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1. SUMMARY
of
ACTIVITIES
Suppl. No. 1 (NCC 2 - 68 )
FUNDING PERIOND
FALL 80 to 9-30-81

Preceding work up to Fall 1980 has been concerned
with development and component testing related to vapor-
11quid phase separation by means of thermo-osmosis ( =
utilization of the thermomechanical effect in He 11 ).

For a quantification of important desiqgn parameters it

ifs necessary to know the thrcocughput of ¢'ufid through
porous plugs as a function of controlling varfables.
Therefore, the past year's activities have been directed
at the deternination of permeabilities of the sintered
porous medium used previously , in particular the temper-
ature Adependence of the plug throughput. First, the
classical mass permeability above the lambda point has
been measurad for Newtonian fluid flow. Second, the

normal fluid permeability has been evaluated below the
lambda point for the non-classical quantum liquid He II.
Results are presented in the context of progress in re -
lated other areas of porous media transport at small flow
rates in the Parcy regime. A comparison of various results
points out problems to be solved prior to a satisfactory
quantification of design parameters for porous plugs of

vapor - liquid phase separation systems.
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II. [INTRODUCTION

In the previous funding period from March 1, 1980
to September 30, 1980, preliminary design and corponent
development has been carried out. This work has been
directed toward a system for vapor-liquid phase separation,
The data obtained during this period point out that ter-
restrial testing is possible under suitable conditions.
Goals of operation though pertain to He Il storage in
space at very low gravitational forces or externally ap-
plied inertial forces resulting from controlled maneuvers
or system perturbations. The previous test results point
out that it is possible to usr the particular setup and
its components respectively in applications which involve
He Il 1in the total or in part of a cryogea system
for Hea. The present work is a follow-up effort which
has been conducted since November 1980 (at reduced funding
rates). It turned out that quantification of several im-
portant design parameters is not well established. There-
fore, the most important transport parameters ough¢ to be
studied in relavion to possible factors of influence. The
present report describes basic conditions governing the use
of sintered porous plugs, as far as their behavior has been
accessible from our studies. A quantity of prime interest

is the permeability formulated on the basis of Darcy's law



for classical Newtonian fluids. The Darcy permeability
has been extended to include static thermo-osmotic con-
ditions at low temperatures in the range of superfluid
liquid He Il. In addition, the present report refers

to related information obtained in part with non-metallic
porous media. There are two types of Darcy pzaimeability
data, described in Section IIl subsequent to an outline

of experimental conditions. The first one is the classical
permeability referring to mass throughput of Newtonian
fluids above the lambda temperature. The second one 1is

a modified permeability of "normal fluid" below the lambda
temperature. Conclusions from this work are presented in

Section 1IV.
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I1l. DARCY PERMEABILITY EXPERIMENTS

The temperature range covered in the present experi-
ments extends from about 300 K to approximately 4.2 K
in the area of classical Newtonian fluid flow. The mass
throughput m {s accompanied by a pressure dron AP, and a
pressure gradient (aAP) respectively. As long as laminar
flow is maintained, there exists a linear relation be-
tween m and AP for a specified temperature T and P with
AP << P, Darcy's law is most frequently written ir terms
of the superfici2l flow speed v which is the ratio of
the volumetric flow rate, V = ﬁ/y. to the total plug area

AToT‘ (o density of the fluid). Thus, Darcy's law may

be written in terms of the permeability Kp as

?'Atts Vo = Ky(TP)1VPI/ g (1)
0

(ﬂ shear viscosity).

Experimental systems, Mass flow rates have been measured

downstream with efther a wet test meter or floating sphere

meters. The pressure drop has been measured with efther a

differential Bourdon gage or a pressure transducer (Validyne

model CN 23, dfaphragm No. 20 ), The plugs used in the

present work were all from Mott Metallurgical



Corporation with a nominal pore size of 2 yum and a plug
diameter (overall) of 1 in. = 2.54 cm, and a plug thick-
ness of 1/8 in, ~ G.317 ¢m.

The system for classica’ fluid tests (Fig. 1) allows

4

the admission of He gas from a compressed gas cy'inder.

