TWO-DIMENSIONAL MIXING OF CONSERVATIVE
POLLUTANTS IN OPEN CHANNELS

A THESIS

submitted in fulfilment of the
] th “thre d,
requirements for the auﬁriipﬁf :‘.‘Ee egree
af ™
DOCTOR OF PHILOSOPHY
in
CIVIL ENGINEERING

By
SARBIJIT SINGH

DEPARTMENT OF CIVIL ENGINEERING
THAPAR INSTITUTE OF ENGINEERING AND TECHNOLOGY
(Deemed University)
PATIALA-147 004 (INDIA)

NOVEMBER, 2004




CERTIFICATE

Certified that the work presented in the thesis entitled “TWO-DIMENSIONAL MIXING OF
CONSERVATIVE POLLUTANTS IN OPEN CHANNELS" which is being submitted by Mr.
Sarbjit Singh in fulfilment of the requirement for the award of the Degree of Doctor of
Philosophy in the Department of Civil Engineering, Thapar Institute of Engineering and
Technology (Deemed University), Patiala is an authentic record of candidate’s own work carried
out during a period from September 1999 to November 2004 at Thapar Institute of Engineering
and Technology (Deemed University), Patiala under the supervision of Dr. Z.Ahmad and Dr.
U.C. Kothyari. The matter presented in the thesis has not been submitted for the award of any
other degree in any University.

L

\q [1}o4—
(Dr. U.C. Kothyari)
Assistant Professor Professor
Department of Civil Engineering Department of Civil Engineering
Indian Institute of Technology Indian Institute of Technology

ROORKEE-247 667. ROORKEE-247 667.



ABSTRACT

Streams act as sinks for accidental or intentional spillage of pollutants from various industrial
and municipal sources. Therefore, it becomes necessary to know the concentration
distribution of these pollutants in the downstream, to check whether the required
environmental standards are being satisfied or not. Some of the pollutants however, can have
devastating impacts on the environment. Therefore, prediction of spreading of pollutants in
streams is very important. Accurate prediction of the transport of pollutants is thus crucial for

effective water quality management,

As the pollutants travel downstream along the stream, they undergo various stages of mixing
and their concentration decreases. The pollutants are mixed longitudinally, transversely and
vertically by the action of advection and diffusion (molecular and turbulent) processes and
velocity shear. Near the injection site, the mixing is three-dimensional in nature. After some
distance from the injection site, the pollutants get mixed uniformly along the depth and the
concentration varies only in longitudinal and transverse directions. The assumption of
complete vertical mixing within a short reach is accepted because the aspect ratio (flow
width/ flow depth) of streams is very large. After a time lapse the pollutants are completely
mixed across the cross-section of the stream and the primary variation of concentration is
only in the longitudinal direction and mixing beyond this section is called longitudinal

dispersion.

If a transverse line source injects tracer uniformly into the stream at any elevation along the
depth, instantaneously or continuously, the mixing in the downstream occurs only in
longitudinal and vertical directions and a two-dimensional mixing model is required to

describe such a mixing process.

Vertical mixing is not as important in water quality management as the transverse mixing.
However, vertical mixing has great importance close to the source. Even though it is limited
to near the source, the understanding of vertical mixing is required for knowing the
concentration of pollutant in the near-field region. The profiles of concentration distribution
of the near-field region serve as boundary conditions to the models for simulating mixing in

the mid-field and/or far-field region. Compared to transverse and longitudinal mixing, the



vertical mixing is not studied extensively and only a few studies are available in literature on

this topic.

The governing equation for two-dimensional mixing of conservative pollutants from a
transverse line slug source in steady and uniform flow is of the following form (Nokes et al.
1984):

e, S g &C d dC
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where C = width-averaged concentration; t = simulation time; U, width-averaged

longitudinal velocity; Ey = longitudinal mixing coefficient; and E, = vertical mixing

coefficient. For given flow characteristics, analytical or numerical solution of Eq. (A) with
suitable boundary conditions yields concentration of pollutants at different longitudinal

distances and at different elevations along the depth of flow. Solution of Eq. (A) requires

information on channel and flow properties and mixing coefficients E, and Ey. Analytical

solutions of Eq. (A) are available in literature for its simplified form and mainly for a steady
source of pollutant (Rutherford 1994).

For a steady source Holley et al. (1972) and Fisher et al. (1979) made the assumption that
longitudinal concentration gradients are small compared with vertical concentration gradients
and for this case the prediction of pollutant concentration downstream can be modelled by

simplifying Eq. (A), to yield:

(B)

For the vertically unbounded flow, an analytical solution of Eq. (B) is available in literature
(Rutherford 1994). Method of images is used to obtain the tracer concentration for bounded
flow. Nokes et al. (1984) solved Eq. (B) for the case of a steady transverse line source by
reducing it to a Sturm-Liouville eigen value problem and obtained the solution for different
velocity and diffusivity distributions. McNulty and Wood (1984) developed an algorithm to
obtain complete downstream concentration for different velocity and diffusivity distributions
due to a steady transverse line source. Nokes and Wood (1988) conducted experiments for
vertical and lateral mixing from a neutrally buoyant continuous contaminant source in a
rectangular tilting flume. Schiller and Sayre (1975) presented a mathematical model based on

laboratory flume experiments for predicting vertical distribution of temperatures in open



channels. French (1979) presented an accurate and practical method of computing the solute
transfer coefficients in stratified channel flow in terms of easily measurable parameters in

either the laboratory or field.

The numerical schemes available for solution of equations similar to Eq. (A) can be generally
classified into two types: Split operator and the Combined operator approaches. In the Split-
operator approach, the advection and diffusion rates are computed separately by using
different numerical schemes, whereas in the Combined operator approach the complete
mixing process is simulated without separating the two processes. Furthermore, the
computation of diffusion can be executed accurately using a variety of finite difference and
finite element methods (Morton 1981). However, it is more difficult to devise numerical
schemes of sufficient accuracy for solution of advection process (Li 1990; Schohl and Holly
1991). Among the procedures for solving the pure advection equation, several schemes have
been proposed, such as Holly and Preissmann two-point fourth order scheme (Holly and
Preissmann 1977); Six-point scheme (Komatsu et al. 1985); Improved six-point scheme
(Komatsu et al. 1989); Yang-Hsu time-line interpolation scheme (Yang and Hsu 1990);
Spatial cubic spline scheme (Schohl and Holly 1991); SOWMAC scheme (Komatsu et al.
1992; Komatsu et al. 1997); Time line cubic spline scheme (Ahmad and Kothyari 2001). The
diffusion process can be accurately computed by several numerical schemes such as Crank-
Nicholson central difference scheme; Crank-Nicholson Galerkin finite-element method;

alternate-direction implicit (ADI) scheme.

Numerical solution of Eg. (A) with derivative boundary conditions is not available in
literature. However, numerical solutions of the varied form of Eq. (A) are available in

literature such as, Stefanovic and Stefan (2001); Tsai et al. (2002); Guan et al. (2002).

In the present study a numerical scheme based on Split operator approach has been
developed, for the solution of two-dimensional mixing equation. Exact solution of the
advection equation has been achieved by adopting the Courant number equal to one for the
computational nodes lying on the surface of flow. For the other computational nodes, cubic
spline interpolation scheme of Schohl and Holly (1991) has been used to obtain the solution
of the advection process because of the velocity defect along the vertical. The computation of
diffusion rate has been made by using the alternate-direction implicit method (ADIM)
suggested by Smith (1978). This is a two-step approach method in which it is assumed that if
the solution is known at any time level, the solution for the next time level is obtained by

solving the equations implicitly. To this solution, the advected concentration is added for
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obtaining the final concentration. The solution is advanced to the next time level by simply
changing the direction of operations. The solution procedure at each individual level is
conditionally stable but the combined two levels solution procedure is completely stable. The
compensation of errors produced by the alternation of direction gives a scheme, which is

stable and convergent.

