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ABSTRACT

Permeabl|ity of compressible porous media can be
measured experimentally by two methods:
1.) Flow experiments based on Darcy's law
2.) Optical methods based on Kozeny's
analyslis
In this study, we establish the valldlity of the optical
method as a means of determining the permeabillty of porous
medla from their photomicrographs.

Flow experiments Involving extenslion and compression
of the foams are performed and permeabilitles are
calculated. These values are compared to the permeablilities
obtained by analyzing photomicrographs of +the same foam
using an Apple computer with a graphics tablet.

The, major concluslions which can be reached based on
the results obtalned are:

1.) The optical method used +to determine
permeabil ity does glive accurate results.

2,) Permeabi | ity Is a function of
compression ratio (relative change of length of the sample).
Flow-Induced and external compression decrease compression
ratio and hence decrease permeability, while flow extension
acts In the opposite manner.

Thesis Supervisor: Roger D. Kamm
Title: Associate Professor of Mechanical Engineering
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CHAPTER 1
INTRODUCTION

The analyslis of the hydrodynamics of flow through
porous medla has fradlflonally been of Interest to petroleum
englineers (Muscaf),hydrologlsfs (Bear), chemical englneers
and other sclentists, (Dickey, Terzaghl, Pryor ) There are a
number of natural and Industrial processes which Involve
flow through a porous materfal In which the material may be
deformed by the forces assoclated with the flow. The drylng
of Texflles,+hé cooling of germinating melt beds, and the
seepage of water through tha earth around a resevolr are
possible examples.In these cases, the fluid flow and the
deformation of +the permeable media are coupled, and any
analysis of the problem requires the simultaneous solution
of the flow and deformatlion equatlons.

One of the first of many analyses for the fluld
flow within a deformable porous medium was due to Blot
(1941) He coﬁsldered the deformation of Ilquld=saturated
materlals within +the scope of Infinitesimal elastic straln
theory. Since then, numerous analytical studlies have been
conducted In an attempt to uhdersfand this flow sltuation.
Maﬁy of these are qulte complex and often require a
thorough knowledge of parameters characterlzing the pore

structure.




Several dlfferent models have been used to descrlibe
the porous materlal Involved. The most common and simplest
of these 1s the cyllndrical <tube model,where the pore
structure Is modelled as a cyllindrical «caplillary of such
length and diameter that It exhiblts the same resistance to
flow as the actual Interstices In the real porous
medlum.(Ergun, Sheffleld )

The fact 1Is, however, that actual pores are not
Isolated clrcular cylinders of constant cross sectlonal
area,rather they are Interconnected and ofTten non-clrcular
and later models have trled to account for this.(Dullien)
1,1 _Analyslis by Beavers st al

One of the most recent and significant studlies on
compressible porous media was done by Beavers,HajJ!1,and
Sparrow. |t deals with steady, one-dimenslonal flow of a
non-compressible fluid through a highly compressible
maferlsl. The analyslis Is not restricted to small
deformations or flow within the Darcy regime (l.e. low
veloclity flow). Beavers and coworkers observed that the
gradlent of the stress within the porous media (o) Is of
equal and opposite magnitude to the fluid pressure gradlent

‘established In the flow:

dg = dp
dx dx
Eq. 1.1
By Incorporating this Into the Darcy-Forcheimer

relatlionshlp for flow through porous medla:
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2
_g_g=-p+_%u-l‘-/_%p0
Eq. 1.2
where p Is opening pressure
Blis viscoslity
k Is permeabll| Ity
U Is superficlal veloclity
¢ Is Forchelmer coefflclent
p Is density
they were able to develop an expression which ,when

Integrated, can be used to compute the mass flow rate vs.

stress across a finite length sample of porous materlall(lL) .

A
L, =] dg dAr
dA _ .2
-P + pm+_cm

KpA VKPR Eq. 1.3

where A Is flow area ]

m Is mass flow rate
Beavers et al conducted a serles of experiments +to
verlfy this +theory wusing polyurethane foam rubber as the
compressible medium. The stress Iinduced within the ma;erlal
was apblled externally by means of a movable platform. Two
different fluids, alr and water,were used and mass flow rate
and pressure drop across the sample were measured,
Stress~-deformation data was also obtalned for each foam
type. Some +typlcal results are presenfed In flgure 1.

Beavers obtalned good agreement between predicted values of

and m and those measured experimentally.

The fleld of study of compressible porous media Is

T
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far from belng totally explored . ||t should be noted again
t+hat even Beavers'! analyslis 1Is |Imited to the case of
steady, one~-dimensional ,non-compressible fluld flow. A
further I|Imitatlon 1Is that +*his theory does not apply to
very low porosity medlia. Finally, his permeabli|lty/ straln
relatlionship-had to be determined by experiment ,which makes
a strict analytical solution Impossible. However, all of
these analyses brovlde valuable Information from which to
develop new theories for flow through porous medla.
Recently, a new group of sclentists have embraced
the classlcal study of borous medla with the hope of
explaining a very dlfferent type of problem.Biomedical
englneers are now using the same baslic princliples developed
by Darcy and Koieny to examline fluid flow through biologlical
tissue. A specific apbllcafloﬁ In this area Is the study of
the flow of aqueous humor through the trabecular meshwork of
the eye as part of an effort tc understand glaucoma.
1.2 Open angle glaucoma
Oben angle glaucoma Is caused by an Increase In the
Intraocular pressure (1.0,.P.) broduéed by a high resistance
to flow through the aqueous outflow network (fig. 2). In the
humah eye, aqueous humor Is formed In the.clillary processes
behind the lrls.. From here It flows Into the posterlior
chamber, lh froﬁf of the lens, and then through the pupil to
the anterior chamber. The aqueous coﬁflhues to flow through
the trabecular meshwork ahd Into Schlemm's canal, where [t

then dumps Into collector channels which lead to the aqueous




velns, A+ +thls polnt It 1Is reabsorbed Into the blood
stream,

The bressure drop across the entire network s 7mm.
Hg for the normal human eye. In glaucoma this rises
dramatically, and can sometimes exceed 40 mm. Hg. Since the
flow rate of aqueous humor remalns nearly constant, the
reslsfahce In the outflow network of the glaucomatous eye Is
higher than that of the normal eye.

