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DETERMINATION OF DISPERSIVITY VALUES FROM EXPERIMENTS IN
HOMOGENEOUS AND NON HOMOGENEOUS POROUS MEDIA

ABSTRACT

In this study, an elaborate experimental system is designed and constructed in
Hydraulics Laboratory of the Civil Engineering Department of Dokuz Eyliil University,
in order to study contaminant transport in homogeneous as well as heterogeneous porous

media.

A flume 12 m long, 135 cm wide and 60 cm high is built 70 cm over the floor, within
Hydraulics Laboratory of Civil Engineering Department of Dokuz Eyliil University. The
porous media in the channel are constituted by sands of different size, and the tracer
tests are carried out by using NaCl as contaminant. The concentrations in various
directions are measured and their distributions are determined. Accordingly, the
dispersivity values along the flow and in the two directions vertical to flow are
determined applying the trial and error method to the relevant theoretical equation, by

using Mass Transport 3 Dimensional (MT3DMS) software.

The heterogeneous medium is constituted from three horizontal layers with different
kind of granular material. The concentration pattern is observed and dispersivity values

are determined by trial and error method applied to the advection-dispersion equation.

The best match for 3-5 mm quartz sand is obtained for longitudinal dispersivity value
of 12.2 cm. The ratios of horizontal transverse dispersivity to longitudinal dispersivity
and vertical transverse dispersivity to longitudinal dispersivity are 0.21 and 0.05,
respectively. The corresponding values for 1-3 mm quartz sand are 5.5 cm, 0.25 and
0.07 for 1-3 mm quartz sand and for 0.6-1.2 mm quartz sand 3 cm, 0.18 and 0.055.
These ratios are in the order of magnitude with those obtained from in-situ tests, given in

the related literature.
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This experimental system is designed to investigate contaminant transport in steady
as well as unsteady flow, provided that some required measurement devices are
supplied. It will also be beneficial to procure necessary instruments and pursue this

study in the case of unsteady flow.

Keywords: Groundwater flow, Contaminant transport, 3D dispersivity



DiISPERSIVITE DEGERLERININ HOMOJEN VE HETEROJEN
GOZENEKLI ORTAMLARDA DENEYLER YARDIMIYLA BELIiRLENMESI

0z

Bu calismada hem homojen hem de heterojen gozenekli ortamlarda Kkirliligin
tasinmasini arastrmak icin Dokuz Eyliil Universitesi Miihendislik Fakiiltesi Ingaat
Miihendisligi Boliimii Hidrolik Laboratuarinda kapsamli bir deney sistemi tasarlanmis
ve insa edilmistir. Yeraltisuyunda kirliligin yayilmasinda 6nemli bir rol oynayan
dispersivite degerleri homojen ve heterojen ortamlarin her ikisi icin ii¢ boyutlu

yeraltisuyu akimi1 durumunda deneysel olarak belirlenmislerdir.

Insaat Miihendisligi Boliimii Hidrolik Laboratuarinda 12 m uzunlugunda, 135 cm
genisliginde ve 60 cm yiiksekliginde yerden 70 cm yukarida bir kanal insa edilmistir.
Kanaldaki gozenekli ortamlar farkli boyutlarda kumlar vasitasiyla olusturulmus ve
izleyici deneyleri kirletici olarak NaCl kullanilarak gergeklestirilmistir. Degisik
dogrultulardaki konsantrasyonlar ol¢iilmiis ve dagilimlar1 belirlenmistir. Buna bagh
olarak akim boyunca ve akima dik yonlerdeki dispersivite degerleri deneme yanilma
yontemi ilgili teorik bagintilara uygulanarak Mass Transport 3 Dimensional (MT3DMS)

yaziliminin kullanimiyla belirlenmistir.

Heterojen ortam farkli daneli malzemeler iceren ii¢ yatay tabakayla olusturulmustur.
Konsantrasyon dagilimi gozlenmis ve dispersivite degerleri adveksiyon-dispersiyon

denklemine deneme yanilma yontemi uygulanarak belirlenmistir.

3-5 mm kuvars kumu i¢in en iyl uyum boyuna dispersivite degeri 12.2 cm, yatay
dispersivite degerinin boyuna dispersivite degerine oran1 0.21 ve diisey dispersivitenin
boyuna dispersivite degerine orani 0.05 degerleri ile elde edilirken, bu degerler 1-3 mm

kuvars kumu i¢in 5.5 cm, 0.25 ve 0.07; 0.6-1.2 mm kuvars kumu i¢in de 3 cm, 0.18 ve
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0.055 olarak belirlenmistir. Bu oranlar arazi ¢aligmalar1 sonucu elde edilen ve literatiirde

verilen degerlerle ayni biiytikliiktedir.

Deney sistemi gerekli Ol¢lim cihazlar1 saglanmas: sartiyla kararli rejimde oldugu
kadar kararsiz akim durumunda da kirlilik taginmasini arastirmak i¢in tasarlanmistir.
Gerekli Ol¢iim cihazlarmin temin edilip bu arastirmaya kararsiz akim durumunda da

devam edilmesi faydal olacaktir.