The proposed numerical scheme has been illustrated by hypothesizing the transverse line
injection of tracer at the surface of flow, at mid-depth and at the channel bed. The temporal

variation of concentration of transverse line source is assumed to follow a sine curve having
’ . . L4 : : ;
equation C =100sin mt,wnhmzﬁi The numerical model is mass conservative. The mass

conservation of the numerical scheme is confirmed by calculating the mass of the dye
injected upstream at a station and mass of the dye recovered at different stations over a long

duration of time.

The proposed numerical model describes the mixing of the pollutant due to transverse line
slug injection source. The model predicts mixing of the pollutant immediately downstream of
an input site in vertical and longitudinal directions (two-dimensional model) as well as in the
far-field, ie., in the longitudinal direction (one-dimensional model). Validation of the
proposed numerical scheme was made by using the analytical solution of Fischer (1968) for
one-dimensional mixing as well as analytical solution for continuous injection of pollutant as

a steady transverse line source.

Vertical mixing is one of the few river-mixing problems for which the vertical mixing

coefficient E, can be predicted satisfactorily on theoretical grounds. Prandtl’s mixing length

hypothesis provides theoretical formulae for vertical mixing coefficient, which, is found to

vary with depth.

Jobson and Sayre (1970a) however noticed that predicted pollutant concentration profiles
were not very sensitive to the vertical distribution of vertical mixing coefficient and for many
practical problems it is sufficiently accurate to use a depth-averaged value. Jobson and Sayre
(1970b); Schiller and Sayre (1975); French (1979); and MNokes (1986) based on laboratory
studies found that experimental results match with the vertical mixing coefficient computed
based on Prandtl’s mixing length hypothesis. Detailed information however, is not available

easily for the estimation of longitudinal mixing coefficient E, .



The numerical scheme proposed herein has been extended by incorporating in it one-

dimensional grid search method for determination of E, values for known values of E, and

concentration versus time (C-t) profiles.

The experiments relating to two-dimensional mixing (longitudinal and vertical) were
conducted in the Hydraulics Laboratory of Department of Civil Engineering, Indian Institute
of Technology (Formerly: University of Roorkee), Roorkee in a recirculating tilting flume
15.75 m long, 0.39 m wide and 0.50 m deep. Firstly, the experiments were carried out in
clear-water flows and were followed by experiments in sediment-laden flows. Rhodamine
WT was used as the tracer whose concentration was monitored in the flume using a Turner

designed Fluorometer 10-AU-005 of continuous flow type.

The tracer was injected uniformly across the channel width as a transverse slug line source
and C-t curves were measured at three elevations along the flow depth, ie., near the bed, in
the middle of the flow depth and near the flow surface at an interval of 1 m at number of
stations downstream from the injection site of tracer. The experiments were conducted at four
different slopes of the channel. In total 48 runs were conducted for different discharges in
clear water and sediment-laden flows. Two uniform sands of average diameter 0.064 mm and
0.024 mm were used as sediment. The concentration of sediment in suspension was varied
from 104 ppm to 6178 ppm by weight. In addition, velocity distributions in a cross-section

along five verticals were also measured using Prandt] pitot tube for each run.

One requires predictors for E, and E, in terms of flow and channel variables, for being able
to make calculations of C-t curves at different downstream stations given the C-t curves at an

upstream station. E, can be calculated by using depth-averaged relationship based on

Prandtl’s logarithmic velocity distribution or by using observed longitudinal velocity at mid-
width of the channel. However no predictor is available to estimate longitudinal mixing

coefficient E, .

Values of the mixing coefficients E, and E, have been determined by using two-

dimensional grid search method, by finding the optimum value of longitudinal mixing

coefficient E, and vertical mixing coefficient E,. Such values of E, and E, are

considered to be the optimum ones that produce best matching of the observed and computed

C-t curves at all the downstream stations.



The data collected during present experimental study and data available from literature have

been used to verify the existing predictors for vertical mixing coefficient E, . The depth-
averaged value of E, was compared with the optimum (observed) value of Ey. E, was
also computed from measured velocity distribution and compared with observed E, . In both
the cases most of the computed values lie within a scatter band of 2 to 1/2 times the observed
values of Ey. The optimum value of E, was re-determined by using the value of E,

computed from measured longitudinal velocity at mid-width of the channel and by employing
one-dimensional grid search method such that error is minimum between the observed and
computed C-t curves at all the downstream stations.

A predictor has also been proposed for E,, based on channel and flow characteristics. It has

been found that the predictor produce satisfactory results. The predicted values of E, are 2to

1/2 times the observed values.
Sensitivity analysis of the C-t curves to errors in E, and E, has also been carried out. It was

observed that likely error in E, due to the use of predictor proposed in the present study
would not result in appreciable errors in computation of C-t curves, when the value of E, 1s
altered with a multiplying factor from 0.2 to 2. A large change in E, value significantly

affects the accuracy of C-t curves. A similar analysis for E, reveals that accuracy for the
computation of C-t curve does not change considerably when optimum value of E, is altered

by factors from 0.5 to 2. Likewise less accurate results are obtained while E values are

altered beyond these limits.

In addition, alluvial streams carry sediments as suspended load and bed load. To make the
tracer transport prediction problems more oriented to field applications, it is necessary to
know the effects of sediment on the mixing process. Therefore, the effect of suspended
sediment load on the vertical mixing of pollutants has also been studied experimentally. C-t
curves were observed for clear water flow and for sediment-laden flow under nearly identical
flow conditions. Sand of average diameter 0.064 mm and 0.024 mm with concentration
ranging from 104 ppm to 6178 ppm by weight was used as suspended sediment. The cross-
sectional velocity distributions in clear-water flows (CWF) and sediment-laden flows (SLF)

were also observed.
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The C-t curves observed for clear water flow and corresponding sediment-laden flows were
superimposed on each other for studying the effect of sediment concentration on C-1 curves,
at different elevations along the vertical and various downstream locations. The measured
vertical velocity distribution for CWF and SLF were also superimposed. From these, it is
observed that the presence of sediment does not have appreciable effect on the mixing

characteristics for the range of experimental data used in the present study.
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Chapter

1

INTRODUCTION

1.1 GENERAL

Streams have been used as convenient disposal sites for various industrial and municipal
wastes for a long time. These wastes are responsible for wide spread pollution in streams. It is
no longer sufficient to deal only with quantities of water. In recent years, more concern has
been raised towards the quality management of the riverine system. Many pollutants enter the
water environment intentionally or accidentally and are transported and dispersed
downstream. Downstream water quality depends upon both the hydrodynamics of transport
and mixing, in addition to the chemistry and the biology of natural water systems. The
possibility of a contaminant accidentally or intentionally spilled in a river is an ever-present
danger to those using water from it downstream. Accidental releases such as rupture of an oil
pipe or spill of some toxic material in the stream may have a devastating impact on the
environment (Jobson 1997). In order to assess the potential impact of the release of a
pollutant in a river, it is necessary to determine the pollutant concentration downstream of the
release point. Accurate prediction of the transport of these pollutants is crucial to the effective

water quality management.
The scope of study on mixing of pollutants in streams may be summarized as (Young and

Wallis 1993):

i) Prediction of the passage of pollutant cloud through river system for water

quality management programmes/strategies.

ii)  Estimation of the assimilating capacity of rivers to receive urban and industrial

effluents for determination of the acceptable limits of effluent input.

iii) Assessment of the ecological impacts of the discharge of cooling water from

thermal power stations.



iv)  Simulation of the effects of proposed engineering works on mixing patterns.

