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ABSTR.ACT

A review of some of the existing theories for physi-

ca1 modeling of unsteady drainage from unsaturated porous

media indicated the choice of Brooks and Coreyr s theory and

it was applied for one-dimensional unsteady drainage from

layered soils. Another necessary criterion was developed,

in addition to those offered by Brooks and Corey, for layered

soils" Some experiments were done and the results showed

that the developed criterion must be satisfied to enable

predictíon of the prototype behavior from that of the model.
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CHAPTER T

ÏNTRODUCTTON

The relevant laws of nature and the geometrica_l re-

lations of the physical situation sometimes cannot be for-
murated mathematically because of the complexity of the

problem. There are many cases which can be represented as

functional equations, usually as dj-fferential equations.

However, it is not arways possible to solve these equations

for different conditions because the mathematical difficul-
ties are too great.

This need not discourage investigators from finding

solutions for such problems. fn both cases these problems

can be understood werl by means of direct experimentation.

Many phenomena cannot be investigated directly because of

the great amount of time and money involved. Through proper

model desig.n, systems of comparatively 1arge síze can be

reproduced in the laboratory in a smaller scale. The lab-

oratory results can faithfurly duplicate the behavior in
the prototype, but on a miniature dimensional scale and in
a comparatively short span of time

There are two methods of defining scaring criteria.

one is the well-known dimensionar analysis which is based

on Buckingham's rT theorem. The other carled "inspectional

1.



2.

analysis" by Rurak (17) consists of transforming the equa-

tions of a problem'dífferential or otherwise, so that all

the variables are dimensionless. Simple inspection then

shows how these dímensionless variables are related.

Many investigators, both petroleum and drainage

engineers, have proposed scaling lav¡s. Brooks and Corelz

(2) ín L964 developed a theory of similitude for nonsteady

drainage of unsaturated porous media by use of Richard's

equatj-on. Their theory was tested for one-dimensional and

two-dimensj-onal drainage for a single layer of soil by

Corey et al. (6) and Hedstrom et. al. (10) respectively in

1965 and 1971 with good results.

The purpose of this study is to apply Brooks and

Coreyr s theory of similitude to one-dimensional drainage

for two or more layers of soil and to find out the other

necessary símilitude requirements if any. This study is

also a basis for the study of the two-dj-mensional case

which is being completed by I.G. Henderson, a graduate

student at the University of Manitoba, as an M.Sc. thesis.



CHAPTER IT

BACKGROUND AND TITEORY

studies of the problems of flow through porous media

have been done by many investigators in the petroleum in-

dustry and Water resource area. Petroleum engineers are

interested in two-phase tiquid flow or the displacement of

oil by water or gas since most often raw petroleum occurs

in the porous mantle of the eaÈth. Water resource engineers

in irrigation and drainage problems are faced \^iith the liquid

phase in a water-air system in which water is the only phase

flowing.

Some of the modeling studies which have been done

are merely qualitative and there has not been any effort

to apply the results to the prototype. However, in many

quantitative studies, in which the main purpose has been

to find out the prototype behavior by use of models, failure

occurred because of not considering the microscopic geometry

as well as the macroscopic aeometry.

some of the investigators in the petroleum industry

who have developed scaling criteria are Leverett (13),

Rapoport (15) , Croes and Schwarz (B) , Craig et. al (7) ,

Scheidegger (fB) and Richardson (16).

Several other investigators have proposed scaling

3.



4.

theories for flow of one liquid in unsaturated porous

materials" Stallman (19), Miller and Míller (14) and Brooks

and Corey (2) are in this group"

Because Richardson (16) has suggested additional

critería for modeling layered soils and has done a few

qualitative experiments a few pages are devoted here to

explain the principles of his theory as well as the theory

of Miller and Miller (14) and the similarity of it with that

of Brooks and Corey (2).

The present author has taken advantage of using the

converted scaling criteria to similar units which has been

done by Corey et. aI. (6) for ease of comparison.

Richardson (16) has scaled the differential equation

describing the displacement of oil from a porous medium by

water or gas" He has pointed out that the solution of

this equation satisfies both model and prototype if the

following are true:

(t) The model and prototype are gieometrically simi-

lar

(2) The model and prototype have similar initial and

boundary conditions

(3) The model and prototype

the parameters #f+-'o

have the same values for
æ KAPg Uw

¡/ItO ¿ ¡ 
-

' Qilo }]o
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with times giì"r, ry qL/þL where f (cv) is merely

a dimensionless representation for the contact

angle and q is the volume f1ux. Other symbols

are o for interfacial tension, Þ for visco-

sity, K for absolute permeability, Ô for

porosity and the subscripts w and o refer

to water and oil respectively.

(4) The model and prototype have the same relative

permeability and dimensionless capillary pressure-

saturation relations "

For stratified sands he proposed one more criterion

in addition to those mentioned above; model must have the

same relative distribution of permeabilities as prototype.

In other words

f 
**l
lK"j prototype

where subscripts a, b, m refer to different layers.

He performed some qualitative tests using this rela-

tion between layers and in his experiments he made gravi-

tational forces negligible by selecting a very small depth

of model and by allowing only flow parallel to the layers.

Miller and Miller (14) were the first to consider

the scaling laws which would be valid for any flow system

whether it be drainage or imbibition. They used inspectional
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analysis and gave attention to microscopic as well as mac-

roscopic scaling. They call two media "simil-ar" when their

solid geometries differ only by a constant magnifying fac-

tor. .Vfhen the interface geometries are also "similar" they

descrj-be the two media as being in "similar" states. To

Pcd Ke
satisfy this, the values 

î r cr , Ë should be the same

in the two media where P" is the capillary pressure, Ke

the effective permeability and d is a characteristic

Iength of the media"

They developed the following scaled or "reducedl'

variables (a dot subscript is used to denote each scaled

variable) "

Scaled Microscopic Interface Geometry

1,-=d I
rm-" - rm * 

= mean firm curvature

- Pcd
D=-'c. - â

0 =cr

S =S

cr = contact angle (radians)

Scaled FIow Properties of Medium

S - degree of saturation

Ko
l(a=-
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Scaled lr{.acroscopic Variables
f¡\! - macroscopic characteristic length)

rr=- L r=Positionvector

- -Ldf = 
i-- f f = body force per unit volume"o

Forgravity f = pg

il.
Cf=-g-od

odt =*t t=tíme"uL

Klute et. al. (11) , Elrick et. aI . (9) and I¡Tilkinson

et. aI. (20) tested the validity of Miller and Miller's

theory in different ways.

