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ABSTRACT OF THE DISSERTATION

The Non-Newtonian Heat and Mass Transport of He 11
in Porous Media

Used for Vapor-Liquid Phase Separation
by

Sidney W.K. Yuan
Doctor of Philosophy in Engineering
University of California, Los Angeles, 1985

Professor Traugott H.K. Frederking, Chair

The present investigation of vapor-liquid phase separation
(VLPS) of He II is related to long-term storage of cryogenic
liguid. This VLPS system utilizes porous plugs in order to
generate a thermomechanical (thefmo-osmotic) force which in
turn prevents liquid from flowing out of the cryo-vessel
(e.g. Infrared Astronomical Satellite ).

In part, VLPS research reported in the 1literature has
produced apparently contradictory results. Therefore, an
apparatus was built and VLPS data were collected for a 2 um
and a 10 um sintered stainless steel plug (1/2 inch diameter
and 1/8 inch thick) and a 5-15 um sintered bronze plug (1/2

inch diameter and 1/2 inch thick).

xxii



The VLPS data obtained at high temperature (close to Tx)

were in the non-linear turbulent regime. At low tempera-
ture, the Stokes regime was approached.

A turbulent flow model was developed, which provides a
phenomenological description of the VLPS data of the present
experiment and of other iaboratories. According to the mo-
del, most of the phase separation data in the literature and
the present work are in the turbulent regime. The model is
based on concepts of the Gorter-Mellink transport involving
the mutual friction known from the zero net mass flow (ZNMF)
studies. The latter had to be modified to obtain agreement
with the present experimental VLPS evidence. In contrast to

the well-known ZNMF mode, the VLPS results require a geome-

*
try dependent constant. This parameter K

("Gorter-Mellink constant") to first order, is independent

“3

b8
of temperature and is found to be proportional to K within

data scatter (Kp = room temperature permeability).

A theoretical interpretation of the phenomenological
equation for the VLPS data obtained, is based on modelling
of the dynamics of quantized vortices proposed by Vinen. In

extending Vinen's model to the VLPS transport of He II in

*
porous media, a correlation between the K and Kp was ob-

GM
tained which permits an interpretation of the present find-

ings.

xxiii
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As Kp is crucial, various methods have been introduced in

the present work to measure the permeability of the porous
media at low temperatures. Good agreement (within 10%) was
found between the room temperature and the low temperature

Kp-value of the plugs.
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Chapter |

INTRODUCTION

1.1 GENERAL

Space vessels 1like the Infrared Astronomical Satellite
(IRAS) make use of liquid helium (He II) for cooling purpos-
es. In the case of IRAS, He II was used to keep the tele-
scope sensors at low temperature (around 1.8 K). At this
temperature, the telescope has a better resolution of the
outer space regions emitting low intensity radiation in the
far infrared spectrum. The duration of such a mission usu-
ally depends on how long the cryogen can last. When all the
He II on IRAS evaporated, the telescope was out of opera-
tion. Therefore, it is crucial to keep the cryogen in the
cryostat as long as possible. To confine liquid helium in
the container by conventional means for very long times,
e.g. 10 years, is difficult. Vent lines are necessary for
the vapor to be ejected from the cryostat due to the heat
input. Since the pressure inside the cryostat is always
higher than that of the outer space, any liguid in the con-
tainer will tend to escape through the wvent line. It was
proposed by Professor William Fairbank to utilize the foun-
tain effect of He II to confine the liquid in the cryostat

(Selzer et al. 1970).



A porous medium is mounted between the container and the
vent line (Figure 1.1). The porous plug is in contact with
liquid helium on one side, and on the other side it is open
to the vapor in the vent line. That is why the system is
called the vapor-liquid phase separator. Any heat that is
carried into the cryostat liquid is transported by one of
the two fluids, called normal fluid (Fig 1.2). The other
fluid is superfluid responsible for the fountain effect
pressure. The normal fluid seeps slowly through the pores
of the separator. Once it has penetrated the plug at the
vapor~-liquid interface on the downstream side, the liquid is
vaporized immediately. The latent heat of vaporization is
taken away which results in a lower temperature on the down-
stream side. This is how the heat absorbed by the cryostat
is rejected. 1In doing so, a temperature gradient is set up
across the plug with higher temperature at the helium bath

side.