Anahtar Kelimeler: Yeraltisuyu akimi, Kirlilik tasinimi, 3B dispersivite
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CHAPTER ONE
INTRODUCTION

1.1 Importance of Groundwater

In planet groundwater is the safest and most important sources of available
freshwater. It is essential for life-sustaining, but is in grave hazard. It is threatened by
pollution, over extraction, water mismanagement and rising populations. Namely

groundwater sources are endangered.

Only 3% of all water on earth is freshwater. 97% is salt water as shown in Figure 1.1.
68.4% of the freshwater is glaciers, polar ice caps and permanent snow cover. Lakes and
rivers are only 0.2% of freshwater. The remaining 32.4% comes from natural

underground sources.

Fresh water 50

3% Lakes and rivers
0.29%
Grnundwater
b 324%
Saft weater
a7 %

Snowy & ce
B34 9%

Figure 1.1 Distribution of earth water (Wikipedia)

Groundwater is generally more reliable for use than surface water. One of the reason
is surface water is more easily polluted than groundwater. However once groundwater is
contaminated, remedial options are extremely costly and difficult process. At the same
time, since groundwater is invisible, the dangers are disregarded at most places around

the world.



Contaminates can reach wells which are used for drinking, irrigation and other
purposes. For example, a chemical spill at an industrial area located away from
residential area could infiltrate the ground and finally enter the aquifer and can reach

residential area. In this situation health of people is threatened.

In the world approximately one-fifth of all people do not have access to safe drinking
water. Furthermore groundwater resources are withdrawn faster than it can be
replenished. They are also contaminated by human, industrial and agricultural wastes.
These unfavorable conditions can deprive future generations from using groundwater
resources. Monitoring of the water at industrial, waste disposal, residential and

agricultural sites must be improved.

1.2 Literature Review

Huang K., Toride N. and Genuchten Van (1995) conducted laboratory tracer
experiments to determine values of dispersivity. 12.5 m long, 10 cm wide and 10 cm
high channel constructed for this purpose. The length dimension of 12.5 m is chosen to
allow for a scale-dependent dispersion process. Medium-textured sand is packed as
uniformly as possible in the channel. NaCl solution of concentration Cy=6 g/1 is injected
into the sandy soil column and concentrations are estimated by electrical conductivity
probes inserted at 100 cm intervals. According to experimental results dispersivity
values ranged from 0.1 to 5.0 cm. They indicated that dispersivity increased with travel

distance.

Kim D., Kim J., Yun S. and Lee S. (2002) determined longitudinal dispersivity in an
unconfined sandy aquifer at laboratory scale. Model dimensions are 200 cm long, 50 cm
width and 150 cm height. They indicated that dispersivity is proportional to the travel
distance and the proportionality constant is equal to 0.3. This value is given as 0.1 in

literature.



Kim S., Jo, Kim D. and Jury (2004) determined two-dimensional dispersivities in
laboratory. A physical aquifer chamber 110 cm long, 25 cm wide and 71 cm high is
constructed and KCl solution with chloride concentration of 1.5 g/l is applied at the
upper left corner of the chamber. Samples are taken by using 1 ml syringes at
predetermined sampling ports in two dimensions to obtain two-dimensional chloride
distribution. Samples are taken 9 hours and 16 hours after injection of the solution.
Chloride concentrations of samples are measured by using ion chromatography. A
numerical transport model (MT3D) is established to estimate dispersive parameters by
matching observed and calculated chloride concentrations. The best match is obtained
for longitudinal dispersivity of 0.25 cm and for the ratio of transverse to longitudinal

dispersivity of 0.2.

Maineult A., Bernabe Y and Ackerer P. (2004) investigated electrical response of
flow and advection in a laboratory sand box. Sand box has dimensions 44.25 cm by
23.75 cm by 26.5 cm. NaCl solution is given into the sand box and electrical potential
differences are measured between custom made electrodes. After the experiments they
observed that electric signal is proportional to the salinity. They indicated that

monitoring potential differences allows to determine the concentration in sand box.

Mascioli S., Benavente M., and Martinez D.E. (2005) estimated dispersivity value in
laboratory for selected undisturbed sediment from Buenos Aires in Argentina.
Experimental curves of arrival for chloride are adjusted with those obtained from
numerical simulation. The best adjustment is obtained when dispersivity value is 1 cm.
They indicated that the determination of this parameter is very important since it is

needed to predict contaminant migration for numerical simulations.

Ham, Prommer, Olsson, Schotting and Grathwohl (2007) determined transversal
dispersivity by using acrylic glass tanks filled with silica glass beads of uniform grain

diameter. The smaller tank, of dimensions 28.0 cmx14.0 cmx1.05 cm, was used initially



for the non-reactive tracer experiments. Fluorescein is used as a tracer. According to the

experimental results the transversal dispersivity was determines as 0.25 cm.

The dispersivity values are determined by neglecting diffusion since groundwater
flow velocity is relatively high. The experimental determination of the dispersivity

values in three dimensions has not been yet encountered.

1.3 Scope of this study

Mathematical models for groundwater flow and contaminant transport should be
established to predict future conditions of the groundwater levels and contamination
values. The various mathematical models obtained under different scenarios can be used
in order to determine the precautions to take, if necessary. The results of the model are
more meaningful and reliable only if all parameters for flow and transport process are

known. Dispersivity is one of the most important parameter for transport modeling.

