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Progress Summary

The present summary of activities under NASA Grant NCC 2-64 (Suppl. No.
1) outlines porous plug work in the preceding period of time, i.e. until Sep~
tember 30, 1983. The plugs serve as both entropy rejectign devices and phase
Separation components separating the vapor phase on the downstream side from
liquid Helium II upstream. The liquid upstream is the cryo-reservoir fluid
needed for equipment cooling by means of Helium II, i.e, Helium-4 below its
lambda temperature in near-saturated states. Aside from comments on preceding

work, the topics outlined are characteristic lengths, transport equations and

plug results.
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INTRODUCTION

The controlled storage of liquid Helium-4 below its lambda temperature
in liquid He II states, i.e. superfluid conditions, has become significant in
recent time with the flight performance demonstration of cryogenic support
technology for IR telescopes. The appearance on the sky of IRAS1) (infra-Red
Astronomical Satellite) in the beginning of '083 has triggered renewed
interest in quantification of many subsystem components. Among them is the
porous plug serving as phase separator at the vent tube-liquid storage vessel
connection. Though existing systems have passive modes of operation with
fixed geometries of the plug, means of activation appear to be available.

This implies that separator-flow control systems are nct restricted only to
pin-type devices employed in the commonly known needle vrilve systems with its
various modifications for achievement of a particular control characteristic.
The class of control devices may include as well porous media components which
appear to have sufficient flexibility as they may be shaped conveniently for
various requirements. In this area our initial work has opened up quite a few
questions to which answers have been attempted using 2 step—by-séep procedure

aiming at a better quantification of most important plug parameters,

Aside from brief reference to preceding work, the present summary con-
tains various topics related to characteristic lengths of the plugs, theoreti-
cal equations, and throughputs. Concerning data we refer to recent conference
presentations included aé Appendix sections of the present report and Ref. 2.
Essential points of the preceding work with a variable area phase separation

device using a porous plug are given in Appendix A.
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CHARACTERISTIC LENGTHS

The motivation for a search of meaningful characteristic lengths is
first of all plug identification by means of a plug size (e.g. diameter,
radius) and second, plug throughput charncterization by means of a
throughput-related length (e.g. hydraulic radius). Originally the successful
proof-of-principle testing of a plug flow modulation device (Appendix A) haq
offered the option of introducing controlled system operation. For instance,
the bath temperature may be kept constant by variation of the shutter position
using negative feedback. The multitude of parameters involved however for
various types of plugs provided the challenge of coming up with a better quan-
tification of plug characterization. Therefore, various lengths and related
equations have been of primary interest. Examples considered are the bubble
test size, the particle retention size of filtration, the equivalent packed

bed diameter, the characteristic throughput lengths and others.

4

The bubble radius has been considered in some papers as a measure of
plug size. However, it is noted that it takes care of surface conditions of
the plug. The bubble radius is twice the surface tension (liquid-vapor)
divided by the pressure difference producing appearance of a vapor bubble in a .

liquid submerged plug.

The particle retention size also is most likely a measure of surface
domain conditions which may differ from bulk plug germetries. The nominal
size (radius or diameter) of particles filtered out has been useful for
solid-fluid filtration. This separation operation however is not of direct

interest in the present vapor-liquid separation using only fluid phases (if
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contamination of the liquid He II is avoided). Because of the surface coendi-
tions involved, the two lengths considered so far are not necessarily related

directly to mass throughput of fluid flow.

The third length may be deduced from equations which employ the permea-
bility of the porous medium., An example is the bed of near-spherical parti-
cles whose details have been treated on the basis of the Carman-Kozeny
approach (References are given in Appendix B). An example of this approach is
the Ergun equation, The Carman-Kozeny-Ergun permeability Kp,CKE is known as a
function of the porosity (g) and the diameter of the particles (Dp). Once
Kp.CKE is known along with the porosity, the packed bed particle diameter may
be deduced from the Ergun equation in the limit of small flow rates, i.e. in

the laminar flow regime of Darcy transport:

iz Y 3/2

- 2 2 -

Dp = (K, cxg) =(150) e/(1-€) ) .
In the range of plug conditions encountered, there is an order of magritude

1
difference between D_ and the characteristic lengths Lg CKE = (Kp CKF)/Q’ For
] L 3

p

instance, for a value of LK of the order 2 um a diameter D_ of the order of 30

p
Mm results., More important is the observation that sintered por»us plugs and
fibrous materials do not resemble near~spherical particle assemblies of packed

beds. Thus, a length related directly to throughput is desirable.

In the course of the work the square root of the permeability turned out
to be a most useful quantity for size characterization. Thig characteristic
length is written as

L@
LR (2) -



The permeability K, is measured for each plug considered. Then Ly represents

the plug's throughput conditions under consideration.

In the histori.al search for a meaningful length other attempts have
been made., For instance & slightly different length has been based on the
obgervation that for capillary flow and for slit flow one may write the mean
speed V as a simple function of the pressure gradient (VP) in the laminar
regime where the shear viscosity (q) impedes the flow effectively: Vv = ﬁWF/qKVﬁﬁ
The factor S is between (1/12) and (1/8), i.e. of the order of magnitude 0.1.
Based on this observation, the early work on plug size definitions has con-
sidered the length (KG/O.1)DE. For a perspective on sintered stainless steel
plugs and other metal plugs, the summarizing graph from a previous report3) is
reproduced below as Figure 1., It is noted that the stainless steel data above
2 Mm represent the state of the art around 1978. The 1/2 jm plug added more

recently to the stainless steel production line has been studied by Hendricks

et al.u>. Its permeability has been assessed on the basis of the low tempera-~
)

ture measurements'’, at low speed (Figure 2) with LK = 34 jam. Inclusion of
the value in Figure 1 indicates that the manufacturing of this limit-size plug
may still be difficult. Aside from the classification difficulties a rather f

uniform application of pressure during the presintering stage may be required.

