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Abstract

Existing models are built upon to develop new ones. As a foundational model in porous media flow, the Darcy flow model
has been built upon by many researchers. The groundwater flow equation evolved from the Darcy equation. Dupuit—Forch-
heimer built upon it to develop the simplified forms for both the confined and unconfined aquifers flow, usable for studying
groundwater flow into wells. Aside from height, permeability, and availability of water in the aquifers, other factors influence
groundwater flow into wells, as enshrined in the flow equation. This paper investigates the roles of storability, hydraulic
conductivity, and source/sink strength in both confined and unconfined groundwater flow into wells using the Dupuit—
Forchheimer assumption. In this model, the Dupuit—Forchheimer pressure assumption is substituted into the groundwater
flow equations and solved using the Bessel form for separation of variable technique, and Mathematica 11.2 computational
software to obtain the expressions for the pressure, which are computed and presented quantitatively. The results show that
an increase in the hydraulic conductivity and storability have no effect on the flow pressures in the confined and unconfined
aquifers but cause fluctuation in the pressure structure in the unconfined aquifer; the source/sink strength factor causes
fluctuation in the pressure structures in both confined and unconfined aquifers flow. However, in both confined/unconfined
aquifers the pressures increase as the radii of the wells increase. Importantly, the fluctuation in the pressure structures causes
a loss of energy for groundwater flow into the wells.
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Introduction

Modelling of groundwater flow has application in drainage,
dam stability, management of landslides, etc.

Depending on where and how it is formed, groundwa-
ter has many facets. Some from meteoric and snow melts,
and these penetrate the soil, cracks and faults to form satu-
rated water zones called aquifers/water tables; some called
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connate waters are associated with granulated sand/sedi-
ments in petroleum reservoirs, and some called magmatic/
juvenile water, released into the atmosphere during a vol-
canic eruption is associated magma of the Earth crust.
Specifically, the aquifers are geologic formations and are
classified into: unconfined and confined. While the uncon-
fined aquifers lie below permeable layers of soil, the con-
fined lie below impermeable layers of rock or clay. The water
in the confined aquifers is under high pressure. In the pres-
ence of leakages, semi-confined aquifers may be formed.
More so, there are other offshoots of the unconfined and
confined aquifers and are called perched aquifers. They are
separated from the main aquifers by unsaturated rocks called
aquicludes and are non-rechargeable. Aside from this, the
perched aquifers are characterized by interconnected spaces
by which water moves through the formations. Furthermore,
water tables may be deep or shallow; rise or fall, depend-
ing on the amount of recharge or discharge/usage. Similarly,
their rates of flow depending on the size and connectivity
of the pores (porosity), hydraulic conductivity (a measure
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of the ability to transmit fluid through pores, spaces and
fractures in the presence of hydraulic gradient), hydraulic
gradient (a change in the hydraulic head) and strength of
the hydraulic head. Groundwater flows from the region of
higher hydraulic head to a lower one; from the region of
higher elevation to the lower one, and from the region of
high pressure to a lower one.

Being in pores, cracks and fractures the flow rate of
groundwater is slow compared to surface flow. Therefore,
its Reynolds number is prescribed to be less than unity or
not above 10. However, in limestone karst formations, where
groundwater flows through caves and large solution chan-
nels, its flow is not slow. The flow is either steady, where the
hydraulic head is independent of time or transient, when the
hydraulic head and aquifer boundary conditions are depend-
ent on time, as in changing aquifer recharge.

Importantly, when wells are borne into the aquifers,
water flows from the aquifers to fill them to points or levels
where the water in the two regions is in equilibrium. With
the discharge of water from the wells, the one in the aqui-
fers flows into them to strike equilibrium. Therefore, there
exists a discharge-recharge relation in groundwater flow. The
recharge of aquifers is dependent on the amount of rain and
snow-falls, which are seasonal. So, in the dry season, the
aquifers are not recharged, and with constant usage of the
water the depths of the water tables drop, and the water level
of the wells goes down.