1.2 PREVIOUS WORKS

A number of investigators have studied the vapor-liquid
phase separator (VLPS). One of the earliest models was the
one suggested by Professor Fairbank (Selzer et al. 1970).
By assuming that the normal fluid of He II is clamped and
that only superfluid can penetrate the porous plug, Fairbank
was able to come up with a simple solution of the VLPS sys-

tem. Such a model assumes that the only way heat can be
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transported across the porous medium 1is by conduction
through the solid portion of the plug. The solution is in a

quadratic form

PSLA/K + \ADSLA)Z/KZ - ap/a%p,

e
|

. 1.1
1/ A?'ps ( )

where p, S and )\ are the density, entropy and latent heat of

He II respectively, Pe is the superfluid density, APV is the

vapor pressure difference. A and L are the cross sectional
area and thickness of the porous media ,and K is the thermal
conductivity of the plug.

It was found that the second term under the radical is
much smaller than the first. By expanding to a first order

approximation, Fairbank got

m = APK / pSLA (1.2)
and
20_pSLA®A
i ~ S _ APK (1.3)
K pSLA
-5 -



Since Equation 1.3 yields flow rates that greatly exceed the
superfluid critical velocity, it is rejected, and Eguation
1.2 is the physically meaningful solution of Fairbank's mo-
del.

Figure 1.3 is a plot of mass flow rate versus the bath
temperature for the VLPS data of Klipping. (Denner et al.
1977). The data were obtained by using a 1 uym ceramic po-
rous medium. Also included in Figure 1.3 is Fairbank's mo-
del for an aluminum plug. Klipping's (1 um ceramic) sin-
tered plug is one of the smallest (in pore size) in the
literature, and yet Fairbank's model lies below the data.
For a sintered plug of very small pore size made of highly
conductive metals, this model is very useful.

Among all the investigators, Murakami (Murakami 1984 and
Murakami et al. 1984) probably has the largest amount of
data reported so far. He has tested both stainless steel
and ceramic plugs. In his apparatus, a heater was mounted
at the downstream side of the porous plug to control the
flow rate. Murakami measured the temperature distribution
across the porous media by positioning thermometers along
the thickness of the plugs. A large temperature drop was
found across a thin layer of his plugs close to the down-
stream side. He suggested that the vapor-~liquid interface
might have withdrawn into the porous medium and the presence
of a thin layer of vapor was responsible for the large AT

observed. By measuring the AT close to the upstream and the

- 6 -
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middle portion of the plugs (and ignoring the AT drop of the
thin vapor layer at the downstream side), Murakami was able
to fit his data by the Blake-Kozeny equation (Murakami
1984). Murakami thus concluded that under normal operating
condition of VLPS, the transport of normal fluid in the po-
rous media is in the laminar regime. Figure 1.4 is a plot
of friction féctor as a function of Reynolds number of Mura-
kami's data. -
Hendricks and Karr (Hendficks and Karr 1982) have pro-
posed a two fluid modification based on the Poiseuille flow
in straight channels of diameter D. The authors assume that

the total throughput area in a porous medium is equal to

A = NTD° / 4 (1.4)

where N is the number of channels. Hendricks and Karr ob-

tained the following equation

NﬂD4- ST p AP

m=73%28 "aAn L (1.5)

where U is the normal fluid viscosity.

Petrac and Mason suggested that the mass flow rate in a

VLPS system below 1.9 K is given approximately by
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m = FAAP (1.6)

where F is a proportionality constant which depends on pore
size, porosity, plug length and structure. They have mea-
sured the F value for ceramic, glass and stainless steel
plugs (Petrac and Mason 1978).

Concerning secondary effects, Dipirro (1983) has stressed
the importance of surface tension effects (for "2 um" plugs
and below the 1 micron range).

Hendricks and Karr have studied the importance of the re-
cession of ligquid into the plug interior. In the recent
Boulder worshop (1985), these authors mention the possibili-
ty of a constant temperature gradient in the turbulent re-
gime described by the Allen and Reekie rule. Any "dry-out"
length would cause a smaller liquid path, i.e. a larger
pressure gradient. Apparently, the authors do not assign a
large emphasis on this dry-out effect in their recent work.