.\
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Figure 1. Initial evaluation of a characteristic plug size for through~
put (from RN 576 (7-80) and Ref. 3 respectively; S_ re~
presents the retention (nominal) of spherical particles
during filtration;

o (open circle) = Value deduced from the 0.5 pm plug data
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Figure 2. Permeability of normal fluid flow at low temperatures

of a 1/2- pm plug (nominal size) of Reference 4 ;
The dashed line indicates Kp = 1.7 x 1079 cm? for the
roton depletion limit .
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TRANSPORT EQUATIONS

In this discussion the two-fluid model of Helium II is used witl. occa-

s3ional reference to microscopic approaches.

Because of the occurrence of the flow transition from laminar to tur-
bulent convection, very much attention has been given to critical velocities.
They have been treated exhaustively in the Huntsville Liquid Helium II
Conference5>. It is mentioned here that one of the more recent criteria

employed 1is Dimotakis' critical condition.s)

In the limit of low temperatures
with high superfluld ratio (ps/p - 1), i.e. roton depletion conditions, Dimo-
takis' criterion may be compared to the classical Reynolds number of normal
fluid flow. It turns out that both, the classical number, and the Dimotakis'
number, in this limit have the same order of magnitude of 103. Consequently,
use has been made of this condition (by relating the normal fluid shear
viscosity (qn) to the Gorter-Mellink transport function (AGM = AGM(T.P)).
Thus, in general, AGM is a function of pressure plus temperature T. AGM is
referred to in Dimotakis' criterion,6> and it is noted that the original work
by Gorter-Mellink has been solely restricted to zero net mass flow. However,
early flow investigations of He II mass flow have incorporated attempts to
extend the use of the Gorter-Mellink function to turbulent He II convection in
general including forced convection modes. In the subsequent discussion, some
of the most frequently mentioned mean field flow equations for ducts are
listed, and it is noted that the zero net mass flow mode provides an upper
bound to entropy/heat flow of a phase separator for a specified temperature -

difference., For this reason the zero mass flow mode (j = 0) has been the

first step in gaining a better understanding of phase separator transport.



While J = 0 is emphasized, also a few other equations are given below.

For microscopic details of zero net mass flow we refer to the recent
summary by Tough7) and Donnelly-Vinen at al.B). As in classical fluid mechan-
ics, the turbulent regime is the most challenging area of inquiry., For
instance, the pressure drop through a long duct with fully developed turbulent
flow often is quoted using the Blasius ruleg). According to the duct flow
experiments, the product of the friction factor and the fourth root of the
Reynolds number is constant (= 0.3164), The rule is written for the purposes

of the He II flow assessment as7)

V1 = 7.158n3 0D/ (517" T2/ (@D3) -
(0 density, D diameter, S entropy per unit mass, q heat flux density, T tem-
perature}, Equation (3) ind‘cates that the shear viscosity of the normal
fluid exerts only a small influence because of the dominance of vortex shed-
ding processes. A serious disadvantage of equation (3) for porous media use
is the requirement of smooth walls which certainly is not satisfied with the
porous plugs employed as phase separators so far. Thus, one may only get

order of msgnitude estimates from the Blasius rule.

The zero net mass flow equations for a duct are usually written in terms
of heat flux density (n)~temperature gradient (|VT|) equations. The original
Gorter-Mellink result contains the unknown transport function AGM’

- 3
VT = AGM(pn/S)[q/(psST)] )

(pn = normal fluid density, (pn/p) = 1”95/9)' Use of Dimotakis!' criterioné)

at the low end of the turbulent regime of Gorter-Mellink convection, and addi-
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tional use of a scaling power law near the lambda point vieinity has permitted

elimination of considerable uncertainties. Thus, the function AGM' which is
empirical from the macroscopic point of view, has been replaced by
Aoy = Kaa(p/ps)/qn (5)
Thus, only one single constant (KGM = 11,3) has remained as parameter to be
determined from experiments, All other quantities are thermophysical proper-
ties of He II. The temperature gradient, recast in this mann: in terms of

the known thermophysical properties, s

IVTI = K33 (p/p,) (o, /005" [a/ (p ST ®

(6)
Thus the temperature gradient rises strongly with an increase in q. The
explicit form for the heat flux is
- - 1/3 ter Yeivq s 1173
Q= A.q = AKup ST /p) "“L(n, J0,2i¥2 1] 1)

Thus, Q is proportional to the cross section and a weak function of an exter-
nally imposed temperature gradient, For porous media, modifications are

necessary, as discussed in Appendix A.

Remarks on the history of the determination of the Gorter-Mellink func-
tion AGM appear to be appropriate. The microscopiec approach of Vinens) has
considered interaction of a quantized vortex system with normal fluid in order
to permit prediction of AGM' This has led to use of microprobes, such as ions,

for experimental verification of the microscopics.

