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SUMMARY

" This report describes and presents the results of research into
non-Darcy flow of groundwatet and some of its implications in éfoundﬁa;

ter engineeting.

‘The work covers both low shear rate flows and high Reynolds number
flows. “In the former case non=Darcy flow effects are attributed to the
molecular structure of watér while in the latter case'tﬁéyrare'éttri;

buted to energy losses caused by {mertia and turbulence.

The investigation of low shear rate flow of water included an
extensive literature survey and an experimental investigation of low
velocity flow in 2 long capillary tube. The experiments were designed
to examine the possibility of non-Newtonian flow of water occurring at
low shear rates in conduits with diameters large enocugh for the layer of
water affected by surface forces at the boundary to have negligible
effect on the flow. The cenclusion drawn froum the results was that pure
water behaves as a Newtonlan fluid down to shear rates as low as 10~%

sec™! but that water containing dissolved air acts as a thixotropic

non-Newtonian fluid at shear rates below 10™* sec™!. It was found that
the vigcosity could be altered by the fnput of energy resulting from
shock or vibration. The effects observed were attributed to changes in

the molecular structure of the water.

The investigation of non-Darcy flow of groundwater at high flow
rates consisted of a survey of existing knowledge of non-Darcy flow in
porous media at high Reynolds uumbers, a numerical investigation of
unconfined non-Darcy flow into large diameter wells and pits and a

series of large scale experiments to verify the numerical work. The
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finite element method was used to explore the relatfonships between
geometric and flow variables for a range of conditions likely to be
gncountered. in groundwater engineering practice. Unconfined flow to
fuliy penetrating pits with unrestricted side eatry, to partially
penetrating pits with both bottom and side entry and to partially
penetrating plts with only bottom entry were all investigated. An
extensive set of tables and graphs is provided in Water Research Labora-—
tory Report No. 163 to allow non-Darcy flow effects to be assessed for
the raunge of well and pit geometries and aquifer properties likely to be
encountered. Applications in mine de-watering and extraction of ground-
water supplies are discussed and examples are given of the use of the

results in actual investigations.
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LIST OF SYMBOLS

‘Symbols are defined within the text following their first use and
again when some particular purpose is served by doing so. The main sym—

bols are listed below to allow easy reference.

a . coefficient in Forchheimer.equation 1 = aV + bV¢

b coefficient in Forchheimer equation i = aV + bV2

c coefficient in equation 1 = cVF

.d. diameter of particle; or internal diameter of tube

dio sieve opening through which 10 per cent by weight of a granu-

lar material passes

d50 . sleve opening through which 50 per ceant by weight of a graau-

lar material passes

dar effective hydraulic radius of flow channels in a granular

porous medium

e - pore dimension in granular porous medium
f0 Darcy-Weisbach pipe friction factor in Equation 2.6
£ Darcy-Weisbach pipe friction factor in Equation 2.6

i
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gravitational acceleration

height of piezometric surface above base of aquifer; or head
height of bottom of well or pit above base of aquifer

height of free water surface at well or pit above base of

aquifer

height of plezometric surface at radius of influence above

base of aquifer

height of water surface in well or pit above base of aquifer
hydraulic gradient, g%

distance in direction of flow

aquifer thickness; or porosity in Equations 2.5 and 2.6
exponent in Equation i = V"
macroscopic flow velocity in Equations 2.5 and 2.6

radial distance from centre of well or plt

radius of influence
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radius to well or pit boundary

drawdown of piezometric surface below level at radius of

influence: s = ho - h

drawdown of free water surface at well or pit below level at

radius of influence: S¢ = h =-h
o} f

drawdown of water level in well or pit below level at radius

of 1anfluence

time

cartesian co-ordinates Xys Xoy Xq

area

coefficient in equation s, = AQ + BQ2
coefficient in equation s, = AQ + BQ2
Hedstrom number for non—-Newtonian flow

coefficient in Darcy equation Q = KiA
porosity

volumetric flow rate (discharge)
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R’e Reynolds number

] ‘ storage coefficient

Ss specific storage coefficient

T transmisgivity of aquifer: T = mK
v macroscopic flow velocity

v volume

X length characterising flow geometry
Q density

" viscosity

v kinematic viscosity

T shear stress
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~ 1. INTRODUCTION

The flow of Fluids through porous media has been subjected to

extensive study since Darcy {(1856) published the results of tests on the

rate of filtration of water through sand. The porous media have

included naturally occurring unconsolidated sands and gravels, artifi-

cial filter media used in industry, soils, clays and consolidated rocks.
Fluids have ranged from gases through liquids such as water to maaufac-
tured materials of complex rheology. The results have provided a general
framework of knowledge of flow through porous media in which the more

specific subject of groundwater flow should be examined.

In this introductory chapter the terms “"groundwater” and "anon~Darcy
flow” are defined and non-Darcy flow of groundwater is related to the

general field of flow through porous media. The conditlons which may

-give rise to non-Darcy flow of groundwater are outlined and the possible

effects of non-Darcy flow {in groundwater engineering are briefly
referred to. Finally, the scope of work covered by the report Is set

out L

1.1 Groundwater

Groundwater is defined as water which occurs i1a the saturated zone
beneath the earth”s surface In an inter-connected system of voids
through which the water may flow. It 1s normal to exclude Ffrom the
definition, and to treat separately, water in the overlytné unsaturated

zZone.



The unsaturated zone may be subdivided into a soil water zone at
the top, an intermediate or vadose zone and a capillary fringe. The
latter is an extension of the saturated zone and coantains water held up
- against. -gravity . by surface forces at the water-air and water-solid
.-interfaces. 1Its thickness is of the order of millimetres in materials
.with large pores such as open gravels and of the order of metres in
- flne-grained materials such as clays. The degree of -saturation wvaries
from a2 minimun at the top, where only the smallest pores are saturated
.and vertical connection of the water 1is discoatinuous to 100 per cent

where the fringe joins the saturated zone.

Whether or not flow in the capillary fringe can be neglected
without' introducing appreclable ervor depeads on the type of problem
under consideration. It may,ffor.instance,,be a major component of both
~horizontal aad vertical flow in the drainage of solls and other fine-—
grained uncoufined naterials. However, in cases of substantial lateral
flows to. excavations such as wells, mine shafts and open-cut mines con-
sidered later -in this report the contribution of the capillary fringe

can safely be neglected.

The cases examined subsequently are those for which inflows are
largé enough to be useful as water supplies or to present de-watering
- problems. Porosities and permeabilities will be relatively high and-the
capillary fringe thickness-will be smali in comparison with that of the
-aquifer..  Unconfined aquifers with .transmissivities low enough for the
fringe to contribute significantly to the lateral flow are unlikely to
be significant sources of water for exploitation. Nor are they likely
to present serious problems of water inflow to civil ov mining engineer-

ing excavations.

2




Groundwater 1is not pure water. Since it comes into contact with
soluble materials both before and after entering the ground it may con-

tain a wide variety of types and concentrations of dissclved substances.

Both ionle and non-ionic solutes may affect the physical properties
of water, particularly near solid boundaries. Since groundwater flows

in close proximity to very large areas of solid surface there is consid-

.erable scope for molecular interaction between the : flowing groundwater

and the boundaries. This interaction may have the eEfect of reducing or

even preventing flow within some distaace from boundartes.

The chemical composition of the groundwater may also have an appre-

ciable effect oan the bulk flow (i.e. remote from bouadaries on a molecu-

lar scale) since it may affect forces actiag between water molecules.

- It may also affect the respouse to exteranally applied forces such as

those imposed by electric and magnetic fields. The well known electrok-

inetic effect is an example.

The boundary and bulk flow effects described may be Importaat for
flows at low hydraulic gradients. These may occur in groundwater flow-
ing naturally in aquifers where flow paths are long and head differences
are small or near the radius of influence of a pumped well, mine or

other excavation.

1.2 Groundwater Flow

Groundwater flow occurs mainly in aquifers, which have relatively

large pores, and to a lesser extent in aquicludes and aquitards which

have pores so small that there is little or uo Fflow. Flow of groundwa-

ter 1s a pacrticularly complex example of flow through porous media. It




occurs through an irregular network of channels bounded by the particles
or blocks of which the aquifer is composed. This contrasts with flow
through manufactured porous materials or beds which are normally much

more homogeneous.

