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) DIVERGING NON-DARCY

~ FLOW THROUGH POROUS MEDIA -

Nicoling Grande

¢

Thls:%s the first in a series of studles on Non-

‘Darcy flow re51stance within various conflguratlons and™>™

under qlfferent conditions; the present work places emphasls
on the effect of diverging, macrdscopic streamlines.
Two permeameters were'spécifica%ly designed and

allel and radial flow.

Three homogeneous porous media were tested;

of 1.51 am dlameter and crushed rock in relatlvely unlform sizes

of 2. 06 cm and 3.16 cm. -

" contructed to conduct flow/head loss experiments for par-\

@

Y

The parallel flow data was utlllzed to establlsh
the llnear and nonlinear re31stance coeff1c1ents of the
Forchheimer equation; it was found that flow re91stance
increased with a decrease in particle s1ze and dev1ation

from sphericity.

Examlnatlon of the effect of diverging, macro-

SCOplC streamllnes reveals an increase of approximately 5%

"(on the average) in the value of the nonlinear resistance
term, relatlve to that of parallel flow, assuming the linear

Eerm to be constant for both flows. The anal

sitive to pQrosity changes.

fcates tha@ the resfstance coefficients are extrem

is also indi-

.

v Evdluation of the conwerging flow tests, carried
out for the .spheres only, results in a reduction of the
flow resistance in the order of 20%; this confirms the

0

trend reported in the literqfk;e.

n
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'Q(B, 22, 23), viz; (a) Microseepage; (b) Laminar or Darcy;

"
s ~ , .
\ , ) ’ ] - -
* » . -
R ’ 2 , A. J - < ' . ) : *
: , v CHAPMER I . . a' .
v - N i :
Y : C ' .
INTRODUCTI:ON o . *
-, / - ‘ N
T zgfistance to flow through granular media is a ,
. & . . ‘ : t
topic of utmost importance in deveral fields, e.qg., Petro- .

\ ’ n
leum Engineering, Water Resources Engineering, Soil Mech- g
. Y
anics, etc. !
/ ! VA \
part of the Water Resources research programme

i

)

at Concordia University will focus,.ouer the next few o/ —

~ .
years, on a number of studies dealing with various aspects
F] -

of nonlinear flow in porous medié,a This work 'represents

o
.

the initial phase toward achjieving the planned research.

The definition of .the problem and the objectives and moti-

vation behind thé'present investigation are introduced in
\1 —

~

Q-

this chapter.-
‘ The behaéipr of porous media flow depends on the
dimension and shape of the pores, the size, shape and sur- ’
face—~roughness of é;e solid particles, thevf%ow velocié&r o :
and physical'characteriséics of both the fluid and porous . ]
media.’ Basi®lly, five flow regimes have been identifiéd
(c) Laminar.Transikional; (d) Turbulent Tiansf%ional;
(e) Turbulent. . ) ‘ ‘ : ‘ o

k3

Regimes other than Laminar are referfed to 'as
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Non-Darcy Regimes. However, only regimes ¢ to e ‘are

relevant to the present study. A detailed discussion of
"

theffive regimes is presented in Chapter II’
- Flow paths through a porous medium are tortuous

and the study of flow on a microscopic scal%,fé difficult.

However, by tackling the phenomenon onlg macroscopic

scale, reliable results for practical application may be
N .

btained.
o) i ”

Most of the previous research ﬂeals with flow
resistance, -assuming ﬁarallel, macéﬁscopic streaﬁlines:
The effect{of rédial streamlines has received little at-
ten?ion. To‘the autﬁor's knowf;ége, only three stﬂaies
ffom a cgnverging flow field are availabl; and one small
scale study on divérging flow is reported to have given
inconclusive results. |

Thus, it is imperative that this figst study in
the series attempt to examine the effect of diverging

¥
sfreamlines on non-Darcy flow resistance. |
A special permeameter was designed and construc- : i
-
ted by the author to accomplish the stated goal. This ‘ )

bl it St

permeameter can also be useg,to test converging flow.
, Y * °

Nevertheless, only when resistance in radial

¢

flow is coﬁbarea to that of parallel flow can the results

of the.first be meaningful. Thus; it was also essential

1y . k
to design and construct another permeameter where the cre-

a




P

genceéyould tend to enhance the hydraulic conductivity

atioh of parallel, macroscopic streamlires can reasonably
be assumed. |

An idealized médium of glass‘spheres of 1.51 cm
diameter and crushed rock in iwo sizes of 2.06 cm“and'3:16
cm were utilized as three homogengous media. The charac-
teristics of the crushed rock were(determ%nedlexperiment—
ally.; . Thé findings ?f this study‘indicate that conver-
wherias dive@éence would.impede it.

It is hoped that, upon *completion of the planned’
research progfamme; more reliable}l estimates of the hydrau-
liC“conductiviéy of coarse porous media can be obtained.
This will be-beﬁeficial.for such problems as we}i flow and
recharge; it caq'also lead to improved simulation of wave

motion through rockfill embankments. "

\

£ 4
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CHAPTER II
' {
' REVIEW 035 THE LITERATURE
O - . 4

\ -*\\h
// Considerable research has been conducted in the d

i

focused on-flows with parallel streamlines. Radial

field of flow through porous media, but most of the studies R
+hav

flow has received little atteﬂE;on, with the emphasié being

placed on converging streamlines and their effect on flow S
resistance.? To tge author's knowledge, only orig study N
déaliné with diverging, coarse poréus‘media flow is repor-

ted in the literature, however,~its findings are not con-

clusive. ' ‘ Y

< v

This chapter presents the state of the art pér—

taining to the nature of porous media flows and the corres-

poﬁding resistance equations used in their analysis.

. v
R . ) . /

2.1 ; Flow “Regimes ‘ .

At the outset of any éiscussion of porous media
flow, it must be pointed out that flow tfrough porous media
* may be categorized into five different regimes. Ward (22)
and Wright (23) .classified saturated flow into four, high
velocity phases, and Kovacks (8) introduced a fifth, low
) velocity; régime termed microseepage. Thus, based on ag- .

) modif{;ation of  these studies’the following are the possible

L -

-4 -
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regimes:

,{5‘

'tinueé to follow definite streamlines, but

.0f the grain walls, and the hydraulic gradi-

-

o

Microseepage; occurs atlextreme}y }ow ve}oci-
ties, whefe Ehe molecular, rather than the -
viscous or inertial forces, are the dominant
factors affectin%\the f;ow. .

Darcy or laminar; in which the governing for-

ces are the viscous.forces. The flow follows

1

definite streamlines and the hydraulic gradi-
\&.,_,/ A

ent is directly proportional *to the first w

. - gl

o o8 .
power of the velocity. ’

Laminar transitional; whq%e'both viscous and
g

inertial -forces affect the flow, but the vis~

cous forces are predominant. The flow con-
some separation occurs at the downstream side

ent, is no longer linearly proportional to the

velocity. . .