Macroscopically, B. W. Clement #n his M.Sc. thesis at UCLA (1966)' " has

adopted a non-dimensional measure of AGM by evaluation of the ratio of the

-
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dimensionless normal fluid flow rate to the third root of the dimensionless

driving force., It turned out that this quantity, designated as C/{T) at that
time, is to first order only a function of the order parameter of He II., It
is interesting to note that b;nk-Peck-Liggebt12> have used this early form

which is incorporated in the 1968 survey by John Clark in Reference 13.

The introduction of Dimotakis' critﬁrionG) in 1974 allowed an immediate
contact with the Gorter-Mellink approach at its low temperature and low speed
end, A check of the ratic C(T) at the LT-15"") in 1975 turned out to be quite
encouraging. Therefore S. C. Soloski studied in his Ph.D. research1°) exten-
sively the validity of the combined Dimotakis-Clement approach for the evalua-
tion of A,y. This work led to the numerical value of Koy = 11.3 for rela~-
tively wide ducts with diameteri above the order 1073 cm. Thus a very suc=-
cessful reduction of an unknown function to a constant in conjunction with
thermophysical properties of He II was the result of that work., The recent
detailed measurements of Kamioka with pressurized HeII15) provide quite a
satisfactory confirmation of the usefulness of the present form of the
Gorter-Mellink equations. In particular the check of the pressure effect on
Kég) has been quite rewarding. We note that prior to that work there had been
no straightforward means available to predict q on the basis of an unknown

function AGM(P>‘

11



PLUG RESULTS AND CONCLUSIONS

Concerning plug results we refer primarily to Appendices A and B, and it
is noted that Appendix C carries supplementary information. Additional points

arising from oral discussion are listed at the end of Appendix A.

It is concluded that the frame of reference established by the plug
transport studies at zero net mass flow is quite encouraging, This frame
establishes an upper bound to the transport rate at a given driving force.
Above the size of 5 pm (nominal manufacturer quotation) of sintersed metal
plugs, the manufacturing process appears to be well defined within the range
of uncertainty known for similar packed particle beds with a specified nominal
size. Thus, improvements appear to be on the horizon also for the particle
size range from nominally 0.5 pm to 10 pm studied and visualized in the middle
of the seventies for initial "Fairbank plug" design and application. The
other point concerns the applicability of permeability values at room tempera-
tures to the low temperature conditions of the plugs. There are two types of
questions to be answered from both the manufacturer's point of view and the
application point of view., The first question concerns the general validity
of a one-to-one relationship between the room temperature permeability Kp and
the normal fluid permeability Kpn at low temperatures. The second point con-

cerns the scaling from K n and its Darcy-Stokes law respectively for j = 0,

p
the finite mass flow case including turbulent flow wconditions,

12
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APPENDTIX A

SINTERED PLUG FLOY MODULATION OF A VAPOR-LIQUID

PHASE SEPARATOR FOR A BELIUM II VESSEL*

T. H. K. Frederking, C. Chuang, Y. Kamioka, J. M. Lee
and S. W. K. Yuan

University of California
Los Angel¢s, California 90024

ABSTRACT

A sintered stainlessz steel plug system is described which
has the purpose of acting as a vepor-liquid phase separator
between & liguid Helium II bath and the vapor vent line. A vari-
able c¢ross sectional area component is incorporated iy order to
modulate the muss flow rate through the separator. System details
and data are presented.

INTRODUCTION

Future planned space missions will require extended cryogen
storage . Thermodynemic state control of the cryogeanic liquid He
II requires well-defined separation of the vapor from the 1liquid
at the vessel vent 1iine exit. For such systems designed to
operate in the range from 1 K to 2 K, passive vapor—liquid phase
separation of superfluid He II ng been extensively studied under
conditions of constant heat load .

In practical systcms however, variable heat loading of the
cold He II reszervoir 4is often encountered. To prolong cryogen
life span, optimum performance of such systems by the nuse of
active flow modulation devices are nesded. System developments

*Work supported in part by the National Aervaautics =zd Space
Administration, Ames Research Center, Moffett Field.

%) Presented at Cryogenic Engineering Conference, Colorado Springs 1983

(paper CB-3)
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Figure 1. Schematic diagram of mechanical and thermal
means of varying the throughput of a phase
separator.

and designs under consideration include mass flow modulation ngxng
components movable in ecither the flow direction (Fig.la)’
perpendicular to the flow (Fig. 1b) through the separator. Varia-
tion of the thermomechanical driving potential by use of _a& down-
stroam hezting element has also been investigated (Fig.lc)

The present paper has the purpose of describing a system
incorporating a variable area component of the type (1b), i.e,
downstream of the plug., After s discussion of porous plug flow
characterization, the system is outlined, and experimental results
are presented. Finally, conclusions are drawn.

POROUS MEDIA CHARACTERIZATION

The transport at zero net mass flow has been found to be a
useful reference case for the vapor—liquid phase separation mode” .
Cou. terflow of normal fluwid, carrying heat and entropy, and super-
fluid _is described in the frame of reference of the two-fluid
modcl‘0 Two convective flow regimes of heat transport exist:
first, laminar, linear transport, and second, turbulent non~linear
mean field transport. The laminar flow equation may be wrsitten as
&2 modified Darcy flow equation for the mormal flniglcggpcncnt,
driven by tkermo—osmotic (thermomechanical) forces The
mezn, superficial flow velocity is

Va < KpnivaI/“n (1)

The speod v_ is the ratio of the volumetric flow rate of normal
fluid to 'the total cross section of the porous medium. The gra-

16
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dient |YPp| is equal to pS|YT|. The related superficial rate of
convective heat transport is expressed also as a mean guantity.

q = pSIv, = pSTE__|VPr|/n, (2)

The comparison with the solid state thermal conductivity of the
porous medium is conveniently based on the apparent thermal con-
ductivity evaluated from Equation (2):
2 )

kyop = (09 TE/ny (3)
Again, k'p constitutes a superficial quantity rep&osenting mean
field congitions. The geomstry parameter (K n) 2 js a charac~
teristic size of the space filled with He II durgng the counter—
flow conditions imposed.