KluLe et. al. (1I) prepared a series of "similar"

media consisting of different fractions of sand" They ob-

tained capillary pressure-saturation curves for both drain-

age and imbibition cycles. They also obtained capillary

pressure-permeability curves for each fraction. The "re-

duced" capillary pressure-saturation curves, âs well as

"reduced" capillary pressure-permeability curves, coalesced

into one curve within the limits of experimental error.

Elrick et. aI. (9) ran four different tests to ex-

amine Miller and Miller's theory. They ran hysteresis loop

experiments and unsaturated conductivity tests for a unique

medium but using different liquíds. For the hysteresis loop
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experiments the ag'reement with theory was good for clean

sand but deteriorated as the clay content increased.

They also ran infiltration and drainage tests for

systems constructed from various "similar" media; only one

liquid was used. The results were in excellent agreement

with the theory.

Wilkinson et. aI. (20) drained the initially satu-

rated columns of dífferent fractions of sand which were

"similar". The "reduced" outflow lvas plotted against

"reduced" time and the agreement was reasonable within ex-

perimental error except for the finest fraction. When the

tests were done for infiltration into dry columns the curve

for coarsest fraction showecl some deviation from other curves.

Another scaling theory was proposed by Brooks and

Corey (2) in L964 and this is the theory which has been

used by the author for vertical drainage from.two hori-zon-

tal layers of sand. Before explaining their theory of sim-

ilitude it is better first to mention some of the properties

of porous media from Brooks and Corey (2) .

fn the two-ftuid system discussed herein, the fluids

are assumed to be immiscible. They are referred to as non-

wetting and wetting phases. Even though the discussion is

confined to a gas-liquid system, the theory applies to any

two-fluid system in which the fluids are immiscible.
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It ís assumed that Darcy's equation applies to flow

of both the gas and liquid phases occupying a porous medium.

For this assumption to be valid, both phases must form con-

tinuous networks within the medium and any isolated bubbles

of gas must be regarded as part of the porous matrix.

When two immiscible fluids occupy the pores of a

porous matrix, the permeability to one fluid phase is called

"effective permeability", Ke . Usually the effective per-

meability wiII be smaller than K, the permeability when

only one fluid occupies the medium. The ratio Ke/K is

called "relative permeabitity" and varies from 0 to I.0.

The fraction of the total pore space occupied by the

wetting phase is defined as saturation S. It is consid-

ered here as a quantity which can vary from point to point

within the medium.

In general, the functional relationship, Ke = f(S)

is not single-valued but is affected by hysteresis. Hy-

steresis affects both the liquid and the gas permeabílities"

Another assumption is that the tiquid and gaseous

fluid phases are separated by curved interfaces, concave

with respect to the liquid. This assumption is valid at

relatively high liquid saturations in a medium containing

at least some pores large enough that the liquid permeability

is substantial. It is not always valid for saturation less
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than field capacíty or for porous medía

small pores. The pressure differences

is called capíI1ary pressure Pc

P = o[! *c lrl
DD^ gas - Iiquid

having only extremely

across the interface

(1)

where o is the interfacíal tension, ¡, and t2 are major

and minor radii of curvature at a point on the interface.

The liquid j-s at a pressure less than the gas and Pc is

therefore, posítive. Saturation is a function of Pc and

Ke is also a function of Pc , both being affected by

hysteresis.

1l
tr)

According to

tive permeability

analysis of Burdine (3), the rela-

is approximated by the relation

the

K"/\

where S, is the residual saturation. The permeability is

assum.ed to approach zero at this finite saturation. Corey

called the quantity (S-Sr) /G-S') the effective saturation,

Se" By changing S to Se in the above equation it be-

comes

K,,=[Ëj "
fs dst-

Jo P"'

f t dst-jo Pc'

lSe dse
l-

Jo Pc'.

(2)

Kr* = (S.) '
f' ds.
Jo t"t

(3)
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and for the non-wetting phase

i' 9s'
K = (1-S \2 JSuP"'
rnw \r "e' (4)

f1 dso
Jo Pc'

Corey (4) approximated the ratio of integrals ín

equations 3 and 4 by Så arrd (1-Så) respectively. Then

the two above equations become

K - 54rw e (5)

Krrrr r (1-Ss)'(t-S') (6)

Trhe equations given by Corey imply that effective

saturation, Se , is a linear function of + , i.e.
P"'

^ lcì2s" = t%,J for P. ì c (7)

where c is some constant.

If equation 7 is substituted into equation 5 the

result is

(B)

but for media with relatively uniform pores the exponent iu

equation B is much larger than B and theoretically could

increase \^Iithout bound.

The theory developed by Brooks and Corey for proper-

ties of porous media is based on observations from a large

number of experimental data which indicate that

K'* = [t:] 
'
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se=[*] ^ for P^ > P-U_I)
(e)

where À and Pb are characteristic constants of the

medium.

This equation was discovered by plotting

function of log P"/y on the drainage cycle.

is a straight líne vlith a negative slope À for

Saasa

The result

Pc/"t ì

ey/1. Trl:e parameter vy/t is defined by the intercept

where the straight line meets the ordinate representing

Se = 1.0 and it is called the bubblíng pressure of the

medium. The bubbting pressure, Pb is a measure of the

maximum pore size forming a continuous network of flow

channels within the medium.

To describe Se it is necessary to have capillary

pressure-desaturation data. Such curves can be seen in

Appendix A which have been completed for different frac-

tions of the sand used for the drainage test.

The negative of the slope of the curve of Se as a

function of e"/l is designated as À, and it is called

the pore-size distribution index of the medium.

Substituting equation 9 into equation 3 and perform-

ing ttre integration gíves



2+3^
-) -(s") /\

13.

= (s") t (10)
f\'l

for P" 2 P¡ (1r)

wheren=2+3À

Similar1y for the

(rz¡

or

rn\,\7

for P" ¿ Pb.

(13)

Equations 9 to 13 present the theory of Brooks and

Corey for the properties of porous media.

Theoretically, À could have any positive value

greater than zero, being small for media having a wide

range of pore sizes and large for media with a relatively

uniform pore size. The theoretícal lower limit of n is

2 " Values of n for different fractions of sand used for

drainage test can be seen from the capillary pressure-

relative permeabitity data in Appendix A.

Having become familiar with Brooks and Corey's theory

for properties of porous media, it. is more convenient to

discuss their theory for similitude requirements.

