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In this study we present new data for the thermal conductivity enhancement in four nanofluids
containing 11, 25, 50, and 63 nm diameter Aluminum oxide (Al,O3) nanoparticles in distilled water. The
nanofluids were prepared using single step method (that is, by dispersing nanoparticle directly in base
fluid) which was gathered in ultrasonic device for approximately 7 h. The transient hot-wire laser beam
displacement technigue was used to measure the thermal conductivity and thermal diffusivity of the
prepared nanofluids. The thermal conductivity and thermal diffusivity were obtained by fitting the
experimental data to the numerical data simulated for Al,Ozin distilled water. The results show that, the
thermal conductivity and thermal diffusivity enhancement of nanofluids increases as the particle size
increases. Thermal conductivity and thermal diffusivity enhancement of Al,O3; nanofluids was increase
as the volume fraction concentration increases. This enhancement attributed to the many factors such
as, ballistic energy, nature of heat transport in nanoparticle, and interfacial layer between solid/fluids.

Key words: Thermal conductivity, thermal diffusivity, effect of particle size, effect of volume fraction.

INTRODUCTION

Nanofluids are defined as the dispersed of solid
nanoparticles (metal or metal oxide) in the fluid.
Nanofluids have attracted much attention recently
because of their potential as high performance heat
transfer fluids in electronic cooling and automotive (Wen
and Ding, 2006; Maiga et al., 2006). This interest begins
with the work of Eastman et al. (1997); Lee et al. (1999);
and Wang et al. (1999). They have reported the thermal
conductivity enhancements of common heat transfer
fluids such as ethylene glycol, water, oil, and small
addition of solid nanoparticles. For example, Eastman
has showed that, the enhancement of the thermal
conductivity of Copper (Cu) nanoparticle suspension in
ethylene glycol increases by 40% at volume fraction
concentration of 0.3% (Eastman et al., 1997). Similarly,
Choi and his co-researchers has illustrated that, the

enhancement in the thermal conductivity of carbon
nanotubes (NCT) suspension in oil was 160% measured
at volume fraction concentration of 1% (Choi et al., 2001).

The effects of particle size, volume fraction, and
temperature on thermal conductivity have been
investigated by Michael et al. (2009a). They used a liquid
metal transient hot wire device to measure the thermal
conductivity of alumina dispersed in water, ethylene
glycol, and ethylene glycol-water mixtures base fluids.
The measurements have been carried out at a specific
concentration and temperature, with an error of + 2%.
The results showed that, the thermal conductivity as a
function of temperature was close to the value of base
fluids. However, the maximum enhancement of thermal
conductivity appeared at 400K and 380K, respectively. In
general their results showed that, the thermal

*Corresponding author. E-mail: wmmyunus@gmail.com.




conductivity enhancement of alumina nanofluids at
room temperature decreased as the particle size
decreases, but increased with volume fraction
concentration. The effect of particle size on the effective
thermal conductivity of Al,O3; suspension in water
nanofluids have been investigated using steady-state
method (Calvin and Peterson, 2007). The nanoparticle
with 36 and 47 nm were dispersed in water base fluid at
different volume fraction ranging from 0.5 to 6%. The
measurements were carried out for a temperature range
of 27 to 37°C. They found out that, the enhancement in
thermal conductivity of two types of nanofluids (36 and 47
nm) increased nonlinearly with volume fraction and
temperature. The most significant finding was that, the
largest enhancement was occurred at a temperature of
approximately 32°C for volume fraction ranging from 2 to
4%.

The effect of particle size on some thermophysical
properties such as thermal conductivity and viscosity of
the nanofluids have been studied experimentally using a
transient hot wire method and numerically studied using a
simplified molecular dynamics method (Wen and Qing,
2008). In this case, the Aluminum oxide (Al,O3)
nanoparticle with particle sizes of 35, 45, and 90 nm were
suspended in water and ethylene glycol at different
volume fraction concentrations were studied. The results
showed a good agreement between the experimental
data and numerical results. According to the numerical
results, increasing the volume fraction concentration or
decreasing the particle size of nanoparticle could
increase the thermal conductivity of nanofluids. This is
due to the increasing of viscosity of the nanofluid. For
suitable particle size and volume fraction, the increasing
of viscosity gives an enhancement of heat transfer
capability.

The effect of particle size on the thermal conductivity of
alumina Al,O3; nanoparticle suspension in water and
ethylene glycol base fluids for particle size ranging from 8
to 282 nm have been conducted by Michael et al.
(2009b). The thermal conductivity of the nanofluid was
measured using a transient hot wire technique. The
results show that, the enhancement in thermal
conductivity of nanofluids increases with the increasing of
particle size. They also developed the correlation
between thermal conductivity enhancements with particle
size.

The thermal conductivity of titanium dioxide, zinc-oxide,
and alumina dispersed in water and ethylene glycol as
base fluids have been measured using the transient hot-
wire method (Kim et al., 2007). In this study, the effect of
particle size and laser irradiation has been investigated.
Emphasis was placed on the effect of particle size
suspension in base fluid on the enhancement thermal
conductivity. Also, the effect of laser pulse irradiation,
which means, the changing of the particle size by laser
ablation, was tested only for ZnO nanofluids. The results
show that, the enhancement thermal conductivity of
nanofluids increases linearly with decreasing the particle
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size, but no existing empirical or theoretical correlation
can explain this behavior. In addition, the results
illustrated that, high power laser irradiation can lead to
substantial enhancement in the effective thermal
conductivity although only a small volume fraction
concentration of the nanoparticles are fragmented.
However, the results show that, the thermal conductivity
of the nanofluids increases linearly with the volume
fraction concentration for Al,O;, ZnO, and TiO,
nanofluids. Generally, the enhancement in the thermal
conductivity that were observed in the approximately
range of 15 to 25% were relative to the base fluid. The
maximum enhancement was observed when the smallest
nanoparticle size (10 nm) was suspended in ethylene
glycol. The measurements of thermal conductivity of
nanofluids using Transient Hot-Wire method was recently
reported by Walvekar et al. (2012) and Pang and Kang
(2012). They have carried out the investigation of the
effect of particle volume fraction and the concenration of
stabilizing agent as well as the fluid temperature on the
thermal conductivity of NCT nanofluid. Their results show
that, the thermal conductivity of the sample increases
with the increasing of concentration of CNT, stabilizing
agent, and temperature.

In the present study, we report measurements of the
thermal conductivity and thermal diffusivity of Al,O3
nanofluids using transient hot-wire laser beam
displacement technique. Four different particle sizes of
nanofluid were studied in order to investigate the effect of
particle size on the thermal conductivity and thermal
diffusivity enhancement. The transient hot-wire laser
beam displacement technique was chosen with two
reasons; first we can obtained the thermal conductivity
and thermal diffusivity values from a single measurement;
secondly, we can simply eliminate the experiment error
due to the convection process in liquid.

MATERIALS AND METHODS
Preparation of nanofluids

The AlLOz; nanoparticles with average particle sizes of 11, 25, 50,
and 63 nm were purchased from Nanostructured and Amorphous
Materials, Inc. USA. The nanofluid samples were prepared using
the one-step method, similar to the one reported by Choi (1998).
The Al,O3; nanoparticles were suspended in the distilled water base
fluid to produce 5 different volume fraction concentrations (0.225,
0.55, 0.845, 1.124, and 1.4%) samples. The nanoparticles and
base fluid were mixed and kept in an ultrasonic bath for more than
7 h. Acetyl trimethyl ammonium bromide (CTAB) was added as a
surfactant for the mixtures. The size and the particle distribution of
the nanoparticles in base fluids were verified and measured using
TEM (Hitachi 7100 TEM).

Experimental setup
The experimental setup is based on the Transient Hot-Wire-laser

beam displacement technique. It consists of a heating a wire, a CW
He-Ne laser, as the probe beam, a lens with a focal length of 50
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Figure 1. Schematic diagram of the hot wire-laser probe beam displacement

technique

mm and a quartz cell as the nanofluids container. A position
sensitive detector (PSD) was used to collect the signal of the
deflected laser beam. The beam deflection signal was monitored
using a Lecroy 9310A Digital Oscilloscope. Figure 1 shows the
schematic diagram of the set up. A CW He-Ne laser operated at
632.8 nm with an output power of 2 m\W serves as the probe beam.
The measurements were carried out using the nanofluid quartz cell
with the light path of 10.5 mm. The heating wire diameter and
resistance was measured to be 254 pym and 2.38 Q/cm,
respectively. The wire was positioned vertically and perpendicular
to the probe beam. A home-made timing circuit was used to control
the heating current through the resistance wire to provide a pulse
heating source. The heating pulse was 0.35 s with a heating
voltage of 5 volts.

Thermal and laser beam displacement models

The purpose of a thermal model is to derive the fundamental
correlations for conduction heat transfer performance analysis of
the nanofluid, which is considered as a single phase fluid in the
conventional approach (Yimin and Wilfried, 2000). A thermal model
of heat conduction with guess values of ky, and ans needs to be
established first to solve the temperature distribution within the test
liquid. Then the temperature profile of the laser probe beam
deflection can be determined by relating the deflection angle with
the solved temperature gradient through a beam deflection model
(Jonathan et al., 1990). The heat conduction equations in the wire,
fluid and nanoparticles are established using the cylindrical
coordinate system in dimensionless forms as shown in Equations 1,
2, and 3, respectively.