The interconnected porosity of unconsolidated or consolidated rocks
through which groundwater flows may be distributed more or less randomly
or be repeated cyclically throughout the flow region. For example,
unconsolidated aquifers composed of sands and gravels frequently have
randomly located strings of coarse open gravel which act as preferred
flow channels through a less permeable matrix. Aa even more complex
distribution of flow chaannels would be that of a porous limestone with
small scale random porosity between particles of limestone, larger scale
porosity of a regular fracture system and an ircegular network of large
solution tunnels and caves which act as main flow arteries fed by water

flowing from the other pore systems.

Because of this lack of homogeneity it may be necessary to view
groundwater flow on one or more of several scales. The scale of the
pore or fracture is often referred to as the "microscopic" scale whereas

the scale at which the aquifer can be treated as a continuum 1s veferred

to as the "macroscopic" scale. These definitions will be adhered to in
this report. If a flow fileld extending over part or all of an aquifér
is analysed using equations valid only for flow on the macroscopic scale
it is to be assumed that the scale of the porosity is microscopically

small relative to the flow region considered.

Engineers and hydrogeologists concerned with the exploitation or
drainage of groundwater are not normally interested in details of -Flow

at the microscopic scale. Equations for use {im practice should thus,

s
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wherever possible, apply on the macroscopic scale. However, the deriva-
tion of these equations and iavestigation of the limits of their vali-
dity require an understanding of the physical and chemical behaviour of
static and flowing groundwater on the microscopic scale. Subsequent
discussioa of the basic retationships applicable to groundwater flow
will thus be coacerned mainly with the microscopic scale whereas appli-
cation of the equations to the solution of flow problems of practical
importance in groundwater hydrology and engineering will be discussed on
the macroscopic scale. An exception is where flow converges to a well
or other excavation in a fractured rock aquifer and i{s concentrated into
a small number of fractures at the inflow face. Under such condittons

it is necessary to treat the flow on the microscopic scale at the inflow

face and the macroscopic scale at more remote polnts.

Groundwater flow accurs over a very wide range of velocities and
hydraulic gradients with a large proportion of cases of hydrologic and
engineering interest involving moderately low flow velocities. For
these velocities a linear relationship between the wmacroscopic flow

velocity V and hydraulic gradient dh has been found to apply.

di
This relationship,
- 2 . gdn |
v A K 31 (1.1)

is known as Darcy”s law. The macroscopic flow velocity V is calculated
as the volumetric flow rate Q divided by the gross cross—sectional area
of the flow A. The coefficient of proportionality K is knowa as the

transmission constant, coefficient of permeability or hydraulic conduc—

- tivity.



Deviations from Darcy”s law have been reported for both high and’

low flow rates for porous media for which the law has been found to hold

at intermediate flow rates. However, the limits of wvalidity of Darcy’s

law have not been clearly defiaed.

Flow which does not obey Darcy”’s law is referred to as non-Darcy or

non~linear flow. The former term will be adopted in this report.

1.3 Non-Darcy Flow of Groundwﬁter

Non-Darcy flow is defined as flow for which the macroscopic flow

velocity V is not linearly proportional to the hydraulic gradient %%\

Non-Darcy £flow at high flow rates has been reported from many
laboratory permeameter tests and well-flow simulation experiments siace

Darcy”s experiments on flow through sand were carried out.

Flow behaviour attributable to non-Darcy flow of groundwater has
also been observed on numerous occasions near pumped boreholes and other
points of flow concentration. Head losses near these points of rela-

tively high velocity have been found to be much higher than those

predicted by equations based on Darcy”s law. However, in the absence of
plezometric measurements in the aquifer just outside the inflow face it
has been found difficult to distinguish between high head Iosées caused
by non-Darcy flow in the aquifer and head losses caused by screeas,

drilling mud intrusion or other construction effects.

Non-Darcy €low near pumped boreholes may have great practical sig-
nificance. 1t may, for iastance, severely limit the inflow to bhoreholes

used for de-watering aquifers or extracting water supplies. It may also

F4



#

be respoasible for maintaining groundwater levels around boreholes much
higher than would be the case if flow near the inflow face obeyed
Daréy’s law. The conditions under which non~Darcy flow near boreholes

has a significant effect on flow rates and water levels have been out-

lined by Dudgeon and Cox (1977).

Neglect of non-Darcy flow effects when predicting inflows to, or

-water levels in and around boreholes may result in the introduction of

an unacceptable degree of error under some coaditions. -Although the

region in-which non-Darcy flow occurs may be a small part of the overall

- flow field it may have a disproportionately large effect on the flow

because of the relatively high head losses involved. The effect on

water levels aad velocities extends into the rest of the flow field.

The occutrence and effects of non-Darcy Flow near excavations such

as nmine shafts, open cut mines and other large open pits has not, to the

_ author”s knowledge, beean the subject of published research. A litera-

ture search failed to reveal any information on the subject. The lack
of information is attributed partly to the commoa belief that non-Darcy
flow will occur ouly near holes of relatively small di#metet and partly
to the analytical and experimental problems associated with an investi-
gation of uncoafined non-Darcy flow to large diameter partially
penetrating pits. Because of the economic iwmportance of mine de~
watering and of large dug wells in some parts of the world, am investi-
gation of unconfined noan-Darcy flow to large pits was chosean as part of

the research described in this report.

Non-Darcy flow at low velocities has also been observed during

.- laboratory experiments. However, to the author”s knowledge, ao con-

clusive demonstration of non-Darcy flow of groundwater at low velocities



has been made in the field. The potential importance of the occurrence
of such flow In aquifers and of the possible i1mmobilisation of water in
~regions of low hydraulic gradieat warrants investigation of possible
causes and consequences. Although velocitlies assoclated with such flows
may be very small, the flows may occur over very large cross—sectional
areas and iavolve high volumetric flow rates of economlc importance. A
typical example would be recharge flows at low hydraulic gradients into
extensive artesian groundwater basins such as Australia”s Great Artesian
.~Bas£nf Hydraullc gradients assoclated with flows through these basins
are often very low because of the large flow distances between recharge
--and discharge areas. Flow through such a basin and the amount of water
which can be extracted without "aining” the resource could be seriously

over-estimated if  the extrapolation of Darcy”s law to very low flow

rates were invalid.

Although a substantial number of iavestigations into non-Darcy flow
at low velocities through porous media have been reported, little of the
information is of direct relevance to flow in aquifers. Most of the
_ work relates to drainage of clays>under relatively high hydraulic gra-
dients. Much of the experimental evidence is conflicting and important
~ variables were not always controlled. There is little quantitative evi-
dence available in published literature on the occurreace of non-Darcy
‘flow at low velocities in porous media with pore sizeé of the order of

those agsociated with aquifers.

As a contribution to the scaant knowledge of non-Darcy flow in
aquifers at low velocities, an investigation of the low shear-rate flow
characteristics of water was undertaken as part of the research desribed
"in thils report. The afim was to determine whether non-Newtonlan flow

could occur in pores of the relatively'large size fouad 1in aquifers and




whether this could cause the deviations from Darcy”s law observed at low

macroscoplc flow velocities.

1.4 Scope of Report

. The scope of the research covered by this report and aims which the

work was intended to satisfy are summarised below:

1.  Evidence for the occurrence of non-Darcy flow of grouadwater aad
factors affecting its occurrence at both high and low velocitles is

evaluated..

2.. Existing explanations for the occurrence of non-Darcy Fflow at high

velocities in porous media are discussed and related to groundwater

flow conditions.

3. An hyporeport that the occurreace of non-Darcy flow at low veloci-
ties in porous media may be due to non-Newtonlan flow properties of

> bulk water at low shear vates 1s proposed and evaluated.

4. The results of laboratory experiments desiganed to investigate the
occurrence of gon-Newtonlan flow of water in capillaries are
presented. The relevance of the results to low velocity groundwa-

ter flow is discussed.

5. The implications of non-Darcy flow at high veloclities in groundwa-

ter engineering are examined. The results of numerical and experi-
mental investigations are used to demoastrate that non-Darcy flow
can have a major effect on groundwater inflows to, and water levels

around, large diameter open pits 1ia unconfined aquifers. The
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- results are rvelevant to the design and managemeant of open-cut

wines, mine shafts, civil engineering excavations and large diame-

ter wells in highly permeable aquifers.

A set of dimensionless curves derived from the results of numerical
analysis and aimed at facilitating the prediction of inflows to,
and water levels at, opea pits in unconfined aquifers is presented.