[p¡lnK = l-lrw 
l.n",J

'- [;:J ',.^]= ['[+] ^]'

and e = (2+3^)/^

non-wetting phase
¡ 2+Àr

(1-se) 2 
lt-t.-j
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The assumption of Miller and Miller (14), that is,

isotrooic porous systems containing tr.vo inmiscible fluid

phases (aír and water) in wþich the air pressure is con-

sidered to be constant but both air and water are contin-

uolls phases, were acceoted by Brooks and Corey (2)'

Their analysis is in many respects the same as

Miller and Miller's, but it is restricted to the drainage

cycle in order to avoid the complication of hysteresis ' In

addition, the theoretical functional relationships among

Pc, Se, *r* and Kr'* are used to simplify the result-

ing expressions for the criteria of similitude'

They begin from the Richards equation which is ob-

tained from combining Darcyts equation and the continuity

equation. Darch's equation is

and the continuity equation

(14)

(1s)

the "effective Poro-

o = YIi vl9 *'ulY ")

' asdavg=-a3a

They substitute Óe

sity", which is given bY

sr)0

and Se for

for ó,

and it g

(16 )

[+,[î.
âs^.c

/h-Ye âtdiv (17)
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This equation is then written in a dimensionless

form by scalj-ng the variables in the equation. They scal-e

the variables by choosing standard units of permeability'

length, pressure and time which are known to be significant

characteristics of the system. Tl-le standard units are de-

signated as Ko, Lo, Po and to respectively' the

standard unít Ko is the fu1ly-saturated- (maximu¡n) per-

meabitity K of the mediur,r.

using the standard units as scaling factors ' equa-

tion I7 becomes

ai,,. |.x, v. lå .
I t-o

âsç̂= ã]r7qf

aiv. [x, v .
I AS

[n. * ")J= ff

+l (18)

(re)

where the dots after the divergence and graclient operator

symlools indicate that the operations are performed with

respect to the scaled coordinate length.

As standard units they chòse bubbling pressure, Pb

for Po. In this case, however, it is necessary to use

Vy/\ as the stand-ard unit of length. Similarly the ap-

propriate stand.ard unit of time is 0e P¡ V/Kyz Scaled

variables are öbtained by dividing the unscaled variables

by their respective standard units. Then, equation 18

becomes

where the dots designate scaled variables or oÌ:erators

witfr respect to scaled variables.

toKoY
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Equation 19 will yield identical particular solutions

in terms of scaled variables províded that
(1) geometric similitude exists

(2) the boundary and initial conditions in terms of

scaled variables are identical
(3) the functj-onal relationships among Kr, Se and

P"/Py are identical for the both systems.

Scaled variables resulting from Brooks and Corey's

theory (from Corey e!. al. (6) ) are:

Ivlicroscopic aeometry
1Þ- - -- P Pressure of wetting phase-P5

n. = n Pore size distribution index

Itfacros copic variables
ocf _L. =fzl. Lengthr5

r =l-gÐ-tKt rimes.-p5U0e

_uq" = pg-E q Flow volume flux

pgLp9
9. - Q.E.= ñ--ï- q t - ;-;- Q FlOt'r vOIUme-.rbqs-vb9e

The properties of the medium

K. r K, = 
Ke Permeability
K

c-cS. - Se = " "r Degree of saturatj-on
1-st

S. = Ôe = (1-sr)0 PorositY
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In the approach of Brooks and Corey (2) the mj-cro-

scopic variables are taken care of implicitly by using a

pore-size distribution index (I or n) and bubbling pressure,

Pb, while Miller and MiIler (f4) have explicitly scaled

micorscopic variables .

Laliberte et. al. (I2) who have examined some of the

problems associated v¿ith the theory of Brool<s ancl Corey in*

dicate that the pore-size distribut.ion index is changed only

slight.Iy over a wide range of porosities but permeability

and bubbling pressure may be changed several fold over the

same range.

corey et. al. (6) tested the validity of Brooks and

Corey's scaling criteria for one-dimensional unsteady flow

through a single layer of sand and obtained exceptional

results. They also found that the val-ue of the parameter

n does significantly affect the drainage process. Differ-

ences in rìr however, are more pronounced with low values

than with high values of n They comment that prototype

materials possessing higir rì-values (al:ove f5) could undoubt-

edly be modeled with materials having ¡-values within !20

percent of the prototype media. However, media with low

values (3-B) should be modeled with media having ¡-values

within 15 percent of the true values.

corey (5) offers the following criteria for simili-

tude for layered media:

consider m layers of media with the flow being

perpendicular to the layers. Individual layers betleen
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are scaled ifmodel and prototype

ft' pqì ' fu psl
l.%J" l%J" 11 = L, 2, 3 .....m (20)

I

n

ft r (pg) 'l= lqli. J.,'= L' 2' 3 (2r)

(22)

(25)

(26)

Iln=nn 11 = 1, 2, 3 .....m

where the primeo quantities refer to the model and the un-

primed to the prototype,

It is highly unlikely that layers of media in a

prototype would exhibit the same length and time scales.

In other words, in general

(23)

f .n I r l"* I # + f'=:5"_ì (24)l4l;J,.l.%-T;J,r r l-4]ãJm

The fluid properties have been omitted. since each

layer is assumed to contain the same fluid. Then, there

are unique length and time scales for each prototype layer.

These scales â.re linearly related or

['i]".

where the a'S and b's are constants clependent upon the

properties of the individual layers
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In order to model such layers, the same ratio of

length and time scales must exist among the model layers,

or

Lll = azL!z = asI,js = (27 )

(28)t¡- = bzL'"2 = b3tl3 =1-

a Llmm

br:mm

Should one be able to secure materials to effectively
neet these criteria, the different length and time scales

would still exist among the various model layers.

Equations 20 and 28 according to Corey (5) are the

criteria necessary to model layered soils. There is the

further requirement that each layer must be treated separ-

ately since each has unique length and time scales.

Further it. is suggested that because of the diffi-
culty in meeting the above criteria it is possible to use

prototype materj-aIs for the model and to effect the modeling

by using a different liquid in the model. The larger the

scale reduction desired the lower the surface tension of

liquid necessitated in the mode1.

In the previous pages some of the different criteria for

similitude were mentioned. As could be seen there are very

few discussj-ons concerrring layered media, Here, the author

would like to comment on the theory for layered soils sug-

gestecl by Corey (5) and to mention another críterion which

has not been pointed out for this casc.