In the non—linear high heat flux regime for fully develngd
turbunlent convection, the normal fluid velocity is described by

vy = Kgy(pe/p) Uog/p) (n /p.) IVPp|/p) /3 (4)

The dimenszionless parameter K M 1s Enown for wide insulated ducts
operated in the high heat flux regime of G°£§°’""°iiink turbulence
(Kgy = 11.3 for duct diametors above 10 cm)~”.  Thus, the
related superficial heat flux density becomes

q = KGMPSST[(ps/p) (nn/pn)Pslvvrl/p]ll/B (5)

In general K varies a8s a function of porous media parame-
ters. A comparison of Equations (2) and (5) shows that k, p is no
longer & well-defined quantity in the turbulent regime. P

Figure 2 displays ka of Equation (3) associated with ngr-
mal fluid Darcy flow throngg the porouns medium. Because of S~ -6
knpp is a strong function of the temperature. Figure 2 is based
on “results of Refs, 15 to 17 and 13. The K_-values include the
order of magnitude r7ngc of phase separntog plggs. For instance,
at 1.8k, for (K n)‘2 of the order of 10 ° cm, the apparent ther—
mal conductivity resches the order 1 W/(cm K). Thus, for this
type of transport, the k -value of the normal fluid exceeds the
thermal conductivity of pigg materials, such as stainless stocl.

EXPERIMENTAL EQUIPMENT AND RESULTS

) The phase soparator plug is the main component of the sys-—
tem, A sintercd stainless stecl plug of Mott Metallurgical Cor—
poration (Farmington, CT) of alloy 316L is used (with nominal size
of 2 pm for spherical particle retention; thickness 1/8 in = 0.318

17
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Figure 2. Apparent thermal conductivity associated with Darcy
flow of normal fluid through porous media.

cm, diameter 2.54 cm). The plug is located in the system shown
schematically in Figure 3. Static pressure taps and carbon resis-
tance thermometers measure differential pressure and temperature
across the plug. A flow control plate and a shutter assembly
driven by an electric motor allow modulation of the flow through
the separator system. The latter is located at the lower end of
the vent tube which in turn is insulated from the outer b:zth ocon-
fining wall, A heater in the ounter bath simulates variable heat
loads.

Figure 4 shows the filow control plate and shutter assembly.
Both  have semi-circular regions which permit maximum mass
throughpat when the semi-circles coincide. When the shutter i3
rotated 180 degrecs away from the ‘full open’’ position, minimum
throughput is attained. The plate contains 40 holes with a diame-
ter of 0.159 cm (= 1/16 in). The porous plug terminates in a

18
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Figure 3. Vapor-liquid phase separator system(schematically)

*rovgh surface’’. In order to match geometries, a filter material
(0.02 cm thick, glass microfiber papar) is located between the
plug and the control plate.

During the initial rons the throughput of the gstationary
system has been determined. An external bypass valve connecting

{ | SEMI-
CIRCULAR
M SHAFT AREA
‘ SHUTTER
W T FLOW CONTROL
——— —"“’( ) PLATE
."','-'-".'.'-'-' FCP
N FCP WITH HOLES

PLUG

Figure 4. Flow modulation system (schematically);
a ., Assembly; b. Flow control plate.
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Figure 5. Pressure difference across plug assembly during station-

ary system experiments; insert: mass flow rate as a
function of time at various externmal power inputs.

the upstroam and downstream sides of the plug provides pressure
equilization during the helium transfer and cooldown process.
Below the lambda temperature, runs have been conducted making use
of slow downstream pumping rates with the external bypass valve
closed and an upstream pump system shut off from the liquid bath.
The heater permits simulation of ¥arious heat loads on the liquid
bath. The mass flow thramgh the plug was determined from the rate
of change of ths Ne¢ II level with time.

The vapor pressure differences acrdss the plug registered
during the runs are presented in Figure 5 for various externally
applied power inputs to the heater, The insert of Figure 3 shows
mass flow rates as a2 function of time.

Using the same procedure as described above, flow modulation
has been verified during slow rotation of the motor (0.1 rpm at 27
V nominal voltage). The modulation results are shown 2s mass flow
rate versus .time in Figure 6. It is seen that m varies from 10
mg/s to 22 mg/s.
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Figure 6. Mass flow rate during slow rotation of the shutter at
zero externally applied heater power.