The curves cover the full range of aquifer thickness, pit diameter,

-radius of Ianfluence, degree of penetration of the aqutfef and per-

meabilities likely to be met in practice. They should enable many
well-flow and excavation problems to be solved without the use of a
large computer and should allow reasonable preliminary estimates to

be made for problems with more complex boundary conditions. These

‘estimates can then be used as laitial trial values Ffor particular

computer solutioas.

The results of field investigations of water level changes caused
by test pumping at proposed sites of opea cut mines and actual de-
watering of mines are included to support the results of the numer-
lcal and experimental studies. Examples of the prediction of

inflows to these mines and to water supply wells in a gravel

aquifer are also given.

fa
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2. NON-DARCY FLOW REGIMES

In Chapter 1, reference was made to Darcy flow and to non-Darcy
flow at both high and low velocities. It 1s relevant at this stage to
define these flow regimes more precisely, examine known and possible
causes of deviation from Darcy’s law aad discuss appropriate criteria
for defining the limits of the Darcy flow regime. Only those aspects
relevant to the prediction of groundwater flows in aquifers are dis-
cussed. The reader 1is referred to a review by Hannoura and Barends

{1981) for a broader picture of non~Darcy flow ia porous media.

2.1 Evidence for Darcy and Non-Darcy Flow Regimes

Experimental permeameter iavestigations which have covered a suffi-
ciently wide range of porous media and £flow rates (Slepicka (1961),
Dudgeon (1964), Kazemipour (1974)) have demonstrated that the flow can
be divided iato a number of regimes. For one of these, the Darcy flow
regime, the linear relationship between macroscopic flow velocity and
hydraulic gradient expressed by Equation (l.1) has beean found valid
within the limits of experimental accuracy. For high velocities, the
relationship between velocity and hydraulic gradient becomes non-linear
with the gradient increasing with velocity at a higher rate than
predicted by Darcy”s law. The permeameter test results provide some,
but not conclusive, evidence that a non—linear relationship may also
apply to very low velocity flows. However, the great difficulty of mak-
ing accurate measurements of low velocities and gradients has resulted

in very few data sets being available for analysis.
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A plot of a carefully taken set of permeameter results (Dudgeon
(1964)) 1is reproduced in Figure 2.1. Table 2.1 shows the data from
" which™ the ‘graphs were plotted. The non—-linearity of the data is clearly
evident at high velocities. The data for two of the materials also show

~definite deviations from Darcy”s law at low velocities.

The scatter of pofnts and small range of velocity and gradieat
“covered by many other sets of published data make it difficult to deter-
‘mine the exact nature of the.flow relationship. In Figure 2.1 the same

problem arises in the lower part of the velocity range. Had it been
possible to make wmore accurate and lower gradient measurements, the
existence of a low velocity non—Darcy.flow regime could have been esta-
blished as clearly as has beea done for the high velocity non-Darcy

regime.

Although it has been argued theoretically (Stark and Volker (1967))
‘that there should be one continuous relationship between flow rate and
hydraulic gradient, the experimental evidence available justifies the
division of the flow range into distinct pre-linear, lipear (Darcy) and

post-linear regimes.

The theoretical arguments of Stark and Volker were based on solu-
tions of the Navier-Stokes equations for flow through ordered arrays of
regularly shaped particles. They do not allow for the possibility of
re-ad justment of flow paths through real porous media as the hydraulic
gradient alters. Separation of flow at expanding channel cross—sections
and the disproportionate iacrease in head loss in the higher velocity
flow filaments could play a significant part in causing observed devia-
tions from a continuous macroscopic velocity-hydraulic gradient rela-

tionship covering the 1linear and post 1linear regimes. Nor does the

€
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PERMEAMETER TEST RESULTS

(Dudgeon (1964))
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Table 2.1: Permeameter Test Results (Dudgeon (1964)) Plotted In Figure 1.1

(1) River Sand (11) 0 ~ 5mm River Gravel{(iii) 2 - Smm Crushed Dolerite (iv) 5 - 10mm Crushed Dolerite |
v i ' i ' i v i
(m/ s) (m/ 8) {m/ 8) (m/ s)

1.38x10"2 | 11.30 5.33x1072 | 10.50 1.00x10~1 11.70 1.41x10™71 12,40
1.34x1072 | 11.00 4.30x10~2 7.37 8.05x10~2 8.04 1.18x10~1 9,37
1.06x10~2 8.06 3.44x1072 5.31 5.52%1072 3.98 8.96x1072 5.89
9.91x10~3 7.75 2.10x10~2 2.55 3. 78x10~2 2.06 7.38x10~2 4.10
8.11x10™3 6.15 1.55x10"2 | . 1.68 2.60x1072 1.10 5.03x10~2 2.04
5.73x10~3 424 1.08x10~2 1.03 1.68x10-2 0.537 3.47x102 1.06
4.57x10~3 3.13 6.37x1073 0.532 1.08x10™2 0.273 2.34x10"2 0.541
2.90x10™3 1.96 3.72x1073 0.283 4.30x1073 7.53x10™2 1.54x1072 0.268
1.63x10-3 1.12 2.83x10~3 0.208 2.46x10~3 3.80x10~2 1.03x10~2 0.140
9.54x10™% 0. 659 1.29x10~3 9.01x10~2 | 1,71x10"3 2.50x10~2 6. 43%x1073 7.08x10™2
5.73x10~* | 0.387 6.95x10-3 |  4.81x10-2 | 9.42x107% 1.31x10~2 3.90x10~3 3.47x102
5.49x10™% 0. 400 4, 11x107" 2.89x1072 | 4,69%x107% 6.45x1073 2.35x1073 1.78x1072
2.66%10™% 0.198 2.27x10™" 1.54x1072 | 1.80x10™% 3.30x1073 1.12x10~3 7.79x1073
1.42x10™% 0. 103 1.05x10™% 7.7x10"3 6. 86x10™5 1. 4x10-3 3.66%107 2.54x1073
1.24%10™" 8.42x10"2 | 3.96x1075 2.8x1073 3.85x107° 1.3x10™3 1.03x1074 1.15x10~3
7.44x107° 5.48x1072 | 1,71x10~5 1.3x10"3 2.87x1075 7.4x107 9.27x107° 6. 56x107"
2.86x10"5 1.92x1072 | 6.98x10™© 6.6x10™" 1.58x1075 4.1x107% 6.95x1075 6.56x10™"
1.80x10~5 1.15x10™2 3. 41x10™5 3.28x10™"
1.78x10™5 1.27x10~2 7.19x10~* 4,84x10~3
1.00x10™5 6. 6x10™3 7.04x10™" 4.84%10™3
5.36x10° 2.6x1073
2.88x10"8 2.8x10~3
6.40x10~7 6. 5x10™"

_{7‘[_
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.,theptetical_ analysis allow for the possibility of non-Newtonian flow
-effects at low shear rates. 1In the pre~linear regime, reduction in

effective flow channel cross-sections as a result of surface forces

immobilising water near boundaries may occur. At very low flow rates an
increase in effective viscosity may also result in reduced nicroscopic

flow rates in zones which are remote, in terms of molecular size, from

;bqundaf;gs. These microscopic flow effects would have a marked effect

on the_mac:oscopic flow relationship at low flow rates.

1_2.2 :Relationship Between Velocity and Hydraulic Gradient for Darcy and

Non-Darcy Flow

V:Thg:;wo forms of equation which have been proposed most frequently

to cover the complete range of flow through porous media are:

i = ¢V (2.1)

-where ¢ and an are numerical constants for a particular flow regime, aund

i = av + bv (2.2)

lwhére a and b are numerical coefficients. Equation (2.2) is attributed
to Forchheimer (1901). The equation will be referred to as the For-
fchhgimer equation and the coefficients a and b as the 1linear and non-

:11near Forchheimer coefficients throughout the remainder of this report.

The best fit to accurate permeameter data which covers a wide range

iof the variables V and 1 is obtalined by fitting different palrs of the

“cbééfiéiénté a and b to parts of the data representing different Flow

regimes. However, a single pair of Forchheimer coefficients can be
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fitted to linear and post—linear flow régime data such as that plotted
in Figure 2.1 without the deviations exceeding the possible experimental
‘error. This level of accuracy is more than adequate for wmost gréun&wa—
" ter flow analysis iavolving moderate macroscopic velocities whea other

‘uncertainties are taken into account.

The smooth curves plotted in Figure 2.1 were calculated>hsing'F6r-
“chheimer coefficients obtained by first selecting a valué of the coeffi-
cient a to mateh the Darcy flow section for a set of data and then
selecting a value of the coefficieat b to fit the high velocity data.
‘The coefficients are listed in Table 2.2. The good fit is appareat from

the plot.