It is apparent if Brooks and Coreyrs scaling laws

are followed equations 25 and 27 proposed by Corey (5) will
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be sat.isfied. Considering scaled times, eguations 2I and

26 ancl 28 theoretically are correct but in practice it is

almost impossible to apply different time scales to dif-

ferent layers. The author in doing experiments for non-

steady drainage of two layers of sand has noticed that v¡hen

the top layer is still draining the second layer begins to

drain even when the coarser layer is over the finer layer.

In other words, ât a period of time, which is not neces-

sarily short, both layers contribute simultaneously to the

flow. The reason for such behavior, probably, is that the

largest pores (which drain first) in the finer layer are

larger than the smallest pores ín the coarser layer. It

would be possible to distinguish the time in which each

layer has contributed to the flow if the top layer is much

coarser than the bottom layer (or layers) which is a very

special case

A very important characteristic in modeling is that

the distribution of scaled pressure is iclentical for model

and prototype. For the single-layer case llrooks and Corelz's

criteria fu1ly satisfy this requirement. For layered soils

another necessary condition must be satisfied to achieve this

as the following discussion shows.

Consider a prototYPe, in a one-dimensional

which there are two layers of different materials

tength Ll and Lz and bubbling pressures nb,

AIso consider a model with trvo layers of material

from those of prototype with lengths L' and L'
t2

case, fI

with

and P".tJ2

different

and



Ll
F;n

-tLl
=-PLt /y

bubbling pressures Pb

that Brooks and Corey'

them. In other words,

2L"

Iand PÌ-
L "2
s scalj.ng 1aws

the following

_l
L

I

I
Ll

ft must be

have been

relations

Lr x zf,r/\-T7-

pointed out

applied to

exist:

(2e)

(30)
L

2

Pa r/l

_tL,

vl,/t L; =Lr*PLr/Y
Pa r/y

where the primed quantities refer to the model and the un-

primed to the prototype.

Consider a section in the top layer of the prototype

and the similar section in the modeI. It can be any section

but for the sake of specificity sections A and A' , the

top of the prototype and model, are chosen (refer to diagram

below).

------D
b2

IIu2 ;,

Prototype Model



scaled capillary pressure head at A = +:# as
I

r,1 + t:
!¿nln- aÞ

equal, or

22.

proaches æ

Scaled capillary pressure head at A'

proaches æ

These two quantities must be

L, n L, _ i,l +.i,1-E-, -Ei-
y = pg have been omitted because for

type it. is the same provided the same

model and prototype.

Substituting L I and 
"', 

ín

respective equations 29 and 30 gives

time ap-

( 31)

time ap-

(32)

(33)

both model and proto-

Iiquid is used in both

equation 33 by their

(34)

(35)

(36)

L, xP¡ I
Pbr

LrxPf,,
+

Lr + L,
nb, no,

L, xPf,, *Pb 2+L 2xPt r*Pb ,

nü, *no, *no,

simplifying equation 35 gives

Lr + L,
-:*--'b,

L, + L, = L, +

OI

LzxPbr*P¡l
P. 

"PJbr þ,

Pbr * Pú,

Pb, * Pi, (37)
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Pb,

-=
nb,

Pbr Pb,

l=uË;
PÉt

nú,

Pbg ...... E Pb'
IPbg q

Equation 3B is a very iniportant condition which must

be satisfied if the modeling for layered soils is done by

usj-ng Brooks and corey's theory. rt wilr be shorvn late:: if
this condition d-oes not exist among the rayers the moder be-
havior is completely different from that of the prototype.

using the same reasoning for any other section will
give the above result. However, it should be pointed out
when the analysis is done for the bottom layer there will not
be any such condition derived because the analysis is the
same as drainage from a single layer for which the newly de-
rived condition is superfluous. Ilowever, for two or more

layers the general conditÍon must be satisfied, that is,

(3s¡

(3e)

where rf = 1, 2, 3 ... m layers.



CHAPTER ITf

EXPERTMENTAI PROCEDURE

The experiments were done for one-dimensional nonsteady

flow through two layers of material following Brooks and

Corey' s (2) scaling Iaws

All the tests, model and prototype, were done with

columns of sand packed into plastic tubes. The cross-

sectional area of columns were 11.40 cm2 and underneath the

sand there was constructed a coarse filter to retain the sand

and leading to an outflow tube. The techníque was to use a

filter coarse enough to reduce the head loss and fine enough

to hold the finest grains of the sand as well. These tests

were different from those by Corey et. aI. (6) since air was

allowed to enter only from the top of the tube. Otherwise,

beside the fact that layered soils were used in thís study,

the procedures were essentially the same.

Media and Liqujd

Different fractions of Selkirk silica sand, a product

of the lVinnipeg Supply and Fuel Company, Wi-nnipeg, ivtanitoba,

were used as media. The sieve analysis of this sand is shown

in Table 18, Appendix B. These data were supplied to the

author by Dr. K.M.Adam.

The liquid used was a hydrocarbon oil, which is a

24.
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core test fluid referred to as soltrol rrcrr. It has the ad-

vantage over water that the physical structure of the media

remains much more stable in its presence. Also it has a low

surf ace tension (22.9 dynes,/cm) and f acilitates experimental

v,/ork involving a mixture of liquid and air. Moreover, the

model size can be reduced apprecíabty if this oil is used

instead of \,vater.

The dynamic viscosity, the density and the ratio of

dynamic viscosity to specific weight are tabulated in Tab1e

28, Appendix B as reported by Laliberte et. al - (12) .

Determi¡ring Media Plopert-ies

The properties of dífferent fractions of sand \¡/ere

determined before any decision for the modeling study was

being made. This was due especially to the fact that n

must be almost the same for corresponding layers in the

model and the prototype. The required data were mostly ob-

tained from the capillary pressure-relative permeability and

capillary pressure-desaturation data. These relations for

six fractions of sand used in the drainage tests as weII as

a brief discussion about how they were obtaíned are in Ap-

pendix A. The capillary pressure-relative permeability data

as well as particle densities, Þs, were supplied to the

author by Dr. K.M. Adam
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Having chosen the combinations for prototypes and

models, the materials lrere packed in the tubes and were

vacuum-saturated. Before running the sample for the non-

steady drainage test the saturated permeability of the sample,

that is, the permeability of both layers, was measured by

the falling head permeability method" This was done because,

as mentioned before, assígning different time factors for

each layer is not possible and for the whole sample there

must be one time factor as well as one discharge factor, that

is, a unique value of {eQ'x ' oc
Óe t" t and dt6 ' resÐectÍvelY'