Fischer et al. (1979) have identified variety of pollutants such as natural inorganic salts,
sediments, waste heat, domestic sewage wastes, industrial wastes containing heavy metals,
synthetic organic chemicals, radioactive materials, chemical and biological warfare agents
etc. Inorganic salts and sediments are not toxic and become pollutants only if used in
excessive doses. Waste heat is carried by the effluent from the cooling system of the thermal
power plants and discharged into natural water bodies. This may cause rise of temperature in
water bodies beyond a certain limit and could be harmful to aquatic life. Domestic sewage
wastes can cause stenches and nuisances, but if adequately treated and dispersed, these
ecosystem materials can be safely assimilated into large water bodies. Industrial wastes
containing heavy residual metals from the industry such as lead, mercury, cadmium ete. if
discharged into a water body may increase the concentration of these toxic metals. Synthetic
organic materials slowly degrade in environment and are often bioaccumulated in the food
chain. Because of high toxicity of radioactive materials e.g. plutonium, even leakage from the
storage and discharging into the natural water bodies cause grave concern. A very small dose
of chemical and biological warfare agents e.g. anthrax, can cause great danger to human

beings.

1.2 PROCESS OF MIXING IN OPEN CHANNEL FLOWS

A common approach for evaluating the mixing characteristics of the flow in an open channel
i$ to inject a tracer into the stream either at a constant rate so that a steady state distribution of
concentration is established some time after commencement of injection or as a slug and then

to observe its concentration versus time (C-t) profiles at various downstream sections.

Slug injection is more advantageous in the respect of economy in material, feasibility,
scientific information, and environmental aspects etc. as compared to continuous injection
(Beltaos 1975). The amount of tracer needed to perform a slug test is much less than that is
required for a continuous test. This factor is particularly important when an expensive tracer
is to be used. Injection of slug is simple as compared to constant injection which requires
special equipment. A slug test provides information with respect to mixing and time spread
characteristics of the tracer. The same cannot be obtained from a continuous test (since time
variations vanish). Using high or moderate concentrations of tracer concentrations for long

times may affect the aquatic life adversely.



A decrease in concentration of pollutants occurs with distance as the pollutant is mixed in the
ever-increasing volume of water. This process is highly complex and main mechanisms
involved are advection, diffusion and velocity shear. The mixing of pollutants associated with
molecular action and turbulent action is called diffusion while bodily movement of pollutants
with the flow velocity is called advection. Two types of diffusion may be identified:
molecular diffusion and turbulent diffusion. Molecular diffusion is due to the random motion
of the fluid particles and turbulent diffusion is due to the turbulent nature of flow as most
stream flows are turbulent in nature. Turbulent diffusion is generally many orders of
magnitude larger than molecular diffusion, so that molecular diffusion is generally neglected
in the analysis of turbulent flows (Holley 1969, Fisher et al. 1979). Due to non-uniform
distribution of velocity, ie., velocity shear in open channel flows, the pollutant is
differentially advected at the local flow velocity downstream, with pollutant in the faster

moving water carried downstream earlier than pollutant in the slower moving water.

Figure 1.1 shows general distribution of a tracer concentration resulting from a slug injection.
In the tracer transport problems, it is convenient to define three mixing zones; the near-field,
mid-field and far-field. In the near-field (immediate downstream of the injection site), tracer
disperses vertically, transversally and longitudinally as it is advected downstream and it
requires the use of full three-dimensional mixing equation for its study. However, if a
transverse line source at any depth of flow injects tracer instantaneously or continuously, the
mixing is only in longitudinal and vertical directions and a two-dimensional mixing equation
is required to describe such a mixing process. The mid-field is the region in which vertical
concentration gradients are considered to be small. In other words, the complete vertical
mixXing is assumed to have taken place in the vertical direction within a short distance from
the point of tracer injection. This assumption of complete vertical mixing prior to mid-field
region is valid because in most of the streams, the aspect ratio (flow width/flow depth) is
large, as a result vertical gradients of stream velocity and hence vertical mixing rates are
usually higher than the transverse mixing rates. In the mid-field attention can be focussed on
transverse and longitudinal changes in the depth-averaged concentration and therefore in this
zone, the mixing process is well described by the two-dimensional mixing equation. A
photograph showing transverse mixing of pollutants from East Bein in river Sutluj near
Nakodar (Punjab) is shown in Fig. 1.2. In the far-field, transverse concentration gradients

also become insignificant and attention is focussed on the variation in cross-sectionally



averaged concentrations. The primary variation of concentration in the far-field is in

longitudinal direction, known as longitudinal dispersion.

Tracer-response
curves 7 Flow

Slug injection
of tracer

Fig. 1.1 Process of tracer mixing in open channels

In present study, the variation in C-t profiles along the streams due to slug injection of

tracer only at an upstream location is studied.

1.3 THE MODELLING APPROACH

The concentration measurement of various pollutants in water bodies such as rivers, lakes,
coastal areas etc. is very costly. For this reason, methods are required to be developed to
predict the temporal and spatial distribution of pollutants in water bodies. Since, the fate of
pollutants is governed by a combination of physical, chemical and biological processes, there
is a lot of interest and research in developing improved predictive models for combining all

these effects.

The hydrodynamics of pollutant transport in streams is explained by flow continuity
equation, flow momentum equation and pollutant continuity equation. The solution of first
two equations provides the values in flow domain of the hydraulic parameters like velocity,
depth of flow, area of flow etc. These parameters are used for solving the third equation
(mass transport equation) for prediction of pollutant concentration. All the above three

equations are partial differential equations. Analytical solutions of these equations are



Fig. 1.2 Transverse mixing of pollutants in river Satluj



available only for simplified cases which do not usually occur in practice. The numerical
models are mostly versatile and take care of variable coefficients of the governing equation
and different boundary conditions. However, accuracy of the numerical model should be
critically examined prior to using it for the prediction of pollutant concentration as some
numerical models are plagued by numerical diffusion and/or numerical oscillations in the
solution, which is sometimes stronger than the physical diffusion rendering the solution

useless. The level of numerical diffusion however, depends on the type of numerical scheme
used.

1.3.1 Two-Dimensional Mixing Model

A two-dimensional mixing model can be used to analyze vertical mixing of pollutants
downstream from a transverse line slug source and to determine both the pollutant
concentration profiles and the distance below the source where pollutant is well mixed over

the flow depth.

Vertical mixing is not as important in water quality management as is transverse mixing.
However, vertical mixing has great importance close to the source. Even though it is limited
to near the source, the understanding of vertical mixing is required for knowing the
concentration of pollutant in the near-field region. The profiles of pollutant concentration
near the end of the near-field region serve the purpose of boundary conditions to the models
for simulation of mixing in mid-field and/or far-field. Compared to transverse and
longitudinal mixing, the vertical mixing is not studied extensively and only a few studies are

available in literature on this topic.