Instead of using porous media as vapor-liquid phase sepa-
rator, ééhotte and Denner (Schotte and Denner 1981, Schotte
1982) have studied the so called active phase separator
(APS). The APS consists of a pin which can be moved in and
out of an orifice bushing as shown in Figure 1.5. A typical
diameter of the annulus is 20 mm, and the gap length L var-
ies from O to 15 mm. The gap size is of the order of 10 um.
By varying the gap length one can control the flow rate,

that's why it is called the active phase separator.

-10 -
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1.3 SCOPE

Vapor-Liquid phase separation research in the literature
has produced partially contradictory results. As mentioned
in the previous section, different investigators have
stressed the role of various secondary effects in the VLPS,
namely the thermal conductivity of plug metarial, the sur-
face tension effects and the recession of liquid. Addition-~
al confusion may have arisen from the introduction of the
idea of a third "Gorter-Mellink regime", e.g. Schotte et al.
(1980). Historically, the original Gorter-Mellink (GM) re-
gime has been for the zero net mass flow (ZNMF) mode. The
second use of GM has been for one particular region of the
resistance transition from the Landau regime to the "classi-
cal Newtonian flow" (Rorschach 1957 and Vote et al. 1971).
The third case is the case mentioned above. It has been
used for the transition from the onset to the completion of
liquid breakthrough in the active VLPS system. As this uses
a gap size of ﬁhe order of 10 um, no linear regime could be
detected easily in that work.

Therefore, the present thesis research has been directed
towards the resolution of the heat and mass transport of He
II with emphasis on the non-linear regime of the VLPS sys-
tems. An apparatus has been built, and data have been taken
with porous plugs of nominal pore size of 2 to 10 microme-
ter. At low temperatures, the linear (laminar) regime has

become accessible. Most of the data however, have been tak-
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en in the non-linear regime of guantum fluid turbulence.
For the data description, various modes of the two-fluid mo-
del have been calculated, in particular the zero net mass
flow mode, and the phase separation mode.

The theoretical description has a simple solution of la-
minar normal fluid flow as a basic solution. Starting from
this simple case, a turbulent flow model has been developed
resulting in a phenomenological description of various phase
separator data of the present experiments and of other labo-
ratories. The latter have not always been given in terms of
suitable plug parameters. The present research has empha-
sized a common frame of reference for the throughput. Using
this basis for well-documented data, there appears to be

consistency between the present data and other results.
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Chapter |1l

LIQUID HELIUM

2.1 BASIC PROPERTIES OF LIQUID HELIUM

Helium was first liquefied by Kamerlingh Onnes in 1908.
Its normal boiling point is 4.2 K at atmospheric pressure.
Liquid helium remains in the liquid phase under its own va-
por pressure and would apparéntly do so right down to abso-
lute zero temperature (Figure 2.1). Due to the small mass
and extremely weak forces between the He atoms, pressure is
required to produce solid helium (25 atm or more).

When liquid helium is cooled to 2.172 K it unaergoes a
transition (Figure 2.1). Because of the characteristic pro-
file of the heat capacity curve, the temperature at which
the transition takes place is called the lambda temperature

(Tx). There is no specific volume change or latent heat in-

volved in the lambda transition. Keesom and Wolfke (1927)
used the terms He I and He 1II to distinguish the 1liquid

above and below Tx respectively. He I behaves like a Newto-

nian liquid, however He II owing to its quantum effects has
remarkably strange properties. In 1938, Kapitza and inde-
pendently Allen and Misener reported that there is no measu-

rable resistance to the flow of He I1 through small capil-

-14 -
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laries with diameter of the order of 10-4 cm (Kapitza 1938,
Allen & Misener 1938). Kapitza referred to He II as the
"superfluid". On the other hand, experiments using oscil-
lating disks by Keesom and-MacWood (1938) demonstrated the
existence of a viscous drag, consistent with a viscosity
coefficient not much less than that of helium gas. It seems
that He Il is capable of being both viscous and non-viscous
at the same time. This has led to the formulation of the
two fluid model by Tisza and Landau. In addition to super-
fluidity, some of the remarkable properties of He II include
eXtremely high thermal conductivity, the fountain effect,

the mechano-caloric effect and the Rollin film.

2.2 THE TWO FLUID MODEL

The two fluid model proposed by Tisza (Tisza 1940) and
Landau (Landau 1941) independently postulates that He II is
made of two fluids, namely the normal fluid and superfluid
(Figure 2.2). Further, the sum of the normal fluid density

and the superfluid density is equal to the bulk fluid densi-

ty

(2.1)

where p is the density of He II, P and pg are the density

of the normal and superfluid respectively.