In this study dispersivity values are determined for sandy aquifers in three-
dimensions by means of an experimental system built in the Hydraulics Laboratory of
Civil Engineering Department. A channel 1320 cm long, 190 cm wide and 60 cm high is

constructed.

3-5 mm quartz sand is used to constitute the homogeneous porous medium.

The layered porous medium is constituted by using 0.6-1.2 mm (upper layer), 1-3 mm

(intermediate layer) and 3-5 mm (lower layer) quartz sands.



CHAPTER TWO
THEORY OF CONTAMINANT TRANSPORT

2.1 Equation of Groundwater Flow

According to Darcy Law, the flow rate in a porous medium maybe written as follows:

0=—K A% @1

where x represents distance along the flow, dh/dx is the hydraulic gradient, A is the

cross sectional area and K is the hydraulic conductivity of the porous material.

The head is
h=z+i (2.2)
P8
where P is the pressure, p is the mass density of the water, g is the gravitational
acceleration and z is the elevation. The kinetic term (v*/2g) is negligible since the

velocity is generally low enough.

Average seepage velocity can be defined as

_9
v=-2 (2.3)

where n is the effective porosity.

Substituting Eq. 2.1 into Eq. 2.3 yields

y=_Kdh (2.4)

n dx



Darcy velocity is

g=—=—K— (2.5)

For three-dimensional problem the Darcy velocity is expressed as a vector namely,

G=q.i+q,j+qk (2.6)

where i, j, k are the conventional unit vectors in the x, y and z directions,

respectively and qy, qy and q, are the scalar components of the Darcy velocity

(Zheng&Bennett, 2002).

Darcy velocity components (for the water of constant density and viscosity) are

oh
=—K —
QX X ax
oh

q,=-K, % 2.7
__g oh
qZ Zz aZ

where K,, Ky and K, are the components of hydraulic conductivity.

If the principal components of hydraulic conductivity are not aligned with horizontal
and vertical coordinate axes, each velocity component is a function of head in all three
dimensions rather than solely in the direction of the velocity component. Therefore Eq.
2.7 becomes

qx :_KX%_KX\'%_KXZ%
ox " dy 0z
oh oh I% oh

=k Z_ g X g =X 2.8
q,\ yx ax y ay yz aZ ( )
.- ah_Kvah_KzE)h

z X aX 2y ay . aZ



where K , K ,K. are principal components of the hydraulic conductivity tensor and

K, .K, K. K, K,_,K, arethe cross-terms of the same tensor.

xy ? yx

In practice the principal components of the hydraulic conductivity tensor can be

aligned with horizontal and vertical coordinate axes, thus the cross-terms become zero.

The equation of groundwater flow is written as

9( on) (. on) o(. ok oh
Pl 2+ 2k el k. Lg =52 2.9
ax[ Xaxj—i_ay( ayj+az[ Zazj”“ or 9

2.2 Contaminant Transport Mechanisms in Saturated Porous Media

The movement of a contaminant with the flowing groundwater according to the
seepage velocity, or average linear velocity in the pore space is referred to as advection.
Seepage velocity is

_Kan

2.10
n dx ( )

X

where n is effective porosity, K is hydraulic conductivity, dh/dl is hydraulic gradient.

Solute in water is moving from an area of higher concentration to an area of lower
concentration. This is known as diffusion. Diffusion can occur even if there is no

groundwater flow.

Heterogeneities in the medium create variations in flow velocities and flow paths.
These variations are due to friction within a single pore channel, to velocity differences
from one channel to another, or to variable path lengths. Water which contains solute is

not traveling at the same velocity so mixing occurs along the flow path. This is called as



mechanical dispersion. Laboratory column studies have shown that dispersion is a

function of average linear velocity and a factor a, called dispersivity.

Diffusion and mechanical dispersion can not be separated from each other and these
two processes are called as hydrodynamic dispersion which is described by a tensor

named hydrodynamic dispersion coefficient (D) with components Dy, Dy, ... as follows:

D, D D,
D=\D, D D, 2.11)
D, D, D,
where
2 2 )
Dx:aLv_x"'aTHi"'aTvv_z"‘D* (2.12)
v LI
v v? v: R
D=, T+, 5 +0y 5+D (2.13)
T v v
v v v? *
D=0, +ay —r+ay +D (2.14)
T P
V.Y,
D,=D, =(a, ~ay )T (2.15)
D.=D,=(a, —aTV)VXTvr (2.16)
D =D, =(a -« | | (2.17)
‘ ) %
V=V +v]+v? (2.18)
where

D.,.D,,D, D D_,D,,D D, D,  are dispersion coefficient tensor

xy 27 yx xz? yz?

components



o, 1is longitudinal dispersivity

o, 1s horizontal transverse dispersivity

o, 1s vertical transverse dispersivity

D' is diffusion coefficient

v,,v,,v, are the components of the average linear velocity (Zheng&Bennett,

2002).

Diffusion is a process slower than the mechanical dispersion. Diffusion is dominant

only when the groundwater velocity is too slow.
2.3 Derivation of Advection-Dispersion Equation

The difference between the mass of solute which enters and leaves the representative
elementary volume will be equal to the rate of mass change in the representative

elementary volume (Figure 2.1) (Zheng&Bennett, 2002).