Geophysically, before water bore-holes (wells) are drilled,
aquifers are delineated to locate the water-saturated ones
using up-hole, down-hole, seismic reflection and refrac-
tion approaches. Aquifer delineation is cost-effective, as it
saves efforts and resources that would have been exerted
on drilling non-water yielding and sustaining wells. After
delineation, bore-holes/wells of different shapes and sizes;
depending on what one’s choice are drilled into prospec-
tive aquifers. The commonest one is the cylindrical type.
A bore casing made of PVC pipes and a screen (that filters
out unwanted particles around the pipe) are installed. Water
in a well can be brought to the surface through a pipe and a
pump. However, wells bore into confined aquifers (or arte-
sian wells) do not need a pump; as they have natural pres-
sures for that.

This work hinges on the groundwater flow into a drilled
well to study the factors accounting for the sustainability
of the well using a modelling approach. Models are used
to predict the state of any system and the effects of mal-
functioning due to some existing situations in the system.
In particular, groundwater modelling enables us to deter-
mine heads, the maximal values for the hydraulic con-
ductivity and recharge values for different platforms in
an environment; simulates responses of the aquifer under
hypothetical situations. Many models and software pack-
ages exist on groundwater modelling. For example, for
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models, we have chemical, which predicts the quality and
movement of pollutants in the groundwater in an environ-
ment; analogue and mathematical models. More so, there
are modelling/simulation packages. Among these are the
MODFLOW, which uses finite difference, and FEFLOW,
which uses the finite element method. As a mathematical
representation of flow through an aquifer under hypothet-
ical situations, groundwater flow modelling approaches
involve numerical and analytical techniques.

Studies have been carried out on groundwater flow. Some
on simulation using software, others on modelling. For
example, Philips (1970) numerically studied groundwater
flow; Verma and Mishra (1973) analytically investigated a
one-dimensional groundwater recharge flow using similarity
transformation approach; Prickett (1975) gave an in-depth
discussion on the approaches for groundwater evaluation;
Swaroop and Mehta (2001), considered a one-dimensional
flow in unsaturated porous media using finite element
method; Patel et al. (2012) investigated used the method
of series solutions in vertical groundwater flow through an
unsaturated heterogeneous porous medium. Similarly, Meh-
dinejadiani et al. (2013) examined analytically the unsteady
one-dimensional model of water-table profile between two
parallel sub-surfaces using the Glover-Dumm’s model;
using conformal mapping, David et al. (2015) investigated
the groundwater flow in an aquifer containing an extraction
or recharge cavity of arbitrary shape; Vazquez-Béaez et al.
(2019) numerically studied the Ayamonte-Huelva aquifer
bringing to bare the homogenous and isotropic, and inho-
mogeneous and anisotropic characteristics. More so, while
Thangarajan (2007) and Szcszepinski (2019) dwelt on the
relevance of modelling groundwater flow and its environ-
mental impact, Zhou and Li (2011) and Mussa et al. (2020)
gave elaborate state-of-the-art reviews on the modelling of
groundwater flow. Similarly, using the Dupuit assumption,
Mehta (1975) examined groundwater flow by the method
of singular perturbation technique; Shreekant and Twinkle
(2014) considered a one-dimensional groundwater recharge
flow in an inclined porous media. Also, by the Forchheimer
model approach, Shi et al. (2018) numerically studied the
groundwater flow through a fault; Mwetulundila and Atan-
gana (2020) investigated the flow recharge through a frac-
tured aquifer. Employing the Dupuit—Forchheimer model
of groundwater flow, Strack (1995) investigated a 3-D
flow under a non-constant density; Haitjema et al. (2011)
examined the flow into a horizontal well; Srinivasan (2016)
investigated the relationship through porous media between
flux (velocity) and the driving using the Barus formula for
viscosity; Zerihun (2018) studied the effects of streamlined
curvature on both homogeneous and isotropic flow and non-
homogeneous phreatic flow in an unconfined aquifer, but
failed to consider the problem when the conductivities of
the layers are different.
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Haitjema et al. (2011) examined the flow into a hori-
zontal well using Dupuit—Forchheimer model. In their
model, the well sustainability situation was neglected.
Therefore, the objective of the paper is to investigate the
flow of groundwater in relation to the factors accounting
for the stainability of wells in aquifers, both confined and
unconfined using the Dupuit—Forchheimer assumption,
as a simplifier. In effect, we shall examine the roles of
hydraulic conductivity, storability and source/sink strength
on the groundwater flow into wells.