2
’ 8uvé(;,r) _0 uw(r,r)+18uw(r,r)

5 +9(r,7)
or r or 1)

ou(r,z) 0%, (r,z) 10u,(r7)
72 P = 2 +-—

ou,(r,7) 82unp(r,r)+ 10u,,(r,7)

Vs or 6[’2 r or (3)

Where 71 is the dimensionless time constant, u is the dimensionless
temperature and y is the dimensionless variable.

In a conventional approach, it is assumed that, both the liquid and
particle phases are in thermal equilibrium and flow at the same
velocity, therefore, the nanofluids behaved like a common pure
fluid. This implies that, the whole equation of a single-phase fluid
has been applied directly to the nanofluids (Wongwises and
Weerapun, 2007). As the thermal and flow equilibrium between the
fluid phase and nanoparticles, a uniform shape and size for
nanoparticles becomes the most important parameter to be
considered for enhancement in the thermal conductivity and
thermal diffusivity of the nanofluid (Yimin and Wilfried, 2000; Calvin
and Peterson, 2010; Omid and Ahmad, 2009). Therefore, we get:

ou,(r,z) _ou,(r,7)

or Ot 4
ou, (r,r) N 6unp(r,z') azuf (r,r) - 62unp(r,z')
o~ or . & ®)

For this reason, we can say that Equation 2 is approximately equal
to Equation 3 so the dimensionless heat conduction equations of a
single-phase fluid and nanoparticles becomes:

OU,¢ (r,r) B o%u,, (I’,T)+1 OU,¢ (I’,T)
" or B 8r2 r or (6)

The dimensionless boundary conditions are written as:

ou(rt) _ 0
o o @
Y ou(r,t) _ au(r,t)|
12 =
or |;<Yl or |:>Tl ©
u(r,t];al = u(r,t}:il o
u(rt)  —1 .

With the dimensionless initial condition given as;
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and o N Mo (14)
az 3.2 kl Where n is the nanofluid refractive index , Ly is the probe beam
n= v Yt T o k= . _oa, R .
altp O(th knf (12) path length in nanofluid , is the spatial unit vector perpendicular

Where t, is the heating pulse duration; a is the radius of the wire,

and k and « are thermal conductivity and thermal diffusivity
respectively.

The volumetric heat generation g(r’z—) rate equation in
dimensionless form is:

VI
g(r,z) =4 nTykl
0 ryl, o)z,

r<l, t<z,

(13)

Where V and | are the voltage and current of heating wire
respectively.

The beam deflection angle equation in the nanofluid caused by
gradient of temperature (6) can be expressed as:

to the original probe beam, z is the spatial direction parallel to the
original beam path and n, is the normal value and can be ignored
from the integral in Equation 14. The refractive index is a function of
temperature; therefore the refractive index gradient and the
temperature gradient can be related to each other by the equation:

vn=390 g7

daT (15)

In order to derive the beam deflection position on the detector, we
consider the sample cell geometry and the beam deflection as
shown in Figures 2 and 3 respectively. From Figure 2 we can write
Equation 14 in term of cell geometry as:

W
_1an D dT,,

g, —=Nf1__2
' ndT “w vV D?+2Z2 dp (16)

Where D is the distance between the heating wire and probe beam,
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Figure 4. TEM image of Al203 (50 nm) nanoparticles dispersed in water after 7 h sonication,
(a) volume fraction concentration 1.4% (b) volume fraction concentration 1.124%.

Figure 5. TEM image of Al,O3 (11 nm) nanoparticles dispersed in water after 7 h sonication, (a)
volume fraction concentration 1.4% (b) volume fraction concentration 1.124%.

W the inner distant of the cell region within which the probe beam
deflected as shown in Figure 2. Thus, the probe beam deflection
angle in the nanofluid depends on the temperature gradient dT7/dp
which can be obtained by solving the transient heat conduction
equation in the heating wire and nanofluid numerically as discussed

above. Therefore, the total beam deflection (5T , in Figure 3) on
position sensitive detector (PSD) is the sum of the beam deflection

0, o..
in the nanofiuid (™ ) and in air (2" ) as shown in Figure 3, which
can be expressed as:

_ W_W + noLair dn To A 3 D du:f,iﬂ + D durr1]f,i
n aT a 2 ./p? +2%, dr D?*+Z7? dr

0

i
(17)
Where W is the half width of the quartz cell, T, Initial temperature,
[z is the grid spacing along z-axis and Lgy is the probe beam path

length in the air. The non-dimensional term, du/dr is related to the
temperature distribution as:

du_adr
dr T,dp a8)

The numerical data were obtained by solving the transient heat
conduction equations of the heating wire and the nanofluid medium
using the finite difference Method based on Crank-Nicolson
algorithm. Thermal conductivity and thermal diffusivity of Al,O3
nanofluids were simultaneously obtained by fitting the experimental
data to the generated numerical data for different particle size of
nanofluids (11, 25, and 50 nm) samples.

RESULTS AND DISCUSSION

Figures 4 and 5 show the TEM images of nanoparticle
distribution of Al,O3 nanoparticles in the base distilled
water fluids after 6 h in the sonication process. The
images show that, the Al,O; nanoparticles were
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Figure 6. Normalized probe laser beam displacement for Al,O3 (50 nm) in

water at D =300 ym.

aggregated to form nanoparticle clusters and evenly
distributed in the base fluids. These showed that, the
nanoparticles are in nano-metric scale around (14 to 70
nm) and are semi-spherical in shape. The measurement
of thermal diffusivity and the thermal conductivity is
based on the energy equation for heat conduction and
the deflection of the laser probe beam.

Figure 6 shows a typical plot of normalized
displacement signal as a function of time for Al,Oz (50
nm) in water measured at D = 300 ym. The thermal
conductivity and thermal diffusivity of were
simultaneously obtained by fitting the experimental data
to the numerical values calculated using Equation 17.
The best value was recorded when the smallest total
error between the numerical data and the experimental
data was obtained that is:

N

2
&= Z(Vexp_vmodel )

1=0 (19)

Where Vey, and Vimogel, are the experimental and numerical
model values of the normalized position, sensitive
detector output voltage, respectively.

The results of the thermal conductivity and thermal
diffusivity of Al,O3; (11 nm) nanoparticles suspension in
distilled water were 0.646, 0.655, 0.661, 0.669, 0.676
W/m.K, and (1.5758, 1.6219, 1.6457, 1.6738, 1.7270) x
107 m?s at volume fraction concentrations of 0.225,
0.55, 0.845, 1.124 and 1.4%, respectively. Obviously, the

thermal conductivity and thermal diffusivity of Al,Os; (63
nm) were higher than thermal conductivities and thermal
diffusivities of Al,O3 with particle sizes of 11, 25, and 50
nm. Table 1 shows the thermal conductivity and thermal
diffusivities of Al,Oz nanoparticles suspension in distilled
water at different particle size and different volume
fraction concentration. These results showed that, the
thermal conductivity and thermal diffusivity of Al,Os
increased with the increasing of particle size and volume
fraction.

Effect of particle size on thermal
nanofluids

properties of

The thermal conductivity and diffusivity of nanofluids
measured at different volume fractions from 1.4 to
0.225% and particle sizes ranging from 11 to 63 nm are
presented in Table 1 and Figures 7 to 16. All
measurements were made at room temperature with the
hot wire-laser probe beam displacement technique. The
samples consisted of Al,O3; nanoparticles dispersed in
distilled water. Figures 7 to 16 displayed the thermal
conductivities and thermal diffusivities for Al,O4
nanofluids as a function of particle size. Moreover, it
displayed the dependence of the thermal conductivity and
thermal diffusivity on the particle size, as well as, note
that the slope increases as the particle size increase. The
thermal conductivity and thermal diffusivity values of
these nanofluids generally increase nonlinearly with
increases particle size.
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Table 1. Thermal conductivity and diffusivity of Al,O3 (nanofluids in distilled water)

Particles Volume Thermal Thermal Enhancement in Enhancement in
size (nm) fraction conductivity diffusivity thermal thermal diffusivity
(%) (W/m.K) (m?s)x10” conductivity (%) (%)
11 1.40 0.676 1.7270 9.56 16.84
11 1.124 0.669 1.6738 8.42 13.24
11 0.845 0.661 1.6457 7.13 11.34
11 0.55 0.655 1.6219 6.32 9.73
11 0.225 0.646 1.5758 4.70 6.61
25 1.40 0.681 1.7344 10.37 17.34
25 1.124 0.674 1.6954 9.23 14.7
25 0.845 0.666 1.6549 7.94 11.96
25 0.55 0.658 1.6246 6.64 9.91
25 0.225 0.647 1.5790 4.86 6.83
50 1.4 0.689 1.7477 11.6 18.24
50 1.124 0.676 1.7050 9.56 15.35
50 0.845 0.668 1.6683 8.26 12.87
50 0.55 0.660 1.6272 6.96 10.09
50 0.225 0.648 1.5813 4.93 6.98
63 1.4 0.705 1.7930 14.26 21.31
63 1.124 0.695 1.7407 12.64 17.77
63 0.845 0.680 1.6880 10.21 14.2
63 0.55 0.669 1.6379 8.42 10.81
63 0.225 0.649 1.5836 5.18 7.1
0.710
0.705 1 - -® - Themal Conductivity at Volume fraction 1.4 % o
/
[ /
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2 /
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Figure 7. Variation of thermal conductivity of Al,O3 nanofluid with particle size
obtained for 1.4 % volume fraction.

Furthermore, the thermal conductivity and thermal
diffusivity of the smallest nanoparticles are lower than

that of the largest nanoparticles. This would be attributed
to phonon scattering at the solid-liquid interface. The
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obtained for 0.845% volume fraction.

phonon mean free path in small particles may be reduced
by phonon—phonon scattering, scattering at the
boundaries between nanoparticle and molecules, as well
as, lattice imperfections. However, the relationship
between the particle size and its thermal conductivity and
thermal diffusivity are nonlinearly dependent for the
particle size as shown in Figures 7 to 16.