Table 2.2: Forchheimer Coefficients Fitted to Data in Table 2.1

Forchheinmer
Material _
: Coefficiants’
d10 d50 porosity a b
Type )
(mm) | (mm) | (per cent) | (s/m) | (s?/n?)
(1)  river sand 0.27 | 0.53 |  38.7 700 9700
(11) Omn-5mm gravel 0.95 | 2.3 41.8 70 2400
(1i1) 2mm=~5um dolerite 1.9 3.2 41.7 13 - 1100
“ltiv)  Smm-10mm dolerite | 4.7 | 6.4 45.8 6.5 700
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Equation (l.1) which expresses Darcy”s law, can be re—~arranged to

give:
N ,
i X v . . (2.3)

For -all practical purposes the coefficlent a in the Forchhelmer
equation. can- be equated to '113 over the Darcy flow range since the term

Ve is very small.

1f Equation (2.1) is adopted instead of the Forchheimer equation,

c=% for the Darcy flow regime and n = 1,

It will be observed from Figure 2.1 that the experimental data

points for low velocities do not Eit the Forchheimer equation curves.

As the velocity approaches zero the curves fall below the experimental

" points. When examining the fit it should be kept‘in mind that the accu—

racy of the lowest polnts is ‘doubtful bhecause of the difficulty of main-

‘talning a steady flow and measurlng the very small flow rates and head

differences.

If the trend of the low velocity measurements were to coatinue to

‘zero flow, the actual curve velating the velocity V and gradient 1 would

‘intersect the i axis at a finite pgradient. This would 1indicate the

existence of a "starting” gradient which must be overcome before flow
commences and confirm that the water had non-Newtonian flow properties

at low shear rates.
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- 2.3 Upper Limit of Darcy Flow Regime

Turbulence measurements by Dudgeon (1964) and Wright (1968) and
visual observations by Schneebeli (1955), Chauveteau and Thirriot (1967)
and Kyle and Perrine (1971) in flow through granular wmedia have demon-
strated that the upper limit of the Darcy flow-regime occurs before tur-
buleance commences in the. flow. This confirms the theoretical analysis
of Stark and Volker {1967) that inertial effects cause a significant
~ deviation from a linear relationship between the macroscopic flow velo-
city and hydraulic gradieat before turbulence occurs. The continual
acceleration and deceleration of the flow on a microscopic scale induces-
a head loss additional to that which is proportional to the macroscopic

flow velocity.:

The stability of the. flow in individual channels depeads on the
shear rate and the lateral dimensions of the flow. For a given geometry
of the flow passages the shear rate will depend on the volumetric flow
rate Q -and thus on the macroscoplc velocity V. The criterion for the
upper limit of laminar flow should thus be a Reynolds number !%ﬁ where X
is a dimension representing the cross-sectional size of flow chaannels
and / and u are respectively the fluid density and viscosity. For flow
in ecircular pipes, all of which have geometrically similar cross—
- sections, the diameter 1is an appropriate choice for X. A relatively
constant value of Reynolds number is found to define the upper limit of
laminar flow in pipes. Unfortunately, porous media do not, in general,
have geometrically similar microscopic flow cross—sections even if the
particle shapes are geometrically similar. For this reason, oo single
value of Reynolds number has been found to define either the upper limit
of laminar flow or the upper limit of the Darcy flow regime. Despite

this difficulty, Reynolds number 1is the only valid indicator of the
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upper , limit of laminar flow or of -the Darcy flow regime for similar

porous media.

é,kﬁglthqugh_it is difficult to predict aeccurately, for a given porous

...~ medium, the velocity, hydraulic gradieat or Reyn?Lds aumber above which
ii§;ggi§}¢agg_ggviattons.from Darcy”s law will occur, the reasons for the
oy deviations have bgen\well establishgd_by the theoretical and gxpgrimen—
_:{ftﬁlk ;Qvggc{gations previous}y referred to. Oncg,rthought to be the
. +~result of. turbulence alone, it is now known that the deviation_;pmmences
- .with the occurreace of significant inertial effects ian the microscopic

: .£low.channels and that it is only at considerably higher flow velocities

and hydraulic gradients that a tramsition to turbulent flow occurs. The

linear aad post-linear flow range wmay thus be sub-divided iato linear

m;gg;nagﬁ(D;rcy),:nqnfiiuearzlaminap,rt;ansi;@onaturbulent and turbulent

tegimes.. . In practice it is not always necessary or practical to distin-

.- guish between the last three.

: ..In groundwater flow it is probable that fully turbulent flow rarely

-'develops .since sufficiently high Reynolds nuabers are only likely to

..occur at points of extreme flow concentration.  However, the velocities

at which significant deviations from Darcy”s law have been observed in

very permeable aquifer materials are well inside the raunge which may

;. occur near high yilelding boreholes and wells and deep excavatlons below

~the:water table.

~-:2+4 Lower Limit of Darcy Flow Regime

Although the change from linear to post—linear regime flow may be
dafined by a Reynolds number based on the microscopic flow veloclity,

this parameter may aot be sufficient or even a wvalid parameter to
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characterize the lower limit of the linear laminar flow regime.

The upper limits of the 1linear laminar aad non-linear laaminar
regimes are affected only by the viscosity of the flowing fluid, local
velocity gradients and pore dimensions since the deformation of stream~
lines resulting from inertial effects and the development and growth of
torbulent eddies depends on these variables alone. Local velocity gra-
dients are governed by pore dimensioné and flow rates through the indi-
vidual pore channels. These t'loé rates depend in turn on the macros—
copic flow velocity s0 1t 18 wvalid to use a Reynolds'nﬁmber based on
pore dimensions and macroscopic flow velocity to distinguish between the

linear, inertial and turbulent regiwmes.

The Reynolds number incorporates a single variable, the viscosity,
4, to define the velationship between shear stress and shear rate
throughout the flow. It should be noted that shear rate and velocity
gradient are identical for laminar shear. The use of a siagle viscosity
téerm is sufficient 1f the fluid behaves as a Newtonlan fluid at all
points since u, which is equal to the ratio of shear stress to velocity
gradient, will remaln constant throughout the flow even if microscopic

velocities approach zero.

1f the fluid is non-Newtonian a single variable is not sufficient
to define the relatlionship between shear stress and shear rate at all
points in the fluid. Reynolds number will thus not be sufficient to

 characterize pre-linear non-Darcy flow or define the change to linear

flow.
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The simplest reason which can be cited for the occurrence of a
iower limit to the wvalidity of Darcy”s law and the existence of a pre-
linear flow ragime. when water flows through a porous medium is that
water can display non—Newtonian flow characteristics at low shear rates.
Since this report is concerned with groundwater, and hoth groundwater
and the water flowing in laboratory permeameter experiments may coatain
a variety of types and concentrations of impurities which may affect
their physical propertles, the term water used in this discussion does

not refer to pure water unless otherwise stated.

iAithéugh it—«haé been .conclusively established that, within the
accuracy of-measurement; water behaves as a Newtoalan fluid at normal
shear rates, this does not preclude the possibility uof either pure water
or water containing dissolved substances from deviating from this
behaviour at low shear rates. Water could exhibit several types of
non—Newtonian behaviour at low shear rates without this being evident at

higher shear rates.

Figure 2.2(a) shows the relation between shear stress and velocity
gradient for a HNewtonian fluid, and three non-Newtonlan materials exhi-
biting initlal shear strengths which must be overcome before flow
OCCUrS» These materials are described as plasto-inelastic. They
include Bingham materials which have the additional characteristic of a
linear relationship between shear rate and the difference between shear
stress and inttial shear streangth. Many materials have more complex

properties, including that of thixotropy {shear thianing).

It is necessary to Introduce time as a separate variable to
describe the behaviour of thixotropic materials or other materlals with

time-dependent relaticaships between shear stress aand shear rate or
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velocity gradient. Figure 2.2(b) shows the.types of curves required to
describe the flow characteristics of a thixotropic material. - The

characteristics of such a material are dependent on the previous history

‘of shearing.

Relationships such as those shown in Figure 2.2 could apply to

- water -at low shear rates. In view of the many anomalous properties of

“water compared with otherwise similar liquids this would not be too

surprising.