-16 -



il
Il

LX)
\
]
o,

N —
s -
1.0
0 e /P I
P |
0.6f l
I
04t .
|
0.2f :
P,/ P
o) 1 — | ] :
O 05 1.0 1.5 20 T(K)
Figure 2.2. Andronikashvili's experiment.
Table 2.1. Essential parameters for the
two fluid model.
MASS
DENSITY FLUX ENTROPY | VISCOSITY
BULK
He II P J S 7
NORMAL
FLUID ‘On Jn S nn
SUPER-
FLUID, pS JS O O
17



At TX' only normal fluid is present in He II. As the

temperature is decreased, more and more normal fluid is
transformed into superfluid. Finally, at absolute =zero
temperature, He II consists of superfluid only. The essen-
tial parameters of the two fluid model are summarized in Ta-
ble 2.1. The normal fluid behaves like a Newtonian fluid.
It has finite viscosity and is the only entropy carrying
component in the system. Superfluid on the other hand has
no viscosity and does not carry any heat.

The tot;l mass flux density of He II is equal to the sum

of the two components (Appendix A)
-+ -+ >
j o= pv = p._Vv + PV (2.2)

The subscript n represents the normal fluid component and
subscript s represents the superflﬁid component.

According to Landau (Landau 1941), the simplified equa-
tions of motion for the normal fluid and the superfluid can

be written as (see Appendix A)

-

v > - e

_n . = - Dy, _ 22 2.3
n + pn(vn V)vn 5 VP psSVT + nnV vy ( )
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v > > P (2.4)

where VP and VT are the pressure and temperature gradient

and N, is the wviscosity of the normal fluid. The chemical

potential is denoted by u.

2.2.1 The Fountain Effect

For demonstration, a glass container 1is packed with fine
particles (of the order of 1 um). One end of the container
is connected to a fine capillary tube (as shown in Figure
2.3), and on the other end it is open to the He II bath.
Now if a light is shone onto the particles, the liquid in-
side the packing will be excited. This results in a higher
concentration of normal fluid inside the container. Accord-
ing to the two fluid model, superfluid will tend to rush
into the packing to equilibrate the concentration. Normal
fluid on the other hand tries to carry the entropy away from
thé heat source. However, due to its finite viscosity, nor-
mal fluid cannot penetrate the fine particles easily whereas
the superfluid with no viscosity can enter the packing with
ease. Thus a net pressure (the fountain pressure) is set up

by the motion of the superfluid, forming the He fountain.
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Figure 2.3. The helium fountain.
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Figure 2.4. The mechano-caloric effect.

20



2.2.2 The Mechano-Caloric Effect

For the apparatus shown in Figure 2.4, a smail hole is
drilled in the bottom of an insulated container. The hole
is then plugged by very fine particles (emery powders). The
apparatus is set up such that it can be raised from or low-
ered into a bath of He II. It was found (Daunt and Mendels-
sohn 1939) that when liquid flowed into the container, the

temperature dropped about 10-2 K, and when 1liquid flowed

out, the temperature rose by the same amount. According to
the two fluid model, only superfiuid can penetrate the pow-
der easily. So when more superfluid flows into the contain-
er the temperature should drop, and when liquid exits, the
increase in normal fluid concentration will increase the

temperature.

2.3 THE THERMO-OSMOTIC PRESSURE

Since the driving force for .the fountain effect is the
temperature difference, the fountain pressure is also known
as the thermo-osmotic pressure. The thermo-osmotic pressure
can be derived following Zemansky's approach (Zemansky
1968).

Consider two vessels of He II connected by a fine porous
media (superleak) as shown in Figure 2.5. According to Put-

terman's definition a superleak is made of fine packings

with particle diameter less than 10-4 cm (Puttermaﬁ 1974).

-2]1 -
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The vessels are in thermal equilibrium with reservoir A and

B at T, and T2 respectively. The frictionless, non-leaking

1
pistons are moved slowly and reversibly from left to right,
so that an amount of liquid equal to dm is transferred from
vessel A to B. If we assume that only superfluid can pene-
trate the porous medium and that there is no friction or
heat conduction across the plug, the liquid helium at each
side should undergoe an isothermal and isobaric change of
state.

