure and temperature
distribution for either liquid or vapour flow in the capillary.
From the temperature and pressure distributions, we can
calculate the chemical potential for the liquid and the vap-
our along the capillary. For a given equilibrium position in
the capillary, as defined by (3) and (4), we then check the

.vapour flow and make sure that the temperature and pres-

sure at the exit of the capillary are correct.

Figure la shows the result of our calculations for the
position of the liquid—vapour interface in the capillary. As
the mass flow is increased, the radius of curvature of the
liquid—vapour interface at the capillary exit decreases until
it becomes equal to the radius of the capillary. Further
increases in the mass flow lead to retreat of the phase
boundary into the capillary. In Figure 1b, we plot our
results for a capillary of 2 um diameter and 2 cm length as
mass flow versus pressure drop across the capillary. The
two different flow regimes can be clearly seen and are lab-
elled I and II. Also plotted in the inset of Figure 1b are
the experimental data of Murakami et al.’. The results of
our calculation are qualitatively consistent with what has
been seen by experiment. There are, however, two obvious
flaws with this simple model. The first is a geometry prob-
lem, in that porous media are not defined by a single pore
diameter but rather by a distribution of pore diameters. In
addition, there is also a tortuosity associated with porous
media due to the fact that the pores are far from straight.
The second problem is that our single capillary model can-
not explain the hysteresis observed in region II (see the
inset of Figure 1b).

In an attempt to address the first of these problems, we
have considered the evaporation from parallel capillaries of
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Figure 2 Comparison of mass flow versus pressure drop for a
single capillary to that of a distribution of capillaries. For the
two distributions shown, the pore radii range from 0.5 to 8 m.
The curve labelled N is for a uniform distribution of pore num-
ber and the curve labelled V is for a uniform distribution of pore
volume. The single capillary curve as well as the uniform pore
volume distribution curve have been scaled for the purposes
of comparison

equal length but of different pore diameters. The capiliaries
are taken to have the same temperature and pressure at each
entrance and exit but are otherwise independent. The results
for two different pore diameter distributions along with the
result for a single capillary are shown in Figure 2. For both
distributions, the pore diameters range from 1 to 16 um.
The difference between the two distributions is that for the
curve labelled N we take a uniform distribution of pore
number and in the curve labelled V we take a uniform dis-
tribution of pore volume. We see from Figure 2 that the
effect of a distribution of pore diameters is to smooth the
transition from region I to II. The significant point to note
is that the shape of the curve is similar to the transition
which has been seen for an increasing pressure drop across
the porous plug (see the inset of Figure 1b)*S.

Thus, it is the change in mass flow seen for a decreasing
pressure drop across the porous plug (see the inset of Fig-
ure 1b) which is very peculiar and perhaps cannot be
explained by our model. For this reason, we are currently
working on a network model to see what type of flow tran-
sition is produced by a network of capillaries (which have
varying lengths and diameters) in the process of filling with
a superfluid.
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Conclusions

In summary, we have shown that the thermodynamics of
evaporation from a cylindrical capillary supports the idea
of phase boundary retreat. We have also demonstrated that
for a distribution of pore diameters the transition from
region I to II compares better with the transition seen for
an incrementally increasing pressure drop across a porous
plug. This says that the upper flow branch of the hysteresis
loop is the equilibrium state. The transition for a decreasing
pressure drop needs further study and perhaps a more com-
plicated model. In particular, we believe a network model
may solve this problem. This will help us to understand the
true limits of porous plug devices (phase separators and
thermomechanical pumps) for use in future spacecraft rely-
ing on high-precision thermal and cryogenic propulsion
systems.
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