The question of where and how this flow reslistance
Is produced has not been answered satlisfactorily. Collapse
6f the aqueous velns and of Schlemm's canal have been
Investigated as two possible mechanisms, but both have been
shown to be Incabable of producing such a signiflcant
Inérease In the 1.0.P. (Battaglloli,Johnson) Current
evidence supports the hybo+hesls that changes In the
Juxfacaﬁalléular mgshwork are responslible for +the large
values of reslsfaﬁce (Chaudry et al). Therefore, it would be
helbful to exahlﬁe fhlé structure of the eye more closely.
1.3 Icgpgéular Meshwork (Filg. 3)

| One of +the first classlical descriptions of the

trabecular meshwork was glven by Salzmaﬁh In 1912, He
descrlibed the meshwork as a three-sided brlsmaflc band;
anterlorly the edge 1[s extremely sharb and unlites with
Descemef'é membrane and the adjaéenf cornegl |amel [ ae;
bosferloriyifrabeéulae ek?ehd to unite with the scleral
spur,  the anterior surface' of +the <cllilary body and

indirectly with the root of the Iris; the outer surface
! \



borders directly upon corneal and scleral +tissue and upon
the Inner wall of Schlemm's canal or the loose tlissue
surroundlng 1t; the Inner surface 1Is free and Is In contact
with the aqueous humor of the anterior
chamber(Ashton,Brinl!,Smith)

The meshwork Itself consists of a serles of graded
porous sheets and Is generally divided Into two segments:

1.) Uveal meshwork
2,.,) Corneo-scleral meshwork , whlch
includes the endothelial meshwork

The wuveal meshwork [s located adjacent +to the
anterlor chamber and terminates in the cillary body and root
of the Iris. It Is made up of fibrous +trabeculae of
circular cross section (5um lﬁ diameter) which are loosely
conﬁecfed to form highly porousA sheets, There are a total
of 3-5 layers with a total width of 20um. The Inner fwd'
sheets are bredom]nanfly radially-disposed, thle the outer
sheets ére clrcumferenflélly oriented- parallel to the
|tmbus. (Tripathi) |

The corneo-scleral meshwork |Is situated next to
Schlehm's canal. It Is coﬁhecfed posteriorly to the scleral
spur and anterlorly It e#fends into the deeper corneal
layers to the sclera. It conslists of approximately 8-15
layers of woven fibrous trabeculae.

A comparison of these +two elements shows that the
uveal mesﬁwbrk Is more porous than the corneo-scleral

meshwork. Intratrabecular spaces In the former vary In size




from 25=75 um In cross-sectlon. The opanings progresslvefy
decrease In slze and In the deeper layer of the
corneo-scleral meshwork they are about 2-15 um.

The final segment of the trabecular meshwork Is
actually a sub=-division of the corneo-scleral reglion, known
as the endothellal meshwork. This Is the reglon between the
basal aspect of the endothellal |Ilning of Schlemm's canal
and the first layer of the corneo~scleral trabeculae. The
cells of this structure are arranged with thelr long axes
parallel to the endothellum Ilning the éanal and form a
network of long Interlacing brocesses. The extracellular
spaces here are fewer than In +he remalinder of ‘the
corheo-scleral meshworﬁ. (Grierson,Lee)

1.4 Ground Substance

All of the Interstitial spaces 1In the trabecular
meshwork are fllled w]fh ground substance. Although the
exact nature and composition of this ground substance are
ho+ knowh, Qe might expect [+ to be a fwo-phase system: a
gel=llke bhase composed of glycosamlnbglycah and a
free-fluld bhase thch contains plasma proteins. In addition
‘there exlst ﬁumerbus fibers of both elas+!h and collagen.
One of the mucobolysacchrldes fouhd In the ground substance
I's hyalurohlé acld. This [Is a I Inear polymer of
N-acefylgluébsamlne and glucaronic acld which has a
molecular welghf of 2.5x10%*6. |t has a dlameter of 8 A and
a lehgfh of 1 uh (Welderhielm et al ).

Nbrmaily, the sysfeh Is {in osmotic equllibrium,



However, hyaluronic acld can undergo changes [n Its physical
state due to Its gel-llke nature, The partition between
fluld and gel phases shifts with a change 1In the
concentration of some of |[ts components, specliflically
" albumin and hyaluronate. Weiderhielm et al (1976) showed
that an Increase In hyaluroﬁafe will cause a Increase In the
excluded fluld volume In gel phase; whereas an Increase I[n
albumin will cause a decrease of fluld In the gel phase.

Obvlousiy, the presence of ground substance In the
trabecular meshwork wlll affect the flow characteristics of
aqueous huwor. Preston has estimated that the flow of water
In a vertical capllilary tube of .i1mm. diameter containing a
1 cm. thickness hyaluronic aclid gel wlll encounter a flow
resistance 1000 times greater than the flow through the same
tube without +the gel. In fact, It has been shown that
hyaluronidase, the enzyme which strips hyaluronlc acid, does
increase the water conductance of corneal stroma by 50 fold
(Hedbys, Mishima), However, the same substantial change has
not been observed In tha meshwork. The tctal role of the
ground substance and Its effect on flow through the
trabecular meshwork [Is not entire!y known but It s
necessary to Include this In any model of the meshwork.

As early as 1908, a theory has exlIsted that an
Increase In flow resistance couldube caused by narrowing of
the Intratrabecular spaces by some foreign substance
(Henderson). In order to explore thls |Iine of thought , It

would be helpful to have quantitative measurements of the
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meshwork permeabi|ity,which Is Inversely proportional to the
reslstance, as well as detalled Information on the nature of
the flow of aqueous humor.

1.5 Goals/Ratlonale

The .porous nature of the meshwork suggests that the
use of classlcal methods of analysls of porous medla would
be beneficlal In characterizing the flow. However, [t should
be polinted out that the comparison of the trabecular
meshwork to a porous medlium has severe |IlImitations. The
meshwork dIffers from a porous medlium such as foam, for
example, In many ways. The porosity of the meshwork In the
endothellal reglion, i.e. the ratio of vold volume to bulk
volume, 1Is much smaller than that of most commerclal
open=-cel | foéms which have a porosity 1In the range of
.8~-.95., Also, since the porosity of the meshwork Is graded,
separate analyses must be made for each of the dl;flncf
reglons, The meshwork Is tiving tlilssue, and active
physlologlcal processes occur which may have an effect on
- the flow. It Is highly an!sofroblc ,conslisting of sheets of
Interwoven beams, as compared to foam, which Is generally
Isotroplc.

With +these Iimitations In mind, a study of
compressible porous medla ylll be undertaken. The
expeflmenfs will be directed towards measuring the
undeformed permeability of a polyurethane foam and also
towards study of the effect of flow;lnduced extension and

two modes of compression on thls permeabllity. Qualitative



observations will be made on the nature of the flow through
the porous media and Indlirectly on the flow through *the

truvecular meshwork of the eye.