Turbulent transitional; where both the iner-
tial and viscous forces affect the flow, but
the igertial forces predominate. The stream-
lines become unstable, and the turbulence in- -
creases. The hydraulic gradieht approacheé

?ependence on the square of the velocity. k . e
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1

5~ Turbulent; in which the governing forces are
inertial, the flow is erratic and the hyd-
raulic gradient is proportional to the square

[Y

-of the velocity.
. Y

Fig. 2.1 illustrates thé relationship between

A~

the hydraulic gradient, i, and the.mgcroscopic velocif§$ Ve
Wright (23) using a hot wire anometer founq that
the four different regimes could be distinquished by the

Revnolds number, Rw, where Rw is defined as

ﬂgz.l)

[
- Rw n NP

) , \Y

in which N

g = microscopic velocity
4 - [ [ ‘
Dm = mean grain diameter
) -
v = kinematic viscosity =«
N 3 ‘«
T r g R/
% '8 T
log i/v % .8
o % < 0 4
[} & =
] H (7 | )
’ o >y : a | B
A =kt 2
B o i 4 85 1 8
E' ~ 0 i ~ , + l + .
3 | I 1 .
. log v

Fig. 2.1 Relationship between log v and log i/v.

AL oo s




5y

Ut Ry 0 JI B n s

SRR

TG,

W S X e 12

- - — ~
- B i TR U T I P o’
. D SRS -

~ | o ] \

o

e

. . -
-7 - h
- -/ (\
7]

Using the Reynol#ls numBer criterion, he concluded that the

flow ceases to be -laminar in a Reynolds number range of 1

to 5. At a value of 90 to 120 the flow starts to-become

-

turbulent transitional, and fully turbulent flow o at

. ,
a Reynolds number of 80C or more.

2.2 The Resistance Equations

+

LAy

Long beforeitﬁe attempts, described‘eérlier, to\
define the possible flow régimes, it was recognized that
Darcy's law was not valid for all porous media flows.
Through experimenté, researchers, such as Forchheimer (4),
Izbash (7), and others (3, 15, 17), suggested empirical
relationships’to describe non-Darcy flows. Table 2-1
lists some of ﬁhe more prominent, high velocity eqﬁations
and their dfiginators.

TABLE 2-1

RESISTANCE EQUATIONS

ﬁésistance Eqg. Proposed by
(2.2) i = av + bv? Forchheimer (4)
(2.3) v = mMi® Izbash (7)
4(2.4) i = av + bv>'> + cv® Rose (15)
(2.5) v = (B1)9-° , Escande (3)
(2.6) v= wHFl et siepicka (17)
g
Note: yr g+ £ @ b, B, C, £, n, are velocity de-

pendent constants i is the hydraulic gradient

\

ey
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and ‘v is the macroscopic velocity. ~———

»

o

The two term Eorchhelmer equation has been shown
*

to have a theoretlcal bagsis by Ahmed and Sunada (1). Of
the five equations listed in Table 2.1, the Forchheimer -
equation was chosen to be used in this stgdy. .

e The Escande equation can be seen to be inadequate

>

for expressing flow resistance relationships in the trans-
ALY

itional regimes. The Slepicka equation has a complicated

form; yet it does not:yield significantly more accurate re-

-~

sults ‘than the Forchheimer equation. The three term Rdse
equation was not found to yield the same accuracy as the
Forchheimer. equation for flows with a Reynolds number of

4000 or less; for h1ghe¥ values of Reynolds number, the

o]
improvement in accuracy is insignificant (11).

"The ﬁajority of flows, in Egis study, have a
Reynolds number less tﬁ?n 4000, therefore using the Rose

equation would only ingcrease the number of computations.
: . ) \
» - .
Because of these reasons, the Forchheimer equation was .
3 ’ v N
used. . n
IS N !

The Forchheimer equation expresses the relation-

ship between the hydraulic gradient, i, and the macroscop-,

o . 5 vt

ic velocity, v, with two terms, the first ée%m pertains to °
laminar oerarc§ flow and ﬁge"seeond term to turbulent

flow. The values of the coefficients a and b, are consi-




TR e St

L P . TSR
FomTT
AN

&

‘dered constants for a particular madium dg3>flow.' Therefore,

one can express flows from the laminar to the fully turbulent

regimes using the Forchheimar equation. Q\\;._~;E_*\_/f////ﬂ\/f\\>

L Ward (21) attempted to quanti?y the a and b

[

A,
\\media’and fluid. Applying dimenSional analysis, ‘he de-

\duced that a and.

A

Y

\

¥
A

et
e

in which

¢

b are given by ‘ N P
a=kE (2.7 :
k Tt
\ 4
c p .
i b = k—wz— N (2.8)

where y = viscosity

o

B S

i terms of Eq. (2.2) utilizing the characteristics Gf the

]

it

-9 -

P = density of the fluid

c = .55% 024 \
for all porous media

3 .2 2 (2.9)
m A Dm

36 XT (1 -m? ogl? g

porosity
shape factor of sphericity
mean particle diameter

constant depending on permeameter
cross-section, 1.8 for rounded and
2.0 for angular PErmeameters

o
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tortuosity of flow path

standard deviation of Dm

’

N the .particular shape factor, A, is expressed as

|

- , " i
: 1 ,0.198 »
b s ’ . ‘
McCorquodale (10) modified Ward“éﬁexpresgion'of
. a and b and obtained: ‘
v v o N \
u X o -
. a = B—QY ‘ (2.11)
~ | ‘ "
\\\ \ t 1 C N (2 l
\\\ - b = . * 2) * s
N N kL2 , .
1 , :
o where . g,s-acceleration due.to gravity i
' i = ’{
{ ' . g
b £ .
: f

McCorquodale et al (9) suggested two non-dimen-

sional equdtions to describe steady one dimensional- flow, ~

the first equation being:
\

ks

1

igm d. ‘ d. v ml/2 L (2.4)

—— = 4.6 + 0.79 X
4 ‘UV . v,

(lN

in which dr is the hydraulic radius of the pores which is’

usqd'to describe the flow when the pore Reynolds number,
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/if Rp}’is less than 500. If the Reynolds humber is greater

"than 500, they recommended’ that the following equation be

used to describe the flow:

{2.14)
igmd, ‘ £ ar v m/?
= 70.0 + 0.54 (0.5 + 0.5 =) =
. v v . o) v
4
//
- where 'd; = effective pofg hydraulic radius

0

o
fe' £, = friction factors

The efféctive pore hydraulic radius is smaller than the °
. SN :

pogg hydraulic radius because of the separation df‘ﬁ ow

. N Do
which occurs at the grain wells. L

-

It should be noted that most of-.the flow equ-
ations are deiived as if the flow occufed é& an infinite'
media without regard to boundary, but this was not the ;;>
case. Dudgeon (2) and McCorguodale (10) both recégnized
that the wall éone in laboratory permeameters affected .

the flow. Allowances for this effect are applied in this

study as will be described in detail at a later stage.

s
\F’

2.3 - Radial Flow Studies,

B 2.3.1 Converging Flow

r

\

Wright (23) was the first rFseércher to publish °

&
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results from a radial flow field. He plotted the Reynolds
N number versus the coefficientﬁof resistance for data ob-
tained from both parallel and converging permeametefs.
The following expreﬂ%ions were used for the Reynolds num-

ber and the resistance coefficient, respecfively:

0.6 vD_ ' - :
m

Rw = v(l - m) ' P (2.15) P

' . 3
‘k gip m '
v? G(1-m) 0.1067 (2.16) x
L

-

where Gris a function of ggain shape, size distribution ]
and éurfaceoroughness: N :

From His plot he found the curves, for parallel
and converging flow, to be identical up to a Reynolds num- §

ber of 10, beyond which conyergence caused the resistance

coefficient to“deviate;below,the parallel flo& value by an
h amount that gradually increased with increasing Reynolds w)b-
number. At a Reynolds number of 100, the decrease in the ’
JYesistance coefficient reached '27%.
He assumed .that this decrease was due to a more
uniform velocity distribptioh, a reduction in dead water
space behind each grain.and a reduction in the deé}ee of

turbulence.