- .- Surface forces are usually postulated to explain the occurrence of

"‘a pre-linear flow regime in clays and other fine-grained materials. It

i1s argued that interaction between the electromagnetic fields of water

- molecules near the boundary and the -molecules of the bouadary rveduces

the mobility of water wolecules In a layer close to the boundary. This

. layer is bellieved to be of the order of 0.1 um thick (Drost-Hansen

€1976})): -Swartzendruber (1966) reviewed the experiments and reasons

‘glven for non-linear flow hehaviour in soils and like materials. Since

the experiments referred to by Swartzendruber were carried out using

- materials with. pore sizes in the range zero to 1 um the explanation that

- surface . forces affect the flow wmay be correct., However, this explana-

tion is uanlikely to be wvalid for pore dimeasions up to several millime-
tres present in the relatively coarse graacular materials for which pre-

linear flow regimes are indicated in Figure 2.1.

Aquifec materlals may have pore sizes in the range zero to some

millimetres. Both surface effects and bulk flow effects should thus he

-taken into account when the possibility of a pre-linear regime occurring

i -groundwater 1is being Investigated. However, since most of tha flow

will take place in the larger pore spaces the non-Newtonian behaviour of
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the water in thesé channels would have mofe pronounced effects on the
flow than the occurrence of non-Newtonlan flow in the narrower channels.
1t might he possible for the overall flow, and thus the macroscopic flow
velocity, to be only slightly reduced if flow in the smaller pores were

to cease completely because of surface effects.

The first step required in a full investigation of pre-linear
regime non-Darcy flow of groundwater 1is to de;ermine conclusively
whether non-Newtonian flow effects caa occur outside the layer of “vici-
nal water” affected by surface fofces at the pore boundaries. To allow
this possibility to be investigated for the simplest pore geometry ic
was decided to carry out experiments to examine the relationship between
velocity and hydraulic gradient in capillary tubes Ior shear rvates as

low as. could be measured. The results of these experiments are given in

Chapter 3.

1f, as is postulated, the lower 1limit of Darcy’s law is reached
when a significant part of the flow Iis affected by non-Newtonian
behaviour of the water, more than one variable defining the relationship
between shear stress and shear rate must be present in any parameter(s)
used to define the limit. The minimum number would be two, as would be
the case if water were a time—independent Bingham matérial with-a small
initial shear strength. The latter would need to be small enough to be
masked by errors of measurement at higher shear rates if water were in
fact to behave in this way. Since some plastics are Bingham materials,
considerable study has been made of Bingham flow. A dimensionless
number involving the initial shear strength is required in addition to a
Reynolds number to define thé flow resistance relationship. If water
had an initial shear strength and then a linear relationshlp between

shear stress and shear rate, as does a Bingham plastic, it would be

@
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has hbeen named the Hedstrom number after Hedstrom (1952).

If the low shear-rate behaviour of water were more complex than
that of a Bingham material the definition of the lower limit of Darcy”s
law would be even more difficult because further variables would have to
be introduced to allow for the more complex relationship linking shear
stress and shear rate.

“ 2.5 Dimensionless Equations for Predicting‘Head Losses for Darcy and

Non-Darcy Flow .

The most comprehensive vecently published attempt to rationalise
the prediction of both Darcy and noun-Davey head losses for flow through

granular porous media is that of McCorquodale, Hannoura and Nasser
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(1978).  The study adds to earlier work in this field by Ward (1964),

- Dudgeon (1964), Ahmed and Sunada (1969), Kovacs (1969) and others.
A dimensionless plot produced by McCorquodale et al. after an

extensive analysis of published experimental results 1is reproduced in

Figure 2.3.

The plot is effectively a modified_form of friction factor versus

Reynolds number graph similar to that used for flow in circular pipes.

The equations suggested as giving the best fit to the experimental

data are:

For low Reynolds numbers, Ref < 500

oo danl’? :
lﬁ‘\‘:?—- = 4.6+ 0.79 ‘q'ﬁ - (2.5)

For high Reynolds numbers, Re’ > 500

1/2

.2 4 L
1emd”  _ 79,0 + 0.54 (0.5 + 0.5 w2 I
Nq : f v

(2.6)
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where d° effective hydraulic radius

volume of voids cafrying flow
‘surface area of volds carryling flow

{x,f = Darcy-Weisbach pipe friction factors for a
surface with the roughness of the particles
and an hydraulically smooth surface,

respectivély, for the pertinent Reyﬁoids number
5 = .gravitationai acceleration
i = hydraulid grad;ent
m = porosity
q | = macroscopic flow velocity

rd

R~ = ad” . pore Reynolds number
e nv

kinematic viscosity

<
[}

The scatter of the experimental results around the line of best fit
indicates that the error in predicting an actual measured permeameter
gradient for a given granular medium and flow rate would very frequently
be 100 per cent and quite commonly 200 per ceant or more, pacrticularly at
lower values of the Reynolds aumbe r term. The errors caanot be attfi-
buted to errors in the experimental data analysed since errors for care-
fully made measurements of flow rate aand hydraulic gradient are less

than 5 per cent except for very low hydraulic gradients.
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The only conclusion which caa be dra%n from the results of the
analysis Quotéd aﬁd the eariiér étu&ies ,rgferred‘ to is that it is
impractical to derive a singié relationship between a ffiction factor
and Reyndlds>humber fofrporéus media. Measurement of porosit& aad grain
size is clearly fnsufficient to allow classification of pofous media
into geometrically similar groups for which a single relatioaship could
be expected to hold. Measurement of a sufficient aumber of geometric
variables to allow classiffcation into geometrically similar groups has
proved ilmpractical to date even for media composed of particles of sim—
ple shape. The only reliable procedure for determining the hydraulic
characteristics of granular porous media. is to carry out flow tests
which allow the relationship between hydraulic gradient and macroscoplc
flow velocity to be determined for at least part of the flow range of
interest. It may then be possible to make more extensive predictions
from these basic data. The use by Ward (1964) of the experimeatally
determined Darcy coefficient K as a length parameter for use in calcu-
lating Reynolds numbers and friction'factors is an implicit acceptance
of this fact, although this was not apparently recognised by Ward or

later workers.

Fof the class of porous media represented be in=-situ aquifer
materials, the problem of determining the'relationship between hydraulic
gradient and macroscopic flow velocity is even more difficult. It is
difficult to obtain'samples for permeameter testing without disturbing
the porosity. Iﬁ addition, the generai lack of homogeneity of aquifers
would require tests to be performed on a large number of samples even if
they could be taken satisfactorily. In-situ testing to determine the
hydraulic characteristics of aquifers is essential. Properly designed
and executed pumping tests will provide data on both Darcy and non-Darcy

flow behaviour.



- 30 -

A practical wmethod _for predicting post—linear non-Darcy flow
characteristics for granuiar ,mediajuch as sands,'gravels and angular
~rock particles has beea proposed by Cox (1977). The method allows the

prediction of the Forchheimer coefficlent ratio J% from the Darcy per-
b : SRS T y ,

meability coefficient K. .Unfortunately, no data are yet available to

-extend the method to other types of aquifer material such as fractured

rocks.
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3. INVESTIGATION OF LOW SHEAR RATE FLOW OF WATER

It has been argued in the previous éhapter that non-Newtoulan flow
of bulk water at low shear rates may be the principal cause of devia-
tions from Darcy”s law observed at low flow rates in some porous media.
Siﬁce the materials of 1interest in this report are those which are
permeable enough to be described>as:aquifers, the discussion in this
chapter will he concentrated on flow through pore and fracture channels

of a size which will allow a substantial coatribution to the flow.

Channels with cross-sectionél'dimensions from zero to several mil-
limetres occur in most types of aquifer while channel widths Vup to

several metres are uet occasionally'{n limestone and lava aquifers.

Since the very large channels occur infrequently and are unlikely
to provide the steady, low shear-rate flow conditions which would be

required for non-Newtonian flow to occur, they will not be considered.

The channels at the bottom end of the size>distribution are incapa-
ble of carrying more than a small proportion of the flow. The small
éhannel widths may also enable surface effects at the solld-water boun-
daries ﬁo be felt over a large parf of the.flow cross~section. These
effects will reduce even further the potential of the small channels for
carrying flow. Since the effects of surface forces are more relevant to
a study of aquicludes and aquitards in which flow rates are very small,
flow>through pores with dimensions less than 100 ym will he discussed

only briefly.
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The croSs-sectioﬁai dimensions of channéls which are unlikely to he
significant;y affgcted ‘by_ surface forces and which: occur frequenfly
enéugh to carry most of the.flow are of ;he order of 107! to 1 mm. The
.aim of_ghe inyes;igatianreported 1ﬁ the remainder of this chapter was
tq_egaming_the possibility'of non-Newtonian flow @f water occurring in

channels with dimensions in this range.