CHAPTER 2

MEASUREMENTS OF FOAM MICROSCOPIC GEQMETRY
AND ELASTIC PROPERTIES

The goals of these experiments were:
1.)to examine the flow characteristics of
one or more compresslible porous
medla
2.)to determine the undeformed
permeabl ity of the porous medlia
3.)t0 assess the effect of flow extenslon
and compresslon of the foam on
Its permeabl| Ity
2.1 Selectlon of the porous medla
While .fhe emphasis of the work was placed on the
study of porous medla, It was deslirable to analyze samples
that had some superficlal structural similarities to the
trabecular meshwork. This would allow for qualltative
conclusions to be drawn between flow through porous medla
and flow fhrohgh the +trabecular meshwork., Therefore, a
materlal was sought which was open-celled, highly deformable
and, If bosslble, with a |low porosity. The porous medlia
finally chosen was polyurethane foam because [t satisfles
the necessary requirements,
An attempt was made to manufacture the deslred foam
using Hypol hdrophylic bolyurefhane prepolymer., The density

and compressive strength oi this foam could be controlled by
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adjusting the amount of water and catalysts which were mlxed
with the prepolymer to create the foam. I|deally, It would
be possible to produce a very dense open cell foam which was
of the +type desired. However, the experiments In foam
production were unsuccessful. Achleving a homogenous mix of
Ingredients before the foaming reactlion began was difflculft,
even when mechanically combined. As a result the foam was
highly porous and had a high degree of anlsotropy. Thils made
It unsuitable for use In experimentation.

The alternative was to find a commerclially produced
polyurethane foam. This proved to be satlisfactory, but It
was Impossible to find a foam dense enough to <closely
simulate the meshwork. Thls was one of the IImitations of
the experiments.

Two gray polyurethane ester foams were chosen as the
test media. One had a density of 2 p.c.f. (pounds/cublc
foot) . The other was a 6 p.c.f, foam. |t was assumed that
the two foams were of sufficlently different porosity and
permeabliity to glve a range of results.

2.2 Scanning electron micrographs of the polyurethane foam

The first step In the experiments, once sultable test
medla were obtalined, was to <characterize +the phsical
structure and geometry of +the foam. For +this purpose,
scanning electron mlcrographs were taken of each foam at a
magniflcation of 30X for the 6 p.c.f. foam and 20X for the 2
p.c.f. foam. Sample photographs of both the 2 p.c.f. and 6

p.c.f. foam are shown In flgures 4 and 5. It can be seen In



the photographs of the 2 p.c.f. foam that the pores are
irreguiarly shaped. A majority are pentagonal. They appear
to be formed by Interweaving of flbrous beams as opposed  to
belng openings In a solid materlal. The average beam width
for this foam Is approximately 42 um. An Interesting feature
of this plcture 1s the existence of a thin fllm coating
which totally or partlally covers several of the pores. This
would seem to be an artifact of the manufacturing process.
I+ should be noted that this film does occlude some of the
flow area and hence could decrease the effective flow area
and the poroslity. This reduction would decrease the measured
permeabllity and could be a source of some slight
experimental error.

The 6 p.c.f. foam, shown In flg. 5 also appears to
be constructed of the same beam=-iike flbers. The beam
thickness Is roughly the same of that of the 2 p.c.f. foam.
The pores are more rounded than the pores In the 2 p.c.f.
foam. One similarity 1Is the presence of the same fllm
coating over some of the pores. This appears to be even more
prevalent In the 6 p.c.f. foam.

Figures 6 and 7 show both foams as they would appear
without the fllm coating. These plctures were obtalned using
back scattered |ight with scanning electron microscopy.

Due to the highly three dimenslional appearance of
these photos, they were not suitahle for making quantitative
measurements of the foam. Transmission micrography was used

to obtaln magnifled plictures of the foam In two dimensions.



The procedure Is outllined below.
2.3 Embedding and photographlic fechnlques

Small cubes of foam, measuring 5 mm. on each side
were placed In gelatin capsules and Infiltrated with an
epoxide resin known as Epon 812 . Prior to being set, the
foam was coated with gold dust. Thils was done to facllltate
the removal of trapped air from wlithin the foam samples.
ane the cubes were Immersed In Epon, they were placed In a
-vacuum for 24 hours to further Insure that no alr remalned
Inside. The capsules were then allowed to cure In a 60C oven
for 2-3 days untll| completely hard.

From these set pleces |t was possible to obtaln two
dimenslonal cross sectlonal representations of the foam.
This was done by slicing the foam with a Relchert sledge
microtome equipped with a Relchert-Jung 16 c¢m. stalnless
steel knife whlich was capable of cutting slices *o a
thickness of 1um, Slilces of 30-40 pum were of sufficlent
thickness to give a view of a random pléne within the foam.,
Since the foam was considered to be Isotroplc, [t was not
necessary to malntain a specific ortenfaf}on when cutting.

Next, the sllces were examined using a Relchert
Zetopan microscope equipped with a 5.5/.15 epl lens and 6.3X
magnlfying eyepleces. Overhead |ight was supplled by a
Sorensen zenon |lamp. They were then photographed at 32x
magnlflcation using a Polaroid Land Back CB-100 camera which
was attached to the scope. Sample photographs are shown In

flgs. 8 and 9.
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The 2 p.c.f. foam appears as a collection of foam
wall fractions. In some cases, enclosed pores are
discernible. The 6 p.c.f. sample Is seen to be more dense
and there are a larger number of enclosed connected pores.
2.4 Porosity and speclflic surface

Porous medla can be characterized by a number df
geometrical propertles. Two parameters that are of
Importance are poroslty and speciflc surface, Poroslity is
defined as the ratlo of vold volume to total volume.
Speclflc surface Is the ratlio of Internal pore area to the
bulk volume. The quantitative analysis of photomicrographs
Involves the use of wempirical correlations which relate
these parameters to permeablillty.

Optical methods of determining porosity and speclific
surface have been widely used for the past fifty years.
Porosity measurements using photomicrographs were performed
by Zvodoskaya (1937) on porcelain and Verbeck (1949) on
concrete. Chalkey (1949) used a stochastic method based on
dropping a pin onto a plcture of a porous medium. If the
point landed within a vold space, then It was scored as a
hit. The porosity of a specimen could then be computed
knowing the number of throws and hits. Speciflic surface can
also be determined from photographs by measuring the ratio
of the clrcumference of pores +to +the total area of the
section. Chalkey waé also able to measure speciflc surface
using the same basic statistical method. He measured hits,

+hrows and cuts. A cut was scored If the needle Intersected



the perimeter of the pore. The specific surface Is then

computed as: where: c Is # of cuts
S =_4P¢ h Is # of hits
rh r Is pin length

A new and potentlally more powerful way of measuring
speciflc surface and porosity Is provided by the wuse of a
minl-compputer equipged wlith a digitizing pad. It was this
technique which was used *to anal;ze the photomicrographs of
the polyurethane foam.

2,5 Experimental analysls of photomicrographs

The computer used In these experiments was an Apple
Il Plus with a graphics tablet. The tablet is a device which
converts the position and movement of an Indicator pen on a
magnetic surface Into dligital data which can be processed
using canned software. The experiments conducted are
detalled below.

The Apple graphics tablet consists of a magnetic
high resolution screen that measures 27.94 cm. X 25.4 cm.
and two rows of command functions which can be actlvated by
touchling fhe appropriate box wlith %he Indlcator pen. The
resolution of the tablet could be controlled by adjusting
I+s DELTA setting. Thls functlon has a default value of .2
em., l.e. the tablet will draw a Iine each time the pen Is
moved a vertical or horizontal distance of .2 cm.