The effective porosity for each layer was calculated

using the equation

ôe= (f Sr) ô

where O = I 3 and gs is 2.65 since Selkirk silica
0s

sand is gg.g percent pure silica"

Testång the lheory - Details of Tests

Six different fractions of Selkirk silica sand were

chosen for nonsteady drainage tests " In Tables I and 2

their values of PA/y and ¡ and also the ratio of their

bubbling pressures has beerr =horrr"

The proper fractions for prototypes and models were

chosen and the length of each layer in the prototype was

selected arbitrarily. The length of the corresponding Iayers

in the model was then calculated usingr the relation
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Table 1

Pore-size Distribution Index and Bubbling
Pressure for Different Fractions of

Selkirk Silica Sand

Fraction* e6/\
cm

150-200

100-150

6s-100

4B-65

35-48

2B-35

19.7r
'18.03

18. 20

20. 30

20.00

18.43

37. s5

28. 41

18.51

I4.67

10. 16

7 .68

*Tyler standard.
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L L'
F;n = v;n

where the prímed quantities refer to the model and unprimed

to the prototype. The samples were vacuum-saturated and then

were allowed to drain" The instant that the sample began to

drain, time measurement was started and outflow measurement

Versus time was observed. The measurements were continued

until the flow rate was very, very smaIl. The data were then

properly scaled and the scaled discharge ^ : 09 
Q¿t Y' P5 ôe

For the prototype the two fractions of Selkirk silica

sand chosen v/ere 150-200 and 100-150. The ratio of the bub-

bling pressure of the finer layer (150-200) to the coarser

layer (100-150) is 37.55/28"41 = L.32. T\,vo prototypes were

run, one with the 150-200 layer on the top and the 100-150

at the bottom and the other, the 100-150 layer on the top

and the 150-200 layer at the bottom. Vüith each prototype

three models \ivere run, one with the ratio of bubblíng pres-

sure of the finer layer to that of the coarser layer exactly

the same as that of the prototype (35-48, 28-35) . The second

one with the ratio slightly different and the third one with

the ratio appreciably different to prove the criterion that

was ptotted versus scaled time, t. = *(g) Î-Pbu0e
!

P5. Pú,
---l- = ----JPb, oË,
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The details of different arrangements and results are

shown in the next section.

Here, it should be poínted out that for the second

series of tests, that is, with the finer layer at the bottom,

suction equal to 0.6 times the bubbling pressure head of the

bottom layer was applied at the bottom of the samples, for

both model and prototype, and because this suction is scaled

it does not change the results. That is to say pc. = F;
To calculate O- and t the following parameters

v/ere used in the equations O. = #6; n and t. = #}jL .
For Pb the value obtai.ned from the capillary pressur+

relative permeability was used. For 0., the effective por-

osity for each layer was weigihted according to the lengths of

two layers and the average value was used" K \^/as the satu-

rated permeability for the whole sample as was measured by

the falling head permeabilíty method. Furthermore, tempera-

tures were taken during the tests and the values of V/pg

were read from Tab1e 28, Appendix B.

Because of the different ratios of bubbling pressures

when the criterion Pbt 
= P!, is not satisfied, for eachpt, pÅ,

test two scaled discharges and scaled times, that is,

o = --P.9.- 6 and t- = =J-pg-)'5 a were calculated, oneY' PSoev PSoeuu !'vJ

using the bubblíng pressure of the finer layer and the other

the bubbling pressure of the coarser layer.
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The nonsteady drainage data for the prototypes and

models are shown in Appendix C.



CHAPTER TV

DETAILS OF TESTS AND RESULTS
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SERTES NO. 1

Prototype No. 1

.LFracti-on
cm , \(on sr o oe'cm

150-200 30 L9 .7L 37 .55 0 .L27 0 .378 0 .330

100-150 60 18.03 28.4L 0 "101 0.357 0.318

, 30x.330+60x.318 ^ P.b 150-200
Q='e ave 30+60 Pb 100_l5O

K - 5.40 ¡r2 = 5.4Ox1O-8 cm2 Suction = O

Considering Pr- of the finer layer

O" = 0"08270 O

t. = 0.4466 "=t=-L* x1O-3 tp/pg x -LO)

Considering Pb of the coarser layer

0. = 0.1093 0

t" = o.5eo3 " u7ã;.+ tor x ro-3 t
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Model No. 1A

Fraction:n%^Însrôoecmcm&

35-48 A "12 20 .00 10 " 16 0 .101 0 .303 0 .272

28-35 L6.22 18.43 7 .68 0.100 0.353 0.318

* 8.L2x.272+L6.22x.319 = 0.303 þ gS-¿e _ L.32Qsave= g:ll;:16:1, = 0-303 pble_35=r-

K - 73"09 v2 = 73.09x10-tcmt Suction = O

Considering Pb of the finer layer

O" = 0"3249 Q

t. = 11.31x10-3t (temperature the same during the test)

Considering % of the coarser layer

O" = 0.4297 0

t" = L4.96x10-3 t
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Mode1 No. 1B

Fracrionlrvn(oss-oô^cmcm!e

65-100 L4 .79 18 .20 18 . 51 0 .112 0 .332 0 .295

48-65 30.98 20.30 L4.67 0.100 0.334 0.301

, 1 4 .79x"295+30 . 9Bx. 301 ^ Pb 65-100
v .¿.2 J- . ¿VYe ave L4.79+30.98 - P5 48-65

K - L9.59 Vz = 19.59x10-tcm' Suction = O

Considering % of the finer layer

A" = 0.1807 0

t. = 3.540 x u7ã, *io; x to-3 r

Considering Pb of the coarser layer

0. = O-224O O

t. = 4.467 " ;;;f;;5 x 10-3 tv/pg x ru"
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4L.

Model No. IC

FractionLnpr/pgs_cm ;*' sr Ô Öe

65-100 14.79 18 .20 18.51 0 .112 0 .304 0 .270

35-48 21. s0 20.00 10 .16 0.101 0.32 5 0 .292

Ä 1 4.79x.270+2r.50x. "o' P5 65-100 r ô.
'e ave = 14.79+21.50 

LJL - 0-283 
ffi = !-ó¿

K = 21.06 u2 = 21.06x10-tcm' Suction = 0

Considering Pb of the finer laYer

A" = 0.1909 Q

r" = 4"o2t " u7õ+ro, x to-3 t

Considering Pb of the coarser layer

O" = 0"3478 O

t. = 7.32S ";-7;{r^, x I0-3 tv/pg x rur
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45.

