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INTRODUCTION

[ The basic law of filtration in a porous body was formulated by the French scientist Henry Darcy in 1856 (see next slide),
as a result of experiments on the flow of water through beds of sand. It also forms the scientific basis of fluid

permeability used in the earth sciences, particularly in hydrogeology:

0 9=Q/A=K*dhdl=K*I

the rate of filtration is directly proportional
to the pressure gradient or hydraulic head

where, K is the filtration coefficient, / is the pressure gradient, and$ is the filtration rate (specific discharge/groundwater
flux)



BASIC LAW OF FILTRATION

O Darcy's law is a simple mathematical statement which neatly summarizes several familiar properties that
groundwater flowing in aquifers exhibits, including:

v’ if there is no pressure gradient over a distance, no flow occurs, these are hydrostatic conditions;

v' if there is a pressure gradient, flow will occur from high pressure towards low pressure opposite the direction of
increasing gradient, hence the negative sign in Darcy's law;

v’ the greater the pressure gradient through the same formation material, the greater the discharge rate; and

v’ the discharge rate of fluid will often be different, through different formation materials, or even through the same

material in different directions, even if the same pressure gradient exists in both cases.

1 Groundwater flows from high to low elevations, or more precise from high potential energy (=hydraulic head) to low
potential energy. The hydraulic head is measured by determination of the vertical position of the water table in a
well relative to a reference surface.

L Darcy's law is only valid for slow, viscous flow; fortunately, most groundwater flow cases fall in this category. Typically
any flow with a Reynolds number less than unity (up to 10 ) is clearly laminar, and it would be valid to apply Darcy's

law.



DARCY’S EXPERIMENT

Outflow = Inflow

Qour = Quy b)

O In 1856, Henry Darcy reported results of a) Qw
experiments used to enhance the water

flow through sand filter beds used by 1 e [EEi—" ’ v
the city of Dijon, France for water t §
treatment (Darcy, 1856). As an engineer, . — . “;:"‘;

he wanted to design sand beds that Diameter=0.4 m o ;‘g‘%
would efficiently and effectively filter - St ’ §§

the daily volume of water needed by the % ;' £ b i & g

city. To evaluate the volume of water § - | —— % 3 %

that could be filtered in a given period of e = : 5 &
time, Darcy experimented  with é
changing: the type of sand; the area of S g
the filter bed (diameter of the tube in Do $3
his experiments); the thickness of the o = TR & "_gg
sand (length of the sample in his v B PO v L ﬂ .. §
experiments); and, the force driving Water Datum <

water through the filter bed:

Darcy’s experiment. a) In the original apparatus using mercury manometers to measure
water pressures, water flowed at a constant rate into the top of the column and exited at
the bottom. b) Commonly Darcy columns are equipped with water filled tubes referred to as
piezometers to measure water pressures instead of mercury manometers (after Darcy,
1856).



SIMPLE EXPLANATION OF DARCY’S EXPERIMENT

* Apor — Pores area of ground
* A, — particles area of ground
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* Hence velocity is:



BASIC LAW OF FILTRATION

O Using the concept of filtration rate, we replace the discontinuities flow a) g b)

liquid through pores of soil particles with a hypothetical flow moving
®
£——— actual flow

through a complete medium without any discontinuities. In this case,
d) \ri//&- paths in pore
2 \ L\) spaces
T

the movement of the flow is considered as the normal movement of
water (we do not take into account the volumes of pores and soil and
particles in the geometric sense at all) and the speed of movement of
this hypothetical water flow is assumed to be equal to the "filtration
rate".

O It can be seen that the filtration rate refers to some fictitious speed,

the speed at which it is assumed that the water moves not only \} S B .i::::aﬂg:w

through the pores, but along the entire surface occupied by the sand. /\\, path
We denote the volumetric porosity of the soil by m and the coefficient

of porosity on the surface by n: Conceptual model of pore-scale micro-velocities (a, b, c)

represented as an average linear velocity (d): a) velocity

pOI’OUS,VOlume Apor distribution as water passes through a single pore where drag

— 1 n= <1 along grain surfaces slows flow as compared with higher

ground volume A velocities near the center of the pore; b) velocity varies because

pore openings have different cross-sectional areas; c) velocity

O The liquid flow within the rock is governed by the permeability of the distribution caused by pore channel branching; and d) conceptual

rock. Permeability has to be determined in horizontal and vertical model of the average linear velocity (large straight arrow)
directions. For instance, shale consists of improbabilities which are less

vertically. This indicates that it is not easy for liquid to flow up and

down via shale bed but easier to flow side to side.