The temperature in vessel A tends to rise, due to the ac-
cumulation of normal fluid, unless heat is removed. On the
other hand, the temperature in vessel B tends to drop, un-
less heat is supplied. Maintaining thermal equilibrium with

the reservoirs, dQ1 is removed from vessel A (to the reser-
voir at Tl)' and sz is added to vessel B (from the reser-

voir at T2). The entropy loss from vessel A is

S (my - dm) - S.m, =-S.dm (2.5)

For a reversible process entropy is conserved

4o,
_I - §,dm =0 (2.6)

or

-23_



dQ, = T,S,dm _ (2.7)

Similarly, the amount of heat added to vessel B is

do, = T,S,dm (2.8)

Therefore, the net heat supply to the present ideal super-

leak system is

Qe = 99, - dQ; = (T,S, = T;§;)dm

(2.9)
From the first law of thermodynamics
du = dwWw + dQ
= (- ) - 2.10
(-P,V, + P,V )dm-+ (T,S, - T;S,)dm ( )

or

(U2 + P2V2 - TZSZ) = (Ul + Plvl - Tlsl) (2.11)

2 (2.12)



This means that the Gibbs free energy difference across the

plug is equal to zero. Usually the low temperature litera-

ture uses the symbol u ( - Gibbs free energy per unit mass)
called "chemical potential". Thus we have dy = 0, or
S B (2.13)

According to the first and second law of thermodynamics, we

have

du = -sdT + dp/p (2.14)

From Equation 2.13 and 2.14 one gets

AP

PSAT

AP (2.15)

The above equation is H. London's fountain pressure predic-
tion. The subscript T is used to distinguish the thermo-os-
motic pressure.

The ideal superleak system discussed so far does not in-
clude dissipative processes, as only the superfluid is
transported. Any realistic fluid flow description ought to

include both the fountain pressure difference (Egquation
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2.15) and viscous dissipation. The two fluid egquations of
Landau appear to be appropriate in this respect. It is not-
ed that for steady state and parallel flow, Egquation 2.4 re-
duces to Equation 2.15.

The present thermo-osmosis is conveniently understood as
an analog of mass osmosis. In the case of mass osmosis,
(Figure 2.6a) a semi-permeable membrane is used to separate
salt solutions of different concentration. Water will pene-
trate the membrane to get to the high concentration side and
equilibrate the concentration on both sides. Since the mem-
~brane only allows the water molecules to pass through (but
not the salt), a mass osmotic pressure is set up. The 1li-
guid level on the high salt concentration side will rise un-
til the mass osmotic pressure is equal to the hydrostatic
pressure (Figure 2.6b). If an external pressure is applied
at the high salt concentration side, one can separate the
water from the salt solution (Figure 2.6¢). This is known
as reverse-osmosis.

In the case of thermo-osmosis (Figure 2.7a), a porous
medium is used to separate a He II bath. A light or heat
source is being applied to the bath on the right hand side
to induce a temperature difference. According to the two
fluid model, there is a higher concentration of normal fluid
in the "hot" container. By analogy to mass osmosis, super-
fluid penetrates the porous plug, flowing to the high temp-

erature side and equilibrating the concentration. Since the
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superfluid can pass through the porous medium much easier
than the normal fluid, a thermo-osmotic pressure is set up.
Similarly, the 1liguid level on the high temperature side
will rise until the hydro;tatic pressure is equal to the
fountain pressure (Figure 2.7b). 1If an external pressure is
applied to the bath on the right hand side, superfluid can
be forced back into the low temperature side (Figure 2.7c).
This is known as breakthrough. In the discussion of thermo-
osmosis so far, the dissipation effect has been neglected.

For the non-ideal case, please refer to Section 3.2.1..
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Chapter 11
TRANSPORT OF HE Il IN POROUS MEDIA

As it was mentioned earlier, the normal fluid behaves
like a Newtonian fluid. With the assumption of parallel
flow, one can add Equation 2.3 and 2.4 including Equation

2.1 to get

-+ ->
0 an 0 avs 24
nyg- + osypo = ~VP + n Vv, (3.1)

If we introduce a relative velocity defined by

- >
w=v, - Vo (3.2)

Equation 3.1 can be rewritten as
-
p_n _ P W _ _gp 4 nnv2$ (3.3)
>
)

P = -vP + n V¥ (3.4)



The preceeding equation is the Navier-Stokes equation for
the normal fluid, with the pressure gradient VP. For steady

state conditions, Equation 3.4 reduces to

VP = n vy (3.5)

]

Therefore at steady state, the normal fluid satisfies the
Navier-Stokes equation apparently, regardless of the magni-
tude of the relative velocity w. This shows that the normal
component of He II is indeed Newtonian for the conditions

assumed.