In open channel flows, the principal mechanism causing vertical mixing of a neutrally
buoyant tracer is the turbulence generated by velocity shear at the bed. Vertical mixing can be
increased locally by secondary currents (notably at sharp bends) and by obstacles in the flow.
Experimental studies indicate that in plane shear flows, Prandtl’s mixing length hypothesis
provides an economical and tolerably accurate model for estimation of the vertical mixing

coefficient.

From the principle of mass conservation of pollutants, a three-dimensional mixing equation
for concentration of a conservative pollutant at a point in the flow field may be written as
(Fischer et al. 1979, James and Helinsky 1984):
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where x-, y- and z- are longitudinal, vertical and transverse distances respectively; ¢ is the
time-averaged concentraion; t is simulation time; EX,E,, and u; are time-averaged velocities
in the x-, y- and z- directions, respectively; €x»Cy ande, are the turbulent diffusion

coefficients or eddy diffusivities in the respective directions.

A two-dimensional mixing equation for mixing of pollutant from a transverse line source

may be deduced by integrating Eq. (1.1) across the flow width, to yield (Nokes et al. 1984):

EEJF%{UKC]:%[E,{%]JF%[EF %] (1.2)
where C = width-averaged concentration; U, = width-averaged forward velocity; E, =
longitudinal mixing coefficient and E, = vertical mixing coefficient. For given flow
characteristics, the analytical or numerical solution of Eq. (1.2) with the suitable boundary
conditions yield concentration of pollutants at different elevations along the depth and in the
longitudinal direction, injected through transverse line source. A brief review of literature on

studies for two-dimensional mixing in streams due to transverse line source is given below.

1.4 BRIEF REVIEW

Equation (1.2) is the governing equation for two-dimensional mixing of pollutants in streams
due to transverse line source. Its solution requires information on channel and flow properties
and mixing coefficients E  and Ey . For given flow characteristics, the analytical solutions of
Eq. (1.2) are available in the literature for its simplified form. Holley et al. (1972) and Fischer
et al. (1979) made the assumption that longitudinal concentration gradients are small
compared with vertical concentration gradients and for this case the prediction of pollutant

concentration downstream can be modeled by simplifying Eq. (1.2), to yield:

U,—=E, — (1.3)



For the vertically unbounded flow, an analytical solution of Eq. (1.3) is given by (Rutherford
1994). Method of images was used to obtain the tracer concentration for bounded flow.
Nokes et al. (1984) solved Eq. (1.3) for the case of a steady transverse line source by
reducing it to a Sturm-Liouville eigen value problem and obtained the solution for different
velocity and diffusivity distributions. McNulty and Wood (1984) also developed an algorithm
to obtain complete downstream concentration for different velocity and diffusivity
distributions for a steady transverse line source. Nokes and Wood (1988) conducted
experiments for vertical and lateral mixing from a neutrally buoyant continuous contaminant
source in 12 m long, 560 mm wide and 430 mm deep tilting flume of rectangular cross
section. Schiller and Sayre (1975) presented a mathematical model based on laboratory flume
experiments for predicting vertical distribution of temperatures in open channels. French
(1979) presented an accurate and practical method of computing the solute transfer
coefficients in stratified channel flows in terms of easily measurable parameters in either the

laboratory or the field.

The numerical schemes available for solution of equations similar to Eq. (1.2) can be
generally classified into two types: Split operator and the Combined operator approaches. In
the Split-operator approach, the advection and diffusion processes are separately computed
by using different numerical schemes, whereas in the Combined operator approach the
complete mixing process is simulated without separating the two processes. Furthermore, the
computation of diffusion can be executed accurately using a variety of finite difference and
finite element methods (Morton 1981). However, it is more difficult to devise numerical
schemes of sufficient accuracy for solution of advection process (Li 1990; Schohl and Holly
1991). Among the procedures for solving the pure advection equation, several schemes have
been proposed, such as Holly and Preissmann two-point fourth order scheme (Holly and
Preissmann 1977); Six-point scheme (Komatsu et al. 1985); Improved six-point scheme
(Komatsu et al. 1989); Yang-Hsu time-line interpolation scheme (Yang and Hsu 1990);
Spatial cubic spline scheme (Schohl and Holly 1991); SOWMAC scheme (Komatsu et al.
1992, Komatsu et al. 1997) and Time line cubic spline scheme (Ahmad and Kothyari 2001).
The diffusion process can be accurately computed by several numerical schemes such as
Crank-Nicholson central difference scheme; Crank-Nicholson Galerkin finite-element

method; alternate-direction implicit (ADI) scheme.



Mumerical solution of Eq. (1.2) with derivative boundary conditions is not available in the
literature. However, numerical solutions of the varied form of Eq. (1.2) are available in

literature such as, Stefanovic and Stefan (2001); Tsai et al. (2002); Guan et al. (2002).

Vertical mixing is one of the few mixing problems where theoretical estimates of the mixing
coefficient are available. Prandtl’s mixing length hypothesis provides theoretical formulae for
vertical mixing coefficient, which is found to vary parabolically with depth. Jobson and Sayre
(1970a) however found that predicted pollutant concentration profiles were not very sensitive
to the vertical distribution of mixing coefficient and for many practical problems it is
sufficiently accurate to use a depth-averaged value. Jobson and Sayre (1970b); Schiller and
Sayre (1975); French (1979) and Nokes (1986) based on laboratory studies found that
experimental results match with the vertical mixing coefficient computed based on Prandtl’s
mixing length hypothesis. Little or no information is however, available for the estimation of

longitudinal mixing coefficient E .

Arora (1983); Samaga et al. (1986); Umeyama and Gerritsen (1992); Ahmad et al. (1999)
have studied the velocity distribution in open channels carrying suspended sediment load.
They found that these velocity distributions deviate from the velocity distributions in flows
without sediment. Dispersion is considered to be significantly affected by the advection
process (Holley 1969). Therefore, the dispersion characteristics of flows transporting

suspended sediments are expected to be different from those of clear-water flows.

Studies on vertical mixing of pollutants in sediment-laden flows are not available so far.
However a few of studies are available for the process of longitudinal dispersion. Singh
(1987) performed experiments on 400 mm wide channel for longitudinal dispersion. It was
observed that the presence of sediments did not have any noticeable effect on the mixing of
pollutant in the range of suspended sediment concentration studied (< 5000 ppm) (Singh et al.
1992). Ahmad et al. (2004) observed that more dispersion occurs in sediment-laden flows
than in the corresponding clear-water flows and dispersion increases with an increase in
concentration of suspended sediment in the flow. This was attributed to the fact that velocity
defect in the vertical increases with an increase in sediment concentration (Lau 1983; Samaga
et al. 1986; Umeyama and Gerritsen 1992). Ahmad et al. (2004) proposed a predictor for

longitudinal dispersion coefficient for sediment-laden flow.
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1.5 OBJECTIVES

The present investigations were taken up keeping in view the gaps in knowledge mentioned
above. The broad objectives of the present investigations were to conduct a carefully
controlled set of experiments to study in detail the mixing process in clear-water and
sediment-laden flows in a laboratory channel due to transverse line source and also propose a

numerical model for solution of Eq. (1.2). The specific objectives were:

(1) To conduct a carefully controlled set of experiments on a laboratory flume for
collecting data regarding process of vertical mixing in clear-water and

sediment-laden flows.

(i) To propose a mathematical model for the numerical solution of the two-

dimensional mixing equation for the prediction of pollutants concentration in

streams due to transverse line slug (source).

(iii) Determination of the mixing coefficients using data available in the literature
and those data collected through present experimental study for both clear-water

and in the presence of suspended sediments.