SERIES NO. 2

Prototype No. 2

Fraction L n 
Pr/ Pg s--cm n -;;' sr Ó 0e

100-150 30 18.03 28.4L 0.1r0 0.369 0.328

I5o-200 45 Lg.7l 37 .55 o .L27 0.389 0.340

Ä _ 30x.328+45x.34} 0.33S 
PÞJSO-ZOO _ r.32vsave=F= pbloo_tso

K - 5.72 v2 - 5.72x10-scm2 suction = .6 P¡ I5'-2OO = 22.53cm

Considering P5 of the finer layer

O" = 0.07950 O

r" = 0.4547 " 
',Æt- 

to, x to-3 t

Considering Pb of the coarser layer

O" = 0"1051 O

It" = 0"6010 " mf; ror x 1o-3 t



46.

Mode1 No. 2A

ñ--- -, j -.. L - 
Pb/ pg ct ractr_on cm n ;;- Sr 0 ô"

28-35 8.11 18.43 7.68 0.100 0"332 0.299

35-48 L2 "LB 20.00 10.16 0.101 0.324 0.29L

* 8.1rx.299+L2.18x.2p!=o.2g4 þJg:1g= r.32?e ave = = 0.294 
%îB_35 

= I

t( = 58"89 V2 = 58.89x10-8cm2 Suction = .6 p¡ 
¡ 5_48 = 6.I0cm

Considering Pb of the finer layer

O" = 0"3348 Q

t" = 9.287 x 10-3 t (temperature the same during test)

Considering % of the coarser layer

0" = 0"4429 Q

L = l-2"28 x lO-3 t
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50.

Model No. 2B

LFractioninPb/pgsrôóecm 
cm

35-48 10.73 20.00 10.16 0.101 0.349 0.314 
,:

:

48-6 5 17.58 20. 30 14.67 0. 100 0. 351 0. 316 ;

* _ 10.73x.3L4+L7.58x.316 ^ 11r þaB-€ = I.44P5 35-48 *'Çe ave = = J-itJ

K - 30.40 U'= 30.40x10-Bcm2 Suction = .6 Pb 48-65 = 8.80cm

Considering Pb of the finer layer

O = 0.2164 O

t. = 6.579 " *n f,6r " 1o-3 t

Considering P5 of the coarser layer

O = 0.3125 O

t" = 9.500 x ;7*:-|165 x 10-3 tv/pg x ru"
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54.

Model No. 2C

Fraction : \ Pc'/pg sr O öecm

28-35 8.11 18.43 7.68 0.100 0.329 0.296

48-65 17.58 20.30 L4.67 0.100 0.375 0.338

a - 8.Ilx.296+L7.58x.338 ^ 1.,- P!_19:91 
= t-gIQe ave =

( = 39.03 u2 = 39.03x10-tcm' Suction = .6 Pb 4B-6s = B.BOcm
+

Considering Pb of the finer laYer

0. = 0.2097 0

t. = 4.064 L (temperature the same during test)

Considering P5 of the óoarser layer

A. = 0.4006 Q

t. = 7.764 t
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CHAPTER V

DISCUSSTON OF THE REST]LTS

The specifications of each prototype and model were

shown in the previous section with the results of the tests

in the corresponding figures. The following is a brief

discussion of the results.

In prototype No" 1 the 150-200 fraction was on the

top and the 100-150 fraction at the bottom with the ratio of

the bubbling pressure of the finer layer to the coarser layer

equal to 1"32. With this prototype three models were run;

model No. IA with the ratio of the bubbling pressure of the

layers the same as that of the prototype, that is L.32; model

No. 18 with the ratio of L"26, slightly different from the

prototype and model No. lC with the ratio of L.B2, much dif-

ferent from the prototype. In all the cases the length of

each layer in the model was calculated according to Brooks

and Corey's theory, that is:

LUñr=ry

_t
JJ-

rxvf,¡y
ey/t

where the primed quantities refer to the model and unprimed

to the prototYPe.

58.
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From the results of the first series of the tests which

are shown in Figures 1 to 9 it can be seen easily that the

agreement between prototype No. I and model No. 1A and model

t\Io. 18 is very good, ât least within e>-T)erimental error,

while there is no agreement between prototype No. I and model

No. IC. Remembering that the ratio of the bubbling pressures

among the layers of model No. 1A and model No. 1B are the

sarne and very near to that of the prototype No. 1, and that

the ratio for model No. lC, for which there is no agreement

between the.model and the prototype behavior, is far different

from that of the prototype No. 1, it is evident that the cri-

terion which was developed in this study is substantiated"

That is,

nbr_Pbr_ _Pb*
- "-T---

PÉr PÈz Pbm

where subscripts 1, 2, m refer to the layers in the

prototype and model.

It should be noted that for all the models the n

requirement was satisfied and the largest difference between

the rì's was for the model No. 1B which was less than 13% ¡

and smaller than 2O% recommended by Corey et. aI. (6).

Therefore, this is not likely to be a major factor in the

dif f erence in Lhe behaviors of the model No. IC and the 
j,

prototype No.I and the reason is, in fact, that the bubbling
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pressure ratio criterion \^/as rrot 'satisfied.

Before discussing the second series of the. tests it'

shoutd be pointed out, here, that for model No. IA, with the

ratio of bubbting pressures of the layers exactly the same

as the prototype, at large scaled- times .there is a small dÍf-

ference between the prototype and model behavior while for

model No. 18, with the ratio of the bubbling pressures of

the layers very slightly different from the prototype, the

Iarger scaled time data are in beLter ag:reement with the proto-

type. This-can be attributed to the experimental error be-

cause there are ways in which error may occur. For instance,

calculating the bubbling pressure of the medium from the data

obtained in capillar.y pressure-ielative permeability test

may involve a smal1 percentag'e error. Likewise error may be

introduced in determining the effective porosity of the medíum

which is calculated by using the residual saturation.

AIso, during the unsteady draj-nage test the adjustment

of the outflow tube for the zero suction (or for any suction)

may involve a small error in the sense that the outflow tube

may be fixed a few millimeters too high or too low. Thj-s

involves two effects, one on drainage ratio and the other on

total drainage since an error in suction may cause the sample

to drain a few millimeters more or less than it should.