The He®

passes first through heat exchangers inside the
dewar vessel containing the plug. A vacuum pump is con-
nected initially for the evacuation of the plug system.
Subsequently, during measurements with He4 gas, the down-
stream cf the plug side is connected to the flow meter
system., Either liquid nitrogen or liquid He I is used

at the bottom of the dewar vessel during low temperature
runs. Data are taken during slow cool-down rates which per-
mit quasi-steady operation. After the system has reached
the vicinity of the boiling point of the cryo-liquid, data
are taken during slow warm-up of the system to the previous
temperature. During initial runs at room temperature the
entire system is nearly isothermal. In the high temper--
ture range chromel-constantan thermocouple thermometry is
employed (as indicated schematically in Figure 1). At low
temperatures close to the liquid He I bath temperature, a
carbon thermometer is used (Allen Bradiey, 1/8 Watt, 39 Ohm
nominal resistance at room temperature).

In Figure 2, the setup for thermo-osmctic phase sepa-

ration is shown schematically. Mass throughput occurs
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from the outside bath to the central fnner tube via the
plug. In other words, the liquid surrounding the cen-
tral tube is the upstream location as far as mass throuah-
put through the plug is concerned, and the {nner tube s
the downstream side. This type of flow also pertains to
the heat rejection rate through the plup. Vapor emerges
from the upper side of the plug and is pumped away to the
top of the duct. In contrast to the classical fluid runs
(Fig. 1), there is a flow control nlate (FCP in Fig. 2),
located downstream of the plug, i.e. on top of the p ug.
The 7iow control plate contains 40 holes. Thus, only a
small cross section is available nominally. Measurements
of the throughput are evaluated on the basis of a modi-
fied Darcy law based on the normal fluid speed and the
driving thermo-osmotic pressure gradient. These will be
described subsequent to the classical permeability measure-

ments conducted with the system of Figure 1.

Classical fluid permeabijlities. The classical fluid experi-

ments covered runs with both systems, the setup of Figure 1,
and the thermo-osmotic system of Figure 2.

Figure 3 represents data at room temperature at rela-
tively small mass throughputs, and Figure 4 shows data over

an extended range in throughput and aAP. When the mass flow

rate is kept constant, a lowering of T results in an increased

volumetric flow rate. When V; is very large, the transition

from laminar to turbulent flow may take place. When large
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amounts of He4

gas pass through the system, however, the e
is another pocsibility. The heat exchanger system may func-
tion off the design point. This results in a higher tem-
perature and an apparent permeability which is lower than
Kp-va1ues extrapolated from the linear function at low m.
Figure 5 is an example of iiquid nitrogen runs with a
non-linear behavior of the superficial speed versus pres-
sure difference., It is noted that the Reynolds number in
Figure 5 is lower than the limit of laminar flow. At large
mass flow rates, the heat exchanger does not functicn in
the design range «nd the temperature rises. Insertion of
the property values at the liquid nitrogen temperature leads
to a V;-value which is too low. Thus, the apparent permea-
bility resulting from this procedure will be smaller than
the real permeability. Therefore, the fluid temperature has
to be knovn to obtain de.sity and viscosity in Equation (1),
and subsequently the permeability. Data obtained in this
manner are shown in Figure 6 fcr an extended temperature
range.
The permeavility studies described subsequently refer to
the apparatus shown in Figure 2. This setup incorporates a
flow restriction created by the flow control plate which ic¢
essentially a perforated G-10 plate. There are 40 holes with
a diameter D, = 0.159 ¢m (= 1/16 in.). Prior to the low tem-

11
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perature runs, this system's permeability has been measured
at room temperature with He4 gas.

Figure 7 is a schematic drawing of the flow pattern ex-

pected in the vicinity of a single hole. 1In general, radial
flow components are expected because of the "rough" boundary
of the porous plug. 1In order to minimize .hese flow compo-
nents, an intermediate filter material has been inserted.
It is noted that the flow control plate is located downstream
as far as mass flow is concerned. The liquid upstream con-
tains the entropy carriers (normal fluid) involved in the
transport process, which occupy a larger cross section than
the hole cross section. The total cross section is Atot =
ARy" N3 (N = number of holes = 40; A, = (n/4)0h2 = Cross sec-
tion of a single hole.) This enlargement of the flow cross
section has beern expressed in terms of an equivalent diameter
Deq sketched in Figure 7.

From the previous measurements at 300 K and additional

data, the plug permeability at room temperature is known to

be Kp(300) =5 x 102 cnl. This value pertains to the 1 in.
plug with a total area of 5.06 cmz. From the data in Table
I and Kp(300). the effective area Aeff = 3.2 cm2 is cal-

culated for the configuration of Figure 7 with the flow con-

trol plate in place.

14
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Figure 7, Plug with flow control plate:
Single hole geometry (shown
schematically, configuration
turned 180 degrees ).