(iv) To study the sensitivity of the computed C-t profiles at different locations to the

variations in the mixing coefficients.

(v) To study the effect of suspended sediment load on the mixing process.

1.6 LIMITATIONS

The laboratory experiments for the present investigation are limited to steady, sub-critical and
uniform flows in a rigid rectangular channel. Two sizes of sediments of average diameter
0.064 mm and 0.024 mm with concentrations ranging from 104 ppm to 6178 ppm by weight
were used in suspension. The tracer used was conservative, neutrally buoyant for which the

solution of Rhodamine WT dye prepared in distilled water was used.

The numerical scheme is developed for computation of pollutants concentrations at
downstream sections of the streams due to transverse line slug source only. Due to non-
availability of other data, the proposed numerical scheme could only be tested mainly using

the data collected during the present experimental study.



Chapter

2

BASIC THEORY AND
REVIEW OF LITERATURE

2.1 PRELIMINARY REMARKS

The process of mixing of pollutants in natural streams is highly complex and the mechanisms
involved therein have not been understood completely. In general the main mechanisms
involved in mixing of pollutants are molecular and turbulent diffusions and velocity shear.
The relative contribution of molecular diffusion to the mixing process is considered as
negligible. When a slug of the pollutant is injected in the form of line source along width of
the stream, the mixing in the near-field zone is two-dimensional with pollutant concentration
varying in longitudinal and vertical directions. The present chapter deals with the basic theory
and a review of the previous studies on vertical mixing in open channel. Furthermore

previous studies on transverse and longitudinal dispersion have been reviewed briefly.

22 BASIC THEORY

The basic aim of present study on solute transport is to develop a model for prediction of the
concentration of a dispersing material at downstream stations from the place of injection of
the pollutants in an open channel. This is best comprehended by way of analysis of the mass-
balance equation of the tracer being transported. The mass-balance is expressed by
differential equation, which incorporates all the aspects affecting the transport of the
pollutant. The transport of pollutant consists of the processes of diffusion and advection. Two

types of diffusion are identified: molecular diffusion and turbulent diffusion. Molecular



diffusion is due to the random motion of the fluid particles and the turbulent diffusion is due

to turbulent nature of flow. Advection is bodily movement of tracer due to velocity of flow.

2.2.1 Molecular Diffusion

Analysis of molecular diffusion uses the continuum hypothesis and Fick’s Law. Molecular
diffusion itself is not of great direct consequences in environmental problems except on the
microscopic scale of chemical and biological reactions. However, its study is fundamental for

understanding the process of dispersion.

If a neutrally buoyant tracer is slowly introduced into a stagnant fluid, it will spread out
slowly at the same rate, in all the directions. This spreading is due to the random molecular
motion within the fluid, called Brownian motion and the process is termed molecular
diffusion. Molecular diffusion is the fundamental process, which causes tracer to diffuse from
a region of high concentration to a region of low concentration. According to Fick, the mass
of tracer crossing a unit area per unit time (called tracer flux) in a given direction is
proportional to the concentration gradient of tracer in that direction (Holley 1969). This is
known as Fick's Law. In the x-direction, Fick's Law can be mathematically expressed as
(Fischer et al. 1979):

oc
sz_ema {11]

Where x = distance in longitudinal direction; J, = molecular diftfusive flux in the x-direction;
¢ = tracer concentration at a point and e, = molecular diffusion coefficient. The negative
sign in Eq. (2.1) arises because tracer diffuses from a region of higher concentration to a

region of lower concentration.

By using the principle of conservation of mass within the control volume, the mass balance

equation for the tracer can be written as (Fischer et al. 1979):
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Where y = distance in vertical direction; z = distance in transverse direction; J, and I, are

the molecular diffusive fluxes in the y- and z- directions, respectively.

Using Eq. (2.1), one can write (Fischer et al. 1979):
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Equation (2.3) describes the spreading of mass of tracer in a stagnant fluid. The molecular
diffusion coefficient e, is a property of the fluid and for a given temperature, its value is

considered to be the same in all directions of flow. The values of e, for inert tracers in water

are in the range of 0.5 x 10 m?¥/s to 2.0 x 10 m¥/s (Rutherford 1994).
Thus for one-dimension (x-direction) case, Eq. (2.3) can be written as:

2
L 2.4)
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Equation (2.4) is parabolic linear partial different equation and is called one-dimensional
Fickian diffusion model. This equation can be used for the computation of molecular
diffusion coefficient ey in terms of wvariance -:rz(t} of spatial variation of tracer
concentration as (Fischer 1967; Graf and Altinakar 1998):
il a2 (1)
- |

(2.5)

From Eq. (2.5), it is clear that the vanance of the spatial distribution of tracer concentration
increases linearly with time. It is also a property of diffusion equation that any finite initial
distribution eventually decays into a Gaussian distribution (Fischer et al. 1979). In field
studies, it is often observed that the variance of observed tracer distribution increases with

time at a linear rate (Rutherford 1994).

2.2.2  Advection Process

Advection is a bodily movement of tracer or pollutant cloud resulting from current or velocity
of the flow. It is most important in flowing water which carries the tracer downstream away
from the source. Pure advection does not cause any change of concentration within a tracer
cloud. The amount of tracer transported per unit time per unit area perpendicular to the
current is termed as advective flux and is the product of the velocity and the tracer

concentration. If u, is the velocity at a point in the x-direction and c¢ is the concentration at

that point, then advective flux in x-direction is uc.
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2.2.3 Advection-Diffusion Equation In Laminar Flow

The spreading of tracer concentration in laminar flow is due to both advection and molecular
diffusion processes. It is assumed that transport by these two processes is independent and
additive (Rutherford 1994).

The total flux in the x-direction (¢ ) is then the sum of advective flux and diffusive flux, i.e.,

b, =u,c-e, — (2.6 a)

Similarly, the total fluxes in the y- and z- directions can be written as:

dc
by =u,c-ey, o (2.6 b)
de
and ¢, =u,c—e, = (2.6¢)

Here uy and u, are the point velocities in y- and z- directions, respectively.

Substituting Eq. (2.6) in Eq. (2.2) after replacingJ,, J, and J, with ¢, by and ¢, to

yield three-dimensional Fickian advection-diffusion equation in Cartesian co-ordinates as

(Graf and Altinakar 1998; Deng et al. 2002):
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Equation (2.7) can be solved to predict the pollutant concentration with time and location if
the three-dimensional velocity field, the molecular diffusion coefficient as well as suitable

initial and boundary conditions for concentrations are specified (Cunge et al.1980; Rutherford
1994).

2.2.4 Advection-Diffusion Equation In Turbulent Flow

Most rivers and open channels are characterized by high Reynolds number and flow in them
is turbulent (Henderson 1967).

Equation (2.7) can be modified to predict the tracer transport in turbulent flow. In turbulent

flow, the instantaneous velocities and concentration can be expressed as:

Uy =ux +uj (2.8a)
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uy =uy +u), (2.8b)

¥
u, =uz+u) (2.8¢)
c=c+c' (2.8d)

Here the over bar denotes the time-averaged values of the quantities and prime denotes

fluctuations about the time-averaged values.

uy, uy and u} are the velocity fluctuations in the x-, y- and z-directions about the time
averaged velocities, respectively; ¢’ is the fluctuation in concentration about ¢; ux, uy and

ﬁx are the time-averaged velocities in the x-, y- and z-directions, respectively and ¢ is the

time-averaged concentration.