3.1 ZERO NET MASS FLOW MODE

Zero net mass flow (ZNMF) means that the total mass fldx
density of normal fluid is counter balanced by the mass flux
density of the superfluid. There is no net flow of the bulk
helium liguid in one direction or the other. From Equation

2.2,

-->
0 =pvVv + pv (3.6)



3.1.1 Laminar ZNMF

Figures 3.l1a and b show the zero net mass flow of He 1II
in a capillary and a porous medium respectively. There is
no net driving force for bulk liquid motion as a whole and
the chemical potential across the capillary (or porous plug)
is zero. From the superfluid equation of motion (Equation
2.4) one gets London's fountain pressure for steady and ful-

ly developed flow

APT = AP QSAT (37)

Substituting Equation 3.7 into Equation 3.5 for the normal

fluid ,we get

. B
VP T MYV Vq (3.8)

Thus the driving force for the normal fluid is the thermo-
osmotic pressure produced by the superfluid.

Let's look at the ZNMF of He Il in a capillary first.

3.1.1.1 Capillaries
For a circular capillary, the axial component of the Nav-
ier-Stokes equation in the cylindrical coordinate can be

simplified to



Figure 3.la. Zero net mass flow of He II
in a capillary. '
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Figure 3.l1b. Zero net mass flow of He II
in a porous medium.
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2%V, AV (3.9)
VP, = n_( + = ==
T n ar2 r dr
>
where VPT and v, are the thermo-osmotic pressure gradient

and normal fluid wvelocity along the capillary axis and r is
the radial direction.

-
For no slip boundary condition of the normal fluid (vn =

0, at r=R), the solution for the above eguation gives

3 - - _TR2 2y (3.10)

Equation 3.10 is an exact solution to Equation 3.9. The

maximum velocity on the axis is

+
o)
H

Vn,max 3 n (3.11)

It can be shown that the average velocity can be expressed

as

Vn =3V =33 (3.12)



The preceeding eguation is the Hagen-Poiseuille law for the
laminar transport of normal fluid in a capillary.

For ZNMF, the heat flux density is related to ;n by the

following equation

R R (3.13)

By substituting Equation 3.13 into 3.12, one can express the

heat flux density as a function of the temperature gradient,

_ p? p3s?r|vT| (3.14)

q =
ZNMF 32 nn

3.1.1.2 Porous Media
By analogy to the Hagen-Poiseuille law for laminar flow
of He II in capillaries, Darcy's law was found to be valid

in the case of porous media (Yuan et al. 1983).

. |ve,|
n pn n

<l
"

(3.15)
n

where Kpn is the normal fluid permeability. The above equa-

tion is called the thermo-osmotic Darcy equation in this re-

search. In terms of the heat flux density,



9znMF T “pn n

Equations 3.14 and 3.16 can be rewritten in dimensionless

® form (see Appendix B).

Ng = Nyo (3.17)

where Nq and Nv are defined as,

T
®
v = Zzmurlc | PVnlc (3.18)
q n_ST n, .
[
psvrL>
o Ngp = ——— (3.19)
Mn
Nq is a dimensionless heat flux number and NVT is a dimen-
e
sionless driving force number. For capillaries the charac-
1
teristic length LC is equal to (D2/32)4, for porous media LC
1
¢ = K ? (K_ = permeability).
p p
If the thermo-osmotic Darcy equation is indeed valid for
. the ZNMF of He II in porous media, then a plot of Nq versus
®
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NVT should yield a linear curve with a slope of unity. Fig-

ure 3.2 is a plot of the dimensionless numbers for the ZNMF
of He II in packed materials. Data include that of Heijden
et al. (1972), fiber packing of Frederking et al. (1981) and
packings with different particle diameter (Schmidt et al.
1979), and column thickness (Forstat 1958). One can see
that all the data fall on the theoretical line, proving that
the thermo-osmotic Darcy equation does describe the flow of
normal fluid in porous media (Yuan et al. 1983).