The procedure for measuring plctures Is as follows.
A polarold black and white photomicrograph (8.13 cm. x 10.68
cm.) was taped onto the tablet's surface. The tablet was

then calibrated to output measurements In centimeters using



t+he CALIBRATE command. A distance of 26 screen units
corresponded to 2.54 cm. This was dlvided by 32 to account
for photo magnification,

Area measurements were taken by first pressing the
AREA square and then tracing a pore or wall fraction with
the Indicator pen. The computer would flash the area onto
the screen In about five seconds. The same procedure was
followed to measure perlimeter except that +the DISTANCE
command was used. Each pore/wall fraction was traced slix
t+Imes, three for the area calculation and ‘three for the
perimeter calculation. This way, an average reading could be
taken to glve greater accuracy.

The DELTA setting of .2 cm. was found to glve the
best combinatlion of accuracy In measurement and speed In
computation. The lower |Imit for area measurement of
circular pores, for oxample, would be .004 cm . This
represents 3% of the area of the 2 p.c.f foam and 14 for the
6 p.c.f. foam. Similarly, the smallest perimeter measurement
possible was .04 cm., which was 2.59 of the total perimeter

measured for the 2 p.c.f. foam and 1§ for the 6 p.c.f. foam.

For any one plicture, It was necessary to measure the
total pore area and total wetted perimeter of all pores. The
plcture area and‘perlme+er wre constant In each case (area =
.068 ¢cm , perimeter = 1.05 cm.). Porosity was then
calculated as: |

P = Void volume/ Bulk volume



= Total pore area/ Plcture area
= Total pore area/ .068

This assumés that +the flow through the foam takes
place vlia chahnels of varlable cross section and that the
flow path length Is equal to the sample length. Thils s
consls?ehf with assump?lohs used by Kozeny In his
permeablllfy model developmenf

Speclflc surface was calculated as:

S = Internal surface area/ Bulk volume
= Total wetted perimeter/ Plcture area
= Total wetted perimeter/ .068
Tables 1 and 2 bresen* these results.
2.6 Material testling

The lhfarbrefaflon of the results of the flow
experlmeﬁ+s required a knowledge of the mechanical
properties of each polyurefhane foam, e.g. tensile strength,
ultimate elongaflon, and stress/deformation behavior. Since
I Imited produc+ dafa was avallable for both foams, It became
hecessary to éohduéf’mafaf!al 1es+lﬁg to obtaln the needed
Ihformaflon.

Ah exberlmeﬁf ﬁas deslghed to measure the effect of
ébmbresstve loadiﬁg oﬁ smal | sambles of 2 ahd 6 p.c.f. foam,
The apparafus whtch was used Is shown ln fig. 10. A clrcular
plece of 2 p.c. f. foam (10 cm, diam.) of length 1.25 cm. and
a plece of 6 p c.f. foam with the same dlameter and length
2,54 cm. were used as test samples. Each plece of foam was

placed between two rigld parallel plates. The bottom surface



was a 2.54 cm, thick plece of aluminum which was clamped
onto a table top. A 1.25 cm. hole was drilled through the
base, table top and the foam sample. The top plate was
actually a plston made of .32 cm. thick sheet metal which
had a .95 cm. aluminum rod screwed through the center of the
plate. The pliston rod was Inserted +through the hole and
extended underheafh the table. A bucket was attached to the
end of the rod by means of three equally spaced wires. These
provided stablility for the system. The lcad was applled to
the foam by adding water to the bucket. Since the base plate
and plsfoh were parallel at all times, the stress within the
fdam was evenly distributed. A dial Indicator was clamped
onto the base with the tip flush agalnst the top plate. With
this lﬁdlcafor,. it was possible 'to measure smalil
deformatlions of the foam to within .0013 cm.

The experlmehfal proéedure was +then to pour a known
volume, aﬁd henéé welght, of water Into the bucket. Stress
was computed by dividing the weight of the water by the load
apblléafloh area. The change In length of the test sample
Qas fheﬁ read off of the dlal indicator. Compression ratio

was calculated as:

S+ress/§ompre$sloﬁ ratlo curves were plotted for each type
of foam and are shbﬁﬁ In figs. 11 and 12,

Both curves e#hlbl+ the same geﬁeral behavlior. There
Is an lhl?lal elasflé regloﬁ where deformation varles

|inearly with stress (labelled 1 on curves). The second



region (2) corresponds to a sudden relaxation of the foam.
An Infirnitesimal Increase In stress causes large
deformation. This "plateau™ reglon Is more pronounced in the
2 p.c.f. foam. The flnal reglon (3) Is marked by very Ilarge
increases In stress wlith no notlceable further deformation.
All materlal testing was done on new foam samples
which were previously undeformed. |f became evident during
the testing that hysteresls was present In +the curves for
both foams, As the foam 1[s compressed and relaxed
repeatediy, the stress/deformatlion curve shlfts toward

downward, l.e. less stress produces more deformation. This

effect Is well known (Ellas, Jones) and Is referred to as
condltloning. Slince the material used In the flow
experiments was new, the stress/deforamtion curve

ccrresponding to new material was used.
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CHAPTER 3
ELOW EXPERIMENTS
3.1 Flow apparatus
The apparatus used In all flow experiments was a

simple closed-loop system consisting of a reservoir, test
sectlion with compressing plston, fiow meter, sump and pump.
(see flg. 13). The reservolr sat on an adjustable helght
stand which allowed the pressure head to be varied dlirectly
by ralsing or lowering the platform. A total head of 100 cm.
was obtainable with thls configuration. The outlet plpe was
fltted with a hosecock which provided a continuous
regulation of fiow and allowed the flow rate to be set to
t+he desired level. Because the flow rates were small, on the
order of 6-60 ml/min, the head was maintalned constant at
each distinct flow setting while a was being taken,

The test sectlon (fig. 14) was constructed of .625
cm., plexiglass. It conslisted of two 11.5 cm. cylinders open
at one end. Each cylinder had a 5 cm. width annular flange
attached at the open end. The flanges had six equally spaced
.31 cm, ho\es drilled through which enabled the two cyllndef
hglves to be bolted together. A center plate of dlameter
16.5 cm, wés bolted betweenthe +two halves. The plate had an
11.5 ém. hole In the center Into which was Inserted a .75
cm, |oﬁg plece of stalnless steel honeycomb matertal. This

acted as both a flow stalghtener and a rigld porous base



plate on which the foam was attached. Each foam sample used
was 11.5 cm. I[n diameter and 2.54 cm. long. The foam was
bonded to the base plate using 3M 77 Spray Adheslive.
Pressure taps were Installed at the entrance and exIt of the
t+est section. A slilicon olil filled manometer was used *o
measure the pressure drop across the foam,

External compression of the foam was supplied by a
porous plston (see fig. 14). This device consisted of an
11.5 cm. dlam. plece of metalllic honeycomb mesh flitted Into
a .45 cm., plexiglass sleeve. The mesh was of the same type
used for the center base plate. A tri-propeller 1.25 cm.
plexiglass strut was used to attach the sleeve to a 1.25 cm.
aluminum rod which extended outside the test section . The
piston was held In place by an aluminum U-shaped frame
(23.13 k 20.94 x 23.13 cm) which was bolted through the
flanges aﬁd center plate of the test section. The outer end
of the rod was threaded allowed the piston displacement to
be controlled by rotating a knurled knob which fIt onto the
rod. Exact displacement was measured with a micrometer which
was accurate to within .025 cm.