Furthermore, when the column containing two layers is under
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vacuum for saturation at the junction of the two layers

there is a small zor\e where the two layers slightly mix

with each other. Although each layer is "modeled", one would

not expect this mixing process to be identical nor the re-

sulting mixed depth to be modeled. For this reason, mixing

of layers would be expected to account for some deviation be-

tween the scaled data of the model and prototype. Further,

where the fine material is placed on top (model No. 1A) one

would expect the fines to enter the voids of the coarse more

esily when aided by gravity. Also, where the fine material

r,¡/as on the bottom (model No. 2A) it would be less probable

that ior the coarse grains would enter the voids of the fine

material by gravity, and mixing would be at a minimum. Com-

parison of the scaled data of Figure 2 and 11 shows that model

No. 2A did in fact show less discrepancy than model No- 14.

It is impossible, of course, to verify if in fact the above

argument does account for the lesser discrepaoclr hotn/ever,

it is nevertheless a noteworthy point" Another point which

must be considered is that the prototype drains for a longer

time than the model and evaporation from the outflow tube

for the prototype is more than the model and this causes

that the scaled discharge-time relationship for the prototype,

at large values of scaled time, be lower than the model -

In the second series of the tests, for which the
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results are shown in Figures 10 to 18, the 100-150 fraction

(coarser layer) was placed at the top and the 150-200 frac-

tion at the bottom for the prototype No. 2. Tn these series

three models were run with prototype No. 2, namely, model

No. 2A with the ratio of the bubbling pressures of the layers

equal Eo 1"32, exactly the same as that of the prototype;

model- No. 28 with the ratio of L.44, slightly different from

the prototype, and. model No. 2C with the ratio of 1.91, which

is much different from that of the prototype. The materials

in model No. 2A were the same as those in model- No. 1A but

like prototype No. 2 the coarser layer was on the top and the

finer one at the bottom. The materials for model No. 2B were

not the same as those for model wo. 18 and so the ratio of

the bubbling pressures of the layers was different than for

model No. IB. The ratio of the bubbling pressures for model

No. 28 was !.44, compared to L.26 for model No. 18. The dif-

ference of the prototype and mod.el ratios \Mas slightly greater

for series 2 than for series t and the agreement is slightly

worse, ês one should expect. The behavior of model- No. 2C

does not agree with that of prototype No. 2 because the ratio

of the bubbling pressures of the model layers, I.92, is much

different from that of the prototype where the ratio was L.32"

It should be pointed out that in the second series of

the tests the largest dif f erence between n's \^/as for model-
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No. 28 which was less than 11 percent and it satisfies the

recommendations by Corey et. al. (6). Therefore, the entire

difference in the behaviors of the model No. 2C and prototype

No. 2 cannot be attributed to the n-value and it would be

attributed to the d.ifference in the ratios of the bubbling

pressures.
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CHAPTER VI

CONCLUSTON

When the ratio of the bubbling pressures among the

model layers is the same as or very near to that of the pro-

totype the scaled discharge-time relationships for the model

and the prototype are within the limits of experimental error.

This indicates that the prototype behavior can be predicted

from the model, provided that all modeling criteria are ful-

filled. The larger the difference between the ratio of the

bubbling pressures of the layers, the larger will be the dif-

ference in behavior of the model and the prototype. This

statement exemplifies the importance of the additional model-

ing criterion reguired, as found in this study.

For practical purposes when the proper materials for

the model are not available to satisfy the pore-size dís-

tribution index requirement and also the ratios of bubbling

pressures of the prototype layers, then, materials with the

ratio of the bubbling pressures a small percentage different

from that of the prototype may be used.

Because of boundary effects between layers, it is re-

commended that some caution be exercised in choosing the

materials for the model such that extremely large model,

prototype scale:ratios do not result especially where rela-

tively thin prototype layers must be modeled. The reason

64.
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is that if the thickness of the model layers are too small

the experimental error will be reflected to such an extent

that the results may be seriously affected"
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APPENDTX A

CAPILLARY PRESSURE-DESATURAT]ON MEASUREMENT AND DATA
AND

CAPILLARY PRESSURE-RELATIVE PERMEABILTTY MEASURBMENT AND DATA



CAP]LLARY PRESSURE-SATURAT] ON MEASUREMENT

This measurement was done by using the pressure con-

troller. The pressure controller consisted of an acrylic

tube, open at the top, approximately 5-cm inside diameter

and 2-cm height with a capillary barrier fixed inside (F'igure

1A). The capillary barrier was made of special kind of cer-

amic whích could hold a few feet of negative pressure with-

out bubbling. Sand was packed inside the pressure controller

and was covered with clear plastic \ivrap and was vacuum-saturated.

Then, it was connected to a reservoir by a flexible tube.

There were some tiny holes in the wrap to allow air to pass

in and out of the sample freely. The lrrap remained around

the controller during the measurement to minimize the occur-

rence of hydraulic Aradients in response to evaForation.

Capi}lary pressures were applied to the sample j-n

increments by changing the level of the reservoir. At each

capillary pressure, after equilibrium between the sand and

the measurement system had been achieved the weight of the

sample was determined and saturation \^/as calculated.

To calculate the saturation and some other necessary

data the following weights must be known: 1) the weight of

the saturated control-Ier; 2) the weight of the saturated

controller plus dry sample; 3) the weight of the saturated

68.
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controller plus dry sample plus plastic wrap, and 4) the

weight of the whol-e controller after saturation.

From these four weights it is possible to find out

the bulk density, Þb, which is used to calculate porosity,

ö, (assuming particle density, 0s, for the sample is known) .

.ê.lso the weight of the oil in the sample is given by item

4 minus 3 which is used to determine the saturation at each

capillary pressure
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pressure
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controller

flexlble tube

Flgure 14" Sketch of
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sample



CAP] LL ARY P RE S S URE- PE RMEABTL I TY MEAS UREMENT

This measurement was done by using apparatus shown in

Figure 24. This apparatus consisted of an acrylic tube ap-

proximately 15-cm in length and 5-cm I.D. which was inserted

between two pressure controllers. The sample was packed in

the tube and pressure controllers and tensiometers were at-

tached to the tube. The inflow pressure controller was

connected to a supply bottle and the tensiometers to two

manometer tubes made of glass to measure capillary pressure

and hydraulic Aradients.

Capillary pressures were applied to the sample in

increments by changing the elevations of the supply bottle,

the sample or outlet tube in order to create a unit hydraulic

gradient for which the saturation is uniform. After equil-

il¡rium the rate of flow through the sample was measured at

each capillary pressure and the corresponding permeability

\,vas cal cui ated .

