Chapter 2. EXPERIMENTAL STUDIES
F. C. Hurlbut, C. R. Jih, and P.-A. Witherspoon

INTRODUCTION

The underiying rationale for. undertaking studies of fluia flows’
in porous medla under rarefied gas flow condltlons has been to supply
the empirical basis for theory necessary to the desxgn and understandlng
of a permeability probe device for in sztu.experlmentatlon at the 1unar
surface. A second objective has been to provide the pra tlcal‘experiéhce
in such experimentation necesSary to permit a sound, efficient,. and work-

able design:of such a probe.

The outlines of ourvattack;bboth theoretical and experimental, have
been summarized ih-the‘1969 Final Report, Vol. IV  of IV, "Studies on
Conductivity of Lunar Surface Materials," by Katz, Willis,and‘witherspoon,
and remain very little chahged to this date. In that report our current
state of knowledge was described, preliminary concepts of probe de51gn

were discussed, and dlrectlons of analy51s were indicdated.

.The present report is confined to the description of the ong01ng
'experlmental program and to a presentatlon and discussion of prellmlnary
observatlons. It should be understood as a record of work in progress
and is to be taken, together with the 1976 Final Report, "Studies of
Fluld Conduct1v1ty of Lunar Surface Materlals —-Theoretlcal Studies,"
by Raghuraman and Willis, as a representatlon of our progress in the

fiscal year 1969-1970.

BACKGROUND

The flow of gases through porous media has received a moderate
‘amountgof attention over the years as, for“example, the flows of low-
dehsity_gases connected with the problems of catalytic beds or with
those ‘of transport.phenomena at permeable barriers. The words "low
density" refer here to conditions under which the Knudsen numher, hased=

on'pore size, is greater than " 1/100. One may note that such low-



density flows hdght»well occur at pressures above or below 1 atmosphere
for rocks within the ordinary range of pore size. Above the iimittof
low density cited, the flow of gases in porous media may be treated by
the empirical continuum methods which have been found to be successful.
Prior studies of low-density flows have been confined to-eertainvéemi—
continuum models or to the assumption:that the flows ere entlrely free
molecuie in character. Such models imply that the den51ty gradlents'
are everywhere small, a constraint which cannot be-applied in general
to flows in porous media whose natural environment is, and has been for

a very long time, a vacuum.

Related studies of the flow throdéh capillaxies have been more
widely conducted, and it woﬁld be  in cohnection with these.somewhat
-éimpler flows.that one would hope to see the developmeht of theoretical
models for the transition from continuum flows to the free molecule
regime; such models would provide a valuable haee for modeling the
porous medium. However, we again fihd that nearly all theoretical work
has confined itself to conditions where the density gradients are small
so that the gas remains within e particular regime of flows-throughout
the capillary. Work relating to larger density grediehts-hae been con-
ducted by interpolation and fitting but without a rigorouslbasis in the
klnetlc theory. Experlmental work on caplllary flows has been conducted
under conditions approprlate to the theory w1th few-exoeptiohs'and in 
these latter cases no examination has been'made of the details of the
transition from continuum flow:to'free molecule flow.

‘With these limitations of available ihformatidn'ih evidence it was
'detetmined to undertake direct measurements of porous medium permeability
under low—den51ty condltlons as the most efficient route to the design
and understanding of an in situ permeablllty probe for 1unar materials.
It was determined-that 1n1t1a1 investigations should be of one—dlmen51onal
flows througa homogeneous, 51mu1ated rock samples hav1ng a range of
permeabllltles. Use would be made of the pumping system-essoc;ated with -
'the,existinq farefiea gas wind tunnel, and it was also pianned that
advantage would be taken of the technology and experience of the Rarefied
Gas Laboratory.* The pfogram-of aesign, Construction, and measurement

‘has proceeded well, but not as rapidly as planned, so that to this time

*y. C. Division of Aeronautical Sciences (MechanicalvEngineering)



only the first phases of the measurement program have been completed.' In

the next sections details of the permeability apparatus are given.