The lattice imperfections in smaller nanoparticles
cannot remarkably affect the thermal conductivity and

thermal diffusivity. This indicates that, the phonon-
phonon scattering at the boundary between nanoparticle
and fluid interfacial can be more remarkable than that at
the lattice imperfections. Though lattice imperfections are
readily formed in small particles, the thermal conductivity
and thermal diffusivity of nanoparticles is mainly subject
to its size. Therefore, the results suggest that, the thermal
conductivity of nanofluid is subject to a size-dependent
effect. The results show that, the enhancement thermal
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Figure 11. Variation of thermal conductivity of Al,Os; nanofluid with
particle size obtained for 0.225% volume fraction.

conductivity were 9.56, 10.37, 11.6, 14.26% at patrticle
size 11, 25, 50, and 63 nm at volume fraction 1.4%,
respectively. While, the enhancement thermal diffusivity
of Al,Os; nanofluid was 16.84, 17.34, 18.24, 21.31 at
particle size 11, 25, 50, and 63 nm at volume fraction
1.4%, respectively. These results indicate that, the
enhancement thermal conductivies and thermal
diffusivities of Al,Oz; nanoparticle suspension in distilled
water have increased with increase in the particle size of
nanoparticles. The results are listed in the Table 1.

Effect of volume fraction on thermal properties of
nanofluids

Figures 17 to 24 shows the effect of volume fraction
concentration on the thermal conductivity and thermal
diffusivity of 11, 25, 50, 63 nm Al,O3; nanoparticles
suspended in distiled water. The enhancement in
thermal conductivity and thermal diffusivity increased with
the increasing volume fraction concentration of
nanoparticles. It is also observable that, the thermal
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Figure 13. Variation of thermal diffusivity of Al,O3; nanofluid with particle size

obtained for 1.124% volume fraction.

conductivity and thermal diffusivity increases linearly with
the volume fraction concentration of nanoparticles. This
observation can provide an insight into the mechanism of
the thermal exchanger transport in nanofluids. We
particularly mention the volume fraction concentration of
nanoparticles dependence for thermal conductivity and
thermal diffusivity in accordance with Figures 17 to 24,
because the thermal conductivity and diffusivity would
shows more enhancements if the nanoparticles formed
suspensions in base fluids and this could be more
profound in nanofluids containing a higher volume

fraction of nanoparticles. Al,O3; (25 nm) nanofluid exhibit
10.37% enhancement with 1.4 % volume fraction of
nanoparticles in distiled water while the nanofluid
presents 9.23, 7.94, 6.64, 4.86% enhancement with
1.124, 0.845, 0.55, and 0.225 volume fraction
nanoparticles in water, respectively. Al,O; nanofluids
exhibit 9.56, 8.42, 7.13, 6.32, and 4.70% enhancements
with 1.4, 1.124, 0.845, 0.55, and 0.225% volume fraction
concentration suspensions in distilled water, respectively.
All results of Al,Oz of (11, 25, 50, and 63 nm) are listed in
Table 1.
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The nanoparticles suspension demonstrates some
unique and novel thermal properties when compared to
the traditional heat transfer of fluids. There are several

mechanisms that will enhancement the thermal
properties of nanofluids; Brownian motion  of
nanoparticles, interfacial layer between solid\fluids,

nanoparticle structuring/aggregation, and effects of
nanoparticle clustering (Ligiu, 2009). First, Brownian
motion of nanoparticles could contribute to the thermal
conduction enhancement through two ways, direct

contribution due to motion of nanopatrticles that transports
heat, and indirect contribution due to micro-convection of
fluid surrounding individual nanoparticles. The direct
contribution of Brownian motion has been taken by
comparing the time scale of particle motion with that of
heat diffusion in the fluid. Equivalently, we can compare
the time required for particle to move by the distance
equal to its size with time required for heat to move in the
liquid by the same distance (Ligiu, 2009; Keblinski et al.,
2002). The indirect contribution has also been shown to
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play a minute role through the same reasoning for the
direct contribution and also through molecular modeling
(Evans et al., 2006). Secondly, interfacial thermal
resistance would lead to an increase in the estimate
value of thermal conductivity of nanofluid and an increase
thermal conductivity with increase particle size, which
satisfy the experimental results.

An interface effect that could enhance thermal
conductivity is the layering of the fluid at the solid
interface, by which the atomic structure of the liquid layer

is significantly more ordered than that of bulk liquid.
Given that, crystalline solids (which are obviously
ordered) display much better thermal transport than
liquids, such liquid layering at the interface would be
expected to lead to a higher thermal conductivity
(Keblinski et al., 2002). To evaluate an upper limit for the
effect of the interfacial layer, let us suppose that, the
thermal conductivity of this interfacial fluid is exactly
same as that of the solid nanoparticle. The resultant
larger effective volume of the nanoparticle-layered-fluid
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Figure 19. Thermal conductivity of Al,O3 (25 nm) nanofluid as a function of

Volume fraction concentration.

structure could enhance the thermal conductivity of
nanofluid. Third, nanoparticle structuring/aggregation
have dominated mechanism for the thermal conductivity
enhancement of nanofluids, due to interconnected
nanoparticles in the fluid enhances the thermal
conduction.

Lastly, by creating paths of lower thermal conductivity
resistance, clustering of particles into percolating would
have major effect on the effective thermal conductivity.
The effective volume of cluster, that is, the volume from
which other clusters are excluded, can be much larger

than the physical volume of the particles. Since within
such clusters, heat can move very rapidly, the volume
fraction of highly conductive phase is larger than the
volume of solid which is significantly increase thermal
conductivity. The effect of clustering is depending on the
ratio of the volume of the solid particles in the cluster to
the total volume of the cluster. With decreasing packing
fraction, the effective volume of the cluster increases,
thus enhancing thermal conductivity. A further dramatic
increase of enhancement thermal conductivity can take
place if the nanoparticles do not need to be in physical
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Figure 21. Thermal conductivity of Al,O3 (50 nm) nanofluid as a function of

volume fraction concentration.

contact, but just within a specific distance, allowing rapid
heat flow between them. Such fluid-mediated clusters
exhibit a very low packing fraction and thus, a very large
effective volume. The principal is capable of explaining
the unusually large experimental observed in
enhancement of the thermal conductivity (Keblinski et al.,
2002).

The results shows significant enhancement in the
thermal conductivity and thermal diffusivity of Al,Os
nanofluid. For example, the nanofluid with the particle
size of 11 nm, the enhancement of thermal conductivity
and thermal diffusivity were recorded and it varies from

4.70 at 0.225% volume fraction to 9.56 at 1.4%, and 6.61
at 0.225% volume fraction to 16.84 at 1.4% volume
fraction respectively. However, for nanofluid with the
particle size 63 nm, the thermal conductivity varies from
5.18 at 0.225% volume fraction to 14.26 at 1.4% volume
fraction. While, thermal diffusivity varies from 7.1 at
0.225% to 21.31 at 1.4% volume fraction.

Conclusion

The coupled transient heat conduction equations of the
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Figure 23. Thermal conductivity of Al,O3 (63 nm) nanofluid as a function of

volume fraction concentration.

heating wire and the nanofluid were solved
simultaneously using the finite difference Method based
on Crank- Nicolson algorithm to get thermal conductivity
and thermal diffusivity of Al,O3; (11, 25, 50, and 63 nm)

nanofluids. Crank-Nicolson algorithm was used to
discretize the coupled transient heat conduction
equations. New experimental data of the thermal

conductivity and thermal diffusivity of Al,O3 (11, 25, 50,
and 63 nm) nanoparticles suspension in distilled water
were obtained in this study.

Results show that, the thermal conductivity and thermal
diffusivity are increase with increasing the particle size
and volume fraction concentration. Since our
measurements were carried at room temperature the
Brownian motion effect can be ignored, thus, our results
show that, interfacial layer between solid/fluids,
nanoparticle structuring/aggregation particle clustering,
particle size, and the volume fraction concentration of
particles in the water base fluid give a significant effect on
thermal conductivity and thermal diffusivity of nanofluids.
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The United Nations Framework Convention on Climate Change (UNFCCC) reports indicate that those
who are least responsible for climate change are also the most vulnerable to its projected impacts. In
no place is this more evident than in Sub Saharan Africa, where greenhouse gas (GHG) emissions are
negligible from a global scale. In Africa, energy demands could be the major factor that may lead to the
increase of its emissions in the very near future. Forests are being used up for domestic energy supply.
Oil produced energy increases carbon foot prints and hydropower is unreliable due to uncertainties in
rainfall patterns. By 2004, the energy consumption mix of West Africa was dominated by oil (58%),
followed by natural gas (38%) and hydroelectric (8%) with coal and other energy forms not part of the
mix. The Sayigh’s universal equation is presented in this work, for estimating the global solar radiation
analysing data from 1972 to 2004 in Nigeria using Umudike, as a case study. The global solar radiation
within the region was noted to range from 1.99 to 6.75 kWh indicating that the method could be used in
producing signatures of global solar radiation in Nigeria when actual measurements are not available.
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INTRODUCTION

Countries in West Africa face many of the same
challenges as the rest of the world due to growing fuelling
energy demand. Besides few exceptions such as Nigeria,
the countries in the region do not have or have developed
sufficient domestic resources so they have become
dependent on imports. State companies which dominate
the energy sector lack commercial incentives and tend to
be inefficient; prices of fuels such as kerosene, diesel
and electricity are heavily subsidized encouraging
inefficient use of energy, deterring additional investment
in energy supply and often resulting in shortages and
rationing (Taimur et al., 2007).

