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Abstract

Surface waste dump is generally associated withimas environmental and health
problems, hence landfill method of waste disposahswecessary. Leachate from
landfills contaminates aquifer and renders undergmd water unfit for consumption.
This work focuses on how to strategically locatandtills in regions where there will
be hydrostatic equilibrium; i.e where there is zeomderground water flow. A model
experiment was set up using five different porowsd samples of different porosities,

packed into a cylindrical pipe inclined betweeﬁ$0525°through which water was
made to flow with a known piezometric height. Vatief hydrostatic angles were
determined for each sample at volume flux V = 0.élgraph of porosity® against
hydrostatic angle# showed that both are linearly related with a relmt® = 0.148656
* @ + 0.139473with coefficient of determination of9®1637. It was also observed
that there exist, acritical point where at a partitar angle all the samples has the
same volume flux and vis-a-vis the same volume mft@ow.
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1.0 Introduction

Environmental pollution is a major problem in bétle developing and the developed world [1]. 19€8)ntamination of our
surroundings comes from a variety of sources, rap§iom underground petrol tanks at filling stasao nuclear weapons
facilities. Industrial plants and garbage dumpsalan cause environmental problems.

Just as it does on the surface of the earth, vedser flows underground, but only through poreshia $oil and underlying
geologic structure [2, 3].Water also moves at wasispeeds through the ground depending upon itsglth. Near surface
flows move the fastest and normally supply mosthef water that discharges at springs. The velositii which water
circulates in the ground gradually decreases wéftiiland the movement of deep groundwater may toeregly slow in the
range of inches or feet per day [4,5, 6,7]. Howetles velocity at which it can move is inverselypjportional to the size of
the openings through which it moves [6]. Althoutfiese pores are very small and account for oniynalortion of the
underground volume it is possible for water to miarge distances underground [2].

The conceptual model of a typical contaminant spith porous media, has been put forward in [&®,11]. In some cases,
the contaminant is dissolved in water and thuselsain a fractured aquifer, aquitard or acquiclufles 13] as a solute in
somewhat unpredictable directions depending orfri@ure planes that are intersected [14]; as §]. [Eluid flow in the
fractured porous media is of significance not anlyhe context of contaminant transport, but atsthe production of oil
from reservoirs, the generation of steam for pofilem geothermal reservoirs, and the predictionasfié geotechnical
structures, such as dams or foundations [15].Tthesesults of this study has a wide range of apptins

This work aims at determining: the volume flux aredume rate of flow, which are important parameiears knowing the
extent of spread of contaminants, and also to ohéterthe angle of hydrostatic equilibrium at thadium.

2.0  Theoretical Background
Darcy Equation can be written in a more speciiur;

K
V, =——0(p- 092 1)
U
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which can be re-expressed as;

k dp dz
== m) (2)
u o d dl
whereV, is the volume flux across a unit area of the psnmedium in unit time along flow path

dp

a is the pressure gradient alongt the point to whiclV, refers;

V4 .
a =siné, wheref is the angle betwedrand the horizontal.

v =2
A

It can also be deduced from (2) that;

dp . 7]

— = pgsind -V — (3)
a K

For an horizontal flow,

dz

— =0ie.8=0

d

If a sample is completely saturated with an incaspible fluid, then
d

_p = _\/I ﬁ (4)
d k
For hydrostatic equilibrium to be attain®i= 0, hence

dp .

— = pgsind

d =
But for a horizontal flow

dp _
d

3.0 Methodology

A modeled experiment was performed in the laboyatising riverbed sand of varying porosities. A agltiical, rigid plastic
pipe of diameter 3.480°m and 2.20m long drilled at 0.20m interval was héilfed with water and was made to stand
vertically with side holes blocked with plastici@ne end of it was screened and filled with santhis condition so as to
allow for uniform compaction. It was then set upaitorizontal position and joined to it was a sampipe 0.30m long to
make an elbow joint. A hole was drilled at 0.06wnfrthe center of the horizontal pipe in the adjajnpipe to allow for run
off of excess water. This height (0.06m) created pmessure head. Using an adapted manometer, mesksung the
horizontal pipe (that i99=0%) was measured at 0.20m intervals and their cooregipg distances recorded. The experiment
was repeated for tilt angl®s5.0%,10.0,15.¢,20.0 and 25.8,

The hydraulic conductivity was calculated from thtation:

(- QL
AH +L)t

[16]

WhereQ = volume of water passing through the sampl&:tm= time,sed = cross-sectional area of the samplé)( =

length of the soil samples; m ahkid: height of the constant head m.