The mass flux (F) of solute in the x direction for the two mechanisms of solute

transport is given by

Advective transport: v nCdA

Dispersive transport: —n| D, a_c +D,, a_c +D,, a_c dA,
ox " dy 0z

where dA, is the elemental cross-sectional area of the cubic element normal to x

direction and C is concentration of the tracer.
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F, +_8(FZ) dz
{: A(F,)
A | b @
dy
| Ay
z y dx
MX F~" F z

Figure 2.1 The representative elementary volume

The total mass of solute per unit cross-sectional area per unit time

F. =v nC-nD — oC —nD,, 9 _ nD ¢ (2.19)
ox dy -z
and similarly
F =vnC-nD — o€ —nD, 9 _ nD. o (2.20)
’ ox * dy ¥ 0z
F =v.nC- nDua—C—nDﬂa—C— Dza—c (2.21)
: ox dy oz

The negative sign indicates that the concentration decreases along the flow

Thus the solute entering the representative elementary volume for three directions can

be expressed as

(2.22)

F.dydz+F dxdz+F,dxdy

The solute leaving the representative elementary volume corresponds to
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OF oF, OF
(F, +—=dx)dydz+ (F, + —dy)dxdz + (F, + —dz)dxdy (2.23)
ox Y dy 0z
The difference in the amount solute entering and leaving the elementary volume is
equal to
oF OF, 9F
—| =4+ —L+—= |dxdydz 224
( ox dy 0z J Y (224

The rate of mass change in the elementary volume can be written as
n aa—cdx dy dz (2.25)
t

By the law of mass conservation Eq. 2.24 is equal to Eq. 2.25

oF OF, 9oF oC
e e = 2.26
(8x+8y+azJ " (2-26)

By substituting Eqgs. 2.19, 2.20 and 2.21 in Eq. 2.26, three dimensional advective-

dispersion equation can be expressed as

o ac _ac _ ac) 23 a( ac _ac _ ac
2Ip%+p. Z4p E|-Zvo)+=| D, S+ 4D = |-Zvc
ax( o gy P azJ g )+ay( "ok gy azJ v.c)

0 oC oC oC) 0 oC
9p %ip Cip |24 0)=L
+8z( < ox i dy H azj oz 0.) ot

or in subscript form as

a(,  ac) a ac
D. - C)=— 2.28
ax{ ’fax/} ax 9=, 228
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2.4 Initial and Boundary Conditions

The solution of the Eq. 2.28 is the concentration distribution which is dependent on
position and time. Initial and boundary conditions must be specified before

mathematical solution, in order to obtain a solution.

The initial condition is the concentration distribution at t=0 and in general form it can

be written as
C(x,y,z )=C’x,y,z) onR (2.29)

where CO(X, y, z) is a known concentration and R denotes the space domain.
There are three types of boundary condition.

The first one called Dirichlet condition where concentration distribution is specified

along a boundary for a specified time;

C(x,Yy, z, t)=c(X, y, Z) onBy, fort >0 (2.30)

where B, is a part of the boundary of R, ¢(x,y,z) is a known function.

The second type of boundary condition is called Neumann condition and gives a

known dispersion flux along the boundary;

oC

~-D,,—= f,(x,9,2) on By, fort>0 (2.31)
ox;

where B, is a part of the boundary of R and fi(x,y,z) is a known function.

The third type is known as Cauchy boundary condition and defines both the

concentration along the boundary and the concentration gradient across the boundary.



—Dijg—c+viC=gi(x,y,z) on Bs, fort >0
X .
J

where Bj is a part of the boundary of R and gi(x,y,z) is a known function.

13
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CHAPTER THREE
NUMERICAL SOLUTIONS

In this study, Mass Transport 3 Dimensional (Zheng and Wang, 1999, MT3DMS
code) which is a three-dimensional solute transport simulation model incorporating
various methods such as finite differences, third-order TVD, mixed eulerian-lagrangian
is used to solve the three dimensional advective-dispersive transport equation. The
different methods are all performed and similar results are obtained. Accordingly the
Finite differences method is reviewed and applied to solve Eq. 2.28. The term related to

diffusion is neglected since its contribution is negligibly small.

3.1 Finite Difference Scheme for Advection-Dispersion Equation

An aquifer system is discretized into a mesh of cells and the locations are described

in terms of rows (i), columns (j), and layers (k) as illustrated in Figure 3.1.

/ /) )/
/ / /oiyf,j,k/
/ A-_‘V{ Oi}{{(o i,/‘41,k
// /'}'Aj,k/

Figure 3.1 Mesh-centered finite differences grid
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Applying the implicit finite-difference algorithm with notations given in Figure 3.1,

some derivatives in Eq. 2.27 can be expressed in as follows:

n+l n
aC _ Ci,j,k _Ci,j,k

ot At (3.1
in which the superscript n corresponds to time.
p p p
+1 n+l
d ( C) _ a'xj+1/2 Ci’?j,k + (1_ a'xj+1/2 )Ci,j+1,k
S WL )=V
ox Ax; 32
+1 n+l ’
axj—l/Z Ci’?j—l,k + (1 - axj—l/Z )Ci,j,k
Vi 2k Ax

J

where j£1/2 denotes cell interfaces normal to the x direction and ¢, ,,,, is the spatial