Substituting Eq. (2.8) into Eq. (2.7), to yield (Rutherford 1994; Deng et al. 2002):
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The first term of left hand side of Eq. (2.9) represents the rate of change of mean
concentration and the next three terms quantify advection of the time-averaged concentration.
The first three terms of right hand side quantify molecular diffusion and the remaining terms

quantify the additional transport due to turbulent fluctuations, ie., u,u) andu}. This

additional transport is termed turbulent diffusion or eddy diffusion (Rutherford 1994; Deng et
al. 2002).

In natural channels, turbulent diffusion causes tracer to spread far more rapidly than due to
only molecular diffusion (Fischer et al. 1979). This does not mean that molecular diffusion
plays no part in turbulent mixing. As per Fischer et al. (1979) molecular diffusion is still the
fundamental process, which causes tracer to diffuse from a region of high concentration to a
region of low concentration. Turbulence has the effect of tearing apart tracer cloud thereby
increasing local concentration gradients and accelerating molecular diffusion. It is the
combination of turbulent and molecular diffusion which causes rapid tracer mixing in

turbulent flow.

Taylor (1921) made a theoretical analysis of the spreading of a tracer cloud in stationary and
homogeneous turbulence. He showed that after some time since the injection of the tracer, the

variance of the tracer cloud increases linearly with time. In Fickian diffusion model, the
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variance of a tracer cloud was also considered to increase linearly with time as discussed in
Section 2.2.1. This suggests that turbulent diffusion can also be modeled using Fick’s law
provided sufficient time has elapsed since tracer injection. By analogy with molecular

diffusion, one can write (Holley 1969; Deng et al. 2002):

u,c' =—e, % (2.10a)
e ac

wye'=—ey 5 (2.10b)
— dc

ute'=—e, o (2.10c)

Here e, , e, and e, are turbulent diffusion coefficients or eddy diffusivities in the respective

directions. The turbulent diffusion coefficients are the property of the flow and vary with the
velocity, turbulence and geometry of the flow. The eddy diffusivities are of the order of 107
m?/s which are many order of magnitude larger than molecular diffusivity (10" m%/s), so that
molecular diffusion is generally neglected in the analysis of turbulent flows (Holley 1969;

Fischer et al. 1979). Assuminge,, e, and e, are not functions of spatial coordinates

(homogeneous turbulence), substitution of Eq. (2.10) into Eq. (2.9) yields (Deng et al. 2002):

at oz @11
8c a%c d%c '
Z{Em +ex}§+{e‘m +ey}éﬁ+{cm +ez}az£

Rewriting Eq. (2.11) with assumption that the molecular diffusion is very small as compared

to turbulent diffusion coefficients and turbulence is non-homogenous, one gets (Fischer et al.
1979; James 1984):

ac Be g e
e e e Ty
at o y ‘oz

a[ &] a[ &) a[ &J
=—I|g —|¥+—le, —|+—le,—
ax\ Yox) oay\ Yoyl e\ e

The over bars are removed for clarity from Eq. (2.12). Equation (2.12) is the three-

(2.12)

dimensional mass balance equation of tracer transport in turbulent flow and is known as
advection-diffusion equation. Equation (2.12) is widely used for solving practical mixing

problems. However, this equation cannot be solved either analytically or numerically unless
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the three-dimensional velocity field and the mixing coefficients are known a priori. In
practical mixing problems, some of the terms in Eq. (2.12) can be negligibly small and hence
can be dropped. For example for instantaneous transverse line source, in the near-field zone,
the mixing is in x- and y- directions. After complete mixing in the vertical direction, the
mixing is in x-direction only. However for instantaneous vertical line source, the mixing is in
x- and z- directions. Equation (2.12) can be integrated over depth/width and area to yield
simplified mixing equations.

23  WIDTH AVERAGING OF ADVECTION-DIFFUSION EQUATION

A derivation for depth-averaged advection-diffusion is available in literature (Rutherford

1994; Deng et al. 2002). Following similar approach, the width-averaged advection-diffusion

equation is derived herein.

If the pollutant is instantaneously injected as a transverse line source, then the concentration
gradients in the transverse directions are relatively small and the mixing takes place
dominantly in the vertical and longitudinal directions only. For solving these types of tracer
transport problems, width averaging of advection-diffusion equation is required. Therefore,
Eq. (2.12) can be integrated from the left bank of the channel, ie., z = z; (x, y) to the right
bank of the channel, z = z; (X, y). Extensive use is made of Leibnitz’s rule in this exercise
(Rutherford 1994).

el

z ]
é[:: '5}(“,]?(?{,2){1}’ = % zip(x! z}dz = {p{x! Zy ) % + {P(x: Zy ) %E: (2.13)

|

Integrating Eq. (2.12) term by term leads to:

Z 23 Car ] .
fﬁdz+ iy Juyedz—(u,c),, o5 —=+(uyc),, ﬁ+E Juyedz—(uyc),, E+{u},|:}zl s
Zj a‘ ale E':b( ax 6}r2l ay E}y

+ (uzc]zz - [uzc}q

=Ezfeﬁ°4z_[eﬁ] E{e a"] e o R [Fa‘*] ey +[cﬁ] -

oy o o), ey e ), o\ ), o

+(eﬁ] _[eﬁ] (2.14)
oz),, &),
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Rearranging Eq. (2.14) gives

23 z3 23
| %dz+-5-}— ju,tu;:dz+i Juyedz
2] Z Z)

Z Z
:f_]lex ik-:_dz-l-ijzﬁyéb_dz-rlc[ul ..‘.a_z_z_.l,uy E_uz]] _[ u, ﬁ.fu %_uz]]
X 2 ox 0¥ 2 oy ox oy 25 L

il e —— :
Ex&xﬁx E"ayay ezaz (2.15)

[ ¢ 0z, ¢ 9z, Bc] [ ac oz, dc dz, acJ
By ey ey — % _
ox ox dy oy o), i

The boundary conditions are that at both the banks of the channel, the fluxes of water and
tracer normal to the boundaries are zero. With the use of these boundary conditions, all the

right hand terms of Eq. (2.15) except first two terms are reduced to zero (Rutherford 1994).

Equation (2.15) reduces to:

2oe)s 2o 2l 2o, 2o 2oe, Z) o

Where the over bar denotes width-averaged values and b = width of the channel.

The velocities and concentrations can be expressed as the sum of a width-averaged and a

width deviation, i.e.,

u; =U, +U5 (2.17a)
u, =U, +U, (2.17b)
el (2.17¢c)

Where U, Uy and C are the width-averaged velocities and concentration, respectively. U,

U':f and C' are the deviations of u, , Uy and ¢ about U, | U:ﬁr and C, respectively.

7
Also U, =% [u,dz (2.18a)

7

u,dz (2.18b)

brla ]



1%
C=E fedz (2.18¢c)

|

u,c=(U, +U,JC+C')=U,C+U.C (2.19a)

The width-averaged of the deviations U, U}, and C' are zero.

If e, and ey do not vary with width, then
(2.19b)

(2.19¢)
Substituting these in Eq. (2.16) yields (Rutherford 1994):
—(l:-Cj+ .0 8 gy R (bU C)= [ bﬁ76+bexEJ+E —bU'C+bey§ (2.20)
ay x lax [%f Y @ :

By applying Taylor's analysis (Taylor 1953, 1954), it is shown that at asymptotically large
times, the longitudinal diffusive flux is proportional to the longitudinal gradient of the width-
averaged concentration. Thus

-U'C =E,

aC
= (2:21)

Where E_ is the longitudinal mixing coefficient, which accounts for variations in the
longitudinal velocity across the width.
By analogy with Eq. (2.21), the vertical diffusive flux is written as:

-UyC'=E, % (2.22)

Where E, is the vertical mixing coefficient which accounts for the effects on the width-

averaged concentration of width variations in the vertical velocity.