Dow Corhlng 200 silicon oll with a viscoslty of 1
kg/m3 was the fluld which was used In all experiments. Thls
heiped to maintaln low Reynolds numbers (10°°)

3.2 Dimenslonal considerafions

The dimensions of both the honeycomb and the foam

became Important considerations when +trying to malntain

one-dimensional flow. The honeycomb materlal wused had
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hexagonal shaped holes wlth a width of 1.8 mm, This was
large compared with the hydraulic radlus of each Type of
foam: .156 mm for the 2 p.c.f. foam and .09 mm. for the 6
p.c.f. foam. This gave an area ratio of at least ten to one
and Insured that the flow that entered the foam would not be
obstructed and would be one dimensional. The base plate was
modlfled to Insure that the flow did not leak out through
the perimeter of the foam. Leakage would cause the measured
values of permeablility to be higher than the true
permeabllity. This was done by blocking a 2 cm. annulus on
the outer edge of the honeycomb. The tortuosity of the foam
(flow path length/ sample length) was assumed to be on TtThe
order of 1-1.5.‘i]f the flow was confined to a 7.5 cm
dlameter area then all flow paths would exit via the front
face In the axlal dlrection.

The test sample had a dlameter/length ratio of three
to one (7.5/2.54 cm.). This Insured that no buckllng of fthe
foam would occur when the flow was compressive. Bucklling
wou!d cause an uneveh distribution of stress within the foam
and would also allow flow |leakage at the outer perimeter of
the sample. The three to one dlameter/length ratio also
meant that derivatives In the y-direction would be small and
so flow would be nearly one dimensional. speaking, the ratic
should have been much smaller than one If the flow was to be
truly one dlImensional; but the y-component of the flow was

assumed to be very small due to the stralghtening action of

the honeycomb and therefore the assumptlion of one
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dimensional flow would be valld even for this ratilo.
The flow meter was a simple |Iinear resistance type.
I+ consisted of a 2.54 cm. O0.D. plexiglass tube with 25
drinking straws contalned Iinside. The pressure drop across
this resistance was measured with another manometer and was
used to calculate the flow rate of oll through the system.
Calibration of the meter was done with a timer and glass
beaker. The callbration curve 1Is shown In fig 15. Least
squares flit of the data gives:
q= .51Ap -.0124
where q Is In |/sec * 10
Ap Is In cm, H20
3.3 Flow experiments
The flow experiments conducted on each of the two
foams were of three types:(see fig.16)
1.) Foam tethered upstream of flow, no
external compression
2.) Foam tethered downstream of flow,
flow=supplied compressloﬁ
3.) Foam tethered upstream of flow, external
compression supplled by porous piston
In the first experiment, pressure heads of 10-100
cﬁ. were supplied 1In order of [Increasing magnitude In
Increments of 10 cm. At each head, 4-5 readings of pressure
drop across the foam were taken corresponding to varlous
flow rates. The process was repeated for a head of 100 cm.

back down to 10 cm. to determine whether or not there was



any hysteresis in the flow curve, which could be produced by
stress relaxation of the foam. The flow curves for each foam
are shown In flgs. 17 and 18,

The same procedure was wused for the flow-Induced
compression experiments, However, +the highly deformable
nature of the polyurethane foams which were used required
that adjustments be made 1In tThe experimental procedure.
Compression of the foam generated Internal stresses which
relaxed over a period of time and approached some
equllibrium value., Because of this, It was necessary to walt
untl!| steady state was reached before taking a reading. In
order fb determine the time scale of the relaxatlion process,
a compresslve pressure gradlient of 90 cm. was suddenly
Imposed at time t=0 and measurements of pressure/flow were
recorded at one minute intervals. The permeablility of the
foam was then calculated and plotted versus time. This was
done for both foams . The results are shown In figs. 19 and
20. From these, (t was determined that steady state was
reached at 25 min, for the 2 p.c.f. foam and 20 min. for
the 6 p.c.f. Pressure/ flow measurements could then be
taken., For the 6 p.c.f. foam, It was Impossible to obtaln
more than one reading at any particular head due to the
minute magnitude of the flow., |In fact, the flow rates were
so small that they had to be measured by hand using a glass

beaker and automatic timer. Figs. 21 and 22 show the results
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for flow=Induced compression on 2 p.c.f and 6'p.c.f. foam,

The final experiment performed Involved the use of
the porous plston described earller to compress the foam. A
non-dImenslional compression ratio, , was deflned In eq. 2.1
as: A = Lo-aL

Lo
A‘was varled from 1 to .3 for the 2 p.c.f. foam and
from 1 to .55 for the 6 p.c.f. foam. The lower limIt of .3
(and .55) was a restriction Imposed by the fact that the
compression was set by hand. |t was Impossible to go below
that value without the use of external mechanical force.

The pressure hdad supp!led for this case was kept
low (15 cm.) so that no flow=Iinduced distension of the foam
occured. Any expansion of the foam would Increase the flow
rate and produce dsistorted values of permeability.
Pressure/ flow readings were taken at each A setting.
Permeabl|ltles were then calculated and plotted against A .

These are shown In figs 23-24 and wlll be discussed In the

next chapter.



CHAPTER 4
DISCUSSION OF RESULTS

4,1 Prediction of permeablility from foam geometry

Attempts to establlish an emplrical relationship
between permeability and various dynamical properties of
porous medla have been sought for at |east forty-five years.
The simptest correlation would be the one between porosity
and permeabillity. Mavis and Wilsey (1937), Jacob (1946), and
others have explored this |ine of thought and have all
claimed to have found permeabilitiy(K)to be directly
proportional to porosity, l.e.:

k= p" Eq. 4.1
where n= 5 or 6 (Mavlis)
= undetermined (Buche 1937)

However, such a simple correlation Is not reasonable
and can't really exlist, It Is possible for two foams to have
the same porosity and have different permeabilities. In
fact, all of the above mentioned theories do contaln other
factors such as pore diameter which need to be defined and
adjusted In order to make the correlation fit. Determination
of poroslity alohe s not sufficlent +to calculate the
permeability of a porous medlum.

A second possibillity Is to relate the structure of
porous media to the permeability. This, In effect, requires

that the pore slize distribution be known. It Is not a simple
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process to obtain this Information and the results of such
experiments have been unsuccessful (Nelson and Baver,
O0'Neal).