Ax;

weighting factor for the advection term defined as « s

xj+1/2 = .
A)cj+ij+1

8 BC Clntlr k Ci’jJ'r,I Ci’jJ'r,l ~ Cl’ﬁi 4
a—[Dx a_j:Dxi,jH/Z,k Ax (OJSXX X; )_DXi’j_llz’k Ax (Ongx j IZX ) e
X X j\V jTAY A - T A

oC
3(p, ).
ox dy

wxj+1/zcl":,lj,k +(1_wxj+1/z )Ci’:,ljﬂ,k _wxj+1/ ZCin—fka _(l_w”“/ Z)C’ﬁ’lj s

b (3.4)

b+l 2k Ax (0.54y,, +Ay, +0.54y,,,)

n+l n+l n+l ( )Cn+1
a)xj—l/ZCiH,j—l,k + (1_ a)xj—l/z )Ci+1,j,k a)xj—l/ZCi—l,j—l,k 1 a)x j-12 ~i-1j.k

Ax;(0.54y,_, +Ay, +054y,,,)

-D

xy,i,j—1/2,k

where @ is the spatial weighting factors.
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The other derivatives in Eq. 2.27 can be written in a similar fashion, and this equation

is solved by taking into consideration also initial and boundary conditions.

Initial and boundary conditions for the steady state groundwater flow and

contaminant transport models are given below.

Groundwater flow model:

Initial condition: h(x,y,z,0)=hy(x)

Boundary condition:  h(0,y,z,t) = h; = constant
h(L,y,z,t) = h, = constant

where L is the channel length.

Contaminant transport model :
Initial condition: Cxy,z,0)=0
Boundary condition: C (0,y,z,t) = Cy



CHAPTER FOUR
CONSTRUCTION OF THE EXPERIMENTAL SETUP AND
MEASUREMENT TECHNIQUE

4.1 Design and Construction of the Experimental System

Dispersivity is one of the most important parameter to model and describe solute
transport in porous media. The determination of the longitudinal, tranversal and vertical
dispersivity for an aquifer is important to understand the shape of the distribution of a
contaminant in two and three dimensions (Fetter, 1993). However its estimation is
difficult since longitudinal and two transversal components are required. If sufficient
observation data exist, dispersivity can be determined until the compatibility between
the observed and calculated concentrations obtained from solute transport model is
acceptable. They can be also determined from field tracer experiments but this method is
extremely expensive and time consuming. Alternatively, the experiments carried out in

laboratory can be used to determine the dispersivities.

A flume is constructed in the Hydraulic Laboratory of Civil Engineering Department
in Dokuz Eyliil University in order to investigate contaminant transport. This flume is 12
m long, 1.35 m wide and 0.60 m high. Its height from the ground level is approximately
70 cm in order to place and reach easily piezometer tubes which are located at the
bottom of the channel. The weight of the channel is approximately 30 tons including the
weight of the granular material and concrete plaque. So it was necessary to determine
the bearing capacity. Three bricks are tested and the average bearing capacity of a brick

is determined as 932 kN/m” which is sufficient for supporting the channel.

17
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Homogeneous porous medium is prepared with 3-5 mm quartz coarse sand. The
layered porous medium is constituted by using 0.6-1.2 mm (upper layer), 1-3 mm

(intermediate layer) and 3-5 mm (lower layer) quartz sands.

Two constant level reservoirs are placed at upstream and downstream part of the
channel. Plan view and cross section of the channel are shown in Figures 4.1a, 4.1b and

4.1c.

50 piezometers are placed in the channel to determine groundwater hydraulic heads.
The observed heads are compared with those obtained from numerical solution of

groundwater flow equation.

NaCl solution is used as tracer to investigate contaminant transport in the channel to
determine the dispersivities for 3 dimensions. The measurements are carried out at 220
points in order to determine the dispersivities for 3 dimensions. Before placing the
porous material in the channel, a chrome-nickel plate is placed at its bottom. Once the
porous material is placed in the channel, copper wires are installed at measurement
points. Then an electrical signal is applied to the plate and wires. The conductivities are
read by using a data card and these values are transferred to the computer. These
conductivity values are converted to concentration values by means of the calibration

curve which is generated prior to experiments.
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The general view of the constructed channel is given in Figure 4.2. The construction

stages of the channel are given in the appendix.

Figure 4.2 The general view of the channel

A scanner is manufactured with 236 inputs to detect the electrical signals from the

measurement points as shown in Figure 4.3.
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Figure 4.3 The manufactured scanner

4.2 Measurement Technique

4.2.1 Discharge measurement

Since groundwater flow is at steady state, the discharge is measured at the

downstream end of the channel by using scaled container (Figure 4.4). Discharge is the

volume of the scaled container divided by the time elapsed for filling it.
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Figure 4.4 The discharge measurement tools
4.2.2 Water Level Measurement

Water levels in the channel are read from the piezometer tubes by means of

straightedges located at both side of the panel (Figure 4.5).

Ay W

{]

My i,

Figure 4.5 The panel of piezometers for reading the water levels
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4.2.3 Conductivity of the water

The WPA CM35 is a compact portable analogue device to measure conductivity (the
inverse of resistance), suitable for field or laboratory use (Figure 4.6). It has an input
which is used to transmit signals and read the conductivity values and, an output used to
transfer the conductivity values to computer as shown in Figure 4.6. The cables which
are fastened to the chrome-nickel plate and copper wires are connected to input whereas

the cables fixed to data card are attached to output of the conductivity meter.