In Figure 3.3, the normal fluid permeability is plotted
as a function of temperature for the same data presented in
Figure 3.2. It is seen that every packing has a well de-

fined normal fluid permeability.

3.1.2 Turbulent ZNMF

For turbulent flow, it has been found experimentally that
the heat flux density is proportional to the cube root of
the temperature gradient. It is observed that there is
another friction force larger than the one associated with
the wviscosity of the normal fluid. Gorter and Mellink
(1949) attempted to account for this by assuming é mutual
friction force between the normal fluid and the superfluid.

In order to obtain the correct proportionality between aZNMF

and AT, they assumed a mutual friction force proportional to

the cube of the relative velocity (35- 3n).
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Gorter and Mellink modified Landau's two fluid equations
to include the mutual friction term. According to Gorter

and Mellink, the equations of motion for the normal fluid

and superfluid are

0 v -
nay pplv Viv, =
(3.20)
D 2-» >
n -
- 5V - p SVT + n Vv Fen
83 o)
Pe__S T o)y = - _S YT + P 3.21)
Sat + ps(vs v)Vs p VP + psS sn (
where
> -+ > 3 )
Fsn = PsPniem (Vs = Vp) (3.22)

with AGM being the Gorter-Mellink coefficient for mutual

friction. For steady, parallel flow and small AP, Equation

3.21 becomes

> >
pssVT = pspnAGM(vn -v_) (3.23)



Rearranging the preceeding equation and substituting

Equation 2.1 and 3.2 ,one gets

T = h = 25_(_05_8_1?_)1/3
n o P ALyPsPp (3.24)
or
q = p ST(——--—pSSVT )1/3
= 3.25
ZNMF s AcuP<Pn ( )

Equation 3.25, 1is the Gorter-Mellink equation. Soloski
(1977) modified the above equation by introducing a Gorter-

Mellink constant

1/3
Koy = (o/osAGMnn) / (3.26)

where KGM is equal to 11.3 for wide ducts and is not a func-

tion of temperature. Substituting Equation 3.26 into 3.24

and 3.25 ,we get

- "nPs . 2 2.1/3
Vn = Kom p2 (p psSVT/pnn

n’

(3.27)

and



2.1/3 . (3.28)

= K. .n STEi(pzo SYT/p_n%)
n (o} S pnn

Note that for turbulent flow of He 11, v does

>
n °F 9znmE

i
not depend on the characteristic length (Lc = (D2/32)2 for

bY
2

capillaries & Lc = Kp for porous media). Therefore Equa-

tions 3.27 and 3.28 are applicable to the transport of He II
in ducts or porous plugs.
One can arrange Equation 3.28 into dimensionless form

(Appendix B) as below

p,

a ~ fem'p Nvr (3.29)

S

Turbulent ZNMF transport data of He II in porous media are
limited in the literature. Figure 3.4 represents the result
of Frederking et al. (1981) for'ZNMF of He II in fiber pack-

ing. 1If we plot Nq versus Nv then all the data in the la-

T
minar regime will fall on the thermo~-osmotic Darcy equation
with the slope of unity (Figure 3.5). In the turbulent re-
gion, the data start to deviate from the thermo-osmotic Dar-
Cy equation into the Gorter-Mellink regime. From Figure
3.5, we can see that the transition between the laminar and

turbulent regime is broad compared to the sharp transition

in ducts. If the Gorter-Mellink equation is also valid for
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Figure 3.4. Data of turbulent zero net mass flow of He II

in packings; Frederking et al. (1981).
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Figure 3.5. Data of Frederking et al. (1981) in dimension-

less coordinate of Nq vsS. NVT‘
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the ZNMF of He II in porous media, then a plot of

log(p/ps)Nq versus log(ps/pn)NVT should result in a straight

line with a slope of 1/3. The y-~axis interception is log

KGM' Lee (1982) has transformed the data of Figure 3.4 into

the dimensionless coordinate for turbulent flow (Figure
3.6). He found that for fully developed turbulent ZNMF of
He I1 in packing systems, the data are described by the
Gorter~Mellink equation. The solid 1line represents the