CONQLUSIONS

Phase separation fiow modulation by meams ©0f & downstream
variation of the mass throughput has been demonstrated using
transverse motion of a movable shutter—like component.
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M, Johansson for their contributions in the course of this work.
The plug characterization efforts have been supported in part by
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NOMENCLATURE

klpp Apparent thermal conductivity
Lo Dimensionless Gorter—Mellink parameter (Eq. 4)
xpn Normal fluid permeability

o Mass flow rate

P Pressure

q Heat flnx density (mean value)
S Entropy

T Temperature

v Moan flow speed

n, Normal fluid shear viscosity

p Density

Subscripts

normal fluid

superficial value (rate per total cross section)
superfluid

thermo-osmotic (thermomechanical)

Vapor pressury

4 ~-Ino b
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Additional (juestions, Comments and Discussion

There have been several points raised in the papor discussion
pertaining to the mass flow rate, to quasi~steady conditions and to
the minimum in the flow rate assoclated with the device,

Question # 1 is concerned with the mass flow conditions, In the
present theoretical discussion the zero net mass flow case 1s usged as
reference solution. This leads to the apparent thermal conductivity of
Darcy convection based on the normal fluid permeability (Kpn). The
latter in turn 1s related tq the "classical''flow permeability of room
temperature Newtonian fluld. The finite mass flow case is located
within an envelope given by the dimensionless laminar Darcy-Stokes data
and the related turbulent transport characteristics. Some indirect
hints concerning this point are provided by the early studies of the
Leiden group ( W.M. Van Alphen et al. , LT-9, Plenum 1965 ). When the
driving force for mass flow is in the same direction as the driving force
for entropy flow, a larger flow reslstance results. In other words, the
zero net mass flow solution constitutes an upper bound to finite mass
flow data. At low temperatures, both solutions approach each other
closely.

Question # 2 pertains to steady state results with the shutter
kept stationary in different positions in different runs. This approach
requires a large number «f data points., The present technique instead
probes slowly t he transport rates during rotation at quasi-steady con-
ditions. Thus, a rather complete survey of the angular range is obtained.
The data show dominance of the fundamental frequency provided by the
shutter- motor drive system., i.e. & nearly sinusoldal signal is obtained.
Thus, position and flow rate are related to each other by a simple
function. Prior to quasi - steady conditilons, the initial pumpdown
near the lambda temperature involves a relaxation time needed to get
from the negative pressure difference (liquid breakthrough condition)

to the phase separation mode. This process of flow reversal 1s a feature
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of the present experimental, technique , and for the initial period of
time heat capacity terms may be used to obtain data over an even more
extended range in the temperature of the upp.ox bath.

Question # 3 is concerned with the minimum mass throughput of
the flow modulation device. . It is noted that the design adopted
doas not incorporate a shut~off device built dinto the system . The
present construction of the plug~shutter assembly with the micro~
fiber -~ control plate subsystem extends the flow rate range obtainable
with a fixed geometry plug system, Thus, the minima in throughput of
mags  of He4 ( Figure 6) constitute the finite mass flow rates
established by the shutter in the "fully closed" position.

24



APPENDTIX B

PLUG FLOW COMPARISON

S. W. K. Yuan, J. M. Lee, Y, Kamioka and T.H.K. Frederking

University of California
Los Angeles, CA 90024

ABSTRACT

Flow through porous media including sintered phase separator plugs
at low temperatures has beren investigated for plugs in the pore size
range from 1 to 10 um. Experiments have been conducted in the liquid
Helium II range with 2 pm stainless steel plugs (nominal prrticle reten-
tion size of filtration). It is proposed to provide a common frame of
reference for this type of plugs by means of the modified Darcy flow
permeability of normal fluid transport.

INTRODUCTION

In Helium II vessels, sintered porous plugs may serve as venting
devices which provide well-defined separation of the vapor phase from
liquid, and stable vapor removal zml entropy passage respectively.
Various plug investigations have been reported ir the literature, e.g.,
Reference 1, within different frames of reference. One drawback of this
situation 1s the absence of a common plug characterization frame which
allows an easy comparilson of data taken under different conditions. It
“1s the purpose of the present contribution to propose a common frame of
reference such that some of the difficulties encountered in the assess-
ment of plug suitability for a specific venting task are eliminated.

The frame of reference is based on experiments conducted at both
"high" and He II temperatures. First, a conceptual basis is provided
relying on the two-fluild model of He II in conjunction with Darcy flow
of Newtonian fluid. Subsequently, the experiments are outlined, and

Presénted at Space Helium Dewar Conference and Workshop,Huntsville
AT, 35899, Aug. 1983,
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TRANSPORT REGIMES: PHENOMENOLOGICAL FLOW REGIME DESCRIPTION BASED ON THE
TWO FLUID MODEL

It appears to be useful to describe the transport through porous
media,in general, in terms of the two-fluid model for liquid He*. (It
ls noted that in applied physical chemistry, analog conditions referring
to mass osmosis have been utilized in the early discussion of two-fluid
ideas, e.g. by Tisza3 and Wilks*.) For the sintered plugs often used in
the evaluation of phase separator capability, a convenient frame of refer-
ence is based on the zero net mass flow mode: entropy and heat are car-
ried by the normal fluid which moves in counterflow to superfluid such
that there 1s no net transport of mass. There appear to be two major
transport regimes: first, the laminar Stokes regime with entirely negli-
gible inertia effects; second, an asymptotic regime, of highly disordered
turbulence achieved after a transition has taken place toward very cha-
otic flow conditions. The superfluid is an ideal Euler fluid, and the
normal fluid has entropy and viscosity. A basic assumption noted in the
present context is the adoption of Newtonian fluid properties of the
normal fluid subject to the specific constraints of superfluid He II. On
the basis of this assumption, a tie-in with "classical" fluid flow in the
Stokes regime appears to be readily available. Thus a characterization
of the flow may be based on well-known correlations for packed beds and
similar porous media.