For each of the samples, the percolate, or thetiyanri water drained in one minute were measursith@gia very narrow

measuring cylinder and the volume of the percolaterded. The measurement was continued until ataonvolume (of

water drained) was attained for the duration ofsiaeration, that is one minute.

(%)

Journal of the Nigerian Association of Mathematic&hysics Volume 33, (January, 2016), 491 — 498
492



Application of Hydrostatic... Adegoke J of NAMP

The diameter of the transparent cylindrical tubes waeasured using a pair of vernier calipers andwamage value was

2
taken. UsingA = n(EJ , where d is the diameter of the tube, the crostesel area for each of the samples were

calculated and the results obtained in S.I. unit.
The water characteristics that affect the hydraoctioductivity are the density, and the viscosity//. The changes in

characteristics in soil are caused due to changésniperature and electrolyte concentration. Ursdeh conditions, the
relation gives the hydraulic conductivity [7, 1B]1

_ ko9
U

Wherek = intrinsic permeability or permeability, éor nf if in S.1. unit.
Therefore, Permeability,

k= M (7)

Pu9
g is the acceleration due to gravity taken as %866".
From the respective values of hydraulic condudgsitthe permeability of the media were calculaisthg equation (6)
above.

K (6)

4.0 Results

Table 1:Values of porosity, hydraulic conductivity and pewability for all samples
Sample Porosity* Hydraulic Conductivity (m/s Peabdity (n7)

A 0.36%0.001 | 1.100 E-4 1.210 E-11

B 0.375:0.001 | 1.430E-4 1.457 E-11

C 0.417#0.006 | 2.024 E-4 2.062 E-11

D 0.448:0.020 | 2.510 E-4 2.558 E-11

E 0.4670.010 | 3.433E-4 3.498 E-11

*(Entov et al, 1981)

Table 2: Experimentally determined values of volume fluxerédr samples at various angles vis-a-vis the spording
angles (in degrees)

Angle Vol. Flux rate [Vol. Flux ratgVol. Flux rate Vol. Flux rate Vol. Flux rate (m/s) *E-
(degree) | (m/s) *E-5, (A)|(m/s) *E-5,(B) | (m/s) *E-5, (C) |(m/s) *E-5,(D) |5, (E)

0 -0.08t0.18 -0.1%0.14 -0.1%20.15 -0.240.13 -0.330.25

5 0.580.18 0.680.17 0.920.13 1.080.07 1.450.13

10 1.26+0.07 1.480.06 1.9#0.05 2.430.08 3.2%0.06

15 2.06:0.08 2.420.06 3.380.06 4.1@0.10 5.4%0.09

20 2.65:0.20 3.160.01 4.4€0.07 5.380.04 7.290.07

25 3.2%0.08 3.920.11 5.340.02 6.520.14 8.9%#0.14

Table 3: Direct determination of volume flux for samples@and E

Angle(geree)| vol. Flux (m/s)*E-4,Avol. Flux (m/s)*E-4,C | vol. Flux (m/s)*E-4,E
0 -0.5947 -0.80543 1.14058

5 1.3856 1.4435 1.5014

10 1.9336 2.4727 2.6969

15 2.486 2.7802 3.1009

20 3.0475 3.3995 3.7336

25 3.9073 4.1558 4.5356

Journal of the Nigerian Association of Mathematic&thysics Volume 33, (January, 2016), 491 — 498
493