Figure 4.6 The conductivity Meter

The electrical scheme of the system is shown in Figure 4.7. R corresponds to the

porous medium between the end of the probe (copper wire) and the chrome-nickel plate.
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— T Voltage
Resistance
R : Reading of
conductivity

Figure 4.7 The electrical scheme of the system

Electrical conductivity is the inverse of the electrical resistance which is expressed
asR=p [ /A where p isresistivity, [ is vertical length and A is the cross sectional area

of the conductor. Since resistance is proportional with length [ its effect is investigated
and conductivity values of the water with different NaCl concentration are read for
different lengths. Measured conductivities sketched in Figure 4.8 show that the effect of
length can be neglected compared to the effect of the NaCl solution, since the
conductivity values for different lengths are similar one to another. Measured
conductivity values (therefore concentrations) are assumed to be uniform through the

length /.
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Figure 4.8 The conductivity values for different vertical distance values (/)

The digitalized conductivity values are transferred to the computer by using data card
and a programme written in Visual basic language. With the aid of this programme the
conductivity values can be read and stored every specified time interval. This interval
may be chosen in the range of millisecond to second. Figure 4.9 shows the data card

connections.

Conductivity meter

N L
:'5‘

.

Figure 4.9 The connections of the data card
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The apparatus (scanner) with 236 inputs shown in Figure 4.3 transmits the electrical
signal to measurement points one by one. The transmission interval can be selected as 1
second, 5 seconds, 10 seconds or 20 seconds by using the switches mounted on the

apparatus as shown in Figure 4.10.

4 switches to select
transmission

Figure 4.10 The arrangement designed to select the interval of transmission




CHAPTER FIVE
EXPERIMENTAL RESULTS

5.1 Determination of the hydraulic conductivity (K)

Hydraulic conductivity value is determined by using a permeameter based on Darcy
experiment and manufactured in the laboratory (Figure 5.1). Discharge is measured by
using scaled container. The values of discharge, hydraulic gradient and cross sectional
area are given in Table 5.1. According to experimental results hydraulic conductivity
value of the 3-5 mm quartz sand is found as approximately 10 cm/sec according to
Darcy Law given by equation 5.1.

_gaAn
Q=KA~ (5.1)

where Q is discharge, K is hydraulic conductivity, A is the cross-sectional area and Ah/L

is the hydraulic gradient.

£
=]
. —
3
Q
£
72}
=
S
=
3
¥

Figure 5.1 The device manufactured to measure hydraulic conductivity
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Table 5.1 Hydraulic conductivity values determined by using permeameter

Cross sectional Hydraulic
Discharge Hydraulic gradient

area Conductivity
(It/sec) Ah /L N

(cm”) (cm/sec)
0.305 0.92 33.2 10
0.304 0.94 33.2 9.75
0.309 0.91 33.2 10.25
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The determined value is checked by means of observed water levels in the channel.

Water levels in upstream and downstream reservoirs are kept constant by adjusting the
position of the gate at the downstream reservoir to establish steady-state condition. Then
the water levels for each section are read by using the piezometer panel. The discharge
of the system is measured by means of a scaled container at the downstream end of the
channel. The hydraulic gradients are computed for each interval by dividing water level
differences to the lengths between two subsequent sections. Consequently the hydraulic
conductivity values are found from the Darcy Law. These experiments are repeated for 3
different discharges and the average hydraulic conductivity for the medium is
determined as 10.02 cm/sec. By using the mean diameter of 4 mm Reynolds number is

computed. The results are given in Table 5.2.

Table 5.2 Hydraulic conductivity values determined from sand tank model

Water level in Hydraulic
Discharge Water level in Reynolds
downstream end Conductivity Velocity (cm/sec)
(It/sec) upstream end (cm) number
(cm) (cm/sec)
0.82 36 6.2 10 0.25 10
0.65 35.2 6 10.11 0.24 9.6
1.24 50 16.9 9.96 0.27 10.8

Darcy’s law is valid as long as the Reynolds number is smaller than 1 to 10 (Bear,

Verruijt, 1987). Accordingly, one can say that Darcy’s law is valid for the present study.

MODFLOW software is also used to verify the hydraulic conductivity value. The

channel is presented in the software and the hydraulic heads are computed by using the
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hydraulic conductivity value obtained from Darcy experiment. The computed heads are

in good agreement with those observed in the channel as shown in Figure 5.2.

55
50 *
45 *
40 *

35 *

30
25 *

20 ’ T T T T T T
20 25 30 35 40 45 50 55

Observed Head (cm)

Computed Head (cm)
e

Figure 5.2 The observed and computed heads

The hydraulic conductivity is also determined by using the following formula

(Kiireksiz, 2008).

20L

[ — .2
(h} —hy) )W 6

where L is the channel length, W is the channel width and H; and H; are the water levels

at upstream and downstream ends of the channel, respectively.

If the values at sections 1 and i+1 are considered the relation above may be written as

_ 20
mWw

K (5.3)

where m = (hiz —h’ )/()cl.+1 —x,). The calculated hydraulic conductivity values by using

i+l

equations 5.2 and 5.3 are given in Table 5.3.