McCorquodaie (10) also studied the effects éf‘

’/ . . * .‘ KH i 1

i
- #
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convergence, and concluded that convergence reduced fesish
tance “by 13%. He assumed éﬁat the reduction accured for R
reasons siﬁilar'to ﬁhose supposed by Wright. He also

" thought tﬁat the Forchheimer equation might ngt adequately

describe converging flow. .

a *

Nasser (1l1l) found that convergence' reduced re-

sistance b§ approximately 20% relative to parallel flow,

,2.3.2 Diverging Flow

The sole study on diverging flow was reported

—J ) v
by McCorquodale (10). He found that divergenc& caused a
slight increase in resistance, relative to parallel flow,
which was not statistically significant. The study was

limited in scope, and, the results are not conclusive.

This thesis will expand on previous work and .

present a comparison of paréllel and diverging studies

using three different types of porous nedia.

P

.
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CHAPTER III

EXPERIMENTAL STUDY ‘
\
/ 4

Experimental research dealing with pbrous Qedia
may be separated into two distinct categories. The first
is the study of the poéous media itself, and the second is
the study of the flow behavior through the pog%ué‘media.

This chaptér describes the experimental set-up
designed for this study and the techniques associated with
its use.

4

3.1 ' charactéristics of the Porous Media

Many properties may be adopted to classify por-
ous media; however, the materials used in this investiga--
tion will be defined in terms of the folloWiﬁg properties:

"1l. Specific Weight ;
L 2. Geomgtria Diameter . J/

3. Shape Fagtor .
. 4. Porosity

»

These properties wére determined experimentally,

v
3

using a fifty particle sample chosen at random from eafh

material.

S

M

-
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. ] T 3.1.1 Specifig.Weight - o
L] . T . s

[

The specific weight, v, of any material can be

SERE expressed as: ' N »
2] o, -
2 B R k]
) (24 w :, R A 1 R
Y = __ﬂl f{ * 1)
h . m Vn i i - q,_(B’l) *
» 4 <\ ° A:,:;‘ ¢
[ 1 . ?— -
| ) T
vhere . W - = weight of material =
N : . . . * “ -~

V_ = volume of material - R

<

The éteps performed in obtaining the specific

‘8 b
.

weighf of each material are:

) ' . o 1. The individual particles were weighed to an
[}

a

. '
' accuracy of ¥ .005 gms:

-

2. Each particle was carefully lowered into a
calibrated cylinder filfed with water to a .

known point of reference. The change in the

e et

v [ '\ /

;;> ) water level indicated the volume qﬁ;thé par-
ticle. S . -

- S

h o)

3. Knowing both the weiyht; Wm, and the volume,

, ' V,+ of the material,y  was found by means of

- Eq. 3.1. , .

. § |
3.1.2 Geometrid Méﬁn*ﬁf:;;xer .

a
-~ .

o ST, R Y T ST T3

v

~
By

e 1 .
To obtdin the geometric mean diame%ef) Dm,‘the

(%

i
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- that of the particle.

-
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v o - 1 S

. . =16 - *
\ W s
following 'equation was applied:
n [ — ‘ (3.2)
D =, da xd xd ... d
m {nl ny n3' .nn K )
s ' 4, .

’

equivalent diameter of a sphere with the same volume as

”
B
J

» 3.1.3 Shape Factor P

The shape factor, Ags is an important term often
used to expreés relationships in porous xedia flows. 1In
this study, the-éhaﬁe factor is defined as
‘A = ,'l ‘.

S, x d (?-3)

v
]

&
where Ss' the specific surface is defined as thé surface
area, Sa’ of a partlcye.d1v1ded by 1E§rgplume, Vﬁ:

-

S
Ss = 7 3.4
s V. (3.4)
v/

R \
For perfectly spherical particles, the surface area and
volume are bgth'functions of the’diameter. Therefbre; for

a sphere the specific surface is simply

. . ) )
in which dn was taken .as the nominal diameter, that is, the

v
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(3.5) ’
where d = diameter of the sphere. Deviation from spheri-
city, however, makes determination of the surface area
considerably more complicated. Several methods have been
proposed for the determination of the surface area of ir-

regular particles (11, 14, 16). All such methods’ may re-

* sult in inaccuracies up to 25%. Since the shape factor is
£ 4

not directly'used in this study at the present stage, this
parameter was determined by visual inspection in order to
give a feel of the degree of shape irregqularity. —

) ™ Another important property is the equivalent di-
amgte;i d - The equivalent diameter is defined as the,di—
ameter of a sphere having the same surface area as that of
an irregular particle. It may be expfessed ass.

s_'1/2

= ..E- \ )
. | de (Il) (3.6)

+ o

The average value of the surface area may be, substituted

in Eq. 3.6 to calculate the average de.

L]
AR Ta s mn

It should be noted that for a sphere, the terms . '
d, d_ and de are all equal; therefore, the shape factorb”’/(/ai

becomes . 6, which 4s the minimum value fr- the shape‘fac-

Ak s e i g

tor since a sphere describes the minimum surface to vol-

ume ratio.

;
1

i

;
&
o

:
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3.1.4 Porosity

4

It should be noted that there are.two types of

the drainable and the dry porosity. The drain-

able porosity is the ratio of the volume of the voids to

the total volume in a freshly drained sample. The dry

porosity is the porosity of a totally dry sample. The

"that is:

in which

dry porosity, m, is the porosity that is usually used,

-

<

m = (in dry sample) C(3.7)
RS '
o
Vv = volume of voids - /
= total volume .

\vt

The dry in-situ porosity was determined from the

permeameters as will be déscribed u/) section 3.3.

.3.1.5 Resule

The values obtained for the specific weight,.

nominal and equivalent diameters, surface area, specific

‘surface and shape factor for each of the th:eZ different

porous media used in- this study, aTre docume
¥

ed in Ebles
3.1 to 3.3, and Table 3.4 summarizes the properties for

’ a/ﬁ three materials.

Also shown are the st\andard devi-

°

e
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i ' /
ations 'in calculating the geometric mean diameter,

: 4 A\

3.2 Expegrimental Set-Ub -

. This section ig devoted to the description and’
method of operatiop of the following equipment:.
} 1. Pumps and Qalves
. \\2. A 90° V-notch tank
- . Piezometric rack | | d
Parallel flow permeameter

Radial flow permeameter

3.2.1 Pump and Valves

0o

The Pump available in the Water Resources lab is,
a centrifugal pump, operating in a closed system. The pump

has a maximum capacity of 3.0. cfs, with a maximum head of

/»80 feet of water. The pump delivered water directly to the G

e

‘

permeameters which were equipped with 3" diameter Jensen
Qélves, which controlled the.incoming“flow.\ These valves
were also uséd at the outlets of the permeameters to con-
trolthe amount of water flowing through thé permeameter

itsélf.

- 3.2.2 90° V-Notch Tank

- .