Mathematical foundation of groundwater
flow modeling

With modelling as an integral art, models are built upon
one another in the quest for simplicity, improvement and
finding solutions to physical problems in similar domains.
For example, Darcy, by his experimental law, on which
the foundation of porous media flow and hydrogeology
is laid, prescribed the flow rate ¢ (m?/s) of fluid in porous
media as,

—KkA
q= FVP,
where « is the permeability (m?) of the porous medium, A is
the cross-sectional area of the porous media; p is the fluid
viscosity (Pa.s), L is the length of the porous medium sam-
ple (m), p is the pressure (Paschal or N/m?), and Vp is the
pressure drop or change in pressure over a distance. By the
hydrostatic pressure assumption (Steven’s law), we have

p = pgd,
such that the Darcy law becomes,

—KkAg
oL

q= vd,
where p is the fluid density, g is the acceleration due to grav-
ity and d is the altitude.

The common form of the Darcy law is given as,

K
qg=—-—Vp,
U

and is derived from the Navier—Stokes equation. More so,
the hydraulic conductivity « (or Darcy flux or Darcy veloc-
ity (not the velocity of the fluid in the pores)) is defined as

oL
KAg

’

where v is the kinematic viscosity.
Also, the fluid velocity is prescribed as

q

u=—
2’
X

where y? is the porosity of the porous medium.

The propelling forces in the Darcy law are gravity and pres-
sure and are influenced by the viscous resistance of the porous
media. Since the pressure gradient in the flow occurs from
high pressure towards a lower one in the opposite direction, a
negative sign is associated with the Darcy law. It is applicable
where the flow is laminar and Reynolds number is less than or
equal to unity. The Darcy law has relevance in many engineer-
ing situations that may not agree with its original assumptions.
This calls for the modification of the law. Several models have
been built upon it for an extension. For example, Brinkman
(1949) introduced the Brinkman terms into it to obtain

K
mVq+q= =V,

where y, is the effective viscosity. The Brinkman terms cater
for transitional flow at the boundaries, where the grains of
the media are porous. Studies have shown that the model is
difficult to apply.

Importantly, by the equation of the fluid velocity, the Darcy
equation, in its commonest form is

-Vp = ﬁu.
K

It is neither applicable to the flow into a well at a high
pumping rate nor to flow in aquifers and faults (Mathias and
Todman 2010). Attempting to cater for the flow in aquifers and
fault, Forchheimer extended the Darcy equation by introducing
y pu? (the Forchheimer term) to obtain the Darcy-Forchheimer
equation

-Vp = L + ypu.
K

where y is the non-Darcy coefficient, which describes the
nature of the porous media, and is prescribed as a function
of porosity ( 7= f) and permeability x (Yao et al. 2015).
Its basic assumptions are: that the flow is macroscopic and
one-dimensional; the aquifer is homogeneous; the porous
medium is isotropic; the groundwater is incompressible with
constant density and velocity. More so, the non-Darcy coef-
ficient is prescribed as

Y = wk”,

where w is a constant and n is an index (Chen et al. 2015).
For engineering purposes, this is empirically given as

v=—,

\/E
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where m is called the Forchheimer coefficient (or drag coef-
ficient of the fluid flowing past the porous media) depends
on the porous media internal structure (Dukhan and Patel
2011). By a further extension, Dupuit—Forchheimer modi-
fied the Darcy law as

~(mllull + £u) = v,
K

where m (the Forchheimer coefficient) is a positive constant
(see, Srinivasan 2016).

Similarly, the groundwater flow equation is prescribed
as

oh

s _v.,-aG.
ot a

where & is the hydraulic head, S is the storability of the aqui-
fer and G the source/sink term. This is similar to the heat
conduction in the solids equation. With the hydraulic head
given by Darcy’s law as

q=—-xVh,
the groundwater equation becomes

oh _ BV2h —N,

ot

where f = g is called the hydraulic diffusivity; N = g is the
source/sink term. Its steady case is similar to the potential
or Poisson equation. The assumptions bounding the use of
the groundwater equation are: that the aquifer materials are
incompressible (no change of matrix with respect to pres-
sure change-subsidence); the external load on the aquifer
such as overburden and atmospheric pressure are constant;
the aquifer is non-leaky; groundwater is incompressible, its
hydraulic conductivity is an isotropic scalar, and its flow
is slow with a Reynolds number less than unity, and in a
horizontal direction.