Application of Hydrostatic... Adegoke J of NAMP

Table 4: Hydrostatic angle and porosity for each of the damp

Hydrostatic Angle | Porosity [Sample
1.50 0.361 A
1.60 0.375 B
1.80 0.414 C
2.10 0.448 D
2.20 0.467 E
520 —
480.00 —
——— 3<Fit A: Linear, P=-73.1412*L+487.663
N ——— &Fit B: Linear,P=-76.4101*.+496.489
i —— (Fit C: Linear, P=-82.5393*L+504.389
L 480 —4 —— Gt D: Linear, P=-92.292*L+521.912
——— [BFit E: Linear, P=-96.0234*L+530.921
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_ - 440 —|
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Fig. 1: Graph of pressure versus distance for horizontal ~ Fig. 2:Graph of pressure versus distance for horizontal
flow for sample A, with entry length taking intocint. flow (at anglef=0"), for samples A - E
— 3Fit A Linear, P=368.047*L+507.265 — XFitA: Linear, P=381.234*L+561.839
2400 — — _FitB: Linear,P=657.224*.+599.775 2400 — —————— G&FitB: Linear, P=686 614*L+487.717
— [Fit C Linear, P=834.382*L+623.540 — LIFitC: Linear, P=875.068"L+611.235
—————— @it D! Linear, P=1155.920*L+603.501 | ——— it D: Linear, P=1188.710*L.+597.225
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o o4 08 i 16 , Fig. #:Graph.of pressure versus distarce for inclined
Fig. 3:Graph of pressure versus distance for inclined flow flow for sample B at angle&=5" - 25
for sample A at angle&=5" - 25",
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————— 5<FitA: Linear, P=404 301*L+446.203 ————— 5itA: Linear, P=432.681*L+506.677
————— &FitB: Linear, P=745.714*L+418.008 2400 — ————— &FitB: Linear, P=751.397*L+452.152
—— OFitC: Linear, P=898.068*L+594.703 —— (FitC: Linear, P=933.383*L+603.985
2400 — ———— FitD: Linear, P=1189.060*L+588.399 — SFitD: Linear, P=1251.050+L+543.288
——————— <IFitE: Linear, P=1554.350*+585.457 7 <Fit E: Linear, P=1566.610*L+523.188
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Fig. 5:Graph of pressure versus distance for inclined flow Fig. 6:Graph of pressure versus distance for inclined
for sample C at angleés5s’ - 25, flow for sample D at angles=5° - 25".
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Fig. 7:Graph of pressure versus distance for inclined flow Fig. 8:Graph of volume fluxes versus angle of flow for

for sample E at anglés5° - 25",
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Fig. 9:Graph of volume flux versus angle of flow for Fig. 10:Graph of porosity versus hydrostatic angle
samples A, C and E by direct determination
® =0.148656 % + 0.139473, Correlation coefficient = 0.991637 (8)

5.0 Discussion and Summary

The values of pressure as read by the manometerewasied, at interval of 0.20m both for horizoritaw (6 = 0°) and for
inclined ones (3< 0 <25°). For horizontal flow in which entry length werersidered, the result showed that there exist a
point of inflexion for all cases as seen in Figuréhe fits of plots for graphs of pressure-distafarehorizontal flow for
which entry lengths were truncated is shown in Feg2L The figure revealed that pressure decredseg the direction of
flow and both are linearly related in all the saespl The values for volume flux were determinednfequation (4) and the

V
gradient of pressure —distance graphs were eqtmtef from which volume fluxes were determined.

Figures 3, 4, 5, 6 and 7 are pressure-distancégrap tilted flow varied betweerf &nd 28 at the spacing of’or A, B, C,
D and E respectively. In all these samples theigraaf the plots increases with the increasinglend tilt and also with
increasing porosities. Using equation (3), the fits inclined flow were determined. The gradienfspressure-distance

V
graph were equated t0g sin 9-?#. The pressure in this case increases with thardistof flow and also the volume flux
increases as the angle of tilt increases. The sdlevolume rate of flow were obtained by using tklationQ = VA[19]
d
whereA is the cross-sectional area and AIZ:(E)Z andd is the diameter of the pipe used given as 3.45%10 The values

of the volume flux obtained in Table 2 at variongles for different porosities, are from the valoégradients in Figures 3-
7. The volume flux decreases with increasing distaat angle of flovd = (.