For classical Newtonian fluids, Reynold55 proposed a linear super-
position of a linear flow rate contribution(~v )in the Stokes regime and
a non~linear term(~v2) for the pressure gradient prediction in general;
(v mean velocity). The linear term for Stokes flow at low speed has_been
inspected for packed bed flow phenomena in detail by Kozeny®, Carman’ and
others. A more recent equation paralleling Reynolds' approach has been
proposed by Erguna. Several modifications of the Ergun equation have
been discussed by Macdonald et al.?. 1In the Stokes regime the equations
under consideration have an asymptote characterized by

lim(nGo)/[grad P| = K, (1)
v+o

Kp 1s the permeability, n shear viscosity, ;o superficial flow speed =
volumetric flow rate divided by the total packed bed cross section (eipty
cross section), The externally applied gradient, grad P, may comprise

an applied pressure contribution and a gravitational term. Equation (1)
is a simplified form of Darcy's equation for an isotropic mediuml0. The
Darcy permeability for a system of near-spherical particles is predicted
by the Carman-Kozeny-Ergun approach as

p 2¢3
K =1z, —b—r (2)
P TCK 4 g2

(D_ particle diameter, € porosity). The constant Ccx varies with the
tyge of particles. It has the value (1/150) in the Ergun equations.
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For near-spherical particles,the constants of the Carman-Kozeny approach
differ but little., However for fibrous and sintered materials consider—
able variations in permeability-related parameters may be encountered.
Therefore, a very detailed approach may, at best at the present time per-
mit predictions of the order of magnitude of phase separator plugs with
very fine pores. For imstance, for a porosity of €« 1/3, D, of the
order 10 um, the characteristic size (K )1/2 of the fluid-figled space
turns out to be of the order 10~4 em = 1 um., This is illustrated in
Figure 1 for a stainless steel plug ( 2 ym nominal particle re~
tention size ¢f filtration ).

The Ergun equation 1s used as the basis of comparison in Fis.
l . The flow resistance in the Stokes regim° may be expressed as R1El
|vP| / v, =1 / K = 150n(1 ~g)2 D =2 / €3, The resistance ratio
R / RN in geuneral 1s “a function of the appropriate flow rate
measure,e.g. modifjed Reynolds number E In this dimensionless
form the Ergun equation is written as

R/RN = 1 +1.75 RKE/ 150 (3)

With p as fluid density the modified Reynolds number is expressed as
RKEﬂDpVop/n(l-E) .

RIRy  E RUN
' ° 1 :
L vay 2 :
v| 3
0 F o | 4 /]
; ERGUN EQUATION
-
! Fwvfee——0®— — —— — — 7
10-] T IR B R E TITY B AN R T RS R A1 N A )
10-2 107 1 10 10 103

MODIFIED REYNOLDS NUMBER Ry

Figure 1 . Flow resistance ratio versus modified Reynolds

number RKE for room temperature data of 2 um plug;

. Dp =3.3"% 1073 em .
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According to Figure 1, the permeability appears to be unchanged,
within data accuracy, over an extended flow rate range up to the Reynolds
number of unity (Rgg v 1). Thus, the Darcy flow equation (1) may be writ-
ten as

v, =K IVPI/n (4)

Turning to the Stokes regime of zero net mass flow in He II, we note
recent research resultsll=13: the data support a modified Darcy law for
normal fluid transport at low speed:

Voo = Kpn'VPTl/nn (5)
(The subscript n characterizes normal f£luld properties, e.g. shear vis-
cosity Nne) The peculiar driving force in He II is the fountain pressure
VPp = Vr(pS); (p density, S entropy of He II per unit mass). The perme-
abllity K, is replaced by the permeability Ky, which is of the same order
of magnitude as the He I value of K, above tﬁe lambda point. Multiplying
both sides of Equation (5) by [p E /nnj, one arrives at a dimension~
less form for the normal. fluid. urther, heat is transported by normal
fluid convection giving rise to a superficial (mean) heat flux density

q pSTVno. Thus, Equation (5) may be rewritten as
Nq = Nyo (6)
with the dimensionless transport rate
=, 1/2
Nq = qK pn (n, st (7)

and a dimensionless driving force, caused by external application of a
temperature gradient,
3 2
Ngp = P SIVTIK / nn (8)
In the non-linear regime at high transport rates, the function de-
scribing dimensionless flow rate versus dimensionless driving force is at
variance with the functional form of Equation (3). In the asymptotic

limit of size-independent normal fluid flow through the sintered medium
one may write the superficial (mean) heat flux density ast

q, = Ky, (p /X @PL/0) (n_/p ) (o /)13 ( psT) (9)

The parameter Kgy 1s a function of the particular porous medium. It has
an upper bound of 11.3 for wide channelsls; (D /p) superfluid density
ratio, p,/p =1 - ps/p . One may write Equation (9) in dimensionless
form as

iy o 1/3 _ 1/3 ,
N (P7pg) = Ky (Wgppo/p)™"" = Ry N, (10)

Ih some cases it is convenient to express Equation (9) as dimensionless
heat flux density q/qref with a reference heat flux density
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Qs ™ (pn/p)(T/IVT|>(nn3/pz)/Kpn2 (11)

This type of transport equation is obtained by multiplication of both

sides of Equation (10) by N,:

/3 o g 43

- . 4
45/dper = Koy NgpPe/Py) o x (12)