As in the case of Darcy law, the groundwater equation
is for flow in rock matrixes where the Reynolds number is
less than or equal to unity, as such the advection term is
zero and flow is slow. Therefore, for application in other
areas within the domain, as in the flow in faults and frac-
tures (non-Darcy), where 1 <Reynolds number < 10, the
groundwater equation has to be modified to cater for such
situations (Mwetulundila and Atangana 2020; Skejetne
and Auriault 1996).

The groundwater flow equation has been modified and
prescribed for the flow in the rock matrix as

0%h
Sm% =DK,— +V,,
ot 0x2
where,
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V, =¢T,, (h — hy,),

is the fluid exchange rate between the porous media and the
fractures, D is the depth of the elementary volume, K, is the
hydraulic conductivity, S, is the storage coefficient in matrix
rocks; h as the hydraulic head, f represents the fracture, m
represents the rock matrix,T,, = DK, is the transmissivity
of the rock matrix, £ is the fluid transfer parameter (see,
Mwetulundila and Atangana 2020).

As a further extension, the Forchheimer equation, pre-
scribed as

F = (a+nq)q=F(qgq,

where a and 7 are Forchheimer linear and non-linear param-

eters, with o depending on the fluid properties, and # on

the media properties like porosity (Venkataraman and Rao

1996) was modelled into the groundwater equation to obtain,
oh _ D P

— = +V,
ot ~ F(q) ox2 7

flow equation for impermeable fault, where S; is the stor-
age coefficient in the fault (see, Mwetulundila and Atangana
2020).

In a similar development, when the rock matrix is imper-
meable, there will be no groundwater within the matrix;
therefore, no storage exists. As such, the linear parameter
of the Forchheimer equation becomes zero and the Forch-
heimer equation reduces to F' = nq. More so, with no water
exchange between the impermeable rock matrix and the frac-
ture, the fluid transfer rate V, becomes zero, and the govern-
ing groundwater flow equation for the fracture reduces to,

2
O _ b 0N
or  nqS; ox*’

Still on the furtherance of the modification and extension
of the groundwater flow equation, Dupuit—Forchheimer, tak-
ing pressure as the hydraulic head, assumed it as a function
of height d, density and gravity such that,

p(z) = —pgd.

The duo assumed that the water table is relatively flat,
groundwater is hydrostatic (i.e. equipotential lines are verti-
cal), flow is under gravity influence, and the vertical curva-
ture of the streamline is negligible.
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Physics of problem and mathematical
formulation

A mathematical model of groundwater flow into a well
using the Dupuit—Forchheimer assumption is now consid-
ered for a two-dimensional flow. We assumed the pores of
the aquifer into which the well is bored are cylindrical and
the flow velocity is symmetrical about the 6-axis. Then,
if (r,z,t) are the spatial radial and z-coordinates, p is the
pressure (hydraulic head), the governing equations of mass
balance and groundwater flow into a cylindrical well are
prescribed as

10(ru)  ow

- +—=0,

r or 0z M

op_ (PP, 1o N 5

Z=gH| = +-=+-L)-N,

ot or2  ror 072 )
for the confined aquifers, and,

()]72 aZPZ 1 ap2 a2p2

— =agH| —+-—+—— ) =N,

a ! ( o T ror | oz 3

for the unconfined aquifers with the boundary conditions,

t>0: u=o,w=0,p=patr=0, 4)

p=pyatr=1, ®)

where p <p,,,a = %, N = %’ Poo < Pu» Poo 18 the equilib-
rium pressure and p,, pressure at the wall, K is the hydraulic
conductivity (m/s), G is the source/sink strength, S is the
storability/specific yield of the aquifer, H is the height of the
aquifer, A is the area, gis the gravity force, L is the channel
length, H is the height difference between the aquifer and
the well.

By the Dupuit—Forchheimer assumption, the pres-
sure/head depends on the height/elevation (the distance
between the bottom and the top of the well, and is taken
as d or z). Therefore,

p(z) = —pgd, p*(2) = p*g*d*, ©6)

where p is the density of groundwater.
By (6) Egs. (2) and (3) reduces to a one-dimensional
unsteady radial flow of the form

op ?p 10dp
P_an( L4 12 _,
ot * <0r2 r or 0

for the confined aquifers, and,

2363
ap2 62p2 1 6p2 ) 5
— =qH| — +—-—+2 —N,
a ( or* r or 8 ®)
for the unconfined aquifers,
where,
p = p(r,0). ©)]

Also, Eq. (1) is satisfied by the boundary condition.