Notwithstanding, combustion of these fuels for power
supply unleashes intolerable amounts of carbon (iv) oxide
as well as other harmful gases to the environment thus
contributing in turning the earth’s atmosphere to a
greenhouse with the harmful effect of producing global
warming. The environmental implications of gas emission
from these sources including gas flaring are part of
issues that informed the Copenhagen Climate Change
Summit at Denmark in December 2009. The summit was
aimed at creating global awareness of climate change as
well as establishing treaties that can be supported by
global businesses.
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This paper aims at recommending West Africa and
Nigeria in particular to renewable energy, having
estimated levels of global solar radiation at Umudike
(latitude 5.29°N, longitude 7.33°E) Eastern Nigeria, using
the Angstrom universal method from the period 1972 to
2004. Already, many countries like the United States of
America, China, India and Brazil etc, are employing this
initiative by the United Nations to start-up the clean
development mechanism project, such as the use of solar
power generation; biofuel generation from waste and
investment in carbon trading amongst other things,
geared at making the environment free from harmful
emissions. With advancement in science and technology,
the initiation to use solar energy for power generation is
already in use towards meeting electricity needs. There
are indications that the desire to diversify sources of
electricity generation may become visible, following plans
by the country’s first solar electricity generation company
to commence operation before the end of the year
(Chineke, 2002; Igbal, 1983). The purpose of the work is
to use different models for estimating global solar
radiations in Nigeria for locations where no measured
data is available.

MATERIALS AND METHODS
Study area

Nigeria is located in the tropics between 3°E to 14°E of longitude
and 4°N to 14°N of latitude. She is endowed with an annual
average daily sunshine of 6.25 h ranging between 3.5 h at the
coastal areas and 9.0 h at the far northern boundary. The minimum
and maximum hours of sunshine amount to 0.1 and 9.9 h
respectively. Similarly, it has an annual average daily solar radiation
of about 5.25 kWh/m? per day varying between 3.5 kWh/m? per day
at the coastal areas and 7.0 kWh/m? per day at the Northern
boundary. The minimum and maximum temperatures are 9.7 and
41.5°C respectively (Akinbami, 2001).

Acquisition of data

A monthly average temperature data obtained from the National
Root Crop Research Institute (NRCRI) Umudike, for the period of
30 years ranging from 1972 to 2004 was used for this research
work. The three models of estimating solar radiation is presented in
this work but only the Sayigh’s method was used to plot the
signatures because of its accuracy, hence the three models were
compared by combining all the models. In spite of the importance
of global solar radiation data, few meteorological stations,
especially in developing countries such as Nigeria measure these
data accurately and continuously. The situation can be solved using
equation methods that estimate global solar radiation from available
meteorological parameters such as sunshine duration, daily
temperature, relative humidity e.t.c (Akpabio and Etuk, 2003;
Akpabio et al., 2005; Chineke, 2008). The correlation model
developed can be used in estimating global solar radiation in
locations of similar latitude, altitude and climatology. Empirical
modelling is an essential and economical tool for the estimation of
global solar radiation. There are several methods available for
estimating global solar radiation (Chiemeka and Chineke, 2009;
Chineke, 2008); however, for this work the following were considered.
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Sayigh’s equation

Sayigh proposed his universal formula for the estimation of total
radiation intensity (Sayigh, 1977; El-Sahaam and Sayigh, 1979;
Oduro-Afriyie, 1997), which relates the global solar radiation Rg, to
mean maximum temperature Tmax, mean relative humidity RH, and
the ratio of sunshine hours to the length of the day S1, expressed
as:

Rg = NK exp {@(51 — RH/15 — 1/Tmax)}

(1)
Where
N =17 —0453
@ @
and
K =1.163 (a £+ bij Cos p) @)
is a constant (f{trt’h fm* “’Jda-"')
a=02/(1+01lg——————
/( @ @

"9, the latitude in degrees; Z is the length of day in hours; the
monthly average is taken in the middle of the month; K, N and a,
are factors which can be computed using the equation above. bi j is
a humidity factor, i=1,2,3 where 1 is for RH < 65%, 2 is for RH >

70%, and 3 is for 65% = RH = 70%. On the other hand, j = 1, 2,
3... 12 which refers to the months of the year.

Hargreave’s equation

Chineke and Jagtap (1995) compared 3 models and got the best fit
with the modified temperature based Hargreave’s method
(Hargreaves and Samani, 1982). The temperature-based model is
most appropriate when data on sunshine hours is lacking like in the
case for Nigeria. Chineke et al. (1999) proposed the equation for
estimating solar radiation and presented it in the form:

Rs = 0.16RaTd,, ©)

Where Rs = solar radiation, Tq = daily temperature difference
(maximum minus minimum) values, Ra = extraterrestrial solar
radiation (generated by a computer routine and requiring the
locations grid parameter).

Angstrom equation:

This is one of the most popular models. It is a regression equation
(Angstrom, 1924; 1929 and Black et al., 1954), which relates global
solar radiation H, to the duration of sunshine S, being the
parameter mostly readily measured at meteorological stations.

The model is thus expressed:

H+Ho=a+ bs/Z
(6)

H = total horizontal solar radiation
Ho = extraterrestrial solar radiation
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Figure 1. Global Solar Radiation for the first decade between 1972 to 1981.

S = Average sunshine hours per month
Z = length of the day in hours, the monthly average is taken in the
middle of the month a and b are constants.

From the daily averages of the temperature and sunshine hour
data, the global solar radiation was estimated for the region
(Angstrom, 1924, 1929; Oduro-Afriyie, 1997; Chineke et al., 1999;
Hargreaves and Samani, 1982; Taimur et al., 2007; Chineke, 2008;
Chiemeka and Chineke, 2009). This would highlight how much the
clearness index for the region could be established (Akpabio et al.,
2005; Babatunde and Aro, 1995). For this analysis, the period of
the study was grouped into four decades, ranging from 1972 t01981
for the first decade, 1982 to 1991 for the second decade, 1992 to
2001 for the third decade and the forth decade being the years from
2002 to 2004.

RESULT AND DISCUSSION

In Figures 1 to 3, the signatures of the estimates were
shown creating a trend line for modeling and
subsequently, the expected levels of solar radiation within
the region. Within the first decade, the region recorded a
maximum of 6.48 kWh in 1977 and a minimum of 2.25
kwh in 1978. However, the records of the estimated
maximum levels of solar radiation that reached the region
for the decade were 5.74 kWh in 1972; 5.9 kWh in 1973;
5.84 kWh in 1974; 5.98 kWh in 1975; 5.77 kWhin 1976;
5.7 kWh in 1978; 5.76 kWh in 1979; 5.49 kWh in 1980

and 5.53 kWh in 1981; as shown in Figure 1. From Figure
2, the trend line of the estimates of the second decade
was similar to the first although with variation in the
estimated maximum solar radiation, which was 6.23 kWh
in 1988 and a minimum of 1.99 kwh in 1985. However,
the records yet reflect the potentials of harnessing this
source of renewable energy in areas of photovoltaic in
rural electrification (Chineke, 2008; Chineke et al., 2007),
evapotranspiration and agronomy (Okoro et al., 2008), to
mention but a few.

The third decade ranging from 1992 to 2001 had its
signature similar to those previously discussed. From
Figure 3, the estimate showed the highest level in the
maximum solar radiation within the period of study, which
was 6.75 kWh in 1998, with similar high records of 6.06;
5.87; 6.05 and 5.98 kWh in the years 1995; 1996; 1997
and 2001 respectively. This could not be far from the
truth as this period recorded the highest awareness on
global warming and climate change. The gaps in the data
were mainly due to unavailability of measurements of the
variables for the months within the period.

Figure 4 showed that the levels of solar radiation were
also high with maximums of 5.92, 6.09 and 6.1 kWh in
the years 2002, 2003 and 2004 respectively; having
minimums of 2.58, 2.38 and 2.5 kWh in the years 2002,
2003 and 2004 respectively. These earlier figures



Nwokocha et al. 1461

A M

I A )
AANA

| iwmimmiwiw
|AVAYEYAYATAYRIRVAYA!

GLOBAL SOLAR RADIATION (KWh)

A A A S I VA

O +—+———"""TTTTTT T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
1982 1983 1984 1985 1986 1987 1988 1989 1990 1991
MONTHS OF THE YEAR
Figure 2. Global solar radiation for the second decade between 1982 to 1991.
8
7
N , ]
N AL b T fl
gs A=
=
m“[v \[1 T
5
= ~t A
g Al U v \
(&)
2
1
[ e o e L L o e e e e L e o e s o L e L e e o .. e e L LA
1992 1993 1994 1995 1996 1997 1998 1999 2000 2001

MONTHS OF THE YEAR

—— GLOSAY

Figure 3. Global solar radiation for the third decade between 1992 to 2001.

revealed that the power need of Nigeria, most especially from the Sayigh universal formula with those obtained
those within the South-eastern region, could be using Angstrom and Hargreaves estimation methods yet
addressed if the potentials of this renewable energy is over the region as shown in Figure 5; it could be seen
adequately harnessed. However, comparing the results that the trend line was similar hence showing an
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Figure 5. Comparison of levels of Global Solar Radiation at Umudike with the three estimation methods from 1972-2004.

agreement within each estimation method. solar radiation recorded over the region were high having
least values over the harmattan months as also reported
in Chineke et al. (2007). These values are adequate in
citing Photovoltaic systems (PV) as there is enough
energy to power them all year round (Chiemeka and

Conclusion

From the analyses, it is seen that the levels of global



Chineke, 2009). Designing and constructing solar
cookers, incubators, ovens and preserving equipments
that would be affordable but efficient for those living in the
rural areas within the study area, becomes necessary as
majority of the people living in these area are poor. This
will in turn, enhance their living standard (Chineke and
Igwiro, 2008), which is one of the objectives of the
Millennium  Developmental Goals (MDG) of the
government.