DESIGN AND CONSTRUCTION OF APPARATUS

Introduction

As in the proposed permeability probe, gas from a source at moderate
pressures flows into the porous specihen toward a sink at low pressures.
If the Xnudsen number of the flow is initially of order 1 or smaller,
the flow will inevitably transform to a free molecule flow wiﬁhin the
specimen. The character of the transition, as deterﬁined by the measured
pressures at various distances from the source, will permit a calculaﬁion
of'permeability and possibly pore size and configuration when suitabie
theory becomes available, The experimental apparatus required for the
investigétion of one-dimensional flows within the above conceptual
framework consists of a gas source and flow metering‘éystem, a épecimen
chamber with pressure taps distributed élong its 1ength,'a‘pressure
- transducer and metering'system, a high capacity vaéuum'pump,-and the
necessary valves, ancillary gauges, and pumps.. A detailed description

follows.

Description of the Apparatus

It was é basic objective of the design that it should permit the
.detailed examination of pressures as a function of position along a one
dimensional flow throuéh a porous specimen. It was determined that the
specimen should consist of up to 10 cylindrical slabs, each of thickness
to 1 inch ana diameter 2.5 inches, permitting pressure measurementé to
be made-at discrete intervals by sampling the space between slabs. The
arrangement is shown in Figure 2-1, a dimensioned assembly drawing of
the equipment. The specimen‘chambers, shown in greater detaii (Figure
2-2), consist of 2 flanged cylinders of stainless steel each with pro-
visions for 5 segments éf épecimen. Each specimén segment consists of a
plexigiass ring within which is cast the porous material. A seal between
the plexiglass.ring.and the inner wall of the specimen chamber is arranged

v

by an "0" ring set in a gfoove in the chamber wall. Pressure taps with
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pressure leads of 1/4" diameter stainless tubing welded in place are
provided between each specimen'position. .Spacer rings between each

specimen maintain the correct position.

. Uniform entry conditions’oﬁer'each slab face are established by
virtue of the high flow conductance of the large gap between slabs as
compared with the lower conductance of the slab matérial. "Thus a.
segmented ideal one-dimensional flow iswpermitted. Note that:the
nuﬁber of siabs may be varied from 1 to 10 and;that'thé thiékness‘of

éaqh slab méy be arbitrarily determined up to 1 inch.

Each preésure tap is connected via a valve to a central-manifold
and that manifold is connected througt 3/4-‘nch-copper tubing and a
quarter swing valve to a pressure transducer. Ample conductance is
provided to permit degassing the specimens and to make possible a
sufficiently short gauge tesponse time. The pressure transduéer is
‘ én MKS diaphragm gauge having a maxiﬁum differential pressure rahgé,df
30 Torr. This device was selected for its well-known accuracy, stability,
and insensitiVity ﬁo'gas‘composition, Since it is a differential_pressure
gaugé it must.be connected to a reference vacuum system, detailsqu which
are shown in Figureé 2-1 and 2-3. Note that a bypass'valvé is prpvided
fOr_establishing.the zero of the gauge and to permit evacuation of the

manifold.

At the~downstreamvend of the.Specimen'chambers is a 6-inch vacuum
gate valve and beyond that,the main'manifoldvof the rarefied éas wind
tunnel. The pumbs associated with the wind tunnel flow system have the
capacity to maintain the downétream end of the permeability_apparatus;

at 1 tq'2 microns Hg for any realistic flow within the porous samples.

The"gas‘supply syétem is also shown_iﬁ'Figure 2-1.'.This éYstém
consists of high and intermediate pressure regulators, approp;iate shut¥
ofvaalves;~and a gés-service regulator followed by a system of 5 viscosity
type %low raters covering a range of flow rates to v 3 X 10'-3 cc/séc.

For lower rates'of.gas flow the film—capillafy, positive dispiacémght‘
method will be used. A needle valve between the flow metéring systeﬁ

and the first specimen chamber serves to regulate the.fldw_rate.'
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An overall view of the permeability apparatus is shown in the

[

photograph, Figure 2-4.