EXPERIMENTS

¢Yrior to the low temperature runs plug identification at room

temperature appears to be convenient avoiding 1liquid contact with

the

sintered material . For this purpose the plug surface has been

inspected using a surface profilometer with a stylus tip radius of

0.05

em . Its resolution 1limit for surface variations 1g of the order

of magnitude 0.3 um . Records for three stainless steel plugs with

size

of 2 ym, 5 pm and 10 pm are ghown in Figure 2 . During the

VALVE #2
VQ%VF\! ':::jlf;:::TO PUMP B
TO PUMP d
A ) ,
MAIN :
VALVE

DIFF.
P-TRANSDUCER

POROUS PLUG —

lll')lr
,_'n"'lfq

=
A Aden

\\\n,,// HEATER

Figure 3 . Experimental system for vapor-liquid phase separation
(schematically) .
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(a) 2 um plug ; sintered

stainless steel;

(sizes given denote

size of contaminant
\/V particle retainad

while using the plug

as filter device).

o]

(b) 5 um plug

(¢) 10 ym plug

. . \
. LV'J/ \/J\f Uv,’-a". | f

Figure 2. Profilometer records of stainless steel plugs :
X-Y-plotter signal representing position variations of
nlug surface s[same arbitrary units (A.U.) for (a), (b),
(¢)]; »—— = 1 sec on horizontal axis .
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runs, the stylus 1is moved slowly across the plug's surface. The signal
is shown as "plug signature" on an X-Y-plotter (Fig. 2).

The experimental setup for vapor-liquid phase separation ex -
periments i1s displayed in Figure 3 . The liquid He II - filled space
surrounds a central vent tube insulated from the outer bath. The plug
is located at the bottom of the vent tube. A heater in the vessel is
energized to different values during the runs . Carbon thermometers,
upstream and downstream of the plug,measure the temperatures T and T
respectively ; (subscripts u and d denote upstream and downstream
location respectively). In addition, pressure taps permit measurements
of the pressures P_and P, ., The pressure difference APV = Pu - Py
is recorded by means of a differential pressure transducer.

In the vapor -~ liquid phase separation runs , initially the
system is kept at approximately equal pressures upstream and down -
stream by opening bypass valve # 1 (Fig.3) . After pumpdown close
to the lambda temperature, valve i 1 is closed along with the main
valve . With wvalve # 2 in "open" position, the liquid He II bath
is pumped down slowly . Data are taken during a particular run for a
constant heater power .

Various quantities of runs at different heater powers are dis-
played in Figure 4a through 4d . The abscissa 1is the liquid level
characterized by the position coordinate 2z . Figure 4a shows the
mass flow rate m , deduced £from Liquid level measurements, for
externally applied heater powers from 0 to 150 mW . Figure 4 b
is a plot of the upstream temperature T, = T, (z). Figure 4 ¢ dis-
plays the temperature difference AT =T, - Tg as a function of =z,
and Figure 4 d exhibits the pressure dgfference AP versus z. A11
of these functions are relatively steep. However when the final
pumping power limit of the system is reached , the curves tend to
level off at a low z-value . It is noted that the experiments
incorporating flow modulation have been described elsewhere 14 . In
Reference 14 a movable component has been employed.

Additional runs have been conducted at zero net mass flow with
a system shown schematically in Figure 5. A heater located below

PLUG—__| | eb—->THERMOMETERS
o [P
HEATER — i

Figure 5 . Zero net mass flow system (schematically).
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MASS FLOW 40
RATE. -

m ,mg/s 30 |- (a)
20 e
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=

UPSTREAM 1.8

Lt
TEMPER- ! (b)
ATURE ™
1.7 [~
TU » K i
L1t 4e8 g b
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1.6 _
!lllllllLl
TEMPER- 100 r
ATURE 80 |-
DIFFERENCE 60 [
AT , mK 40
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0'0111111111 1 !1;!:'»
PRESSURE 3
DIFFERENCE 2 E (d)
APv,torr E
1 2 8
0 ;'!!IiL]iljllilllltlll
10 20 30

POSITION COORDINATE z , cm

Figure 4. Phase separation parameters during runs with the
stationary flow modulation system 14 at various
heater powers: ® 150 mW ; 0100 mW ; A50 mW ; o O oW.
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v

a sintered stainless steel plug of 2 Um size (nominal particle re-
tention rate of filtration) i1s switched on. This results in a temper-
ature gradient across the plug., Data obtained as thermal energy
throughput versus the temperature difference are shown in Figure 6.
The transport rate q,. 1s the superficial heat flux density = power
dissipated per total ?empty ) cross section of the plug.

BATH TEMPERATURE
120
a.o o’ 1.5 K
100 F} c’/"'D 0
2 v
W/cm a .
80 L
/00 /. 1.4 K
Ano v
60 F
T ¢
v
0 L/
70 A/
H .
/ 1 | | | ]

20

0 20 40 60 80 AT , mK

Figure 6. Heat flux density versus temperature difference at
zero net mass flow ;( 2 um stainlesz steel plug).

DATA DISCUSSION

Zeno net mass fLow . The data for the 2 um stainless steel plug
(Figure 6) are presented in dimensionless form in Figure 7. It
shows the dimensionless transport rate N _ of Equation (7) versus
the dimensionless driving force NVT of qEquation 8. The per-
meability K = 3.0 x 10~9 em? is deduced from the linear
regime charBcterized by d log N_ / d log =1, 1i.e. the
modified Darcy law , Equation (5) afd  (6) respectively.