Photovoltaic systems are now the lowest cost option for
satisfying many of the electrical energy needs of areas
not served by distributed electricity, particularly in
developing countries, located in the tropics, where the
amount of sunshine is generally high and rural household
electricity consumption is comparatively low. Efforts
should therefore be made to improve the number of
meteorological stations available so that observations
may be obtained from these stations to cover a wider
scope.
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Some indices of pollution were studied in water samples from 25 dug wells randomly selected from
Okada town and it’s environ. Physicochemical parameters measured include temperature, pH, colour,
turbidity, total dissolved solids (TDS), toxic shock syndrome (TSS), total hardness, Ca, Mg, Fe, Mn,
nitrate and phosphate etc. The results of the study showed that dug wells from this area contain Fe and
Mn concentrations in nuisance quantity, far in excess of WHO recommended limits, with obvious
consequence for drinking and domestic uses. The use of sodium hydroperoxide, a powerful oxidant for
the removal of the Fe and Mn from the dug well water samples is described. This novel method is
preferable to most conventional methods because it is cost effective, environmentally friendly, very fast

and easy to apply.

Key words: Iron removal, dug well water, sodium hydroperoxide.

INTRODUCTION

Ground water in form of springs, dug wells or borehole
are major sources of drinking and domestic water usage
throughout the world (Masters, 1998; Sharmer et al.,
2005). It is considered better than surface water because
it is free from pollutants and other harmful pathogens
(Sharmer et al.,, 2005). However, in some locations,
ground water contains dissolved ions such as ferric and
ferrous ions, either from geological formation or from iron
pump components.

Iron can be present in water either as ferrous iron, ferric
iron, organic iron or iron bacteria (Machmeier, 1971).
Based on taste and nuisance considerations, the World
Health Organization (WHO) recommends that the iron
concentration in drinking water should be less than
0.3mg/l (WHO, 1996). Iron concentration in excess of
0.3mg/l is undesirable in drinking water as it causes
several aesthetic and operational problems including bad
taste, discolouration, staining and deposition in
distribution systems (Sharmer et al., 2005).

Several methods namely: oxidation-precipitation,
filtration, lime softening, ion exchange e.t.c have been
employed for iron removal from underground waters
(Wong, 1984; Michalakos et al., 1997 and Twort et al.,
2000). The oxidation-precipitation-filtration method is the
preferred method in most developing and developed
countries because it is more economical and less
complicated (Sogaard et al.,, 2000). In oxidation-
precipitation-filtration method, two basic physicochemical
mechanisms are involved (Rott, 1985), namely, oxidation
floc formation and absorption-oxidation mechanisms
(Sharmer et al., 2005). Both mechanisms occur
simultaneously in most conventional iron removal plants.
However, under certain conditions, the dominant
mechanism depends on the water quality and process
conditions applied.

In this research work, we report the physicochemical
properties of dug well waters in Okada town and its
environs with a view to determine the extent of

*Corresponding author. E-mail: chikeorjiekwe@yahoo.com. Tel: +2348066413048.
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pollution. Also included is the novel method of iron
removal from the dug well waters by treatment with
sodium hydroperoxide.

MATERIALS AND METHODS
Apparatus

The equipments used were Celsius thermometer (0-100°C), pH
meter scale, Gooch funnel, oven, filter papers and flasks,
conductivity cell, Hach colorimeter, Atomic  Absorption
spectrophotometer, 200 litre pressure tank, Electric motor mixer,
water pump, vacuum pump, Calcite filter and storage tank.

Reagents

The reagents used for this study were purchased from Aldrich
Chemical Company. They are all of analytical grades and were
used directly without further purification. They include hydrogen
peroxide, H,0O,, sodium carbonate, Na,COj3 and distilled water.

Etsako West

Senatorial Districts

> [ ] Edo North

- Edo Central
- Edo South

Sampling area

25 underground dug well water were randomly selected and
sampled within five communities in Ovia North-East Local
Government area of Edo State. These are labeled DW; to DWys.
The map of the sampled area is shown in Figures 1 and 2.

Physicochemical properties

The measurement of temperature, pH, conductivity, TDS, TSS, total
hardness, colour, turbidity, nitrate, phosphate, dissolved oxygen,
calcium, magnesium, iron and manganese ion in the dug well
water samples were carried out according to previously reported
standard methods (Ademoroti,1996 and Chike et al., 2006).

Treatment of water samples with sodium hydroperoxide

About 180 L of dug well water was taken into the pressure tank with
the aid of a water pump. 50% H,O, solution and 2 M Na;COg3
solutions was prepared from the stock samples provided. 30 ml of
50% H,0; and 5 ml of 2M Na,CO3; were mixed together in a beaker
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and allowed to stand for about 3 min to generate sodium
hydroperoxide, NaOOH which is the oxidant. The NaOOH mixture
was then poured into the tank and stirred with the aid of electric
motor mixer for about 1 min. There was immediate precipitation of
ferric hydroxide, Fe (OH);. This was consequently allowed to settle

for about 30 min, filtered and stored in the storage tank before
distribution, (Figure 3).

RESULTS AND DISCUSSION

The results of the physiochemical characteristics of dug
well water samples from Okada town and other
surrounding community is presented in Table 1. The
temperature of the dug well water samples ranged from
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Table 1. Results of physicochemical properties of dug well water samples from Okada Town and its environs.

2z g .5 o822 2 2 2 25 2. 25 £E5 3
E 3 o EO T Es 85 35 S55 2 E £ E 20 23 B 8% &
E 252 &7 e "E FEFFE T o o £ 8& 5% ZE & 7
g S % = < O = w s [ g a3
@) A= o
DW1 28.19 7.06 88 44 56 36 28 8 58 1.8 334 93 0.15 0.09 5.20
DW> 28.10 7.10 90 50 54 36 27 8 6.0 20 324 88 0.13 0.08 5.40
& DWs 28.00 6.90 94 55 55 40 26 9 6.2 1.6 320 86 0.20 0.09 5.50
g DW4 28.10 7.10 90 50 56 40 27 9 58 1.8 324 84 0.14 0.10 5.30
E’ DWs 28.10 7.06 90 45 57 36 28 8 6.0 2.0 340 95 0.16 0.10 5.30
DWse 28.05 6.90 45 23 13 18 14 4 40 14 12 16 0.18 0.06 4.76
DW7 27.90 7.00 44 22 12 16 12 5 42 1.2 13 15 0.17 0.07 4.90
0 DWsg 27.80 7.10 40 22 11 17 13 6 44 16 13 17 0.17 0.06 4,90
L DWy 27.90 7.00 44 24 14 17 12 5 42 1.2 13 16 0.18 0.07 4.70
8 DW1o 28.10 6.90 46 23 13 18 14 4 40 14 12 15 0.20 0.08 4.80
DW11 28.28 7.35 198 99 10 70 50 20 8.0 26 22 16 0.09 0.06 5.19
DWi, 27.90 7.20 182 90 14 68 49 21 78 24 21 15 0.08 0.05 5.20
© DWi3 28.00 7.45 170 85 12 66 48 22 84 28 24 15 0.11 0.07 5.30
T DWu 27.90 7.30 183 90 14 67 51 20 84 24 21 16 0.10 0.06 5.10
(_\3< DW3is 28.30 7.20 190 100 12 72 49 21 78 2.6 23 18 0.09 0.05 5.20
DWs 28.17 6.89 96 48 119 42 31 11 6.0 2.0 495 184 0.12 0.07 5.21
DW37 28.00 7.00 88 45 124 40 29 12 6.2 1.8 490 180 0.11 0.06 5.30
DWis 27.90 7.10 84 40 130 39 30 13 64 22 500 190 0.14 0.08 5.40
S DWiyg 28.00 7.00 86 46 123 40 32 12 6.0 20 490 182 0.12 0.07 5.10
5 DWyo 28.20 6.90 94 50 120 41 29 12 6.2 1.8 492 188 0.13 0.07 5.30
DW21 28.19 7.07 46 23 8 18 12 6 40 14 7 14 0.12 0.06 5.20
DW2, 28.10 7.20 55 22 7 19 13 7 38 1.2 7 13 0.13 0.04 5.20
DW23 28.00 6.90 45 20 9 20 14 6 4.4 14 8 15 0.14 0.05 5.30
% DW24 28.10 7.20 56 22 7 18 12 7 42 1.2 7 14 0.11 0.05 5.10
5 DWgs 28.20 7.10 60 24 10 18 13 8 40 1.6 7 14 0.12 0.06 5.30
% 24.50-8.80 6.50-8.00 <10 <6 <2 <100 <75 <25 03 0.05 <500 <0.1 <03 <010 =>100

W
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Table 2. Iron and manganese content of the dug well water samples before and after treatment With NaOOH.