Q

A V-Notch tank was used to méasure the amount of

ub

I L T TP - 4 —— S Y IR £ T Ty il e ST

Agtiod %
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A

watér flowing through the permeameters. ' The tank is 8 7 .

feet long and has a cross-sectional area of 20'inches wide

by 24 inches high. The 90° notch begins at a point<¢}4 in-

ches above the sill of the tank (Fig. 3.2). The procedure

used to compute the flow through the tank is és follows:

T 1.

The tank was levelled and filled with water

allowing the water to flow over the V-notch.

The tank was then drained for two hours ané\
the water elevation was measured. This was

used as the initial water level reading, Hﬁ-

While an experiment was being conducted, the

' water flowing though the permeameter was al-

lowed to pass through the V-notch tank. Af-
ter the flpw stabilized over a period of 5
to 10 minutes, the new water level in the

tank, H, was recorded.

H
- H

The difference in water level, H, in feet

"was used to obtain the flow, Q, in &fs from:

Q = 4.2783 ' ( H + 0.0028)%/2
¢, (3.8)
The coefficiem; of discharge, C:', was faound
to be 0.578 for most of the discharges cov-

ered in this study.
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\
3.2.3 The Pigﬂpmetric Rack

P =)
‘.

A .
The piezometric rack (Fig. 3.3) comprised 36 ver=-

tical tubes, whose inner diameter is 6 mm. These tubes

.were mounted on a board 1.5 m in height and 1.22 m wide.

The board wés covered with graph paper, with an accuracy of
¥ 1.0'mm. The tubes were connected to different points in

- 3 ,
the permeameter by means of short teflon hoses.

S

3.2.4 The‘Parallei Flow Permeameter

The paraliel flow permeameter was coﬁstructed
with steel aﬁd plexiglass, in three main sections (Figs.
3.4 & 3.5).

The three sections\are:

g 1. A 3 inch inlet valve controlled the amount
of water‘flowing through the upper section
which acted as a combination stabilizer énd
overflow system. The water was forced to
flow through a horse hair filter to elimihate
entrained air, and reduce the turbulence. of

the incoming flow. E=xcess water was allowed

to spill into the overflow sysfte

(Fig. 3.6).
2. A verticle plexiglass column yith an inner
diameter of 28 cm and a height Rf 122-¢m for-

med the main control section. This section

&




had 12 piezometer taps drilled a;t 10 cm cen-~
ters along one vefticle side, and a stainless
steel screen, which was polted to the bottom
of this section, t6 retain the porous média in
plaée.

The lower steel section was fitted with a 3"
diameter valve which contrc')lled the amount
of water flowing through the porous media.“ A
3" diameter flexiblé& hose was connected to
the valve and the water was fea directly into

the V-notch tank, where the' flow could be

§

measured.

3.2.5 ©Parallel Flow Tests

The parallel flow permeameter was used to test

the three porous media as follows:

1.

o

The permeameter'As central section was filled
with the porous media without; compaction‘
(Note: At this time, the in-situ 'porosi'ty
was calculated, using the method described
in Section 3;3). The permeameter was then

filled with water.
r

Before connecting the piezometric tubes to
the rack, they were allowed to drain into

the sump to remove any trapped air.

PRSP PR
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3. The inlet valve was opened to allow water to
flow through the upper section and over;the

overflow system.

4., The outlet valve was then opened to permit
water to flow through the porous medié.
\( Both valves were adjusted to insure a satur-
ated flow condition, and the overflow system

was used to maintain a constant head (Figq.

3.6).

. ] : |
5. The water flowing through the overflow sys-

. tem was returned, by means of the sump, to

AN

the pump without being measured. The water
\ - i flowing through the porous media and -the out-

let valve was diverted to the V-ndtch tank,

where flow measurements could be made. %

6. Having achieved equilibrium conditions, both
the piezometer and V-notch readings weri re-

corded.

The above procedure was repeated for differ-

ent flows. ‘

k4 ‘ 1

‘Results obtained from the parallel flow permea~
meter can be found in Tables 3.5 to 3.7, and Figs. 3.11 to

3.13,

144
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", ¢ :

AN

This permeameter was constructed in three main

sections, with. steel and plexiglass, much like the paral-

lel flow permeameter (Figs. 3.7 & 3.8). The three sec-

tions may be described as follows:

ll\

The upper steel section has a b\':xilt-—in over-
flow system; as well as a horse-hair filter.
In the cqnvergin:; flow e::periments, this

section acted as a flow stal;ilizer and allow-

ed the overflow to return to the pump; thus,

a constant head was maintained., The flow was

. forced to pass through the horse hair filter,

é

to reduce the turbulence of the incoming water

and remove any entrained air. For the diver-
ging flow tests', the~ overflow system was used
to collect the water flowing through the "por-
ous media, so that flow measurements could Ibé
made.

The central part of the device has a rectan-

gular cross—gection, with an angle of conver-

.gence or divergence of 45°. This section was

constructed with 3/8" plexiglass faces bolted

to 1/4" thick steel sides at 10 cm centers

along the edge. The plexigléss faces were also

strengthened by four steel angles bolted to

&
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the main fr;ame. Piezometric tapz were’drilled
° : along three radial lines and the taps are .
’ spaced at 8.3 cm intervals. A stainlegs steel -
screen was fixed to theJ permeameter at the
minimum radius of curvaiture, 28.7 cm. The
scre?n was used to retain the porous media
.in the permeameter and to ensure radial flow
exit or entrance conditions. l
3. The lower section is fitted with a 3 inch
‘ . "
diameter valve which was used to control the
amount of water flowing through the porous
media. ) , ' '

1

3.2.7 Divergi%g Flow Tests .

Diverging flow tests were conducted for the three

different types of porous media in "the}raid'ial flow perméa-

meter as follows: >

° -

1. .The porous media was placed in the permeameter

without compaction; the in-situ dry porosity

ﬁwas measured. - . : o . .
f .

o

“
: 2. The permeamet(gr was filled with water and the
' piezometer tubes were drained to remove any .

trapped air, and then connected to the piezo-

\ meter board. 9 )

-

\ " 3., The inlet valve in the lower section was

]
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opened to allow water to flow through the
R g . .

permeameter. The water flowing through the

’

' porous media was collected in the upper sec-
. tion’, and then transported to the V-notch ¢
tank by means of the overflow and 6 inch ’

flexible hose, respectively (Fig. 3.9).

4, Approximately 10 minutes were reqﬁired to

ensure ‘s“tﬁeaair state conditions in both the
L . ®
radial permeameter and the V-notch tank.

. -
. . . The flow measurements were then taken, and

»

- ) \ the  piezometric readings were recorded.
5. The pProcedure was then repeated to cover

the selected range of discharges.

3.2.8 Converging Flow Tests

8

Converging flow was simulated by simply rever-

'sing the direction of £léw through the radial permeameter.

ke A5 VLA e st

1
4
L

ack

the upper section, which served three func-

. tions. These functions were to maintain a

a
v

constant head by means of "the overflow sys- -

¢
tem, to remove any entrained air and to sta-
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bilize or reduce the turbulence of the in-
coming flow . by forcing it to flow through

horse hair filters.

The lower section serves to control the az
mouint of water flowing through the device,
and to collect it and feed it to the V-notch

tank where flow measurements were made.

3.3 In-Situ Porosity

<

The in-situ porosity was found for each medium in,

the parallel

permeameter..

1.