Substituting Egs. (2.21) and (2.22) into Eq. (2.20) yields:

5

5 &l 8 ac
260+ (pUC)+ (hU c)= [Hﬁx+ex]aj|+g]ib(ﬁy +e},)5] 2.23)
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For the flow in the predominant x-direction {U}, =0), Eq. (2.23) reduces to:

SO VLo | ONR . o I x
E{bcﬁg(buxc}_ ax[b(ﬁx +ey) ax}r ay[b(E}. te,) ayJ (2.24)

In Eq. (2.24) even though the average motion is in x-direction, it will transport the tracer in
the other direction also (Young and Wallis 1993). Equation (2.24) is the two-dimensional
width-averaged advection-diffusion equation and can be used to solve tracer transport

problems in streams due to instantaneous transverse line source.

2.4 DEPTH AVERAGING OF ADVECTION-DIFFUSION EQUATION

In most rivers, vertical mixing is completed within a distance 50 times the river depths or | to
10 times the river width (Rutherford 1994). For mixing in mid-field zone, Eq. (2.12) can be
integrated over the depth of flow to predict the transverse and longitudinal changes of the

depth-averaged concentration.

Integrating Eq. (2.12) from the bed to the surface and making use of the boundary condition
that at both the water surface and the river bed, the fluxes of water and tracer normal to the

boundaries are zero, to yield (Rutherford 1994; Deng et al. 2002):

E-(d:] 1 i[du=xc] t E(du=,_c) - e gy Ol O (2.25)
at ox dz ox ox | oz 0z
Where the double over bar denotes the depth-averaged values and d = local depth of flow.

The velocities and concentrations can be expressed as the sum of a depth-averaged and a

vertical deviation, ie.,
Uy =Vy +Vy (2.26a)
u, =v, +Vv, (2.26b)
c=5+5 (2.26¢)
Where v, and v, are the depth-averaged velocities and s is the depth-averaged
concentration; v}, v, are the deviation of u, and u, about v, and v, respectively and s’

is the deviation of ¢ about s.

L2 |



Making these substitutions into Eq. (2.25) and assuming that e, and e, do not vary with

depth, one can get:

d d d - T
g[{ls]% a(dvxs} + E{dvzs) = E[_ dv' s’ +de, 2\3] + -éa;[— dvi,s'+de, g] (2.27)

The terms -vs' and -v,s' quantify the additional transport due to non-uniformities of

velocity and concentration over the depth, and is termed dispersion. It is to be noted that
dispersion is not a fundamental physical process but arises due to averaging (Rutherford
1994). It is not possible to solve Eq. (2.27) until the dispersive fluxes are related to some
property of the depth-averaged concentration. Using Taylor’s (1954) asymptotic analysis of

shear dispersion in a pipe flow, one can write:

-vis'=E, — (2.28)

Where E| is the mixing coefficient in the x-direction which accounts for the variations in the

longitudinal velocity over the depth.

By analogy with Eq. (2.28), the transverse dispersive flux can be written as:

T (2.29)
Where E, is the transverse mixing coefficient which accounts for the vertical variations of
transverse velocity.
Substituting Egs. (2.28) and (2.29) into Eq. (2.27) yields (Rutherford 1994):

D s B Dps o Blay &) B a
Et-(ds]+a(dvxs}+E{dvzs)—5x{d{Ex +ex]ax}+az[d(Ez+e1]52] (2.30)

Equation (2.30) is the two-dimensional depth-averaged advection-diffusion equation and is
extensively used to solve pollutants transport problems in the mid-field zone (transverse

mixing).

2.5 CROSS-SECTION AVERAGING OF ADVECTION-DIFFUSION EQUATION

At considerable distance downstream from the site of injection of tracer, the tracer mixes

uniformly across the channel cross-section and the primary variation of the concentration is
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only in the longitudinal direction and mixing beyond this section is called longitudinal

dispersion.

The time required from the instant of injection to the complete cross-sectional mixing is
called ‘mixing time or initial time’ and the distance travelled during this time is called
‘mixing length’. The value of mixing length depends on the nature of the tracer injection e.g.
impulsive/continuous injection as well as the geometry of the source e.g. point/line/plane
injection in addition to flow and channel characteristics. Longitudinal dispersion arises
because vertical and transverse velocity shear carry the pollutants downstream more slowly
near the bed and the banks than in mid-channel. Fischer (1967) showed that in river channels
transverse velocity shear makes a greater contribution to longitudinal dispersion than vertical
velocity shear. Turbulent diffusion causes localized spreading both along and across the
channel. Turbulent diffusion counteracts the effects of velocity shear. The rate of longitudinal
dispersion reflects the balance between velocity shear, which acts to spread tracer along the
channel and transverse mixing, which promotes uniform concentrations and hence

counteracts the effects of velocity shear.

Longitudinal dispersion is of interest only when the input tracer is unsteady (e.g. slug
injection) as for a steady source; the fully mixed concentration of a conservative tracer is
constant. Beltaos (1980) and El-Hadi et al. (1984) categorically stated that the longitudinal

dispersion is not likely to be encountered in large streams within length of practical interest.

The governing equation of longitudinal dispersion can be obtained by integrating Eq. (2.30)
across the channel and making use of the boundary conditions that at both the banks of the
channel, the fluxes of water and tracer normal to the boundaries are zero (neglecting the

contribution of turbulent diffusion coefficient and considering unidirectional flow), to yield
(Rutherford 1994):

%(A;)i. %(.ﬁé):g[ [MEL }%J (2:31)

Where the over bar denotes a cross-sectional averaged and A = cross-sectional area of flow.

The depth-averaged velocity and concentration can be expressed as the sum of cross-sectional

averaged and a cross-sectional deviation.
v, =V, +V! (2.32a)

5=S+§' (2.32b)
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Where V,and S are the cross-sectional averaged velocities and concentration, respectively;

V, and S’ are the deviations of v, and s about V_ and S, respectively.

Substituting Eq. (2.32) into Eq. (2.31) yields:

d d &) —— oS
—{AS)+ —(AV,S)=—| -AV, S5 + AE| — 233
~ (A8)+—(AV,S) ax[ x X ax} @33)
By analogy to Eq. (2.10), one can write
as
-V, 8'=E; — 2.34
X L i ( }

Where E; is known as longitudinal dispersion coefficient which accounts for variation of

longitudinal velocity over the channel cross-section.

Substituting Eq. (2.34) into Eq. (2.33) and replacing (E; + E\ ) by E;, which incorporates
E’ , to yield (Fischer et al. 1979; Deng et al. 2002):

2 3, a as

—(AS8)+ —|AV, 85)=—]| AE; — 235

at{}ax(x}ax( l.ax] (2.35)
Here Vy is the cross-sectional averaged velocity and S is the cross-sectional averaged

concentration. Equation (2.35) is called one-dimensional advection-dispersion equation and is

used for study mixing process in the far-field zone.