Dug well Fe and Mn content before treatment Fe and Mn Content after treatment
Communities water with NaOOH with NaOOH
sample Fe (mg/L) Mn (mg/L) Fe (mglL) Mn (mg/L)
DW, 5.8 1.8 0.15 0.02
DW; 6.0 2.0 0.18 0.03
DWs 6.2 1.6 0.20 0.02
Iguomon DW4 5.8 1.8 0.20 0.03
DWs 6.0 2.0 0.15 0.03
DWs 4.0 1.4 0.10 0.02
DW~ 4.2 1.2 0.15 0.02
DWs 4.4 1.6 0.15 0.03
Ogbese DWyq 4.2 1.2 0.10 0.02
DW 1o 4.0 1.4 0.15 0.03
DW 1, 8.0 2.6 0.20 0.03
DW12 7.8 2.4 0.15 0.02
DW13 8.4 2.8 0.20 0.03
Okada DW 14 8.4 2.4 0.15 0.02
DWis 7.8 2.6 0.20 0.03
DW16 6.0 2.0 0.15 0.02
DW17 6.2 1.8 0.10 0.02
DWig 6.4 2.2 0.10 0.03
Uhen DWi9 6.0 2.0 0.09 0.03
DW3o 6.2 1.8 0.09 0.04
DW3y 4.0 1.4 0.10 0.03
DW2, 3.8 1.2 0.08 0.03
DW33 4.4 1.4 0.10 0.03
Utese DW24 4.2 1.2 0.10 0.02
DW2s 4.0 1.6 0.09 0.02
WHO 0.3 0.05 0.3 0.05

27.8 - 28.3 °C which is within the acceptable range
recommended by World Health Organization (WHO). The
maximum allowable limit for pH by WHO for safe drinking
water is 6.50 - 8.00. The pH of all the dug well water
samples also fell within this range. The conductivity of
the water samples is a measure of the dissolved ions in
the water.

Dug well water samples from Okada have the highest
conductivity values, which corroborate its highest values
for Ca, Mg, Fe and Mn ions. Dug well water samples from
Uhen community has the highest average TSS value of
about 123 mg/L which surpassed the WHO guideline
value of 2.0mg/L for TSS. This corroborates very well
with the highest average values of 495 PtCo and
185mg/L measured for colour and turbidity respectively.
All the dug well water samples from the five communities
contain Fe and Mn exceedingly in nuisance quantity far

above the WHO allowable limit. Dug well water samples
from Okada community have the highest values. The
results were expected considering the fact that the soil
from these areas is mostly laterite, with high iron content.
Therefore the iron must have got into the underground
water through leaching and seepage from the soil. The
high content of Fe and Mn ions has obvious deleterious
consequences on the use of the dug well waters for both
domestic and drinking purposes. Such consequences
include bad taste, staining and browning of clothes, food,
containers and skin.

In this regard, a pretreatment procedure is advocated
for the dug well water to bring the concentration of Fe
and Mn to a tolerable level. Table 2 shows the content of
Fe and Mn of the dug well water samples after treatment
with sodium hydroperoxide and NaOOH. The dug well
water was clear when drawn but gradually turned brown



due to precipitation of ferric hydroxide and Fe(OH);
caused by atmospheric oxidation of the dissolved ferrous
iron. The result indicates that the iron is present mostly
as dissolved ferrous bicarbonate and Fe(HCOj),. After
treatment, the iron and manganese concentrations in the
dug well water samples are considerably reduced to
below 0.2 and 0.04 mg/L respectively. These values are
tolerable concentration level for these ions since they fall
within the WHO allowable limits.

The Na,CO; solution was used to generate the sodium
hydroperoxide, which is the powerful oxidant (Equation
1). The sodium hydroperoxide decomposes insitu to
generate oxygen atom, [O] which then oxidizes the iron
(I1) to insoluble iron (Ill) (Equations 2 and 3).

The following mechanistic steps have been suggested for
the reaction:

Na,COj; +2H,0, —»2NaOOH + CO, + H,0 (1)
2NaOOH ——» 2NaOH + 2[O] 2)
Fe®* + 3/2[0] + 3/2H,0 — Fe (OH), (3)

The overall equation of the reaction is therefore given by
equation below:

2Fe(HCO3), + %20, +H,0 — 2Fe(OH);d + 4CO,T
(4)

The ebullition of hydrogen peroxide aids the coagulation
of the suspended ferric hydroxide particles. Apart from
iron removal, this method is particularly better than most
conventional methods for the following reasons:

(1) The hydrogen peroxide, H,0, is a very important
powerful germicide and is capable of disinfecting the
water.

(2) The reaction is very fast and cost effective since
reaction is completed in a few minutes and just about
35ml of the NaOOH mixture is required per 180 L of raw
water (cf. 1Kg of Calcium hypochlorite per 100 Kg of raw
water)

3) It is environmentally friendly when compared with
other conventional methods such as chlorination or
ozonation e.t.c.

(4) It does not require external coagulant.

Conclusion

Raw water from dug wells from Okada town and
neighbouring communities have very high iron
concentration because of the high iron content of the
laterite soil. Treatment with alkaline hydrogen peroxide is
one surest way of removing dissolved iron from
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underground dug well or borehole waters. The method is
preferable than most conventional methods because it is
fast, cost effective, environmental friendly and does not
require external coagulant.
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The aim of this study was to evaluate seasonal as well as moderate temporal effects on deep
groundwater quality by the dumpsites leachate in the Lahore Metropolitan with a population of about 8
million. Groundwater samples for this study ware drawn from groundwater supply units installed by
local government for the provision of drinking water to the residents. The groundwater in down slope
regions from municipal solid waste (MSW) dumping sites has been identified by using Inverted
Watershed technique. Eleven water supply units have been spotted that fall within the identified
leachate plumes. Parameters of pH, turbidity, electric conductivity, total dissolved solids (TDS) and
Escherichia coli were determined on water samples from these identified units. The quality analysis
indicates that the effect of the leachate is more prominent in the hot and dry pre-monsoon season due
to the domination of base flow for recharge of the groundwater, whereas dilution observed in leachate
contamination during and immediately after the monsoon rainy season is due to the recharge through
seepage of the rain water which dominates the base flow. Variation in the correlation factor between
electric conductivity and TDS has been used to estimate constituents of TDS contributed both by
rainfall seepage and base flow. An increasing tendency, showing influence of the leachate on the deep
water quality, has been observed while analyzing the correlation between distance of the tube wells
from leachate sources and measurements of quality parameters.

Key words: Base flow, deep groundwater, down slope regions, landfill leachate, rainwater seepage.

INTRODUCTION

Almost 70% of the earth is covered with water but only
2.5% of this is fresh water (PCRWR, 2007; Limouzin and
Maidment, 2009) is suitable for human use.
Approximately 99% of fresh water is in aquifers (ESA,
2001; Gabriel and Khan, 2010) and being used as the
major source of drinking water in Pakistan. Lashari et al.
(2007) estimated that about 60 to 70% population of
Pakistan depends directly or indirectly on groundwater for
their livelihood. However, a number of locations in Punjab

province of Pakistan have been reported to be
contaminated by by-products of waste materials (World
Bank, 2006). Therefore, qualitative and quantitative
monitoring of these fresh water reservoirs is mandatory
for human health.

Underlying aquifer is the main source of water for the
city of Lahore like the rest of the Punjab province with a
population of 80 million. The extraction of this
groundwater can be categorized in three types depending

*Corresponding author. E-mail: zali1964@hotmail.com. Tel: +92301-5551014. Fax: +92-512077395.




on depths. The first category ranges in depth from 9 to 18
m depending upon the aquifer level. This serves the poor
households around the dumpsites and cottage industry.
The second category serves the agriculture; the water is
drawn by relatively large water extraction tube wells with
almost the same depth range as for the first category.
The third type of extraction wells are installed by
government agencies for the provision of drinking water
to residents of the city. These tube wells are considered
most sophisticated and deepest (150 to 180 m).

Provision of water supply to about 90% population of
Lahore is the responsibility of Water and Sanitation
Agency (WASA), which has installed over 450 tube wells
and given over 531,336 connections in the city (Gabriel
and Khan, 2006). Other agencies like Lahore
Cantonment Board, Model Town Society etc. serve the
remaining 10% population of Lahore. Gabriel and Khan
(2006) reported that these tube wells are of varying
capacity and are operated for an average duration of 16
to 18 h a day and the depth of these tube wells, varies
from 150 to 180 m. Hydro-geologically, Lahore is a part of
large interfluvial Bari Doab, bounded by River Ravi to the
north-west and Rivers Satlej and Beas to the south-east.
Its aquifer is un-confined with a thickness of about 400 m
(Gabriel and Khan, 2006) and is composed
predominantly of fine to medium grained sands and small
lenses of silty clay.

Monitoring of underlying aquifer in the vicinity of a
dumping site is mandatory for the protection of
groundwater. Dumping sites provide an easy and the
cheapest way for waste management all over the world
(Mahini and Gholamafard, 2006; Zhang et al., 2011; Butt
et al., 2008). However, without properly designed and
maintained, microbial and chemical products from the
dumping site may produce harmful effect to the
environment (Butt and Oduyemi, 2003). Hazards
associated with landfills require proper evaluation even
after their construction, in order to estimate and eradicate
the bad effects to environment and public health
(Gorsevski et al., 2012). Contamination of the underlying
aquifer by leachate from the dumping sites is the most
highlighted environmental issue found in the reviewed
literature (Butt and Oduyemi, 2003; Santos et al., 2006;
Demitriou et al., 2008; Din et al., 2008; Lépez et al.,
2008; Singh et al., 2009; Li et al., 2012). For examples,
groundwater contamination near the Ano Liosia landfill
was reported in Attica region, Greece, which was
unsuitable for irrigation (Feta et al., 1996). Another
example is in Delaware New Castle where wells located
downstream of the Llangollon landfill were found to be
heavily contaminated and subsequently abandoned
(Chian and DeWalle, 1976).