*

flow pe€rmeameter as well as the radial flow

The procedure was performed as follows:
The particles were placed in the permeameter

without compaction.

All the piezometer taps except for the low-
ermost one, which was connected to the pie-

zometer board, were sealed.

Water was carefully poured along one side,
in order to minimize wetting of the part,:i_;é—
les, until a certain reference point was

\ A ."‘

reached..

An amount of water of known weight and tem-
perature was then added and the new water

'.'Levei recorded. The volume of wvater, thus

©

T HE p, et retat
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that of the voids, vas determined and Fq.%.3.7

‘was then applied to calculate the porosity.

5. Step 4 was repeated \§everai times using the °

/ new wvatex level as’'a feference each time.

the porosity was then

e

/ An -average yalue foi

computed and u nalysis.

3.4 Experimental Results

Table 3.5 shows the porosity values for the media

< in both the parallel and radial permeameters.
Thé data for the parallel and d.;lverging tjfb\ﬂ ex-
periments are documented in Téblés ?.% to 3.11. F”igs. 3.11

to 3.16 illustrate graphically the relati{mship between the

—

piezometric head, ¢, versus location for all the cases tes-

ted.

\ ) The data from the converging flow tests conducted
/ .
only for the'spheres, can be found in T;b/le 3.12 and Fig.

-

3.17. ' , | -

Iy
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CHAPTER IV °

ANALYSIS OF RESULTS*

» ¢ . . o M
This chapter presents an evaluation of the res-
. P _
ults obtained from the experimental study. A- comparison, -

of the three types of flows will be made for the spheres;

"mthe results obtained from the diverging flow experiments

for the two rock sizes will be compared to the results ob- “

tained from the parallel {flow experiménts. v

4.1 - Parallels Flow o e

>

The Forchheimer equation (Eg. 2.2) may be linea-

-

rized in the form:

" i _ - N
F=a+ bv B . (4.1)
.
Utilizing the parallel flow data, and the method of least
squares, the values of "a and b were determined, based

on a best fit line.

Figs. 4.3 to 4.5 display ﬁ{e %versus v plots . -
J .

" for the three porous media used i!( this 'study. Alsq' shownq

is the correlation eoefficient, C.r which is used to mea-

A

N o
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. converging flow, from a known value of a for parallel

1

T S Uy P

- 30,

]
- ,
4

, The Reynolds number, R, was calculated for the

discharges tested, by means of the following equation:

. . \
\ R — (4.2)
_ where v = macroscopic velocity
D, = nominal._diameter of particles
m = éorosity

v = kinematic viscosity

The values of the Reynolds number covered in the

<

parallel flow expei:iments ranged from 900 to 10,000,
§

®
4.2 Radial Flow-

. Based on earlier studies, reviewed;in section

\ -
‘2.3, it w‘<§s deduced that radial flow would tend toeither

S,

.increase or\:?nﬁ’ibit turbulence. Thus, it may be adsumed

.

scopic streamlines would

that converging or divergs'
\7

mainly affect the inertial term, b, of the Forchheimer eg-
-, .

uwation. Therefore, by treating the Darcy term, a, as a

constant in both parallel and radial flow, an evaluation

s

of the b égrm can be made.

s

" Invoking this assumption, Nasser(ll) developed

the follow;ving expression to deduce the value of b in

w

1

-~L
h}
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parallel flow.
4
! -
r. i
" ’n 1 .
a, 1nf c )= g 0% = %) ¢
bc = n+l - (4-3)
S
e(r r ) -
°n Cn+l
where $ = the piezometric head
r, = radius of convergence
ar bc = coefficients for converging flow
and C is:
AN & - ’
Y
=9 (4.4)
C=%w
where Q = the flow in 1ps C g
© = the anglé of convergence
& w = width of the permeameter

An e}gpreséion based on the data of McCorquodale
(10) and Nasser{ll) was deduced to compute the difference
in the value of b between the parallel and converging

flow, viz:
. iy
- ( —=—)
by =b, (1.0-0.13e 100 Dy 1y (4.5)

o ~

thovureo cear

e 2L,
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4 ~

whei-e bpfis the adjusted value of b fo'.r pa,rallei flow
and r, is the average radius of convergence of the per-
meameter.

Following a procedure similar to that of
Nasshr"s; an expression for b for diverging flow
vas derivéd.. .. Note: - that in the derivation
to fqllow, the 'subscript d refers to the value of the
terms in the diverging flow fie‘ld.

r .

form: - . R

- = a Vr + b Vr (4.6)

The hydraulic gradient, g—i— , is negative since it decr-
. r ’
eases in the direction of the flow, as can be seen from

Fig. 4.1(b). By rearranging Eq. 4.6 into the form:

<
A

b‘v2+av+d¢=0 (/7)'

d 'r d r dr o '

and solQing for v, leads to: B Do

+[ 2 a
~23 “jad K- *
R Vr = /”d N (4. 8)
2 b

The Forchheimer eguation inay be written in the . '

S
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Squaring and rearranging Eq. 4.8 yields:

ar dr 1
b. D= +a, =—=- =< 4a .
d rd2 d Ty Cc - (4.9)
‘J -
By taking: vV = c_ . where C = Q.
. r Ty ’ . 0w "

in which ¢ is the angle of divergence.

« Integrating both sides of the equation from (cbn, Ty ) to
' . P ¢

(., I ) gives:
n+Y dn+l
» rdn
1 (r )
_Cc @n - n+l') tag In d‘n+l
bg = ' (4.10)
1 1
: c (;—- - - ) . . .
) | ' a  Ta ., |

where the subscript d represents diverging fiow.

" e o ey o

4.3 Effect of Porosity and Wall Zone

2 s T onon o

In order to furnish a'consistent basis for a mean- ° :
> ’ N :
ingful comparison of parallel and radial flow, adjustments ]

for the' differences in porosity and wall effects between

ol s 2

the two permeameters were made. The parallel 'flow results . '

< I S T TR LD B AT AT VI e e~ ST e

were corrected to reflect the same conditions as) those which

Ao et

existed in the radial flow permeameter.

4.3.1 Porosity Correction

Because of the porosity differences between the

13

- B
> "
) N ”
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. two permeameters, a porosity correction must be applied.
~. Using the expfessions for a and b from Egs. 2.7 and 2.8,
\
with the value of K replaced by Eq. 2.9, the porosity correc- .

- ' £ion, Cm , is deduced as follows:

m 3
—r

(1 - m )2
P

O
n

. (4.11)
m mr3

| . —
p ‘ (1 - mr)
where the subscripts r and p refer, to the .radial and

- parallel permeameters respectively.

The correction is applied to a and b as follows:

a' =a- c T (4.12)
\ m .
- ? A - : » /q'
, \ b =b- (cn")0 > (4.13)
[ 4
where a' and b' are the porosity corrected values.
4.3.2 wall Correction
&“y ' ’
) Dudgeon (2) suggested that the velocity distribu- ]
\\\\*J/tion near the wall of the permeameter is influenced by the o

change in porosity due to the presence of the wall. He

foupd its effect to be significant to a distance of half

a particle diameter from the wall (Figure 4.1).
Mcéorquodale (IQ), modifying Dudgeon's expression

for the wall effect cpfréction obtained Eq. (4.14).

b

f L B P PO e
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1 particle
7

diameter =

Effective
///@Eﬁhﬁter
6‘ 4 \\
| ! ! W\ 1
t : ( - 3 particle
| \ ) diameter
| \ py
___________ | \\\_,/ .