In the non - linear regime the normal fluid viscosity effects
are no longer the dominant flow phenomena . Instead, liquid He II
turbulence is established with a higher resistance to transport of
entropy and heat . This is in agreement with the postulate of
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Ng SLOPE 1 el
.l » . ’.‘ oY ) /
" - F-00?
X ot 20 '
i /. /O
[ SLOPE  1/3
L/
0.1 e b gt p ol byl
0.1 1 10
Not

Figure 7 . Dimensionless mnormal fluid transport rate versus
dimensionless driving force ; Full symbols: Bath
temperature 1.4 K ; Open symbols ; 1.5 K,

Newtonian fluid behavior of the normal fluid of He II which inter -~
acts with the vortex system of the Gorter-Mellink transport regime.
The data are described approximately by d log N/ d log NVT =1/3 .
The related value of the Gorter - Mellink constdnt is Koy = 0:3;
(arithmetic mean of the data sets for 1.4 K and 1.5 K ). The Kgm-
value i1is significantly below thisvalue of Kgy = 11.3 for wide
open ducts of high aspect ratio “(length .~ diameter ). Thus, the
wide duct conditions constitute an upper bound to the porous media
data at a specified temperature gradient.

The present zero net mass flow data for the 2 um plug have
been compared with literature data pertaining to a '"single-pore' -
grain system . A geometry representative of the size range under
consideration appears to be the slit system studied by Keesom
and Duyckaerts 16 ., The dimensionless transport data are shown in
Figure 8 as N, versus Ngr . Within data scatter, there is again a
well-defined linear regime of Darcy convection , a relatively sharp
transition , and a non-linear regime of Gorter - Mellink turbulence
involving mutual friction between the superfluid 's system of
vortices and the normal fluid.

Vapor - Liquid phase separation mode. The data have been taken with
the stationary £low modulation device 14 | It 1s noted that the
additional flow impedances of this system do not permit an exact
quantitative comparison with the zero net mass flow results. The
data comparison is based on the fully '"open" position of the flow
modulator. Figure 9 presents the data for this "open' case in the
dimensionless variables of Equation (12) , i.e. d log (q/qref)/
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d log Ny =4/3 ; ( N, V,L,p / Py ) It 1¢ seen,that this power law
appears to be a t:angent. to the data. The tangent is characterized
by the wvalue = 0,2 . Thus, the order of magnitude is quite com-
parable to the zero net mass flow result for the same (nominal) size
plug of 2 um .

100

10 |-

Ng
1 L
K

0.1 |
0.01 L

0.01 0.1 1 10 102 103

Nt

Figure 8 . Data of Keesom et al. 16 plotted in dimensionless
coordinates of the Darcy equation for normal fluid
convection through porous media ; (dashed lines in
the non-linear range have been drawn to guide the

eye ).
CONCLUSIONS

It is concluded that the permeability of Darcy transport of New-
tonfan fluids at room temperature is an upper bound to the normal fluid
permeability of the modified Darcy law for the present stainless steel
plugs with a pominal size of 2 ym(particle retention of filtration).

Further, any characteristic length of porous media may be a com-
plicated function of another length which represents a different prop-
erty of the medium. For instance, the equivalent particle diameter of
the sintered plug is significantly larger than the nominal particle re-
tention size., Therefore, it is proposed to make use of the Darcy per-
meability in order to characterize the flow through the entire plug in
a meaningful way. This length Kp , and Kp may be more useful as
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20 F slee 43/
(9n/p 8/ s 54 s

Y E /u/

2 /
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1 /,/ 0 o 50
"W, A 100
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B IR EEEN | I
4 6 8 10 20 N
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Figure 9 , Heat flux density ratio (Equation 12 ) versus
the dimensionless driving force NVT .

long as other more sophisticated parameters are¢ not yet available for
the porous media range of interest for liquid Helium storage and vent

control.
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Comment on Reference 10 Concerning the Original Studies of Darcy

An initilal search of the literature in the West Coast area
did not have success in locating the original reference of the
year 1856. Tt is noted that investigations of H. Holze (Investiga-
tions of the flow resistance of agricultural blade products, VDI-
Forschgsheft 545 , Vol, 37, 1971) showed in the reference list the
version "D'Arey" . However , finally a look at the origiumal work
revealed the commonly known author Henry''Darcy'. We are
indebted to Mr, J. Verdier,CEA Grenoble , for helping to locate
the reference and for making available this old publication.
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Figure 2,2.Trace of 5 pym~plug (X~axis, Time scale : 1 unit =
1 sec; Unit length in vertical direction = 50 mv ).
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TIME

Figure 2.3.Trace of 10 ym - plug; (X-axis,Time scale : 1 unit = 1 sec ;
Unit length in vertical direction = 50 mV ).
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TABLE 3./ ROOM TEMPERATURE DATA OF
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V. CM° /5

5.48
6.95
8.59

0.1

P,mbar
22.4
28.7

34.9

39.3

RUN #
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TABLE 4./ AVERAGE VALUE OF PERMEABILITY
AT VARIOUS TEMPERATURE

LHeT® |L N, T° | Roow T°
TEMPERATURE
(4.2 K) (77.4 K) (300 K)
~ ~9 -9 -9
PERMEABILITY | 33%/10 = |4.90xI0 ~ | 5.65X 10
(CM*<)
N\
AN 13 8
\ ;
AN g g
AN P
)N 1s . B
\\ g i
N . B 5
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Figure 4.12 Nq VS, NVT for the thermo~osmotic experiment.
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