The most successful models to date couple empirical
and theoretlical considerations to &efermlne permeability of
porous medla. The theory Involves the analysis of the
microscoplc flow through porous media. The earliest
Investigation using this rationale was performed by Kozeny
In 1927. Kozeny's work 1Is still wlidely accepted as an
explanation for the permeabillty as condltioned by tThe
geometrical properties of a porous medium. Kozeny represents
the porous medium as an assemblage of channels of varlous
cross sections, but of a definite length. The Navier-Stokes
equatlions are solved simultaneously for all channels passing
through a cross section normal to the flow In the porous
medlum. The assumption is made that there Is no tangential
component of the fluld veloclty. The theory Is not presented
here, but may be seen In detail In Scheidegger. Kozeny's
theory results In a solution for the flow through a porous

medlum. 3
q = :QE2 grad p
) KS Eq. 4.2
Comparing this with Darcy's law, the permeablility 1Is found
to be:
k=cP3/S2 Eq. 4.3

The varlable =z, known as the Kozeny constant, Is a

bone of conrtention among those who have +fried *to

experimentally verlfy Kozeny's theory. In Kozeny's own



experimentally verlfy Kozeny's theory. In Kozeny's own
development, this constant Is a functlion of channel geometry
and varlies only slightly, For a clircular channel ¢ = .5, for
a square ¢ = ,5619, and for an equlilateral triangle ¢ =
.5974, Carman (1937) found that ¢ = .2 glves the best
agreement with experimental data.

The questlion then arises as to the correct value of
¢ to use 1In evaluating the Kozeny permeabllity. Strictly
speaking, the porous medlia belng examined are not a
collection of chahnels. They appear more as a serles of
Intertwine filbers., Certainly, this Is the appearance of the
trabecular meshwork; and If any relevant conclusions are to
be drawn from photographs of the meshwork then It |a
necessary to abply an accurate model.

The answer to the question may be found In the
analy;ls performed by Happel (1959) on viscous flow relatlive
to an array of cylinders. Happel uses two concentric
cylinders as a model for flulid moving through an assemblage
of cylinders . The Navier-Stokes equation is solved for both
cases wlith +the appropriate boundary condltlons. The
expressions obtained for +the .flow rate are compared to
Darcy's equation and values of the Kozeny constant are
obtained for each flow case. In the case of a random
configuration of «cyllinders, a weighted average of 2/3 the
value for perpendicular flow and 1/3 the value for parallel
flow Is used to obtaln a final expression for the constant

Cc:



k:_L: 4P
c 3(1=P) In(1/1-P) 1= (1=P)
1+ (1=-P)
2P
+ 3(1=P) 2 In(1/1~P) = 3 + 4(1=P) - (1=P)

Davies studied beds of flbers which were packed In a
unlform manner to give high porosities I[In a range of
e7-.994, From thls Investigation, he obtalned an emplirical
solution from which the Kozeny constant can be computed. His
findings support Happel's calculations for c, especlally at
high poroglfles. So It seems reasonable to use Happel's work
In con junction w;fh the Kozeny equation 1in order +to
calcualte the permeabllity of porous media based on Its
geometric propertles.

4,2 Calculation of permeabillty

As previously stated, one of the goals of these
experiments was to determine the undeformed permeability of
the porous media by two distinct methods:

1.) Optical experiments using Kozeny's
relatlionshlip

2,) Flow experiments using Darcy's |aw
These calculations willl now be presented.
4.2.) Kozeny calcujations

In the last chapter, methods were described for
obtalning measurements of all the pertinent parameters.
These are:

1.) Poroslity
2.) Speciflc surface
Knowledge of the sample porosity allows us to determine the

constant ¢ using eq. 4.4, Flnally, the permeabllity Is
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computed wusing eq. 4.3. Results for +the 2 p.c.f. and 6
p.c.f. foams are shown in Tables 3 and 4 respectlively.
 4.2.,2 Darcy's law

The pgrmeablllfy of the polyurefhsne foam was
determined for each of the three flow regimes from flow data
using the one-dimensional Darcy relationship:

k= q L/Ap Eq. 4.5
where q Is flow rate/unit area
(I/sec*lO‘)
Lois sample lergth

Flow rates and pressure drops had been measured and
viscosity was known ‘o be 1 kg/mi Values for permeabil ity
_were plotted versus pressure drop for extension and
compression and are shown [n figs. 25-28. Fig. 23=24 show
the result for the externally compressed flow case.
Undeformed permeabillty corresponds to A = 1.0 In the
externally compressed flow and to near zero flow rates In
the flow expansion and compression case. The permeablllty
for the 2 p.c.f. foam Is 4.0-4.2, while that of the 6 p.c.f.
foam Is 1.8=2., As expected, these values are the same for
the three different sets of experiments.

This Is In good agreement v ith the values obtalned
for permeabllify from photomicrograph analyslis (see table
3,4) Flow-measured permeability for the 2 p.c.f foam falls
near the mean value of 4.12 and that of 1.74 for the 6
p.c.f. foam. The fact that the standard deviatlion of values

for permeablility calculated from photomicrographs is high
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could be a product of the technique used to set the foam and
photograph 1It. The presence. of the +thin fllm coatling
observed In the SEM's of +the foam dId affect the total
removal cof alr from the samples, particualarly the 6 p.c.f.
foam. This In turn could affect the clarity of the plctures
and the number of sultable samples avallable for analyslis.
The discrepanclies could possibly be reduced by Improving the
method of obtalining photomicrographs.

Another possibillty for +the error could be the
remalinder of alr In the foam sample used [In the flow
experiments. The presence of alr would Increase the flow
reslistance and dlstort the measured value of permeabl|ity.

The use of ?he. Kozeny relatlionship with Happel's
value for the Kozeny constant does appear to be jJjustified,
however. |t does glive a quantitative measure of the
permeability, and hence resistance, of the porous media
used.

4.3 Effect of expansive flow on permeablllty

The effect of Increasing flow on the permeabllity of
the upstream-tethered foam was the same for both the 2 and 6
p.c.f. foam. Namely, an Increase In the pressure produced an
Increase In the permeabllity. The Increase Is falrly llinear
with pressure.

The relative change In permeabilties did vary
between the two foams., Expressed In terms of fractional
change In permeabllity/ fractlional change In pressure, this

can be written as:
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frac tional k= .38 for the 2 p.c.f. foam
fractional p= .61 for the 6 p.c.f. foam
Thils Indlicates that the 6 p.c.f.' foam requires a smaller
fractlonal Increase In pressure than the 2 p.c.f. foam +to
produce the same fractional Increase In permeablility.