R

PR

-z

P

mouﬂ.Paﬁmeuz

Figure 4.2 Effective Perimeter for

(a) Circular and
(b) Rectangular Permeameter.

Le Dn -2
Wos [ 1+x o= (4.14)
. P ¢ . .
where Wc = wall effect correction
Le = effective perimeter, which is

is taken to be the perimeter at
at a distance of half a particle

diameter from the wall (Fig. 4.3)"
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L, = total perimeter
A = cross-sectional area of the per-

. meameter. For the radial permea-
meter, this was taken to be the -
average x-sectional area.

X = A constant to account for permea-
meter cross-~sectional shape.

1.8 for circular permeameters

2.0 for rectangular permeameters

Dudgeon (2) noticed that the effect of the wall
was almost independent of the flow rate, for any medium.

Therefore, the wall correction, \Cw ; may be applied direc-

tly to a and b instead of v , in the following manner:

a" = a - C (4.15)
"no_ .
b" = b} (Cw) _ (4.16)
where a" - and b" are the parallel flow values corrected

for wall effect. The wall effect correction, Cw , is given

by:

C B cm—— , (4.17)

Combining the corrections for both porosity and

wall effect yields:

ap =a - C. ‘ocw , (4.18)
. 5
- b . . - o
bp (Cm) (Cw) , (4.19)
- Where ap and bp are the final corrected values

)

of both cohspants. The corrections for porosity and wall
Y

effect can bé.found in Tabel 4.3 and the corrected values

S B 20aR et Dl ot e
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of a and b are listed in Table 4.4.

>

4,4 Evaluation of the Radial Flow Results @ -

The series of converging‘flow tests, conducted
only for the idealized medium of spheres, was intended to
assess the reliability of the performance of the radial flow
permeameter. This w;s accomplished by comparing the results
to publisheﬁ data on converging flow.

The converging flow data were analyzeé, by means
of Eq. 4.3, in pairs of r; and ¢ . Thus, for each data
set, the a, value adjusted for porosity and wall effect
was inserted in the equation and the corresponding bc was
deduced. The walllcorrection was applied for each indivi-
dyal piezometer reading from the radial permeameter aécor-
ding to the cross sectional area where the piezometer was
located.

An average value for bc was then calculated for
each discharge and compared to the average value of the
adjusted paral%el f%ow b's. Finally, the éverage .bc
for the spheres based on all the discharges tested was com-
pared to the corresponding average bp .

The average bc for the spheres was found to be .
20% less thaﬁ the parallel' b value. This is in conformi-
ty with the values reported by Wright (23), McCorquodale
(10) and Nasser (11). Further, an estimate of bc for the

spheres was obtained. by Eq. 4.5.; this gave a bc value

h'}"- -
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22% less than parallel flow; this enhances the confidence
in the validity of Eq. 4.5. Hence, the values of b, _for

* the 2.06 cm rock and 3.16 cm rock were found by Eq. 4.5 to - \k‘

-t

a9

be, respectively, 19% and 16% lower than the appropriate
. ) /

parallel flow values. .

Analysis of the diverging 'flow data for the flow
medium by means of Eg. 4.10, was performed in a similar
manner to that described for the application of Eq. 4.3.

An increase in the bd value‘of approximately 5%, on, the
fkggverage, over that of parallel flow whs detected in each
ys

Y

case.

. Figs. 4.6 to 4.8 display scatter plots for the :

a

by values as compared to the parallel’ flow b . The bc
value, calculated by Eq. 4.5, can also be found in Table
“. . 4.4, | , \ , .
Fig. 4.9 illustra?es the scatter in the 'bc
values for the spheres. |‘ 3
: e

Table 4.5 summarizes and compares the results of

————a

A o s ey o

: all the a and b vélues obtained for the three types of
flow. ‘
’ ' . v
i , 4.5 ‘3 Discussion

.

4.5.1 Parallel Flow Friction Curves

Ry

-

The friction curves obtained from the parallel
flow data gave excellent correlations for all the porous

media tested. The values of the resistance coefficients

LT
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a and b decrease with the incre#se in particle size. This is
‘doncéivable as the smaller the graiﬁ size , the larger the.
sxgurface area exposed.and thus the.higher the resistance

offered by the medium to the flow.

4,5.2 Significance Of The Diverging Flow

Effect

The increase in resistance induced by
diverging streamlines would tend to inkibit the hydraulic
conductivity in non—Daréy-flow;the 5% increase was conéis-
tent in all cases tested. Yet, it ;s the author's conviction
that extensive investigations are still required before that
increase can reliably be quantified.

The estimation of the resistance coefficien-
ts a and b are extremely sensitive to porosity changes.
However, -porosity measurements are difficult to obtain ;ith
precision. This'was particularly critical in analyzing

. diverging flow . - . ‘ -

The diverging flow teésts were conducted
by feeding the flow from the bottom upward in order to
induce full flow conditioné, thereby énsuring divergence
of the macroscopic streamlines. Consequently, an uplift

type phenoménom was notiéed to cause a sllght expansion

of the medium and rearrangement of the particles during:

the experiments, As a result, the actual porosiéy\value

k4
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during the tests was higher than that considered in the

analysis. It should be noted that a small increase in

porosity of 1% caused the value of by to increase to 9%.

NoteA the kinectic eneréy term was incor-
porated in the ¢ term in Egs. 4.3 and 4.10 based on the
tfue velocity value. Nevertheless, tﬁeﬁgffect of the velo-
city head was not pronounced. ’ »

Figs. 4.6 to 4;§jaexhibit large scatter;
‘however , the analysis indiqate§;that the average value
“of by does not vary significantly from one flow to another.
This )further suggests that the eﬁfect of Reynolds number
on/;his apparent dive;ging flow effect, and for that matter
converging flow also, is minimal.

It is emphasized that many efforts have
been made by.research;rs to establish gh upper limit for
the application of Darcy;s law. The attempts centered
around representing thisvupﬁér limit by a critical Reynoldé
number, and many definitions of the characteristic length’
in' the expression were suggested. The'propbéed values
ranged between 0.1 and 75, a discfepancy which is Eeyond
coincidence.

As no turﬁﬁlence measurements were asso-
ciated with the flow 'tests conduéted in this study;tﬁe

author could not determine when turbulence started. How-

ever, the range of Reynolds number covered by the exper-'

| d
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iménts ensures the departure from Darcy's law.

4.5.3 Experimental Errors -

The experimental errors encountered in the study

o

may be summarized as follows:
1) Flow measurement errors using the v-notch tank, were

estimated to be in the order of t 1s.

. .

2) The piezometer board could only be read to an g%buracy‘

of ¥ 0.05 .cm.

)

3) The readings were taken frori piezometers tapped into the

side of the permeameter. Therefore, any irregularity of
the pore space caused by the presence of the wall would
affect the pressure readings.

4) The error in reading the porosity could be attribut-
ed to two main reasons, the first befﬁg"ihe‘reﬁention of .
water by the ﬁpper pores, and the second the error in-
herent in the piezometer board réadings.

5) An error in estimating the physical characteristics of
the media could reéult, because of the weight which could

1:0.005 gms, and the

3

only be measured to an accuracy of

+

error in measuring the volume, - 0.05 ém3 and ¥ 0.5 cm

for the small and large particles respectively.