3.1 Theoretical Aspects_

. The hyporeport of a non—Ngwtoniah‘relationship between shear stress

~and shear rate for water at low shear fates'fgquires investigation at a

fundamental level. The first step is to revieﬁrthe state of knowledge

of the structural properties of water.

3.1.1 Molecular‘Structﬁre'gf_Water

A large number of-chEmistsrand physicists have been investigating
thersttuctu;eradd related properties of water and dilute solutions for

many years. It was hoped that by the time the investigation being

reported was complete a firm conseiisus on water structure and its effect

on the .flow of watet.af low shear rétes would be available. Unfor-

tunately, this is not so. In. the absence of a firm theoretical basis -

for predicting the flow behaviour of water at low shear rates, ;t has
been necessary to proceed on an empirical basis, guided by the little

firmly established relevant fundamental knowledge which is available.

Water behaves in a completely anomalous fashion in relation to
other substances with similar chemical formulae. This is the result of
"hydrogen bonding” which has a dominant effect on the physical proper-

ties of water aad ice.

3
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With two hydrogen atoms on one slde of the oxygen atom, the water

molecule 1is electrically polarised and allows bonding by forces of

~ electrical attraction between adjacent hydrogen and oxygen atoms of dif-

ferent molecules. This makes possible the formation of groups or clus-
ters of molecules Iin the liquid state and the Fformation of a regular

lattice of molecules in the common form of ice.

Research into the structure of ice has provided a clearer picture
than that available for water. The permaneat structure of ice has made

it relatively easy to lnvestigate by spectroscopic methods. It is now

known that a number of forms of ice occur varying from an amorphous form

to the common form which has a regular hexagonal crystalline structure.

The type depeads oa such factors as the rate of freezing and the

_ environment in which the ice is formed.

For water, the problem of identification of the degree of structur-

ing and its permanence has proved more difficult. A large number of

~ research papers has provided, and continues to provide, conflicting evi-

dence and theories. However, improvements in spectroscoplc techuniques
and computer simulations of water structure give promise of better data
on which theory can be based. The review by Stillinger (1980) provides

a recent survey of the more positive aspects of the state of knowledge.

The view which appears to have the widest acceptance Is that liquid
water at ordinary temperatures and pressures is a mixture of groups of
bonded molecules aand free molecules. The degree of permanence of
residence of molecules in any one state has not beea firmly established
but it appears that the interchange is relatively free at normal tem-—

peratures.
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The picture may be complicated by the presence of non-polar aad/or
fonlc solutes which either enhance or detract from the basic structure.
Thére'is a considerable amount of published information on the structure
"making” and "breaking" properties of various solutes. Many ions, and

- possibly noq—polar gases, are present in groundwater and can be expected
to influence its molecular structure. Results of interactions between
wéter molecules and some solutes which affect molecular structure are
often grouped under the heading "hydrdphobic effects”. These effects

are the subject of a recent text by Ben-Naim (1980).

The aspects of structure formation in water which are of particular

faterest to flow at low shear rates are:

i. 1Is the structure sufficiently extensive to have an effect on

viscosity?

iL. Does the occurrence of preseat or past shearing have an effect on
the nature of the structure and thus possibly on the viscosity at

low shear rates?

iii. Does. the ultimate degree of structuring depend on the time for

which a particular rate of shear is imposed?

Answers to these questions are lmportant in the study of groundwa-
ter flow at low velocities since shear rates may be very small and
stable for long periods.A Any non-linearity or time dependence of the
relationship between flow rate and hydfaulic gradlent caused by increase
or decrease in structuriag with time could have a significaﬁt effect on

volumetric flow rates through aquifers.

2
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3.1.2 Evidence For Time And Shear Dependence Of The Structure Of Water

And Dilute Solutions

An extensive‘search of the iiterature on the chemistry and physics
of waﬁér:has pfovided no evidence at a fundamental level §E the long
.Eérm fime-dependence of water structure. This is noﬁ sﬁrprising when
V;QE lack bf definite conclﬁsions on the general nature of the étructure
of Qag;fxis considered. Added to th1§ is the difficulty of maintaining
éréoﬁsﬁant low shear rate in the types of apparatus in wﬁiéh basic stu-

dies of water structure are performed.

.ﬁigﬁéét.direct experimental evidence on the effect éf shear rate
andrtiﬁexsg.sfrucgﬁre it is‘neceséary to depead on indirect evidence.
lOnlf four examples canlbe-cited. Kléssen (19695 refers to a gradual
 change of the density of distilled water with time after distillation
Aa&d.éﬁﬁributes the phenomennn to a gradﬁal strengtﬁening of the water
structure with time. Gurney {(1908(b)) fouud time dependent effects in
the "surface rigidity" of water duriag his low shear rate viscometer
expériﬁen£s. Duff {1905) observed én apparent iﬁcrease in viscosity of
.Qéfef.ﬁith>time of restiag but atfrtguted it to solution of glass from
his capillary tube. Griffiths and Knowles (1912) found that flow in a
capillary tube decreased by one-=third with time but decided this must be

due to growth of a fungus.

3.2 Previous Reports Of Non-Linear Flow At Low Flow Rates

Almost all of the experimental evidenceé available on non-tinear
flow in capillaries and between closely spaced plates 1s relevant only
to the study of the affect of surface forces on the flow relationship.

These forces are poteantlally important in flow through fine grained
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materials,'particularly cldys in which surface charges aand the locatiOn
of adsorbed water molecﬁles'have'a‘profound effect on the physical pro-

perties of the matrix and - its permeability to water. The paper by

Swartzendruber (1966) provides an account and 1nterpretation of the

early work on flow through clays and-matetial containing clay. Apart

from work by Kutilek (1969) and Kovacs (1969(3)) there appears ‘to have

been little further progress reported in this field. The complexity of

the variables involved makes a quantitative treatment very difficult.

=

There have been few reports of experiments on flow at 1ow ‘shear

rates through porous media . or capillaries with flow cross-sections of

the size of importance in aquifers. = This 1is probably because of the

difficulty of measuring tﬁe 1ow‘gtadients and flow rates. Theseiare

much lower than those at which iqw'shear_rate non-lineet flow can be
induced in very small diameter capillarles or porous media consisting

of, or containing clay.

The experiments of Poiseuille (1840, 1841) provided the basis for
the linear equation relating velocity end-hydraulic gradient for laminar
flow in circular tubes:

Ah 32 wv

Ah o ,
where‘KI = hydraulic gradient. along tube -

<3
]

mean velocity
P = fluid density

d = jinternal diameter of tube

=
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Laminar flow was obtained by Poiseullle by using small diameter
capillary tubes. These had diameters in the range 0.0l mm to 1 mm, but
lengths were short and hydraulic gradienﬁs, veloéities aand sﬁear rates
were rélativély high. The lowest shear rate wa; oErthe order of 5 x 10°

sec™l, No non-linear flow effects were reported.

Duff (1905) checked the vélidity of Poiseuille”s eqﬁation for the -

1, He concluded that glass

flow of water dowa to shear ratés of 5 sec”
dissolved from the walls of his drawn rtubes, which had diameters of
approximately 3.3 mm, caused wmeasured viscositieé‘to be_qp to 10 per
cent greater than Poissuille”s valﬁes; When the tubes were silvered,
the viscosities measured agreed with Poiseuillefs values. An interest-
ing statement made by Duff was that ...."These results seemed. to show
that the difference between the viscosity of water at low rates of shear

and those at high rates was greater the longer the liquid had been at

rest”.

Gurney {1980) attempted unsuccessfully to use a co~axial viscometer
to measure the viscosity of water at shear rates lower than 5 sec~t,
Convection currents in the water caused trouble. The time to establish
steady conditions was extremely gréat, indicating, perhaps, that he also
had trouble with time-dependent altevation of water properties. The
mention by Gurney of “surface rigidity” after the water had been left
standing in the viscometer suggests possible changes in water structufe
at the surface in contact with the air. To check Duff”s coaclusion that
glass dissolved from tube walls was the cause of observed anomalies in
viscosity, Gurney stood water 1In a container with crushed glass for one
week to provide coanditions favourable to solution of the glass} ~ He

could find no effect on viscosities wmeasured at and above 5 sec™).
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Griffiths and Knowles (1912) also carried out flow tests ia tubes.
They found that the flow rate dropped by as much as one third with time.
They agsumed that fungoid growths had caused the decrease in flow and
"added copper nitrate to the water to act as a fungicide. The effect of
decreasing flow rate disappeared so they concluded that water did obey
Poiseuille”s equation at low shear rates. A factor they did not con—
sider was that the addition of a strongly lonised substance like copper
altrate could have a pronounced effect on the wmolecular structure of
water. At that time the effects of sclutes on water structure were unk-

nown. Loteresting observations made during the tests were that prior

stircing of the water affected the results and that there were other

changes of flow with time which could aot be explained.