Gorter-Mellink equation for wide ducts with K equals to

GM
11.3. From Figure 3.6 one can see that all the data for po-
rous media are below the Gorter-Mellink equation indicating

a lower RGM'

Knowing the ZNMF transport equations in both laminar and
turbulent regime, one can interpolate between Eguation 3.16

and 3.28 and come up with the following equation

>3 +3 1/3

-
9= (qLaminar + unrbulent) (3.30)

In Figure 3.7, the above equation is used to fit the data of
Frederking et al. (1981). The dashed lines represent Equa-

tion 3.30. A good fit of the data was found with KGM equal

to 7.5.
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3.1.2.1  Vinen's Vortex Model

The mutual friction term in Equation 3.20 and 3.21 are
thought to arise from the collision of normal fluid and the
vortex lines. Vinen (1957 and 1958) has developed a model
based on the growth and decay of vortex tangle maintained in

equilibrium. For unbound He II,

o

dL X4Bp X
v _21""n >3/2 _ "2 2
at 2p why Zmm Cv (3.31)

The first term of the above eguation represents the genera-
tion of vortex lines due to the interaction of normal fluid
and the vortex lines. The second term is the annihilation
of vortex lines through line-line collision of the vortex.

LV is the length of the vortex line per unit volume, h/2mm

is the quantum of circulation and B is a known parameter de-
scribing the interaction between the line and normal fluid.

X4 and X, are unknown functions that can be fitted by exper-

imental data.
It was shown (Vinen 1957 and 1958) that the Gorter-Mel-

link coefficient equals

(3.32)



In a later paper, Vinen further proposed the effect of walls
on the turbulence in channels. It was assumed that the vor-

tex generation mechanism is inactive within a characteristic
. 1 .
distance = Lv’ from the wall. Thus for turbulence in chan-

nels with diameter = D

. - Xy -
= = wL "7 (1 ) L (3.33)

where ¥ is a parameter of the order of unity.
Childers and Tough (1976) have interpreted the ZNMF data
in terms of Vinen's idea. Recently, Barenghi et al. (1983)

have studied further details of this model.

3.1.3 Thermal Convection of He Il in Porous Media

Classical thermal convections in porous media due to
buoyancy force or surface tension have been studied exten-
sively. Similarly, the counter flow of normal and super-
fluid results in the internal convection of He II. A linear
stability analysis approach will be attempted in this sec-
tion.

The equation of motion for the‘normal fluid and the equa-

tion of energy are
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->
v o N 55 (3.34)
- _ _ - S gyt + 2 25
= = vp/p 5 SVT an n
3T + K 2
A (3.35)

where B = -dT/dz and cp is the heat capacity of liquid heli-

um.

For convection of He II between two parallel plates heat-
ed from below, lets consider one-dimensional variation along
the X-axis (Figure 3.8). Guyon and Pieranski (1974) found
that the effect of the distance between the plates, L, can

- be expressed in the horizontal wave vector of_the periodic

disturbance Kx, with

K

Q

x = T/L (3.36)

Retaining only the dominant contributions in the horizon-

tal direction, Equation 3.34 and 3.35 can be written as



T+AT £

Figure 3.8.

Schematic diagram showing the formation of
convection cells in He II, between two
parallel plates.
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. Ps s6 ., p 'n (3.37)

© = B8v + e/te (3.38)

where 08 is the temperature distribution in the horizontal

axis.

(3.39)

is the relaxation time due to damping of motion by shear

viscosity, and

2m, 2,-1

K
tg = l5c- ()7 (3.40)

0

is the time constant for the diffusion of vorticity.

Substituting Equation 3.38 into 3.37, we get



© S Ps so L P © _p _© (3.41)
)

The useful concepts of stability investigation can be ap-

plied by stating that at threshold, Vi and 8 are proportion-

al to th with the real quantity 2 = 0O

O

S£S8 __p _1 (3.42)
Pr L on Btvte .
Substituting for tV and te, we have
p 2 3
s p~“SVTL 4
- w7 = 1lé6nm (3.43)
p Knn/cp A

For a pseudo~classical model with Pr

)

1, the above eguation

becomes

fs ofsvre’ _ Ps 1304
o] 2 o} VT (3.44)
nn



From this, the critical driving force number (or Rayleigh

number) is found.

3.2 THE VAPOR-LIQUID PHASE SEPARATION MODE (VLPS)
3.2.1 The Thermodynamics 