The effect of the pressure seems to be to open up
the pores and to elongate the foam. |t would appear that the
2 p.c.f. foam has the potential +to expand more and hence
produce larger Increases In permeabllity. The total % change
In permeabllity of the 2 p.c.f. foam was 123 § as compared
to 91.8 ¢ for the 6 p.c.f. foam. This difference can be
explained by comparing the tensile strength and ultimate
elongation for both foams. The tensile strength of +the 2
p.c.f foam Is 65 kpa. compared to 107 kpa. for the 6 p.c.f.
foam. Ultimate elongatlions are 200% and 1§0$vrespecflvely.
Unfortunately, the elongation was not measured |[In these
experiments, |f this Information had been avallable [t would
be easler to assess the effects of Increased pressure on
permeability.

4.4 Effect of compression on permeability

The most Interesting results are those of the
compressive flow experiments: both flow-Induced and
external. Compressive flow through porous medla produces an
overall reductlon 1In permeability. The amount of reduction
and Its manifestation varies between +the 2 and 6 p.c.f.
foam,

The discussion of these results will be presented
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as follows:

1.) 6 p.c.f. foam

2.) 2 p.c.f. foam

3.) comparlison with Beaver's work
4.4,1 6 p.c.f. foam

The externally compressed 6 p.c.f. foam shows a
strong relatlonship between permeability and compression
ratio. A rapld decrease In permeability occurs wlth a
decrease In A . In the reglon of A= 1-.9, the permeabl| Ity
drops off dramatically- from the undeformed value of 1.91 to
one of .138. The rate of decrease In k levels off at a value
of \of about .95. The permeability decreases slightly with
further decreases In Auntil the experimental |imit of A=.55
Is reached. As mentloned previously, It was I[mpossible to
compress the foam manually beyond that polnt In the current
apparatus. This can easliiy be explalned by referflng to the
curve for 6 p.c.f. foam. A of .55 corresponds to the point
where the stress Increases almost asymptotically. This would
appear to be a reglon of near collapse of the foam, but with
a conslderable volume of trapped fluid. It [s possible that
the thin fllm coatling that was seen In the S.E.M,
photographs of the foam actually <closed off some of the
pores and trapped alr Inside. This would then make It
Impossible to totally compress the foam.
In the flow=-induced compression, It seemed peculliar

that the permeablility had an Initlal value 35 X lower than

+he undeformed value, even at low pressures. However, the g/
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and k/A curves provided some Insight Into thls sltuation.
The permeabllity established I[tself at .053 and fell
|lInearly with pressure drop to a value of .032. This range
of permeabllity would correspond to a compresslion ratlio of
.8 on the o/A curve, which translates Into a stress of about

5.9 kpa. According to eq. 1.1

This can be Integrated to give
Tus.= s ==(Pys =Py, )
at the exposed face of the foam |
P=p,

In order to satisfy the requlirements that

E=o+p
A

and
g_(F/A) =0
dx

the upstream stress must be 0. This gives the result that
%Gs. = Ap

This says that the maximum stress produced within the foam
Is equivalent to the pressure drop establlished In the flow
and that +the effect of this stress will be concentrated at
the tethered end of the foam. From thls analyslis, we would
expect the pressure drop across the foam In this case to be
59 cm. H20. Referring to fig., at k = .044, Ap equals 60.5
cm, -

As one would expect, therefore, flow acts +to

effectively decrease the compresslon ratio of the foam In
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thls serles of experiments, A higher pressure produces a
lower compression ratio and hence a lower permeabillity and
vice versa.
4.4,2 2 p.c.f. foam

The results for externally compressed 2 p.c.f. foam
differ from those of the 6 p.c.f. foam. There Is no dramatic
drop In permeability. Rather, the permeabi!lty decreases
unlformly with a decrease In)X. No explanation Is obvious
for this behavior. One posslibillty 1Is Illustrated In fig.
29. Pores ara represented as the jJunctions of spherical
inclusions which make up the foam. As the compresslion ratio
Increases, the pores beglin to close off. The pores In the 6
p.c.f. foam are smaller than those In the 2 p.c.f. foam and
collapse at a higher compression ratio, thereby producing
the large decrease in permeabillty seen at high A. The pores
in the 2 p.c.f. foam close more slowly and hence the
decrease in permeabillty Is less marked than that of the 6
p.c.f. foam. No deflnite conclusion can be reached about the
exact nature of the decrease In permeabllity of the 2 p.c.f.
foam, only that It does decrease with a decrease InA.

The flow induced compression of 2 p.c.f. foam also
produced results which were puzzling. Since the permeabll| [ty
Is a function of compression ratlo, which Is the case for
the 6 p.c.f foam, then one would expect a decrease In the
permeability with a decrease InA. This Is not the case,
however. The permeability does not significantly depart from

lts undeformed value of 4.2. It remained at 2 constant value
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of about 3.75. One possible explanation for this behavior
foliows from the analyslis presented In the previous section.
I+ was seen that the stress at the downstream end of the
foam was equal to the total pressure drop across the foam.

This could produce a decrease In the permeablility for this

downstream reglon, The rest of the foam feels |ess
compression and Its permeabillity will remalin close to the
undeformed value. The overall permeabillity for the foam

sample would therefore not be significantly reduced. This
would be better shown [f the experiments were extended to
Iincude the reglion where pressure drop across the foam
exceeds 30 cm. This 1Is equivalent to a stress of 3 kpa,
which corresponds to the point on the /A curve where the
compression ratio decreasés dramatically wlith a small
Increase In stress. At this point, one would expect to see a
very dramatic decrease In permeabi!ity, similar to the kind
observed In the 6 p.c.f. foam. |[|f this did not occur, then
the explanation put forth would be plausible.
4.4.3 Comparlson to Beavers and coworkers work

At this point, it would be wuseful to compare the
results obtained In both the 2 p.c.f. and 6 p.c.f.
compression flow case to simlilar work done by Beavers et al.
A brief digression Is necessary to place thelr work In
perspective.

Beavers and colleagues deflned a Reynolds number
based on permeability as an effectlive way to differentiate

between Darcy and non-Darcy flow:
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Using this definition It was possible to calculate Re # for
both foams In all three flow regimes. Results are shown In
Table 5. Beavers noted significant departure from Darcy flow
at Re = 1. Re # In the present experiments were on the order

5 40 10"%. This is clearly Darcy flow. The experiments

of 10~
conducted by Beavers et al dealt specifically with non-Darcy
f{ow. However, the Implicatlions of their work apply to both
high and low Re # flow.

The materlal curves for the foams used by Beavers et
al are shown In fig. 29. Foam A has a density of 70.5 kg/m
while foam B has a density of 25.9 kg/m . The density ratlo
for foam A and B Is 3:1, which Is the same as that of the 6
and 2 p.c.f. foams. -The curves for those foams are shown
agaln in fig. 30. Comparison of t+he two figures shows that
the two foam types are simitar but not exactly the same. The
elastic 1limit of the 2 p.c.f. foam occurs at a slightly
higher value of stress than the Beavers et al foam B. Also,
the magnlitude of the stress In the 6 p.c.f. foam Is greater
‘+than that of +the foam +type A. However, the curves are
similar enough to allow qualitative comparlisons to be made
between the two studies.