Table 5.3 Hydraulic conductivity values determined by using equations 5.2 and 5.3

Q (cm3/sec) H; (cm) H; (m) Myyerage K (cm/sec)
Equation 435.8 51 42.5 9.75
5.2) 1168.4 50.2 20.2 9.84
1465.2 51.5 6 9.96
435.8 0.66 9.75
Equation
1168.4 1.75 9.9
(5.3)
1465.2 2.15 10.11

5.2 Determination of the calibration curve

32

The calibration curve is generated by reading conductivity values of the water in the

porous medium having different NaCl concentration by means of the conductivity meter

shown in Figure 4.6. First the conductivity value of the clear water is read and then 0.5

gram NaCl is added into the 1 It water before reading the conductivity values. This

process of adding 0.5 gr of NaCl is repeated until the concentration becomes 10 gr/It.

After sketching the conductivity values versus concentrations, curve fitting analysis is

performed to obtain an analytical expression between them. The obtained calibration

curve and the analytical expression are given in Figure 5.3. Later, during the

experiments the given analytical expression is used to convert the read conductivity

values into the concentrations.
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Calibration Curve

Concentration (gr/It)
ol

0 100 200 300 400 500
Conductivity (mhos)

Figure 5.3 The calibration curve

The equation of the calibration curve is
C=a*EC*-b*EC*+c*EC—d (5.4)
where a = 1.7116%10°, b =2.0328*10, ¢ = 1.4543*10 and d = 0.43186.

5.3 Contaminant transport experiments in homogenous porous medium

Homogeneous porous medium is prepared with 3-5 mm quartz coarse sand. The

porosity of the material is determined by provider as 0.38.

The tank which is located at downstream end is used as a contaminant supply
reservoir and water is supplied from another pipe at upstream end. The solution is
pumped with a rate of 0.1 I/sec into the box which is placed at the upstream end of the
channel during the experiment and the conductivities are measured. The box is 55 cm
long, 15 cm wide and 30 cm high and its all sides are constructed by perforated plates
except back side. The conductivity of the water into the box is also measured to

determine the initial concentration and during the first, second and third experiments the
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concentrations are measured as 5 g/l, 4.8 g/l and 4.8 g/, respectively in the box which is

placed at the entrance of the channel.

The transmission interval is selected as 1 second, implying that the scanner which
transmits the electrical signal changes the measurement point every second. The
conductivity values of each wire are read and stored for each 0.1 second. Since the
scanner has 236 inputs, the signal returns to the starting point 236 seconds later. This
period is quite sufficient for groundwater flow experiments since the flow velocity is

quite slow.

Figure 5.4 illustrates the positions of all measurement points. They are arranged so

that there are 11 points in the longitudinal direction (x =iAx;i=1,11;Ax=108 cm), 4
points in the transversal direction(y=j Ay; j=1,4 ; Ay=40 cm), and 5 points in

the vertical direction(z =k Az ;k=1,5 ; Az=11cm).

The measurement points are designated by using the indices (i, j, k) related to their

coordinates x, y and z, respectively, as shown in Table 5.4.
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Figure 5.4 Arrangement of the measurement points (a) plan view (b) their locations in the vertical direction
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Table 5.4 Identification of the measurement points
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Table 5.4 Identification of the measurement points (continued)

161 | 9 |1 |1 |162|9 |1 | 21639 |1 |3 |164| 9 |1 |4 |165| 9| 1|5
166 | 9 | 2 |1 |167 |9 |2 |2 |168| 9 |2 |3 |169| 9 |2 |4 |170| 9 | 2 |5
171 | 9 | 3 |1 | 1729 |3 (2 (173 9 |3 |3 |174| 9 |3 |4 (175| 9 |3 |5
176 | 9 | 4 |1 | 177 | 9 | 4 |2 |178| 9 |4 |3 |179| 9 |4 | 4 (180 9 | 4|5
181 (10| 1 |1 | 182 |10 | 1 (2 |183|10| 1 |3 |184 |10 |1 | 4 (18|10 | 1 |5
186 |10 | 2 | 1 | 187 |10 | 2 |2 |188 |10 |2 |3 |189 |10 |2 | 4 (190|102 |5
191 (10 | 3 | 1 | 19210 | 3 (2 |193|10| 3 |3 |194|10| 3 | 4 (195|103 |5
196 |10 | 4 | 1 | 197 |10 | 4 | 2 |198 |10 | 4 |3 |199|10| 4 | 4 (200|110 | 4 |5
201 |11 |1 (1]202|11 |12 |203|11|1 |3 (204|111 |4 ]205(11|1]5
206 |11 | 2 (1 (207 |11 |2 |2 |208 |11 |2 |3 (209|112 |4 |210(11]| 2|5
211 |11 | 3 (1 |212|11 |3 |2 |213 |11 |3 |3 (214 |11 |3 |4 |215|11| 3|5
216 |11 | 4 |1 |217 |11 | 4 | 2 |218 |11 |4 |3 (219 |11 | 4 |4 |220| 11| 4 |5

Experiments are performed for various hydraulic gradients (Ah/L).