Deq = equivalent diameter
Dh = hole diameter
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TABLE I. Room temperature data for
restricted area system

(Figure 7)
RUN P.torr V.em3/s
¥
1 16.8 5.48
2 21.5 6.95
3 26.2 8.59
4 29.55 10
4 i —— I
From the total hole cross section Atot = (40)x(0.0198 cmz) =
0.794 cm2. a ratio of the effective area to Atot of 4.03 results.
This corresponds to an equivalent diameter (Fig.7) of Deq'

2.0“%.Aﬂmr these room temperature runs, the thermo-osmotic per-

meabilities at low temperature have been determined.

Thermo-osmotic permeabilities associated with normal fluid
transport.

Measurements of the throughput at liquid He 1] tempera-

tures have been conducted with the apparatus of Figure 2.
These data are evaluated on the basis of the modified Darcy

law. The mass flow speed V; in Eq. (1) is replaced by the

normal fluid flow speed (superficial value V;;). This speed

is obtained from the superficial heat flow density,

9y = P ST Voo - (2)

16
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(S, entropy per unit mass of liquid He4; p density of liquid

Hea.)

The pressure gradient driving normal fluid toward the
"heat sink" 1s the thermo-osmotic gradient. This driving
quantity is related to the temperature gradient VT, estab-

1ished across the plugs by London's equation,
vPT =p S 97 . (3)

The shear viscosity of classical fluids is to be replaced
by the shear viscosity of the normal fluid Npe Thus, the per-
meability of normal fluid transport through the porous medium

is expressed in terms of the following modified Darcy law as

L

K V—‘nn/IVPTl (4)

pn no
or

K n /L) T |9T] ] . (5)

pn (qo
External imposition of a temperature difference is achieved
by vapor pressure (Pv)-control using a difference L1 As

long as the pressure difference is small, i.e., AT << T, the

Clausius-Clapeyron equation relates AT to APV.

BT = 8P, T/(s0)5 5y << b, (6)

( Py density of saturated vapor, pL density of saturated

1iquid, A latent heat of vaporization),

17




Data of the thermo-osmotic runs with the apparatus
of Figure 2 are shown in Figure 8. This figure presents the
normal fluid permeability (Kp)n as a function of temperature
for the conditions of heat supply rates specified. The flow
control plate - plug assembly is assumed to be characterized
by the same degree of throughput effectiveness which has been
encountered at room temperature . In other words, the equi -
valent diameter of Figure 7 has been inserted in the nominal
cross sectional area used in the calculations, The transport

quantity (K {3 seen to be a strong function of temperature.

D)"
At the low temperature end accessible, permeability values

of the order of magnitude of thc room temperature permeability
are reached. For an assessment within the frame of reference
given by other reiated results, a comparison of literature
data with the present findings appears to be appropriate.

Comparison with 1literature data. Theoretical interpretation

1)

of very recent work has been presented by Schotte et al. .

This effort aims in most of its aspects at an understanding
of the active phase separator of Klipping et al. 2). This
type of phase separator contains a movable Pin-like element
which permits variation of the fluid cross section of the
separator. As far as porous media work is concerned, the
JPL-group has reported results in Reference 3 . Additional
plug data have been collected by the Huntsville group”in con-

junction with a liquid He transfer system,

18
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The overall equipment performance may be compared
on the basis of the pressure drop as a function of temper
ature and externally applied heat,and mass throughput
respectively. Figure 9 is an example of data reported by
Becker et a1.5) , and Figure 10 displays the data of the
system shown in Figure 2, It 1s scen that there exists
qualitative similarifty . Quantitatively the system of
Reference 5 permits small pressure drops at low T. In
general the small pressure differences reflect low mass

throughputs and small heat rejection rates.

The permeability of sintered plugs may be well de-
fined for large particle diameters when the particles are
close to spherical shape. The data of Robinson 6) and Ha117)
for sintered tungsten have been comparedgafth packed bed
conditions for near - spherical particles in Figure 11. The
equation of Ergun 8) , used in this comparison,takes into
consideration the porosity ( & ) and the particle diameter

Dp . Its permeability may be expressed as

Kp = 5.5 -10‘3-%2 e3/( 1-5)2 (7)

According to Figure 11, the Ergun equation is seen to be
quite a reasonable approximation in the particle range abuve

the order of magnftude of 10 pm .