Griffiths and Griffiths (1921) pursued the matter further at shear

rates from 0.0017 to 0.0233 sec™! in tubes with diameters between 1.5

and 2.0 mm. They found no discrepancies between measured flow rates and

those predicted by Poiseuille”s law. However, they added uranine dye to

part of the water in the tube to cause a density difference to drive the

flow and allow movement to be observed. This also could have affected

- the molecular structure of the water. However, a more significant
difference between this set of tests and those reported by Griffiths and

Knowles 1is that the later experiments were carried out using air free

water in a closed loop which eliminated contact between the water and

the atmosphere.

Several more recent experiments have produced conflicting evidence
on the validity of Polseuille”s equation for flow in tubes and Darcy”s
law for flow in granular media. 1In all cases, tube and pore dimensions

were in the range relevant to flow in aquifers.

Y
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Skawinski and Lasowska (1974) described experiments in which dilute
solutions of calcium chloride and sodium chloride were passed through
crushed quartz glass withr pore dimensions between 0.5 and Smm and
through bundles of quartz capillary tubes with diameters in the range
0.5 to 0.75 mm. TIn both cases the hydraulic conductivity was dependent
on the hydraulic gradient. This indlicates shear rate depeandence of the

viscosity of the solutions.

Bondarenke and Nerpin (1965) and Bondarenko (1968) have also
described experiments with water and water-alcohol mixtures which indi-
cated non-linearity of the relatiomnship beltween velocity and hydraulic
gradient at low velocities. They reported a threshold gradient below
which no fldw occurred. The non-linearity was attributed by Bondarenko

to hydrogen bonding in the liquids.

Childs and Tzimas (1971) on the other hand detected no anon-
linearity down to one-tenth of the hydraulic gradieat at which Bon-
darenko reported cessation of flow. They deduced that Darcy”s law was

valid to zero hydraulic gradient.

"Polywater”

During the course of the low shear rate flow tests reported in this
chapter, research workers in the U.S5.S.R. reported the preparation of a
form of water with properties different from normal -watet. Large
anomaliés were reported in density, visqosity and other properties in
relation to accepted values for normal water. This modification of
water has commonly been called “anomalous water" or “"polywater”. The

latter term was adopted because of the supposed polymer structure of the

modified watec.
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After a great deal of international experimental and theoretical .

research and debate during which -"polywatei" was made and tested in
several countries,it was ;oncluded that theranomalous water properties
were the result of 1ﬁpurities dissolved in the water during its preﬁara—
tion by condensation in quartz capillary tubes. The debate ébout the
possibility of occurrence of é differeat structural Fform of water
aroused strong feelings} Some of these_would"appeér‘td have been based
on grounds of nationalism and personal rivalry. Some western research

workers criticised the research teéhniques ahd the early coanclusions

drawn.

Despite the criticisms, the interest generated was sufficient to

justify the writing by Franks (1981) of a book on the subject. The
bibliography covers nearly one hundred of the several hundred papers
published on the topic, many by workers eminent 1in thé fields of the

chemistry and physics of water.

As soon as the evidence became available from spectroscopic studies

that impurities were the cause of the anomalous water behaviour,

research workers interested in the Ffundamental behaviour of .pure water
lost interest in the subject, losing sight of the potential implications

in the study of the flow of impure water such as groundwater .

The results of the research described are considered to have par-
ticular significance in the study of low shear rate flow of groundwater,
despite the current lack of iaterest by those people concerned with the
properties of pure water. TIf small concentrations of solutes In water
condensed in quartz capillaries in the laboratory can have such a large

effect on the viscosity of water as that reported during the course of

the "polywater” research it 1s possible that similar effects can occur

i
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in groundwater flowing at low shear rates. Groundwater has prolonged
contact with quartz aad other siliceous materials and is known to carry

small concentrations of silica and.silicates in solution.

3.3 Experimental Investigation

The evidence cited for the existence of a #re—Iinea: laminar flow
regime in capillary tubes -and porous mediaz with flow channel cross—
section dimensions of the order of those of’the main flow channels in

aquifers is scant and conflicting.

When carefully performed experiments give coanflicting results it is

usually caused by the failure to take into account some laportant vari-

able. Because of thig, it was decided that the first step in a sys—

tematic {investigation of the occurrence.of a-non—linear laminar flow
regime should be a carefully performed and coatrolled series of flow
tests in a capillary tube of circular cross—section. The tube should be
inert and should be long enough to give measurable head differences at
very low hydraulic gradients. The diameter should be iarge enough to
restrict surface effects to a small pfoportioﬁ'of the.flow cross—section
and yet small enough to give low shear rates, 1f cénclusive evidence
for the occurrence of a non-linear flow relationshlp.could'be obtained
it would then be necessary to lavestigate the cause so that the evidence
from previous experiments could be reconciled. Only then would it be
profitable to proceed to low shear rate tests 1a poroﬁs média. The
prospects of determining whether any Vnon—linearity observed in flow
through aquifer material was caused solely by the water property or by
an interaction between the water and the porous mediur would be poor
unless the simpler problem of understanding the beha§iour of water flow-

ing in a capillary tube could be solved first.
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The remainder of this chapter is devoted to a description of a
_series.of flow tests in a capillary tube. The tests were carried out to
provide a basis for the logical design of a complemeantary series of
tests on flow through porous media. A better understanding of the fac-
tors which affect the viscosity of water at low shear rates would allow
the occurrence of, aund reasons for, pre-linear non-Darcy groundwater

flow to be examined systematically.

3.3.1 Experimental Equipment

Initial Apparatus

fiéure 3.1(a) shows the initial set of experimental apparatus. It
consisted of a 46.3 metre length of 0.2§1mn faternal diameter stainless
_steel tubing, an uypstream container to supply water to the tube and a
downstream container‘ to collect the dischgrge. Flow rates could be
measured by Qeighing the container on a precision balance to deternine
mass inflows and by timing flow durations. Head differences could be
measured by microweter point gauges or millimetre rcules, dependiang on

the magnitude of the head difference.

The upstream end of the tube eatered the upstream reservoir con-

tainer helow the water surface thropgh a brass union cemented with epoxy
resin into the glass wall. The downstream end of the tube entered the
downstream collecting and weighing coatainer through a loose rubber plug
in the 1lid. The endrof tﬁe tube was held below the water surface to

eliminate surface tension effects.
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A resting contalner similar to the weighing container was posi-
tioned near the latter to accommodate the tube while weighings were car-
ried out. The water in the resting container was maintained approxi-

mately at the same level as that in the weighing container.

Small diameter central holes in the 1ids of all the containers
allowed access for the 3 mm diameter micrometer gauge points. Holes not
in use were kept plugged. The small gap between the gauge points and
access holes ensured that both the upstream and downstream water sur—

faces were subjected to atmospheric pressure during flow tests.

Both the upstream and downstream containers were made from "Pyrex"
glass dishes with glass lids cemented on with epoxy resin. The diame-
ters of the containers and thus of the upstream and dowastream free
water surfaces (150 mm and 65 mm respectively) were amade as rlarge as
practicable to reduce the effect on head difference of water flowing
from one container to the other. The maximum size of the downstream
container was set by the pan size and maximum weight limitations of bhal-

ances which would weigh to 0.0001 g.

Modified Apparatus

Aftef several series of tests had been completed using the
apparatus shown in Figure 3.1(a) it was decided to use more chemically
inert material for the upstream container and eliminate the air surface
from the upstream container fnto which the stainless steel tube was coun-
nected. The modified apparatus is shown in Figure 3.1(b). 0Noly clear
"Perspex” (a;rylic) and "Teflon™ (P.T.F.E.) were 1n contact with the
water in the upstream reservoir system. An additional contalner was

added to the system and counected by a 1.2 m length of acrylic tube to

&
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the upstream head container which enclosed the free water surface. The
purpose was to proviae a long air diffusion path betweean the upstream
water surface and the entraace to the stainless steel tubing. The com—
plete apparatus and a close~up of the weighing container and equipment
for measuring small head differences are shown in Photographs 3.1(a) and
3.1(b). In Photograph 3.1(b) the downstream end of the tube is in the

resting container while the weighing container is under the point gauge.