For further discussion about these two measurements

the reader is referred to papers by Anat et" aI. (1), Corey

et. aI. (6) and Laliberte et" aI" (12) 
"

7L.



72.

I
I

\

/" 
--\\\\

rif--------l---\¿_________l_--

r---
I

,,lnflow contro]-ler

lnflow
suppLy

-l
I

I

ü

üensloneter
I

outflow

apparatus used to d.etennLne
pressure-Permeabll LtY reLa-

fro¡n
bottl-e

r---
ú

lnflow barrler
ï
Pc/îA

outflow barrLer

outflow controlLer
4,
I
L--- t

Flgure 2A.o Sketch'of
caP111-arY
tlonshlPs.



to
0 90 80o

28
-3

5 
F

B
A

C
ÎIO

N

S
"=

0.
10

0

o

E
6

(J ls
o

Þ
'o

o 30 20o
o

0

-c -@ -c -o -o -e -o

35
-t

t9
 F

B
A

cr
ro

N

S
1.

=
O

 "1
01

o

e

11
8-

65
 F

B
A

cr
ro

N

S
3=

0.
10

0

S
F

lg
ur

e 
:)

4.
 C

ap
1L

1a
ry

 p
re

ss
ür

e-
C

es
at

ur
at

!.o
n 

re
la

tlo
ns

hl
ps

fo
r 

dl
ffe

re
nt

 f
ra

ct
lo

ns
 o

f 
S

el
kl

rk
 S

11
lc

a 
S

an
dn

o e o O o

{ U
J

o



r0
0

90 B
O 70 60

0

65
-t

oo
 F

B
A

cr
ro

N

S
3=

0,
1,

t2

o 0

E (J ¡5 \ ò4

0
o c

o o
-o

c

1o
o-

15
0 

F
B

A
C

T
T

oN

S
¡=

0.
11

0

o

2
0

I e o

r0

15
0-

20
0 

F
B

A
C

T
IO

N

S
r=

0 
"!

27

ò
F

lg
ur

e 
l&

A
n 

C
ap

lll
ar

y 
pr

es
su

re
-d

es
at

ur
at

lo
n 

re
la

tlo
ns

hl
ps

fo
r 

dl
ffe

re
nt

 f
ra

ct
lo

ns
 o

f 
S

e1
kl

rk
 S

lL
le

a 
S

an
d"

c
o

o
oo

\t È



Capillary
Data for Selkirk

75.

Table lA
Pres sure-Des atur at ion
Silica Sand (28-35 Fraction)

P"/Pg
cm

0 - 0.352

CaPillarY
Data for Selkirk

I .000
0.916
0. 733
0.520
o.254
0"159
0"136
6.L24
0 .113
0.I07
0 .103
0.100

Table 2A

Pr es sure-De s atur at ion
Silica Sand (35-48 Fraction)

6.0
7"O
8.0
9.0

10 .0
II.O
L4.O
22.O
32.O
42 "O
52.0
65"0

Pc/Pg
cm

S

10 .0
11 .0
12.o
13 "0
15 .0
20.0
30"0
40.0
50.0
60.0
70 .0
80 .0

1"000
0 "868
0.595
0 .381
0.t92
0"135
0"123
o. tr4
0"108
0. I05
0.101
0. 101

0 - 0"360



Capill ary
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Table 3A

Pres sur e-Des atur at ion
Silica Sand (48-65 Fraction)

p"/pg
cm

S

0 - 0.373

Capillary
Data for Selkirk

I .000
0.909
0.503
0 .209
0.135
0 .123
0.I10
0 .106
0.r00

Table 4A

Pres sure-Des atur at ion
Sil-ica Sand (65-I00 Fraction)

14.0
t5.o
L7 .O
20.0
25.O
35 .0
45.O
55 .0
6s .0

v"/ oø S

t9 .0
20 .0
2t.o
22.O
23.O
24.O
27 .O
32.O
39.0
50 .0
60 .0
70 .0

1 .000
o.844
o.664
o.529
0"375
o "289
o.192
0"139
0.I23
O. IlB
0. t14
0 .112

0 = 0.386
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Table 5A

CapilI ary Pressure-Des aturation
Ðata for Selkirk Silica Sand (100-150 Fraction)

pc/pg
cm

s

25.O
26.O
27.O
28.O
30.0
32.O
35.0
40.0
50.0
60"0
70.0

I .000
0.9L4
o "764
0.63I
o "407
o.273
o.L92
0.145
0 .111
0 .110
0.1I0

0 - 0.379

Table 6A

Capill ary Pressure-Des aturation
Data for Selkirk Silica Sand (150-200 Fraction)

v"/os
cm

s

36.0
37 .O
38.0
4L.O
45.0
50.0
60.0
75 .0
85 .0
95 .0

1"000
0 "945
0 "898
0 .663
0.335
0.2L7
0 .153
0"137
0.L32
0.L27

0 = 0.403
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Table 18

Sieve Analysis of Selkirk Silica Sand

Mesh*
Opening

mm

Retained
on%

10

20

2B

35

48

65

100

150

200

PATT

I .651

0 .833

0 .589

o.417

o.295

0.208

o.L47

0 .104

o.o74

"6
L.2

4

IO

t6.6
27

29

9

1.8
.2

*Tyler standard.
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table 2B

Dlznamic Viscosíty and Density of Soltrol rrCrr

Oil Used in ExPeriments

Temp.
oc

Viscosity, U

Centipoises
Density, p

gramsr/ml
v/ ps

cm/seconds

20 .0

20.5

2L.O

2L .5

22 .O

22.5
23.O

23.5

24.O

24.5
25.O

25.5

26.O

26.5

27.O

27.5

28.0
28.5
29.O

29.5

30 .0

I .589

L.57I
I .555

1.539

r.524
1.509

L.494

1 .481

L.468
L.454

L.440

L.427

T.4L4
r .401

1.388

1.375

L.362

t .348

1.337

L.326

I.3r5

0.7582

0.7579
0.7576

0 .7573

0 .7569

0.7566

0 "7562
0 "7559
0 "7556
0 .7553

0 .7549

0 "7546
0 .7542

0 "7539
0 .7536

0 .7533

0 .7529

0 "7526
0 "7522
0 .75L9

0 .7515

2.127

2.108

2.O89

2.O70

2 .05I
2.032

2.OLA

r.996
I.979
L.962

L.945

L.927

1 .910

1 .893

L.877

I .861

I .845

L.829

1 .814

r.799
t. 783
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