Methodology

Solving Eqgs. (7) and (8) under the specified boundary condi-
tions, Egs. (4) and (5), we seek for Bessel technique method
of separation of variables of the form:

p=WmT@®),p* = WAr)T ). (10)

Substituting Eq. (9) appropriately into Egs. (7) and (8),
respectively and equating the result to —A? (a constant), we
have

T +TA =0, (11)

1 A2 N
W+ W+ | = |W=—,
r <aH> aH (12

with the boundary conditions,

T=0atr=0, (13)
W=p,atr=0, (14)
W=p,atr=1, (15)

for the confined aquifer, and,

2
T=-=. (16)

(2eHT*)W' + (2aHT*)W + (T*A*)W?
- 2,2 an
= —(2aHp g —N).

Furthermore, substituting Eq. (15) into Eq. (16) gives

8aH / 1/8aH 4 2 _ 2 2
(T)W +?(7)W+(E)W =N-2alpe’,
(18)

with the boundary condition
W=p,atr=1, (19)

for the unconfined aquifer.
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Equations (10)—(14), (17) and (18) are solved using Math-
ematica 11.2 computational software.

Results

Studies have shown that the flow of water from the aqui-
fer into wells and the sustainability of the wells depend on
the hydraulic conductivity (K), storability (S) and source/
sink strength (G) of the aquifer. Also, it is prescribed that
the range of values for the storability of an aquifer is 107
to 107> units for a confined aquifer and 0.01-0.03 units for
an unconfined aquifer. Transmissivity, which is the product
of the hydraulic conductivity (K) and thickness (b) of the
aquifer, is dependent on the porosity of the aquifer rocks
and is prescribed as < 1000 gallons/day/ft for domestic/low
yielding wells, and > 1000 gallons/day/ft for industrial/agri-
cultural producing wells. The dependency of the well sus-
tainability on those factors is investigated. For constant val-
ues of H=10, 12=0.3, p=0.9, g=10, p,,=2, and for varied

values of K=0.2,0.4,0.6,0.8, 1.0, 1.2; G=0.1, 0.3, 0.5, 1.0,
1.5, 2.0; §=0.00001, 0.00003, 0.0001, 0.0003, 0.001, 0.003
for confined aquifer; S=0.01, 0.015, 0.02, 0.025, 0.03 for
unconfined aquifers, Tables 1, 2, 3, 4, 5 and 6 are obtained.

Discussion

Table 1 shows that an increase in the hydraulic conductivity
does not affect the flow pressure in the confined aquifers.
Naturally, the hydraulic conductivity of water-bearing lay-
ers is a proportionality constant, influenced by the variation
in density and viscosity of the groundwater. Groundwater
density is affected by the content of the water-layer materi-
als. While density decreases with the increase in pressure,
temperature and concentration of the dissolved solids, vis-
cosity decrease with the increase in the water temperature.
The lower the density, the easier the water flows through the
pores. As seen, the pressure is constant, despite the variation
in the hydraulic conductivities; however, it increases with

Table 1 Pressure-hydraulic

conductivity for a confined P p(K= 0.2.) p(K= 0.4.) p(K= 0.6? p(K= 0.8.) p(K= 1.0? p(K= 1.2.)
aquifer Indeterminate  Indeterminate  Indeterminate Indeterminate Indeterminate Indeterminate

0.5 0.5495 0.5495 0.5495 0.5495 0.5495 0.5495

1.0 0.7358 0.7358 0.7358 0.7358 0.7358 0.7358

1.5 1.0312 1.0312 1.0312 1.0312 1.0312 1.0312

2.0 1.4391 1.4391 1.4391 1.4391 1.4391 1.4391

2.5  1.9606 1.9606 1.9606 1.9606 1.9606 1.9606

3.0 2.5960 2.5960 2.5960 2.5960 2.5960 2.5960
IZﬁifuitisgsi%er‘gzgﬁlf‘; e P PK=02 PK=04) PK=06) PE=08) pK=10) pK=12)
unconfined aquifers Indeterminate  Indeterminate  Indeterminate Indeterminate Indeterminate Indeterminate

0.5 2.3506 2.3506 2.3506 2.3506 2.3506 2.3506

1.0 0.7358 0.7358 0.7358 0.7358 0.7358 0.7358

1.5 0.1400 0.1400 0.1400 0.1400 0.1400 0.1400

2.0 0.2486 0.2486 0.2486 0.2486 0.2486 0.2486

2.5 0.5782 0.5782 0.5782 0.5782 0.5782 0.5782

3.0 0.9032 0.9032 0.9032 0.9032 0.9032 0.9032
Table3 Pressure-storability () = ,6_000001) p(S=00,003) p(S=0.0001) p(S=0.0003) p(S=0.001)  p(S=0.003)
relation for a confined aquifer . . . . . .