A et
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CHAPTER V o |

CONCLUSIONS AND RECOMMENDATIONS /

5.1 Conclusions /

Based on this study, the following conclusions
are made: ‘ 4 | /
1) Flow resistance in parallel’non—Dafcy flow(increasés
with a-decreas2 in particle size. |
2) Converging streamlines cause the nonlinear resistance
terq of the Forchheimer equation to decrease by an amount
of approximately 20% relative to parallel flow, provided
tpe linear term is treated as a'constant for both flows.
-This confirms the trend reported in the literature.
3). Divergence of streamlines wa; shown to increasé'the
non-Darcy resistance coefficient by appro%imately 5% oyger
that of parallel flow.

4) The variation in the values of the Darcy and non-Darcy

resistance coefficients are extremely sensitive to porosity

. changes.

!
!
/

5.2 Recommendations For Future Research

The two permeameters intéoduced in this work
were aesigned for long term utilézation,,in a number of
* gtudies, as explained earlier.
Future research shou%ﬂ cover wider range of *°
pafﬁicle shapes and sizés and different ranges of ngnolds

-,
4
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| A more thorough definition of fibw reéime; is
needed; this will certéinly représent an i@porQaﬁt contri-
bution to research in the _field of porous medla flow.
4 |

The 1mprovement in hydraulic conductlglty causeﬁ .

Y
3

by converglng streamlines seems to be much more pronounced

than the apparent opposite effect induced by dlverglng i

. ©

streamlines. Therefore, examination of diverging flowfshoﬁld

\

proceed to attempt to single out the effect of divergence. , -

. i I
This will require more care in making accurate porosity i

. . . [s] 1
measurements and experimenting with a variety of angles ofl .
. . - I :
. .
' i
divergence. ) \
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(a) Small Rocks (b) Large Rocks /

(c) Spheres _ (d) Comparihg fhe Three

“

Ficure 3,1 Comparison of the Three Porous Media
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FIGURE 3,3 Piezometer Rack
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} \ o _ 4 Lo
' ) TaBLE '3,1~Characteristics of the Glass Sph;res ,' ”
- sample Weight. ‘Volugne " Specific Nc>r\ina1 oL
I B N
. L, \ : - \
. sea 20 282 1
2 460 . 1.9 242 152
3 4.89. 2.0 245 1.54,
4 a0 . 16 1251 1.45 |
5 825 1.7 250 REY
6 a7 9 ! 2.47 1.53 :
7 23 © 1.8 / 2.35 1.48 ., V2
"8 462 . 1.9. ' 243 1.5 -
e e 5o 26, 1as .
0 3 15 265 145 <
S e s s 267t s ‘
. R 2 1.50, |
T 13 40 " 1.5 2,67 1.4
A [ o 4. 23" 1% .
RNRT 480 ¢ 1.9 285 154
N6 a8 R TR X 1.59
| 7 5w 21 245 L6 i
W osn NS R ¥ E R ‘ I
19 a9 20 2.5 1.6 . <
20 a1 19 - 258 182 o
. ' : : v
\ . gv’erage ya1ue ------ "2.51 --- 1.5
N & ,
aJ ' ¢




O

- 73 - ’
‘o ' TABLE 3.2 Characteristics of the Small R'ocks Lo
. Sample Meight - Volume Specific * Nominal
No.. (gms) (cm3) Meight Diameter ~
#0.008 +0.05 : (gm/cma) {cm)
P .
1 12.45 7 4.6 .71 2.06
2, 39.65  13.5 . 2.94 2.95
'3 1340 5.2 o 2.58 - 2.15 "
v 4- 10,29 3.9 2.64 1.95 \
5 1.1 a2 2.65  2.00
6 9+79. 3.6 2.72 . 1.90 ; .
; A] | 7.78 3.1 . 2;§1 1.81 ‘ _ “£:2<
8 '5.34 2.1 2.54 . 1.59 ‘ T
s , 9 “11.50 - 4.7 2.45 2.08 . /f
10 . 9.80 3.4 " 2.88  1.87 ;
R B B 7.00 2.9 ‘E.él .77 . P
12 , 2.8 2.59  1.75 @ IR
. 13 - 8.3 3.7 2.25 .92 .~ 2
o4 1843 6.7 2.75 2.3 . 1
© o1 T 11.43, 4.5 2.54 2.05 . S ‘;:
‘ 16 21.11 8.5 . 2.48 ' 2.53 o
AR S b ‘.31.14‘ 11.0 ;;” 2.89' . 2.76 o
R V- 'sias‘ 2.4 " 2.65 1.66. -
19 0.4 a1 223 199 -
., \‘- 20 *. 11.45 3.3, 3.47- 1.851‘ ¢
, K o
; 4 o
- | y ° 5




Diameteq

-(em)
2.44
2.22

2.80
ﬂ.59

2.38,

N

2.03

2.09
2.02
1.79

2.19 "

2.06

- 74 -~
\‘ﬂ by (
R, "~ TaBLE 3.2 (coNTN'D) -
. Sample Weight Volume - Specific . Nominal
' ' &o (gms) O(cm3) Weight
+0.005 $0.05 (gm/cma)
A 2 19.85 g7".5v\ 2.61
, P 4.75 57 2.59
23 . 27:00 1.5 2,35
24 8.70 3.1 2.81
25 14.70 6.7 2.19
26 n.ar 4.4 2.68
b 27 15.25 4.8 '3.18
28 12.80 4.3 2.98°
. 29 /8.9 35 2.83
. « . 'i."' -~ s ) " . )
' R ¢ 8.55 -« 3.2 2.67
.o : B . dverage value ------ 2.66 ---
L . .
| ' |
- . | - |
o iy ¥, 2

Y UL I PR
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TABLE 3.3 Characteristics of_thevLarge Rocks

A,
N

Weight

Sample
“No. {gms)
‘ #0.005
B 59.95
2 .8
3 51.31
4 56.72
5 163.69
6 62. 31
7 88.48
8 66.95
9 137.13
10 - 40.38
n . \\\§9.78
2 . 86.77
13 64.79 y
14 23.60"
15 70.00
16 34.90
Y 42.10
18 ﬁ6.76
.19 36.11
20 © 33.98

Volume
(cm3)
£0.5
’21.5
13.5
18.5¢

Quzh.s
24,5
21.0
32.5
23.5

1155

15.5
18.0

40.0

v

26.5
9.0
24.5

712.5
15.5

195 r

14.0
. 12.0

]

Specific MNominal

Weight

L 2,79

Diameter

- (gn/em®)  (em)

3.92 a

2.43 “ 2.95

2.77
2.7
(f3.59
2,97

2.?2.
2.85
2.40
2.61
2.77
2.89
2,44
2.62
2,86

2.88.
2.72

2.0
2.58
2.83

\

3,28
3.40
2.60
3.42
3.96
3.55
3.09°
3.09 .
3.25
-3.86
3.70 . °

- 2.58

°3.60
2.79
3,09 .
3.34
2.99
2.84

«
e,

e v
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N

21
22

23
24°
25
26

27

29
, 30

e N

TaBLE 3.3 (conNTN'D)

Sample.
No.

Weight

(gms)
+0.005

30.
23.
25,
59.
57.
27,
32.
58.
26.
39.

average value ~-i-w- 2.