20
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A somewhat different pfcture {s presented in Figure
12 for the particle diameter range below the order of 10
pm . According to Erqu.'s equation, the permeability {s

2
proportional to Dp p

portional to the particle diameter Dp - 2 Rp . Figure 12

fndicates that below ,10 pm the size dependence {s weaker

, or the square root of K_ 1s pro -

than ¢he prediction on the basis of Equation (7). One
reason for this behavior may be related to the difficulty
of getting a uniform set of particles remaining spherical
fn shape during the sintering process despite the small

particle diameter,

Figure 13 shows the square root of the permeahility
versus the pore size of non-metallic sintered plugs re-
ported in recent years in the literature. It appears, to
first order, that a functfonal dependence of Kp1/2 ~ S,
may be useful for data description;( s, * pore sfze). The
points in Figure 12 are based however on only a restricted
set of data. There are three different plugs. The l-micron
plug s Al-silicate of Klipping et a1!o) with a permeability
of 1.04 «x 10'11 cmz, based on room temperature measurements
with dry afr. The intermediate size 1s the 5-micron plug
of Reference 4 with 5.05 x 10710 cm? . The 10-micron system

10) with a permeabflity of 3.4 «x 10-9 em?.

is a glass plug
measured at room temperature with dry air. For the S-micron

plug Hel gas flow at atmospheric pressure has been used.
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Part of these data quoted are results recalculated on

the basis of 1imited information made avaflable, and in
part based on different throughput definitions. Therefore,
the uncertainty is larger than apparent from the plot in
Figure 13. Another reason for low reliability of this type
of informatfon resides in the fart *ha‘’ the pore size

15 a number quoted with one or at most two digits in the
small sfze range. This quantity {s not very well defined.
An evample of this type of information has been given by
Urbach et a1.11)who report that a five-micron size plug
may have a pore size significantly larger than the

nominal value 5 micron,

Another interesting point in porous medfa property
assessment {s the low temperature behavior at zero net
mass flow when AT << T, This case appears to be under-
stood better than the vapor-liquid phase separation mode
as there are much larger data sets available in the
+{terature. Recent examples are References 12 and 13
Figure 14 presents two data sets of this work. It is seen
that there exists a we'l-defined normal fluid permeability
at zero net mass flow. Thus, this type of data suggests
that st least in principle,it should be possible to
evaluate parameters of prime interest in the prediction

of low temperature operation of porous media.
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IV, CONCLUSIONS

From the present evaluation of porous plug throughput

1t 1s concluded that the lack of a detafled poOrous

media characterfzation at present rules out a quantftative
description for design purposes. One point to be ciarified in
greater detafl {s the temperature dependence in both
regimes, first during Newtonfan fluid flow, and second,
during lTow temperature transport of normal flufd sub-
Jected to vapor-l1quid separation constrafnts. However

the few data obtained for mass throughput and thermo-
osmotic normal flufd throughput are encouraging in so
far as there appear to be well-defined trends for various
constraints imposed. Thus, a better material clarificatic.
fs expected to be possible on the basis of systematically

collected experimental data.
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APPENDIX A

PROPERTY GRAPHS - HELIUM-4

4

During the runs above 5 K , He' gas has been used for

the permeability measurements. In this work the shear viscosity

4 gas are needed at atmospheric pressure.

n and the density 9 of He
This gas state is close to ideal gas conditions. In addition, it
is useful to calculate heat input and output of various com-
ponenrts. Therefore, values of the Prandtl number (Pr) and the
thermal conductivity are useful. The yraphs have been based upon

the NBS Techn. Note 631 by R.D. McCarty, Nov. 1972,

At He Il temperatures, i.e. below the lambda point,
thermo-osmotic parameters have been evaluated using the set of
property data reported by J. Maynard for thermodynamic equilibrium
(Phys. Rev. B 14, 3868, 1976). In addition the shear viscosity of
the normal fluid is required for the permeability of the normal
fluid. A large uncertainty in M is seen in the Figure compiled by
S.C. Soloski (Ph.D. thesis, UCLA 1977). In the caiculations a

smooth function,proposed by Soloski, has been used.
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ABSTRACT

Continued studies are described in the area of vapor-liquid
phasc separator work with emphasis on permeabilities of

porous sintered plugs (stainless steel, nominal pore size

2 pmi . The temperature dependence of the permeability has
been evaluated in classical fluid using Hed gas at atmospheric
pressure and in He 11 on the basis of a modified, thermo-

osmotic permeability of the normal fluid.

KEYWORDS
Permeability , porous plug , Hed gas , He Il , thermo-osmosis,

vapor-1iquid phase separation.
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