SPECIMEN PREPARATION

A number of options exist for the preparation of porous samples.
Among these are the aggregation of sand particles using wax or resih
binders; the casting of concretes and artificial'stones;'the sintering
of metalllc beads, chlps, flllngs, or flbers, the sintering of ceramlc
materials in fibre, bead, or rod - form, and . the cuttlng of natural rocks,
partlcularly those of volcanlc orlgln; To be suitable for low.pressure
measurements, the porous media must be free of organic materials hav1ng
vapor pressures in the micron‘iange. In order to insure an extended
region of transition flow under pressure conditions approprlate to
this experiment, the samples should have much greater permeablllty than

ordlnarlly found in natural rock

The various constralnts of the present program favored the con-
struction of 51ntered materlals, preferably ceramics. However, for
initial performance testing it was decided that cast concrete specimens
would serve and that these could be eonstructed using materials and
technology readily available in the Civil Engineering Laboratories.
Accordingly,three.sets of cast conerete'samples'Were prepared, cafeful
attention being paid to mixing and uniforﬁity of‘casting_precedure.: The

composition of these samples is.shown in Table 2-1.

Table 2-1

Sample . _ ) Sand e ' Cement i o Water
' (gm’ o C(gm (gm)

1 ‘A 20000 . - 100 o 100

2 ' 2000 . - 500 - 250
3 2000 ' 800 400

' In each set the concrete was cast into 12 to 16 plexiglass ring
forms.efilfinch depth. Upon: curing and drying the samples, the perme-

ability for air -was measured at atmospheric pressure and above using
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Fig. 2-4. View of the permeability apparatus.



a standard:permeability:apparatus;_ Set 3 was rejectéd immeaiately
as too imﬁermeable} and theslo slabs most uniform in permeability were
selected from each of sets 1 and 2. The results of these tests are

shown in Table 2-2.>

Table 2-2

Slab | Permeability | Slab - Permeébility
_No. _1 VK(cmz) o No. .K(cmz)A

(x 1071 | v(x:lo—iz)
1-1 é.j 2-2 4.5
1-2 9.3 ‘2j3 6.8
1-3 9.3 2;5 4.5
1-4 9.3 2-7 4.8
1-5 9.1 2-8 7.5
1-6 9.1 2-9 4.8
1-7 9.1 2-10 5.2
1-8 9.1 - 2-11 5.8
1-9 9.5 2;l3 5.2

It may-be noted that Set No. 1 is both more unifotm and more
permeable  than Set No: 2."The_permeabilities are within the range

of the more porous natﬁralfrocks.

PRELIMINARY OBSERVATIONS

Prelimihary measurements were made on a set of 4 slabs (No.'s
242,'2—3,‘2-10'and 2-11) to gaih operational experience with the
instruments and to develop a ph?sicalﬂséﬁse fbr the;appropriate
perméaﬁility ranges of‘the ne#t'géneratién 6f‘specimens. _The‘gas'was

nitrogen. The tunnel downstream pressure and the M.K;S.‘gauge.referenCe
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pressure were at 1 micron or below. Operational experience was
obtalned although no useful quantltatlve information has resulted to
this point, -owing to the low permeability of the present specimens.

Certaln,conclu51ons may be drawn which are summarized as follows:

1. It must be recalled that the objective of the system
-design is to permit the study of the regime of transition
flows in porous media.. This is accompllshed by extendlng
the reglon of tran51tlon in physical space over slabs
whlch are somewhat less in thickness than that reglon. It
is lmplled that specimens of very high permeablllty must

be employed.

2. The flow conductance,of the speeimens must be sufficiently
'great that the pressure taps opeh into, effectively;‘an:_
unlimited reserv01r of gas at the measured pressure.
Thlnner samples and greater permeabilities will 1mprove

conditions in this regard.

- 3. In all regards the apparatus behaved well and appears to -

have the capability of giving results of -the qﬁality desired.

CONTINUING PROGRAM

‘Within the next feﬁ months it will be our objective to complete
measurements enabling the’description of transition'flows in poroﬁs
media. Interpretation of these results will require the independent
characterization of the medium in terms of pore size and cohfiguration;,
Such characterization will be accomplished by a combinatioh of optical
and displacement methods and by a knowledge of the 51ze and conflgura—
tion of particles (beads, rods, etc.) used for the preparation of each
sample. Materials of various descriptions will be‘formedllnto spe01menf
slabs,-With sintering being viewed as the most promising techniqﬁevat
this time; Thus, one may summarize by stating that the next phase of
_our_activity will consist of four essential parts: 1) the'preparation_
of suitable samples, 2) thevphysical characterization of these samples,
~3l the .measurement of flow characteristics, and 4) the interpretation

of results.