Indeterminate  Indeterminate Indeterminate Indeterminate Indeterminate Indeterminate

0.5 0.5495 0.5495 0.5495 0.5495 0.5495 0.5495

1.0 0.7358 0.7358 0.7358 0.7358 0.7358 0.7358

1.5 1.0312 1.0312 1.0312 1.0312 1.0312 1.0312

2.0 14391 1.4391 1.4391 1.4391 1.4391 1.4391

2.5 1.9606 1.9606 1.9606 1.9606 1.9606 1.9606

3.0 2.5960 2.5960 2.5960 2.5960 2.5960 2.5960
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Table 4 Pressure-storability P(S=0.00001) p(S=00,003) p(S=0.0001) p(S=0.0003) p(S=0.001)  p(S=0.003)
relation in an unconfined aquifer . . . . . .
Indeterminate  Indeterminate Indeterminate Indeterminate Indeterminate Indeterminate

0.5 2.0759 2.0759 2.0759 2.0759 2.0759 2.0759

1.0 0.7358 0.7358 0.7358 0.7358 0.7358 0.7358

1.5 0.1551 0.1551 0.1551 0.1551 0.1551 0.1551

2.0 0.2357 0.2357 0.2357 0.2357 0.2357 0.2357

2.5 0.5508 0.5508 0.5508 0.5508 0.5508 0.5508

3.0 0.8280 0.8280 0.8280 0.8280 0.8280 0.8280
Itar';:fgfh f(f;;srs;;i(s)‘r’l“frgfg‘:k P pG=01) PG=03) PG=05) PG=10 PG=15) PG=20)
confined aquifer Indeterminate  Indeterminate  Indeterminate Indeterminate Indeterminate Indeterminate

0.5 0.6960 0.6899 0.6840 0.6690 0.6541 0.6391

1.0 0.7358 0.7358 0.7358 0.7358 0.7358 0.7358

1.5 0.7627 0.7737 0.7846 0.8120 0.8394 0.8668

2.0 0.7857 0.7857 0.7857 0.7857 0.7857 0.7857

2.5 0.8076 0.8547 0.9017 1.0194 1.1370 1.2547

3.0 0.8296 0.9017 0.9738 1.1540 1.3343 1.5145
:;2';;11 Fg)f;;‘;;‘r’l“frgfi lsllsk P pG=0D PG=03) PG=05) PG=10) PG=15) PG=20)
unconfined aquifer Indeterminate  Indeterminate  Indeterminate  Indeterminate  Indeterminate  Indeterminate

0.5 2.1604 2.1570 2.1535 2.1449 2.1363 2.1276

1.0 2/e 2/e 2/e 2/e 2/e 2/e

1.5 0.1082 0.1101 0.1120 0.1168 0.1216 0.1264

2.0 0.3202 0.3168 0.3133 0.3047 0.2961 0.2875

25 0.6691 0.6642 0.6594 0.6473 0.6353 0.6232

3.0 0.9783 0.9721 0.9660 0.9507 0.9353 0.9200

radial distance, implying that the flow pressure increases
with the size of the well bore into the confined aquifers.
More so, in a confined aquifer, due to the confinement of
water under burdens, the pressure is naturally endowed.

Table 2 depicts that an increase in the hydraulic conduc-
tivity does not affect the flow pressure in the unconfined
aquifers. Usually, hydraulic conductivity, which is a func-
tion of density and viscosity that in turn, depends, amidst
others, on the state variables ought to cause a change in the
pressure. Therefore, the non-changing pressure effect may
mean that the groundwater is at equilibrium with the varying
hydraulic conductivity. More so, it is seen that fluctuation/
oscillation sets into the pressure structure as the well radius
increases. The pressure increases and drops at r = 1.5 then
rise at r > 2. The presence of fluctuation in the pressure
structure due to the increase in the hydraulic conductivity
factor may lead to a loss of strength for the flow.