3.3.2 Constant Temperature Room

Preliminary tests on flow through a length of polyethylene capil-
lary tubing at uncontrolled room temperature demonstrated the Ffutility
of attempting to make precise measurements of low flow rates under these
conditions. Expanslion and contraction of the tube and its coanktents

could completely mask the flow being measured.

To overcome the probiems caused by varying temperatures, a well
insulated constaunt temperature room was constructed in the basement of a
building. Since very fine coatrol of temperature was required, an over-—
cool and re-heat system was adopted for ad justing the temperature. A
commercial air conditioner was fltted into an interior wall of an
enclosed area under a concrete staircase which adjoined the coastant
temperature room. The heat exchanger of the air conditioner was in the
thermally stable sheltered space uader the floor of the building. The
alr conditioner was used to cool air to a temperature lower than the
20°¢C at which the constaat temperature room was to operate. A domestic
fan heater fitted into a door between the alr conditioned space and the
constant temperature room was used to re—~hegat the alr to maintain a con-
staant temperature in the room. An extractor fan and ceiling duct was

used to return afir from the remote end of the room. The wiring of the
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. . Photograph 3.1 (b) Head Measuring Equipment for Capillary
Flow Tests.

Photograéh 3.1 (a) .Capillary Tube Flow Apparatus
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heater was altered to allow the fan to run continuously with the heating
elements switched by a relay operated by a sensitive mercury contact
thermometer. The thermometer was adjustable to allow switching at tem—
peratures in the range 0 - 50°C. It was located in a sheltered position

near the experimental apparatus.

During the course of the experiments it was decided that humidity
control would improve the accuracy of the test results. Since the air
condit{oner extracted water by condensation on the cooling coils and
re-heating lowered the rvelative humidity it was necessary to add water

to the re-circulated air. This was done by spraying high pressure water

. from a hypodermic needle against a small plate fixed in front of the fan

heater. The needle was fitted to an adaptor screwed to a high pressure

‘water line from ion-exchange units. It was found necessary to de-ionise

the water to prevent blockage of the needle and the dispersal of salt

crystals throughout the room. The flow of water to the jet was con-

. trolled by a solenoid operated valve activated by a relay connected to a

second mercury contact thermometer. The second thermometer was posi-

tioned near the one which controlled the re~heating. 1Its bulb was

- inserted into a cotton mesh sleeve which drew water by capillary action

from a shallow 1 litre container. The thermometer measured the “wet
bulb temperature” which depends on relative humidity. The humidity at
which the room operated could be adjusted independently of the tempera-

ture -

A recording thermo-hygrograph and accurate wet aand dry bulb ther-
mometers located near the coatrol thermometevrs were used to monitor the

temperature and humidity. It was found that if the room was closed with

- the lights off, both wet and dry bulb temperatures could bhe maintained

~within. EO,IOC. Normal dry and wet bulb settings were 20°¢ ana 16%
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respectively.

The heat from lights and one person working in the room could upset
the balance by up to + 0. 2°¢. However, the thermal:lag ensured that the
temperature of the apparatus and water was not full\ aubJected to ;he
temperature fluctuations caused by working in the room for short

periods.

3.3.3 Experimental Procedure

Before the tests were commenced the cdntainers were cleaned and
dried. The apparatus was then assembled gnd'distilled water was added
to the upstream container. No attempt was made to‘preyentiair from dis—
soiving in the water prior to and during its additiou to the apparatus.
A differeance in level of approximately 1 metre between the water level
in the upstream contalner and the dowastream end.of the tube failed to
cause the tube to fill as rapidly as desired sb a vacuum of approxi-
mately 50 kPa was applied at the dowanstrean end of the tube in addition
to the level difference to agcelerate the progress. Flow was observed
at the outlet after approximately 6.5 hours. Water was then added to
the downstream containér, Ehe_downstreaﬁ end;of,the'ﬁube was inserted
and the.apparatus was allowed t§ stabilise for 20 minutes before>tests

were commenced.

During the tests, water was allowed to flow under the influence of
gravity from the upstream to the downstream container. The quantity of
.water which flowed from the tube duriag a measured timé interval was
determined by successive weighings of the downstream container on a sin-
gle pan balance reading to 0.0001 g. Great care was taken to avold

losses when the downstream end of the tube was transferred to the

®

o
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similar contailner in which it remained while ﬁeighings were being made.

The difference in water levels in the_upstream and downstream con-
tainers was measured by a steel rule, if lérge, and by'micrometet point
gauges if small. The containers &été mounted on a rigid éteél frame
under the point gauges. The poiﬁt'gauges were éeroed.by meééuring the
water levels in two'containers connected by a'shOrf 1ength'of 6 mm diam~
eter PVC tubing.' In the latef set of apparatus a zeroing-cdntaingr was
connected permaneﬁtiy t@ the rveservoir conﬁainér'furthest uﬁstream to.
allow the zero readings to hé checked. without diéthrhing the apparaﬁus.
The polyethylene coﬁnécting tuﬁe.wés fitted with a “Tefloh“ (P.T.F.E,)
plug valve. The accuracy of ;eve}.differencg measureﬁents was estimated
as * 0,02 ma for head differences up to §0|mn.--For larger level differ-
ences umeasured by sightiﬁg geniscus>1eveispagainst the scale on a steel
rule, the acéufacy was e‘s'timated.‘as‘. £0.3um up to 300_@ and £0,5mm up

to 1 m.

Although the procedure described above appears to be simple, it was
vefy difficult to maintain a level of accuracy that allowed small flows
into the downstream contalner to be detected. The main problems encoun-

tered were:

i. In the absence of humidity control in the early experimenté, mois~-
ture adsorbed onto sutrfaces and absorhed into the epoxy glue line
under the 1id of the downstream contalner could exceed small

inflows from the tube.

ii. The balance accuracy was affected by humidity variatioas. 'Ta-over—
come this, a staandard balanéé‘weight or a "Teflon" (P.T.F.E.) plug

was welghed at the time of each flow measurement and an adjﬁstment
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was made to the measured mass of the downstream container.

Because . the downstream container displaced a relatively large
vplume. of air 1in comparison with that displaced by the balance
weights, changés in the density of the atmosphere affected the
weighings. -~ For small flow rates it was found necessary to make
accurate allowance for the difference'between ;he buoyancy forces

exerted by the atmosphere on the coatainer and on the balance

. weights. Until humidity control was established, it was necessary

ive

to estimate the relative humidity for use in the adjustment calcu-—

lations.

For early tests, the barometric pressure was estimated from

- readings at the Syduney Observatory adjusted for height diffgrence.

Since the barometric pressure is important in the buoyancy adjust-
ment, a mercury barometer was subsequently installed. Comparisons

with estimates from the observatory readings showed good agreement.

Uncontrolied external factors such as vibrations were found to
affect the test results. It took a considerable length of time to
isolate the cause of the problem. The effect of accidental and

deliberate vibration is discussed fully in the following section.

3.3.4 Test Detaiis, Results And Discussion

The experimental equipment and procedures were designed to provide

corresponding values of flow rate and hydraulic gradieat for steady flow

conditions over a wide raage of gradients. It was thought that if the

structure of water had a significant effect on the stress—strain rela=-

tionship, a deviation from linear flow (Poiseuille”s Law) would show up
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as the Fflow rate was reduced. Eventually flow would be observed to
cease if water had a shear strength greater than the lowest boundary
shear stress which could be measured im the apparatus {(approximately

10-© Pascals).

The flow behaviour and factors affecting it proved. to be much more
complex'than anticipated. 1In the remainder of this sectioa the problems
that arose, steps that were taken to avoid them and the results of the
flow tests are described and discussed in chronolog{cal order. Data
used to plot the graphs in the figures iﬁéluded in the remainder of this

chapter are listed in Appendix A.

Preliminary Tests

" A preliminary series of tests was commenced sooa after the
apparatus had been filled with water. Nine flow rates were measured for
head differences between 23,8 mm and 1707 mm. The results are given in

Table 3.1.

.The plot of flow rate versus hydraulic gradient shown in Figure 3.2
has an unékpep;ed scétter of results that can not be attributed to meas-
urement errors. The pibtted points also fall well below the line which

represents Poiseuille”s equation.

Test. Series 1(a)

To allow the problem