In 2009, the areas under the jurisdiction of Lahore city
produced about 5000 tons/day of municipal solid waste
(MSW), where 60% of the waste was collected and
disposed of in the open dumpsites (Batool and Chohdary,
2009). Two major sites for municipal waste dumping in
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Lahore are located in Saggian and Mahmood Booti as
shown in Figure 1. These dumping sites have neither a
leachate collection system nor an impermeable liner
system. The dumpsite leachate percolates through
underlying sediments and contaminates the source of
drinking water (Biswas et al., 2010; Li et al., 2012). Once
the groundwater is contaminated, they are unable to be
cleaned to a level that can meet international drinking
water quality standards (Biswas et al., 2010). Horizontal
spread of percolated landfill leachate is very limited
(Cherry, 1990) but it moves down slope as a wide front of
contamination (Lee and Lee, 1993). Municipal landfill's
leachate is heavier than groundwater, therefore, after
percolation through lithological cross section it will sinks
to the depth where it is diluted to a level where its density
becomes comparable to that of the uncontaminated
groundwater (Cherry, 1991; Lee and Lee, 1993).

In the pre-monsoon season, lateral flow of groundwater
is dominant while in the post-monsoon, vertical flow
dominates the groundwater recharge. Lateral flow brings
contamination to a location from its neighboring sources
and the vertical flow brings contamination from the
location itself. Most of the studies that analyzed the
leachate hazards to the groundwater had used shallow (1
to 10 m below surface) water samples, where the effects
are more pronounced (Jensen et al., 1998; Nyenje et al.,
2013). This study is intended to delineate down slope
groundwater regions of Mahmood Booti and Saggian
dumping sites and the quality assessment of the drinking
water supply tube wells that are located within the
identified hazardous zones. The groundwater sampling
depth ranges from 79 to 137 m from the tube wells
installed by the government for the provision of drinking
water. Timely detection of groundwater pollutants may
lead to remedial measures for sustainability of the
drinking water source. For this purpose some indirect
methods have been wused for the analysis of
contamination caused by leachate to these depths.

MATERIALS AND METHODS

Methodology for this study has been divided into two steps. In the
first step, down slope groundwater areas of each landfill have been
identified and hence delineated. Afterward, in the second step tube
wells falling within this area were assessed for the quality of
drinking water.

Down slope area identification

WASA periodically measures the depth of groundwater on each of
its tube wells installed within Lahore district. For this study, static
water level (SWL) values for the months of April, July and October
from 2009 to 2011 were used. Geo-referencing of the tube well
sites was accomplished by a field survey identifying each tube well
site using Garmin GPS map 76CSx with an accuracy of £3 m. In
order to develop water table, the point measurements had been
interpolated after comparison of many techniques available for
interpolation as shown in Table 1. This comparison had optimized
Kriging (simple kriging) as the most suitable for the interpolation.
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Association of the Study Area
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Figure 1. Dumping sites location in Lahore, Pakistan.
Table 1. Comparison of interpolation techniques.
Method RMSE Correlation Mean
IDW 3.492 0.890536 0.1231
Spline 3.399 0.897549 0.1748
Kriging 3.37 0.898589 0.02551

For the down slope area identification some of the geographic
information systems (GIS) software only facilitates in finding down
slope trajectories for individual pixels; whereas, one of the
objectives of the study was to delineate all the area that receives
water after passing through the landfills, therefore an indirect
approach has been applied for this purpose. The method devised in

this study for the down slope area identification is an inverse
watershed technique. In this technique, the water table surface is
inverted to get its reflection surface which shows higher areas at
low levels and vice versa. The down slope areas in the actual raster
surface will appear to be up slope areas or in other words,
watersheds, in the output surface. The process of inversion of water



Water Table Surface

Mahmood et al. 1473

Inverse Water Table Surface

Figure 2. Inversion of groundwater surface.

table surface is shown in Figure 2.

Both landfills were used as target feature for delineating
watersheds based on the inverted water table surface. This
watershed gives the required down slope regions of the
groundwater from landfills. To incorporate possible variations in the
down slope area a time series of water table surfaces consisting of
nine datasets spanning from April, 2009 to October, 2011 were
used in this study. Groundwater surface changes with time as a
consequence of rates and position of water extraction and
recharge, the combined output of all down slope regions is shown
in Figures 3 and 4 for Mahmood Booti and Saggian landfills,
respectively. As a hypothesis, the estimated down slope areas from
various input surfaces must overlap as they belong to the same
region. Therefore, in the final down slope region only those areas
which overlapped by at least two of the datasets were selected. The
outputs of all the overlapping datasets are united for the
demarcation of the down slope areas of both the dumping sites.

Quality assessment of risk prone tube wells

The final down slope area for each of the dumping sites identifies
the possible hazardous region prone to leachate contamination.
Tube wells installed by WASA, Lahore for drinking water supply
were identified in this study. After identification of expected risk
prone water supply units, an assessment was performed to check
the water quality of these tube wells. The qualitative report of
expected risk prone tube wells for pre-monsoon 2010 was taken
from WASA, Lahore. The other data set for the water quality
assessment was acquired especially for this study in post-monsoon
2012. The available datasets made it possible to provide both
seasonal as well as moderate temporal changes in the drinking
water quality. This time gap provided a fair chance to evaluate the
impacts of leachate, having a slow lateral movement (Cherry,
1990), even at the farthest tube well identified. Water samples of
the tube wells were collected in neat, airtight and sterilized
polyethylene 500 ml bottles. Samples were immediately brought to
laboratory for the analysis of selected water quality parameters.

In the pre-monsoon season, lateral flow of ground water is more
dominant, whereas in the post-monsoon season, vertical flow
dominates the groundwater recharge. Both seasons were taken into
account to determine the influence of lateral as well as vertical flow
of recharge to water quality. In order to highlight the influence of
landfill leachate to water quality parameters a basic principle of
likelihood has been used by virtue of which any effect caused by a
source is inversely related to the distance (Nyenje et al., 2013). A
correlation of each quality parameter with distance from dumping
site was established. The distance from the dumping site had been
taken, keeping in view, both the filter depth of tube wells and its
ground distance from the dumping sites as shown in Figure 5.

RESULTS AND DISCUSSION

The delineated down slope regions for both municipal
dumpsites show a general trend of groundwater flow from
dumping sites towards the residential area of the city as
shown in Figure 6. The extracted down slope regions
using inverse watershed technique are verified by the
cited literature, as explained in the following points:

1) It is a fact that almost all the extraction of groundwater
for livelihood is made in central portions of the city
leading to a depression zone as mentioned by a number
of studies (Mahmood et al., 2013). So, in order to
maintain  surface level, water flows from outer
boundaries, beneath municipal dumpsites, to inner
regions of the city.

2) The River Ravi exists as one of the major recharge
sources of Lahore’s groundwater at northern and western
edges of the city (Basharat and Rizvi, 2011; Mahmood et
al., 2013). Since the leachate producing bodies are
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Watertable Downslopes of Mahmood Booti
from April, 2009 to October, 2011
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Figure 3. Time series of Water table down slopes of Mahmood Booti dumping site.

Watertable Downslopes of Saggian from April, 2009 to October, 2011
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Figure 4. Time series of Water table down slopes of Saggian dumping site.

situated away from River Ravi to the residential part of underlying aquifer is from dumpsites to central city. In this
the city, therefore, flow of the water for recharging the way, leachate contaminates that part of the groundwater
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Figure 5. Distance from dumping site to tube well filter

Groundwater Flow from Municipal Waste Dumping Sites to Residential parts
of Lahore city
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Figure 6. Groundwater flow to the Lahore city.

which has to be ultimately extracted for human usage.

Effects on the drinking water supply units/tube wells

Table 2 lists the details of risk prone tube wells identified
in this study. Nine tube wells were located within
contamination reaches in Mahmood Booti dumping site
(Figure 7) and two tube wells were in the Saggian

dumpsite (Figure 8).

The quality parameters for the risk prone tube wells are
shown in Table 3. The landfill leachate contains acidic
substances that cause decrease in pH value of the
leachate (Kareem et al., 2010) which further tends to
decrease pH of the ground water if it gets mixed with it.
Keeping in view this effect to the pH parameter, Table 3
shows the average measured pH of groundwater is more
acidic in the pre-monsoon season than the post-monsoon
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Table 2. Tube wells at risk along the dumping sites.