Table 3 shows that the storability factor does not affect
the flow pressure in confined/consolidated aquifers. As the
storability of an aquifer of a given thickness accounts for the

volume of water released from the aquifer storage in a unit
surface in response to a decline in the hydraulic head; there-
fore, its non-effect on the hydraulic head is an indication that
the pressure is at equilibrium with the varying storability
factor. However, it is seen that the pressure increases with
the radial distance, implying that the flow pressure increases
with the size of the well bore into the confined aquifers.

Table 4 show that an increase in the storability factor has
no effects on the flow pressure in unconfined aquifers. Being
a constant reciprocal term in the groundwater flow equa-
tion, storability in its infinitesimal size tends to produce no
change in the pressure. However, it is seen that oscillation
sets in in the pressure structure as the radius increases. The
pressure increases and drops at r = 1.5thenrise atr > 2. As
usual, the oscillatory pressure behaviour may lead to a loss
of strength for the flow.

Table 5 depicts that the aquifer strength has a fluctuat-
ing effect on the flow pressure in confined aquifers. As is
seen, at r = 0.5 the pressure decreases as the source/sink
strength increases; at r = 1.0 the pressure is constant despite
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the increase in the source/sink strength G, and at» > 1.5
the pressure increases with an increase in the source/sink
strength. The source/sink strength accounts for how the aqui-
fer responds to the normal pressure decline in the reservoir.
It accounts for the volume of water received by the aqui-
fers and, the sink strength the volume of water leaving the
aquifers. An aquifer strength is perfect or strong when the
water flow rate is almost at par with the reservoir withdrawal
rate under the reservoir conditions. More so, the pressure
increases with the increase in the radial distance, depicting
that the flow pressure increases with the size of the well in
the confined aquifers.

Table 6 depicts that in an unconfined aquifer, the flow
pressure is highly fluctuating. Atr = 0.5, the pressure drops
for all values of G; at 7 = 1.0, the pressure is constant for all
values of the source/sink G; at r = 1.5 the pressure decreases
as values of the source/sink G increases; at » > 2, the pres-
sure decreases with the increase in the source/sink G. How-
ever, the pressure increases with the increase in the radial
distance, implying that in unconfined aquifers, the flow pres-
sure increases as the radius of the well increases.

From Tables 5 and 6, it is evident that the increase in the
aquifer strength causes fluctuation in the flow pressure in
both confined and unconfined aquifers.

The flow situations shown by the results have some impli-
cations. The fluctuation in the pressure structure leads to a
loss of energy for the flow. The non-changing effect on the
pressure structures depicts that the pressure is in equilib-
rium with the varying factors under consideration. It is an
indication that the groundwater flows into the well through
natural and other causal effects. Therefore, the sustainability
of the well does not depend on the hydraulic conductivity
of the water, storability of the aquifer nor the source/sink
strength but possibly, on the availability of water in the aqui-
fer, porosity/permeability of soil matrixes, and the height
difference between the aquifer and the bored well. The great
question is of what roles are the investigated parameters
playing in the groundwater flow equation?

Conclusion

Apart from the availability of water in the aquifers for
replenishment at discharge from the wells, the height dif-
ference between the aquifers and the wells, and the per-
meability of the matrixes of the aquifers, it is claimed that
the groundwater flow and the sustainability of wells borne
into the heart of aquifers depend on the hydraulic conduc-
tivity and storability of the groundwater, and source/sink
strength of the aquifers, as enshrined in the flow equations.
We investigated the effects of hydraulic conductivity, stor-
ability and source/sink strength on the pressure force moving
the groundwater into wells to account for the sustainability
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of wells using the Dupuit—Forchheimer assumption. The
analysis of results shows that increase in:

e Hydraulic conductivity has no pressure-increasing effect
in both confined and unconfined aquifer; it causes fluc-
tuation in the pressure force in the unconfined aquifer.

e The storability factor has no pressure-increasing effect in
both confined and unconfined aquifers; it causes fluctua-
tion in the pressure force in the unconfined aquifer

e Source/sink strength G causes fluctuation in the pressure
force in both confined and unconfined aquifers.

Importantly, the fluctuation in the hydraulic head results
in a loss of energy for the groundwater flow into wells.
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