Beavers and coworkers' results for permeabllity as
a functlon of compression ratlo are shown in fig. 31. Figs.
32-33 show 1/k plotted versus deformation fo; both foams
used In the present experiments. All three curves show the

same relative Increase in 1/k with decrease In A .
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A second comparison can be made between flow Induced
compression results from Beavers et al (fig. 34) and the
results +that appear In flgs. 21 and 22, Beavers and
coworkers! data shows a falrly linear relationship b?*ween m
and Ap In case B. This 1Is similar to the curve for the 2
p.c.f. foam used In the present experiments. The flow curve
for materlial A exhibits more of a plateau at high Ap, which
Is comparable to the results obtained for the 6 p.c;f foam.

From these comparisons It would be reasonable
to say that the presnt experiments do qualltatively agree
with previous work conducted by Beavers et al.

4.5 Relevance of the §Iyg¥ to _the trabecular meshwork

The objective of thls study with regards to the eye
was to develop and demonstrate a general method which allows
the flow properties of the trabecular meshwork to be
Inferred from photomicrographs. This has been proven to be
valld wusing the Kozeny and Happel analyslis. Useful
Information on trabecular meshwork geometry, I.e. porosity
and specliflc surface, can be garnered with the photographic
analysis described In‘ sectlon 2.3, The quantitative
measurement of resistance can not be directly obtalned with
these results. The use of Happel's constant Is not valid for
poroslities below .5, which |Is significantly higher than the
porosity of the meshwork. WIthin +this range, Happel's
constant varies from 4.8 at a porosity of .5 to 28.8 at a
porosity of .99. Below a porosity of .5, the Kozeny constant

Is hlgher than +the Happel constant and therefore using

BRI~ - < .7~ - "= e



Happel's constant would glve Inaccurate results. An
appropriate value of ¢ would be needed to glve a true
quantitative measure of reslistance,

One observation may be brought forth regarding the
flow of aqueous humor +through +the meshwork. The analyslis
performed In section 4,2 would seem +to Indlcate +that the
full effect of the pressure drop across the meshwork would
be felt In +the endothellal reglon, which |[Is where the
porosity Is smallest., This would make It entirely possible
for a large decrease In the permeabil ity of this reglon to
be experienced. Whether or not I+ would be significant
enough to produce the large resistance seen In glaucomatous
eyes [s unknown.

The next step 1In the analysis of flow through the
meshwork would be to develop a model similar to Beavers et
al which would predict q vs. Ap . This would use the results
of this study and would also-lncorporafe more of the *true

physiological characteristics «f the meshwork.




CHAPTER 5
CONCLUSIONS

The goals of these experiments were ou?llﬁed In
chapter 2 as:
1.) Perform a complete set of experiments
a) with IIttle or no deformation
b) with external compression
c) with flow-Induced extenslon and
compresslion
2.) Develop a technique of determining
permeability from photomicrographs
Both goals have been reasonably ‘achlieved.The
permeabiiity measurements obtalned through flow experiments
and computed using Darcy's law are In good agreement with
the predictlions based on optical measurements using Kozeny's
and Happels work. The model works well with the highly
porous media used in these experiments. Any application *to
the frabeculaf meshwork wéuld have to be qualltative rather
than quantitative due to the discrepancy In porositlies which
makes Happel's constant unusuable. The general model Is
sound, however.
The effect of extension and compression produced
some results that were In keeplng with previous
lnves?lgaflohs of similar problems. Extension flow produced

an Increase in the permeabllity of both foams. External




compression of the foam produced the result that
permeabl |ty decreased with decrease 1In compresslion ratlo.
The effect was more pronounced In the 6 p.c.f foam +t+han In
the 2 p.c.f. foam. Flow-Induced compression resulted In a
similar decrease In permeability with Increase In pressure
drop. This leads to the conclusion that permeablility 1Is a
strong function of compression ratlio. Overall, the results
compare favorably with recent work done by Beavers et al.
This study Is presented as the first step in the
development of a complete model to describe the fluid flow
through a compressible medium with speciflc applications to
the trabecular meshwork. Such a model does not exlst as of
yet. This makes It difficult to fully assess the results of
these experiments. Yet, these results provide a good test
for any future analytical modeis which are developed.
Future work would most |lkely be directed toward:
1.) Predicting the <change 1[n permeability
with deformation
2,) Developing a complete flow model which

_ would predict flow rate vs. pressure drop
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TABLE 1
POROSITY AND SPECIFIC SURFACE MEASUREMENTS
FOR 2 P.C.F. FOAM

Photograph Porosity Speclflc Surface (1/M)
1 .919 4732
2 926 4613
3 .928 4667
4 .932 4624
5 . 950 4583
6 .934 4757
7 952 4226
8 .954 4230
9 .957 4301

10 .958 4243



TABLE 2
POROSITY AND SPECIFIC SURFACE MEASUREMENTS

FOR 6 P.C.F. FOAM

Photograph Poroslty Speclflc Surface (1/M)
1 .848 8669
2 .849 8480
3 .854 8474
4 .856 8526
5 . 860 8286
6 .861 8451
7 .864 8755
8 .865 8485
9 .868 7871

10 .873 7735
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TABLE 3
CONSTANT (c) AND PERMEABILITY MEASUREMENTS
FOR 2 P.C.F FOAM

Constant

? Photo, Porosity (c) Permeabl|llty
1 .919 .128 4,436
2 .926 119 4,389
3 .928 .116 4,256
4 .932 J112 4.240
5 .934 .109 3.923
6 .950 .089 3.632
7 .952 .086 4.158
8 .954 .083 4,034
9 .957 .079 3.742
10 2358 078 3.808

Mean value:4.06

Std, Dev.:.297
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TABLE 4
CONSTANT (c) AND PERMEABILITY MEASUREMENTS
FOR 6 P.C.F. FOAM

Constant

Photo., Porosity (c) Permeabl |ty
1 .848 .202 1.639
2 .849 .202 1.719
3 ‘ .854 .196 1.700
4 .856 .194 1.7674
5 .860 .190 1.760
6 .861 .189 1.689
7 .864 .186 1.565
8 .865 .185 1.663
9 .868 .182 1.921
10 873 177 1.968

Mean value: 1.74

Std.

dev.:.124
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TABLE 5
RE # FOR FLOW EXPERIMENTS

Ecam_type Experiment RE # (*10E6)
2 p.c.f. Extension 3.144-44,24
6 p.c.f. Extenslon 2,718-20.95
2 p.c.f. Compresslon 5.519-23,17

6 p.c.f. Compression .0082-,0472
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Fig. 2 Stress-deformation characteristics of the deformatle porous
media {uncertainty of ordinate variable = 2 percent; uncertainty ol
abscissa variabie = 0.5 parcent)
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