BASIC LAW OF FILTRATION

It is known that for homogeneous grounds m=n, hence:
9 . Apor
3, A
Oor 9 = m198 and in most cases n=(0,35+0,45) therefore filtration rate & always smaller than

actual rate
The Darcy’s equation can be written as an another form: Q =K-A-I (2)

=n

The size of the filtration coefficient is the same as the size of the velocity, which is the speed when the
gradient is I=1

Here, the Darcy’s Law describes how head, hydraulic gradients and hydraulic conductivity are linked to
qguantify and describe groundwater flow. For example, to compute the discharge of groundwater (Q) through
a cross-sectional area of sand below the water table that is 100 m by 30 m (A) with a hydraulic conductivity
of 15 m/d (K), and with a head change (Ah) of -2 m over a flow path length (AL) of 1000 m, above equation is
applied and the discharge is calculated as follows: Al

Q=-Ki7A=-(15-)

3

1
(100 m) (30 m) = 90 —
1000 m ol

— 211




BASIC LAW OF FILTRATION

O Formula (1) or (2) applies to laminar filtration motion and has a certain limit of application.

« Homogeneous soils (sand, gravel) can be applied only when Darcy's law fulfills Reynolds' following
condition:

Re = - d < A A=0,34 =10

Vv
if we consider V' =0,018 cm2/c for water, than
3,<0.07-0.075 (3)

Where 3, — filtration rate, m/s;
d- diameter of ground particles, cm.



BASIC LAW OF FILTRATION

If the condition (3) is not fulfilled, turbulent filtration will occur and Darcy's
law will be violated.

In turbulent filtration, another expression is used instead of formula (1):

1
9=K-IVm or I = F - G (4)

where: m Is defined through experiment and vary within 1 < m <2

or | =ag+bg’ (5)

Where a and /  are coefficients obtained based on experiment (for given
water and ground temperature).



BASIC LAW OF FILTRATION

At small velocities (the second part b3 can be skipped), then expression (5) turns into Darcy's formula.

At the high speeds (the first part can be skipped): | =D ,92

Which corresponds to the quadratic resistivity domain.



DARCY’S EQUATION

O In a porous medium, a homogeneous fluid moves
under the influence of pressure and gravity.

L Darcy's law expresses the relationship between the
rate of filtration and the forces present in the fluid.

[ Let's look at Darcy's law in an experimental setup.

A fluid is rapidly filtered with velocity of 9 through a

pipe of diameter D and length L filled with porous soil.

We select cross sections 1 and 2. The heights of the
centers of gravity of these sections are Z1 and 2.

We determine the pressure in the sections p1 and p2
on the basis of piezometers.
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DARCY’S EQUATION

d We write the Bernoulli equation for these sections:
KA A
H,=H,+h,, (s
hp
2 pY/pg )
o, U
Where H1 = Z, P1 | 1 T v
2,8 T |
%g Hi v/ )
is hydrodynamic head,; <¥ D

h1_2 = h(u) is the lost pressure between sections,
which is related to the filtration rate and cannot be
determined by hydraulic formulas.

7]

Since filtration velocities are of such small magnitude,
the velocity gradient can be ignored. If we solve the Y w
equation (6) with respect to the filtration rate, we can

determine:

u=f(H,-H,) (7)




DARCY’S EQUATION

Here the filtration rate does not depend on the cross-sectional area.
In addition, the rate of filtration is related to the properties of the fluid and the properties of the porous soil.

(Hl B Hz)
1 :

These properties are calculated by the filtration coefficient kf.

Then we can write the following equation (8): U= kqb (8)

This equation was determined experimentally by the Darcy and is valid for many liquids and gases. But when
determining the value of k. for some liquids, the properties of liquids and soils should be taken into account separately.

The properties of liquids are taken into account by the dynamic viscosity coefficient U and density @. In that case, the
filtration coefficient can be determined by the following formula: k

)7, (9)

Here, the k—permeability coefficient is related to the property of the soil and refers to the ability to pass liquids and
gases through it. The unit of measurement of this coefficient (in Sl [k]=m?= 1012 um?).



LIMITATIONS TO USE DARCY’S FILTRATION LAW

Q Experiments conducted by different researchers have shown the correctness of the filtration law in some cases, while another group
of researches has shown that the results of the experiments differ sharply from its results.

O It was clearly confirmed by the experiments conducted with sand soils with a particularly large diameter. This situation encouraged
researchers to search for other laws and discover expressions that differ from the expression of the filtration law and fully express the
law of filtration. As a result of the research, a number of empirical results were obtained and they expressed the law of filtration
correctly, but this does not give the basis that the basic law of filtration is wrong. Perhaps it clarifies the limit of its application.

U

Darcy’s law can be applied to many situations but does not correspond to these assumptions.

Unsaturated and Saturated flow.
Flow in fractured rocks and granular media.
Transient flow and steady-state flow.

Flow in aquitards and aquifers.

AN N NN

Flow in Homogeneous and heterogeneous systems.

U

As we mentioned above, the motion of water subject to Darcy's law is laminar. Of course, this law does not obey when the flow
pattern is turbulent. In addition, the Reynolds number must have a very small value in the laminar movement of the filtration flow,
which obeys the Law of Filtration.



SOME SELF DEFINING AND CONTROL QUESTIONS

Define non-fluid filtration flow.

Where the filtration model is used for?
What is filtration rate?

What is water transfer coefficient?
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