5.3.1 First experiment; Ah/L= 0.007

The water levels at upstream end and downstream end are 51 cm and 42.5 cm,
respectively. Average groundwater flow velocity is 0.07 cm/sec and the value of the
Reynolds number is 2.8. The water levels through the longitudinal section are shown in

Figure 5.5.

51 cm 42.5 cm

Figure 5.5 The water surface profile in the first experiment
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The measured conductivity values are converted to concentration values by using the

calibration curve given in Figure 5.3.

Figure 5.6, 5.7 and 5.8 illustrate the variation of the concentration in the form of
breakthrough curves at some measurement points in vertical, longitudinal and

transversal directions, respectively.

Concentration values are decreased through the vertical (z) direction as shown in

Figure 5.6. This decrease is much more visible at sections located near the tracer box.

The concentrations at z/h=0.2 (z=10 cm from the top) and z/h=0.4 (z=21cm) are
almost similar since the NaCl solution is given in the channel by means of the box 30 cm
high. The concentrations at the measurement points located in front of the box
(y/b=0.35) and at x/L=0.1 are approximately seven times greater than those located at
the side of the channel (y/b=0.95). This difference decreases along the longitudinal
direction. After the location x/L.=0.54 concentrations are almost equal at points located
in front of the box (y/b=0.35) and at the side of the channel (y/b=0.95) as shown in
Figure 5.6. The observed concentrations are approximately similar through the vertical

direction (z) at the end of the channel (x/L=1) (Figure 5.6).
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Figure 5.6 Measured concentration values in vertical direction during the first
experiment
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Figure 5.6 Measured concentration values in vertical direction during the
first experiment (continued)
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Figure 5.6 Measured concentration values in vertical direction during the
first experiment (continued)

In longitudinal direction, maximum concentration values are observed at points close
to and in front of the contamination area and, the concentrations decrease with distance
as expected (Figure 5.7). The maximum concentrations are 3.7 g/l, 2.24 g/l, 1.56 g/l,
1.39 g/l and 1.21 g/l at x/L=0.1, x/L.=0.27, x/L=0.54, x/L.=0.81 and x/L=1, respectively.

The observed concentration values at points located at both sides of the channel walls
(y/b=0.05 and y/b=0.95) are almost three times less than those located in front of the
tracer box (y/b=0.35 and y/b=0.65). The main reasons of this decrease should be the
geometry and location of the tracer box. At points x/L=0.1 and y/b=0.95 the observed
concentrations are less compared to those of the other sections (Figure 5.7). Since NaCl
solution moves with groundwater flow velocity it can not reach much at those points.
The concentration values at x/L=0.1 and z/h=1 (close to the channel bottom) are the

smallest because these locations are the least influenced zone.
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Figure 5.7 Measured concentration values in longitudinal direction during

the first experiment
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Figure 5.7 Measured concentration values in longitudinal direction during

the first experiment (continued)

The breakthrough curves show that distribution of concentration is almost symmetric
along the y direction as shown in Figure 5.8, since the porous medium is homogeneous,
isotropic and flow is steady. The experimental results show that concentrations at
y/b=0.05 and y/b=0.65 are almost equal to the concentrations at y/b=0.35 and y/b=0.95,

respectively.

The maximum concentration in the channel is observed at points whose coordinates
are x/L=0.1, z/h=0.2 and y/b=0.35 (or y/b=0.65). The contaminant arrived at
downstream part of the channel approximately 6500 seconds after releasing the solution.
It is revealed that, nearly 9800 seconds after the injection, concentrations remain

constant at all of the measurement points.
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Figure 5.8 Measured concentration values in transversal direction during

the first experiment
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The maximum concentrations values and their arrival times to the measurement
points are shown in Figure 5.9a and 5.9b, respectively for the vertical direction (z). The
greatest maximum concentration values are observed at z/h=0.2 and they decrease
downward. Maximum concentrations arrive almost at the same time along the z

direction. Note that in such all figures the origins for axes are different and the digit O

corresponds to the vertical axis.
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Figure 5.9 a) The maximum values of concentrations in vertical direction

b) The arrival times of the maximum concentrations in vertical direction
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Figure 5.10a and 5.10b show the maximum concentrations values and their arrival
times to the measurement points for the transversal direction (y). The greatest maximum
concentration values are observed at y/b=0.35 and y/b=0.65 which are located in front of

the tracer box. Maximum concentrations arrive almost at the same time along the y

direction.
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Figure 5.10 a) The maximum values of concentrations in transversal direction

b) The arrival times of the maximum concentrations in transversal direction
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The maximum concentrations values and their arrival times to the measurement
points are give in Figure 5.11a and 5.11b for the longitudinal direction (x). Although the
maximum concentration values decrease through the x direction at points located in
front of the tracer box, they increase through the x direction at points located near the
channel wall. Maximum concentrations arrived approximately 2000 seconds after giving
the solution at points x/L=0.1, while the arrival time is 9800 seconds for points x/L=1, as
shown in Figure 5.11b.
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Figure 5.11 a) The maximum values of concentrations in longitudinal

direction
b) The arrival times of the maximum concentrations in

longitudinal direction
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The relative concentrations in terms of dimensionless distance for the longitudinal

direction at certain times are given in Figure 5.12.
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Figure 5.12 Relative concentrations versus dimensionless distance for the first

experiment

5.3.2 Second experiment; Ah/L= 0.025

The water levels