. ) . . Design capacit Distance from Water depth Water samplin

S/IN  Serving area Effecting dumping site (gusecps) y landfill (m) Nov, 2011F2m) depth (rﬁ) 9

1 Madho Lal Hussain Mahmood Booti 0.112 2565 39.62 137

2 Dy. Yaqoob Colony Mahmood Booti 0.112 2049 32.92 137

3 Aliya Town Mahmood Booti 0.112 548 32.69 137

4 Gulshan-e-Shalimar Mahmood Booti 0.112 1148 325 137

5 Angoori Bagh SchemeNo.1 Mahmood Booti 0.056 3172 39.5 137

6 Gosha-e-Angoori Mahmood Booti 0.112 3190 39.1 137

7 Kotli Pir, Abdul Rehman Mahmood Booti 0.112 3328 39.8 137

8 Naseer Abad, Pakistan Mint Mahmood Booti 0.112 2595 39.5 137

9 Mahmood Booti Well Center 3~ Mahmood Booti 0.112 50 32.55 137

10 Rafi Abad Darbar Saggian 0.056 987 23.71 79

11 Islam Pura Saggian 0.112 2095 25 79

Drinking Water Tubewells Prone to Risk near
Mahmood Booti Open Dumping Site

Legend
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Figure 7. Drinking Water at risk around Mahmood Booti.
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Figure 8. Drinking Water at Risk around Saggian

Table 3. Quality degradation chart of the risk prone tube wells.
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SN Location PH Turbidity (NTU) Conductivity (ms/cm) TDS (ppm) E. coli
Pre MS* Post MS* Pre MS* Post MS* Pre MS*  Post MS* Pre MS* Post MS* Pre MS* Post MS*
1 Madho Lal Hussain 7.6 8.4 0.59 0.08 526 430 331.3 290 Absent Present
2  Dy. Yaqoob Colony 8.1 8.5 0.16 0.09 518 410 236.3 290 Absent Present
3 Aliya Town 7.5 8.2 1.07 0.13 514 390 323.8 380 Absent Present
4  Gulshan -e-Shalimar 8.6 8.6 3.44 0.18 886 380 558.1 390 Absent Present
5  Angoori Bagh SchemeNo.1 7.5 7.9 1.85 0.15 921 1010 580.2 465 Absent Present
6  Gosha-e-Angoori 7.8 7.9 3.8 0.15 621 1010 391.2 465 Absent Present
7 Kotli Pir, Abdul Rehman 7.9 8.2 2.02 0.16 560 560 352.8 390 Absent Present
8 Naseer Abad, Pakistan Mint 7.9 8.1 1.94 0.21 574 530 361.6 359 Absent Present
9 Mahmood Booti Well Center 3 7.9 8.1 1.97 0.15 380 450 239.4 310 Absent Present
10 Rafi Abad Darbar 8 8.8 0.57 0.15 321 260 202.2 285 Absent Present
11 Islam Pura 7.7 8.5 1.67 0.18 392 290 246.9 210 Absent Present
Averages 7.8 8.2 1.73 0.15 564.8 520 347.6 348.5 Absent Present

*MS- Monsoon.
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Table 4. Change in co-relation (Pearson’s r test) among quality parameters.

Correlation between

Pre-monsoon

Post-monsoon

Electric conductivity/TDS 0.97638 0.82374
Electric conductivity/Turbidity 0.511273 0.05530
TDS/Turbidity 0.589632 0.16959
Electric conductivity/pH 0.316727 0.82572
TDS/pH 0.316727 0.68812

measurement. This trend shows the effect of leachate
intrusion to be more prominent in pre-monsoon season.
As mentioned earlier, the groundwater recharge of the
Lahore district is contributed by two main sources; one is
the River Ravi and the other is rainfall. The measurement
of pH in the pre-monsoon season is more influenced by
base flow which carries the effects of the leachate to the
groundwater down slope. In the monsoon season
groundwater gets the dominant share of its recharge from
rainwater that seeps down. In this way, quality of the
groundwater is more influenced by the local
circumstances. High value of pH in post-monsoon
analysis indicates that the decreased value of pH in the
pre-monsoon could possibly be due to the leachate,
which is diluted in post-monsoon, affecting the increase
in pH because of the local influence.

A similar trend is observed in the measurements of
turbidity which shows an average decrease from 1.73 to
0.15 NTU. Landfill leachate tends to increase electrical
conductivity (Kareem et al., 2010), therefore its value
must be higher in the pre-monsoon as compared to the
post-monsoon. The measurements (Table 3) agree with
the hypothesis, though the effect has not been found as
prominent as it was in the cases of pH and turbidity
parameters. According to the cited literature, wherever
hydrocarbon degradation takes place, it tends to increase
total dissolved solids (TDS) (Atekwana et al., 2004).
Kareem et al. (2010) has measured high concentration of
TDS in the leachate for the same study area. With
reference to his study, pre-monsoon measurement of
TDS should be higher than the post-monsoon
measurements as in this season effect of leachate is
diluted considerably as found for other quality
parameters, whereas, behavior of TDS is found
somewhat variant from the expected, as it has shown an
increasing trend from 347.62 to 348.54 ppm.

This anomaly may also be the result of the local
geochemical heterogeneity which is more prominent in
the post-monsoon season. However, another interesting
behavior has been identified in the relation between
electrical conductivity and the amount of TDS. Nowaday’s
electric conductivity is used as a proxy for the
measurement of TDS in the water (Post, 2012), based on
the assumption that almost all TDS constituent participate
in increasing conductivity of the groundwater (Atekwana
et al., 2004). In fact, the groundwater contains both

the charged and the uncharged species in proportions
that may vary depending upon geochemical
heterogeneity. For example, dissolved silica (H4SiO4) and
organic substances do not contribute to increase electric
conductivity (Post, 2012). Any increase in uncharged
substances disturbs the correlation between the two
guantities. Therefore, electric conductivity cannot be
directly used for the measurement of TDS, but it only
gives a good approximation of the TDS through the
relation given by Lloyd and Heathcote (1985):

TDS = K, x EC

Where EC is electrical conductivity and K. is correlation
factor that may vary depending upon proportion of
charged and uncharged constituents (Atekwana et al.,
2004).

Decrease in the correlation between electrical
conductivity and TDS in the post-monsoon season as
shown in Table 4, indicates that base flow contribution to
the TDS are dominated by charged species for the
contributing leachate (Kareem et al., 2010). Whereas
decrease in correlation factor and increased TDS in the
post-monsoon season reflect that contribution of local
influences to TDS is dominated by uncharged species.
The charged species may include inorganic substances
which may also contain metals for groundwater pollution
(Rivett et al., 2011). Changes in the correlation may also
be used as an indicator of raising the metal contents in
groundwater due to intrusion of the leachate which is one
of the serious issues of groundwater contamination
(Jensen et al., 1998; Baumann et al., 2006; Malana and
Khosa, 2011).

Increase in the effects of leachate to groundwater has
also been assessed in terms of correlation of the
measured parameters with distance of sampling depths
from dumping sites as shown in Table 5.

With reference to Table 5 almost all the parameters
had shown increase in the leachate influence over the
time except turbidity. The smallest rise is found in the
correlation of TDS with the distance, it may be the result
of TDS contribution by factors other than the leachate,
which already had been explained. Looking at the
influential trends over pH and electric conductivity, the
effect is almost doubled in the time gap of sampling.
Here, it is very important to keep in mind that the samples
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Table 5. Changes in influence of leachate over water quality.

S/N Quality parameter 2010 2012
1 pH 0.25382 0.41689
2 Turbidity 0.20550 0.02893
3 Conductivity 0.39163 0.63782
4 TDS 0.37129 0.38575
Table 6. Additional water quality parameters.

S/N Location T.H Ca Mg Cl HCO3
1 Madho Lal Hussain 140 35.2 12.4 18 156
2 Dy. Yaqgoob Colony 140 35.2 22.4 19 144
3 Aliya Town 176 40 18.2 16 154
4 Gulshan -e-Shalimar 102 19.2 12.9 70 100
5 Angoori Bagh SchemeNo.1 250 48.8 30.7 42 246
6 Gosha-e-Angoori 120 24 14.4 27 172
7 Kotli Pir, Abdul Rehman 140 26.4 17.7 30 188
8 Naseer Abad, Pakistan Mint 120 24.8 15.3 21 166
9 Mahmood Booti Well Center 3 136 28.8 15.3 14 122
10 Rafi Abad Darbar 140 27.2 17.2 10 92
11 Islam Pura 124 24.8 14.8 18 130

Averages 144.36 30.4 17.39 25.91 151.82

Correlation with distance 0.1811 0.10047 0.2589 0.16906 0.72278

in 2012 had been taken after monsoon that had diluted
the effects of base flow but the results are still alarming.
Other parameters like total hardness (TH), Calcium (Ca),
Magnesium (Mg), Chlorine (Cl), and Bicarbonates (HCO3)
can also be used for groundwater quality measurement
(Malana and Khosa, 2011) and their source may also be
associated with dumping of MSW (Xing et al., 2013).
These parameters had also been analyzed in the first
dataset taken from WASA, Lahore and are given in Table
6.

Regarding these additional water quality parameters
two observations are important to note. The first one is
the tube well installed at Angoori Bagh Scheme No. 1
with comparatively high values of all quality parameters.
At the second place, the correlation of bicarbonates
(HCO3) with distance from dumping site is high, which
shows contribution of leachate to this quality parameter.

CONCLUSION AND RECOMMENDATION

The Inverse Watershed technique had been found fruitful
for the identification of contamination plume under
Municipal Waste Dumping sites as the results agree with
the reviewed literature. Flow of groundwater under both
sites is found towards the residential part of the city,
which proves unsuitability of locations of the dumping

sites. The groundwater in the down slope region around
Mahmood Booti has nine tube wells that are being used
for the provision of drinking water to residents. Similarly,
the leachate plume detected around Saggian dump
contains two tube wells of the same kind.

Hazardous effects of landfill leachate to groundwater
has been identified which are more prominent in the pre
monsoon season and diluted by the intrusion of rainfall
water to it in the post monsoon season. The variation in
the correlation factor between electrical conductivity and
TDS may possibly be due to the intrusion of metals to the
groundwater by the leachate. The quality parameters are
well within the range of the drinking water standards for
these deep tube wells but the increasing influence of
leachate in the down slope regions may turn out to be a
big issue in the near future.

Therefore, in future, drinking water supply tube wells
should be installed at opposite sides of the groundwater
down slope directions for the landfills. As the shallow
water is more prone to these risks, so shallow bores in
the area for drinking water need to be banned.
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