28

81

75

59

54
52
05
31
80
75

L

Voiume
(cmd)
0.5

12.0
9.5
9.5

21.0

21.0,
10.5
1.0
23.0

9.5
14.5

3

N ~N N ~N N N N [aM] N Ny
. .

g
- N

.84
.74
.62
.91
.54
.82
.74

™~

Specific
Weight
(gm/cm®)

Nominal
Diameter
(cm)

2.84
2.63
2.63
.42
.42
.53
276
.53
.53
.03

w N [ZV] n n (¥ w

69 <-~ 3.16
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TaBLE 3.l Characteristics of the Three Porous

Media

O o

Small  Large
Spheres Rocks Rocks
’ § Specific E&,
Weight Y .
(gm/cms) 2:5L 2.66 2.6?
Ym N
Nominat
Diameter N 1.51 2.06 3.16
D ‘ .
m
Shape i
Factor . 6.0 10.2 9.5
A - ' (estimated) (estimated)
S,

TABLE 3,5 In-situ Por051ty Values for the - .

Three porous Medla

, Spheres. Small
. . a  Rocks
Porosity ‘

. ‘ ' AF )
" . 0.37 4 1b.41
Parallel u ) "’
Permeameter

.Porosity
in,
. Convergwng
Permeameter

PorosTity
in -

10.385 -

Diverging
Permeameter

0.40. 0.42

e

Large - .
Rocks

0.40 *

B it e e
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+ TABLE 4,1 Range of Reynolds Number for the

Parqllel Flow Tésts

2z Minimum | . Maximum \

Reynélds No. © Reynolds No.
;ﬁiirgg + 960 _ - 4830 “
ookt 1830 | | 5950 X
;&éﬁscm - 180 | ‘. ' 11080 |
: -
\ x .

TABLE U4,2\Rgnge of Reynolds Number for the”
adial Flow Tests

Minimum ‘  Maximum
Reynolds No. - Reynolds No.
1. 51 Cm ¢ 4 6 N
Spheres a > o ) 5000
2.06 cm 4 : o . erg
200 75 , 5540
3.16 cm 68 a | 7993  #
Rocks 0 %
| k)
1.51 em . ) =
Spheres 720 - 5200
{conver=- . o :

ging) " .
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TABLE 4,3 Pox/’osity and Wall
all the Tests

*

-

Prallel Tests
1.51 cm Séhgres
2.06 ém Rocks
3.16 cm Focks
Radial Tests
%551 cm Spheres
2.06.cm Rocks

3.16 cm Rocks

1.51 cm Spheres
(converging)

“«

o

a

. - w
0-0107 N

- 93 ~

and b Values for the Parailel

Corrections for
-»

¢

Wall

Correction
a b
0.0151 0.0104

0.0112  0.0122

)]
0.0064  0.0075
0.0151 - 0.0104

Radial Flow Tests

3
‘ Porosity
Corrxection
a b
1.51 cm . 0.0105 0.0082
spheres
2.06 cm 0.0096 00104
Rocks
. 3.16 cm 0.0060 ° 0.0066
Rocks .
1.51 cm 0.0124 0.0089
Spheres ,
(converging)
9
<
TaBLE 4.4 a
TN and

,0.0346

0.0060

0.0l08
0.0101

0.0064

0.0128

i

b .

0.0097
0.0110 v
0.0066 ’

0.0092 .

0.0120

0.0079

0,0076
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3 A
NOMENCLATURE ,
A .Permeameter X-Sectional Area .
a 'Lamihar Coeffic%edt of the Forchheime; Equation .
ai;f—' Laminar Coefficiént'Corrected-fof'Porosity
a” Laminar Coefficiegﬁ'corrected for Wall Effects
a_ R C;rgepted Léginar Coefficient for Converging Flgw °
ay ) Corrected Lawihar Coefﬁici%Pt for 5i6erging Flow "
a, Corrected Laminar Coefficient-<£fof Parallel Flow . J
B Resistance\Qoefficient
b Turbulené\CAefficiené of the Forchheimer Equation
b" ] '?urbulﬁgt Coefficient Corrected for Porosity
b ' “iTu;bulent Coefficient Corrected for Wall Efféiss {
bc Corrected TurbulentQCoeffiélnt for Converg%ng Flow
bd 7 Corrected Turbulent Coefficient for Diveréing Flow ¥
bp ’ Corrected Turbu{ent Coefficiént Parallel N
) "Flow \ \
C Resistance Coefficient , N \.
Cm' ?orrection for 'Porosity . . . %
éw Correction for &all‘Effecfg %
Dm' Mean ‘Nominal Diameter * ; ;
de Equivalent Diameter 3
d Nomindl Partic}e Diameter - i
d. Pore Hydraulic™ Radius *~—.
a.! Effective Pore Hydraulic Radius ;
£ ¢ Resistance Coefficien;- , e ' 3
o 3
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f Friction Factor -
e . ! @
[N
f0 . Friction Factor
N R 4 J .' o f .
f) G Particle (Shape, Size and Roughness) Coefficient
' g ' . Acceleration Due to Grévity .
Y T .
. i Hydraulig Radius.
K" -  Permeability.or Hydraulic Conductivity(- .
F , B Lo o } E ctive Perimeter /‘\ .
\ ’p/L,t YTotal Peﬂeter M‘ 3 '
‘,,3:, ‘,p M ' Resistance Coefficient ° '
S - . .
_ , " g ,
m Porosity- . - , ‘
. m . # Porosity in Parallel Permeameter .
(p L 1 . i .
~' ' m,. Porosity in Radijl Permeameter ‘ .
|~ ) : G . . ‘ '
e Resistance Equation Exponent \/, J’
, ' g ‘
Q . Flow w . kx
g * ' Microscopic Velocity 2 \
R .- . Reynolds Number g >
> - T %
. Rp " Pore Reynolds Number ) , b
R, Wright R&ynolds JNumber .
\ ¥
. ER Radius of Convergence
: ) . - Tg Radius~of Divergence
: 9 S, ' Surface Area of Particle g ‘
: ¢
! S, i Specific/Surface of Particle
§ ‘\ 4
; .ooT Tortuo/ity | / ‘
g * tuog | |
e ' Vm Volume of Particle
| o ) '
; / < . .
;{* Ve s Total Volume
', A »~
,/ t -~ !
g ”
/ / | |
/ ' . 9 g
P
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4 o)

.
' ~ . ' A
. .

Ve
v . Volume of Voids
v { '

v . Macroscopic Velocity
%@ \ Weight of Partic}g P
, W .Width of.Perme eter | ¢
X © X-Sectional C;ijbkpt (1.8 for Circular and 2.0 for
Rectangular Permeameters) N )

N
\

' GREEK LETTERS

" a Resistance Coefficient
@ B , Resistance Coefficient
’ it
T Specific Weight of Porous Media ‘
] " Angle of Divergence/Convergence
A . Shape Factor *
* 4 <% ; .Dynamic Viscosity
, - \";'(L' "a'
v " Kinematic Viscosity . % :
Resistance Coefficient ' ’
"; N , ; ’ /\ | r
) p ~Density °
g Standard Deviation of/Mean Nominal Diameter
. AJ
¢ Piezometric Head
3 ‘
v Resilstance Coefficient
b Resistance @oefficient -~
: »
!
¥
’ -
L] v -