It is also very obvious from Table 2that seepadecity decreases with distance of flovd=8°but increases with increasing
angle of tilt while it increases with porosity aadgle of flow between%and 25. At 6=0° volume flux decreases with
distance but & >5° (and for increasing values of porosities) it irses in value.

Table 3 shows the values of volume flux, per mifotesamples A, C and E. These values were obtdimedvery direct
way (by collecting the volume of water discharged minute and not by measuring the values of pressiong the pipe) so
as to cross check the possibility of compactionthie actual experiment that was performed overtim&ables 2. Fig. 8
shows the graph of volume flux versus angle of flolatted from Table 2. There exist a point N whisha critical point
where at a particular angle all the samples hasdh®e value of volume flux and vis-a-vis the samieme rate of flow. It
can be seen that the values obtained at N areéndept of porosity and permeability of the mediéthis point,d = 1.13
and volume flux is 6.99 10"m/s.

The observations from horizontal and inclined flslows that pressure decreases along the diredtitomofor #=0° and
above this (i.e. inclined flow), pressure increaséh the distance of flow. It is now very obviotisat there must exist an
angle of tilt for which there must be no flow whex@ume flux and volume rate of flow are zero. §bondition is called the
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hydrostatic equilibrium. This explains why angletitt was considered up to 25it was obvious that it was not known
originally at what angle the hydrostatic equilibmiwould be attained.

To establish this angle, the volume flux and volurate of flow were plotted against angle of flowuies 42 and 43
respectively. It was observed that, this angleséutl exists and were found to be 6,68.67, 0.75, 0.88 and 0.92
respectively (the values éffor which V = 0). In addition to this (figures 4hd 43) it was observed that there exist a point
N, where for all samples considered the value dfime flux and volume rate remain constant despite fact that the
samples used were of different porosities and pabitides. This point N we call a critical poimhéwas obtained to be 6.99
% 10'm/s and 6.5& 10"°m?s for volume flux and volume rate of flow respeety at angled = 1.13.

We suspect that there may have been compactidreohedium by virtue of the fact that the experimeas performed over
a long period of time. The chance is that, aswheer flows through, the sand get more and morepeeted. Since we
considered glow up to angle 25ilt, there is the possibility that flow at thaigle will be subjected to more compaction than
flow atg =0".

To examine this problem closely, a separate exmrirwas performed with samples A, C and E tiltethatsame angles as
the original experiment but instead of measuriregpure at intervals, discharge rate were obsemethinute. The result is
displayed in Tabled 3. Usin@ = VA, the volume fluxes were determined. A poiritvids also observed, which has value
higher than in Fig. 8, which suggests that compactictually occured. A method of correction of toenpaction factor was
adopted. It was assumed that since we had madef ke same sample prepared the same way butimthe latter case
compaction was avoided, then the point N arid Noth cases are equivalent. To establish thavahges in Figures 8 and 9
are related, the ratio of values at V = 0 for s@sp, C and E in both cases i.e (£,3079, 2.17) and (0.68 0.75, 0.92)
were found to be 2.40, 2.38 and 2.36 having avevagee of 2.38. We refer to this value as the ‘cantjpn coefficient’ and

it was used to normalize the compaction effectngshis assumption the values for which V= 0 in.gvere obtained to
be 1.8, 1.6, 1.8, 2.1°, and 2.8 as displayed is Table 4. In the same vein, theesabf volume flux and volume rate of flow
at the critical point are 1.0410"m/s and 9.7% 10°m?s respectivelyd = 4.2%t this point.

The relationship between porosity and the hydrimstahgle was established in Fig. 10 where a plofpofosity and
hydrostatic angle was shown.

In order to verify the relationship that exist beem the hydrostatic angle and porosity of a meditne;plot of porosity-
hydrostatic angle (Fig.10) shows that they aredlilyerelated as shown in equation (8) with corietatcoefficient of
0.991637.

In locating a landfill, this condition is very nessary i.e zero flow situation which drastically miizes migration of
pollutants or tracer. It should be noted that otfemlogical information are needed to achieve this.
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