2.6 TWO-DIMENSIONAL MIXING DUE TO TRANSVERSE LINE SOURCE
(VERTICAL MIXING)

The three-dimensional advection-diffusion equation, ie., Eq. (2.12) is the basis of analysing
mixing problems in rivers. But the solution of such equation requires detailed information on
channel and flow properties and mixing coefficients, which cannot be gathered conveniently
during field experiments in natural channels. For instantaneous horizontal line source, the
mixing of pollutants is in longitudinal and vertical directions only, and Eq. (2.24) can be

solved for predicting the pollutants concentrations changes.

In open channels, the principle mechanism causing the vertical mixing of a neutrally buoyant
tracer is the turbulence generated by vertical velocity shear which arises as a result of bed
friction. As a result the tracer becomes vertically well mixed within a short distance from the

site of injection. Vertical mixing is completed with in a distance 50 times the river depths or
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1-10 times the river width (Rutherford 1994). Vertical mixing is increased locally due to

secondary currents and obstacles in the flow.,

o —
—
—

tracer clouds

Il
Ty

transverse line source
b

—

T T U t=1,
S S S e e ey s

+ Vertical mixing length SR i

Fig. 2.1 Vertical mixing in plane shear flow

Figure 2.1 shows vertical mixing of a transverse unsteady line source (perpendicular to the
plane of figure) located at mid-depth in a plane shear flow. At t =t, the tracer is concentrated
to a line, however, it disperses in vertical direction as it moves in the downstream from the
injection site, (it also disperses in longitudinal direction as well). The position of clouds are
shown at t = t; and t3. At t = t, the tracer has not mixed uniformly over the depth, however, at
t = t3, tracer has mixed completely in the wvertical direction. The distance requires for
complete vertical mixing is known as vertical mixing distance. In addition to flow
characteristics, the vertical mixing distance also depends upon geometry and location of the

SOUrce.

By combining turbulent diffusion and dispersion coefficients, the width-averaged Eq. (2.24)
can be written as (Nokes et al. 1984):

2 (bC)+ -~a'—[1::Uxi‘kl‘:l=f{1:+]-3,‘E E}Pi bE, ac (2.36)
ot ox X ox | oy dy
Longitudinal mixing coefficient plays important role for unsteady source only. Predictor for
computation of longitudinal mixing coefficient is not available in the literature. For steady

source, the time derivative of concentration is negligible and hence can be dropped from Egq.

(2.36) and may be written as (Holley et al.1972; Fischer et al. 1979):
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(mbC]=§Y -[bE E] (2.37)

In Eq. (2.37), the rate of vertical mixing is determined by vertical mixing coefficient.

2.6.1 Vertical Mixing Coefficient

Vertical mixing in plane shear flow is one of the few river-mixing problems for which the
vertical mixing coefficient E, can be predicted satisfactorily on theoretical grounds.
Prandtl’s mixing length hypothesis provides an economical and tolerably accurate model for

estimating the vertical variation of velocity and vertical mixing coefficient in plane shear

flow.

By analogy with the coefficient of viscosity in laminar flow, Reynolds stress in turbulent

flow as given by Boussinesq can be written as:

Ty =Py ﬂ;; (2.38)

Where 1= turbulent shear stress, v, = apparent kinematic viscosity or eddy viscosity which

is much greater than the corresponding kinematic viscosity for laminar flow and p is the mass

density of water.

The logarithmic velocity distribution in turbulent flow in open channels can be expressed as
(Ranga Raju 1993):

uy, 1 y
el ¥ 2.39
U. K DE[Y!J { ]

Where Us = shear velocity, x = von-Karman's constant and y,= arbitrary vertical distance

from bottom at which time-averaged velocity is zero.
Reynolds analogy states that
E, =v, (240)

Experimental studies show that Eq. (2.40) holds within 5-10 % for dilute solution of neutrally
buoyant tracers in shear flows (Rutherford 1994).

In plane turbulent shear flow, the shear stress varies linearly with depth and vanishes at the
surface (French 1986; Rutherford 1994), so
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Ty =Tu[1—§] (2.41)
Where 1, = bed shear stress

From Eqs. (2.38), (2.40) and (2.41), one can get:

SR

Substituting Eq (2.39) into Eq. (2.42) yields (Elder 1959; Rutherford 1994;Garde and Ranga
Raju 2000):

E, = r.:U.y[I i %] (2.43)

Thus the vertical mixing coefficient varies parabolically with depth, vanishing at both the bed
and water surfaces. Jobson and Sayre (1970a) found that predicted concentration profiles

were not very sensitive to the vertical distribution of E, and for many practical problems it

is sufficiently accurate to use the depth-averaged value of Ey,ie,

e d
Ey =ley dy (2.44)
dy
Ey= Edu, =0.067dU. ; x = 0.4. (2.45)

Over bar is dropped here onward from vertical mixing coefficient for simplicity.
Experimental results from several laboratory studies match closely to Eq. (2.45) (Jobson and

Sayre 1970b; Schiller and Sayre 1975; French 1979 and Nokes 1986) and are shown in Table
21

Generally, velocity profiles in open channels are approximately logarithmic and in such cases
Eq. (2.44) can be expected to provide reasonable estimates of the vertical mixing coefficient.
In some parts of the channel due to existence of secondary currents, velocity profiles depart

from logarithmic variation. Thus the estimates would be not so good.

2.6.2 Solutions Of Vertical Mixing Equation

Computation of concentration at the downstream stations due to transverse line source

requires either analytical or numerical solution of Eq. (2.36). Analytical solutions are not
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Table 2.1: Vertical Mixing Coefficient

[ Width Depth Velocity Shear velocity E, Reference
b (m) d (m) uy (m/s) U. (m/s) du.
Laboratory Channels -
Unstratified flow
2.44 0.4 0.049-0.136 | 0.063 | Jobson and Sayre (1970b)
0.76 0.071 0.046 0.04 0.042 | Schiller and Sayre (19_';';;“
3 0.56 0.039-0.076 - 0.041-0.058 0.067 | McNulty (1983)
0.56 0.05-0.065 0.034-0.028 0.024-0.016 0.067 | Nokes (1986)
Stratified flow
0.76 0.071 0.031 0.0037 {].[}54 Schﬂ;;r and Say;; (1975)
0.040 0.037 0.04 0.0690 0.004 | French (1979)

flexible enough to handle the complex mixing of transport problems. Numerical models are
flexible but they suffer from numerical dispersion errors. In addition, analytical solutions to
the equation exist only for some particular simplified flows and tracer injection configuration

but for most practical situations only numerical methods are used.

Analytical or numerical solutions of Eq. (2.36) are available in the literature for its simplified

forms. Some of these are described herein.
2.6.2.1 Analytical solutions

The analytical solutions are simple to evaluate and can also be used to validate numerical

models. Some of these are discussed as:

(a)  Steady transverse line source: Holley et al. (1972) and Fischer et al. (1979) assumed
that longitudinal concentration gradients are small compared with vertical concentration
gradients. Under this assumption, the prediction of pollutant concentration downstream can
be modeled by Eq. (2.37). For the source location at x = 0 and y =y, from the bed of the

channel, analytical solution of Eq. (2.37) for constant velocity and vertical mixing coefficient

in a vertically unbounded flow is given as:
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i 2
C(x,y)=— M e EXP{._E?‘._{E__}”-!_}_] (2.46)

Where M = tracer mass inflow rate

For the bounded flow, the method of images can be used to obtain the tracer concentration.
The method of images is based on the principle of superposition which states that if an
equation and its boundary conditions are linear, then it is possible to superimpose any number

of individual solutions of the equation to obtain the desired solution.

The boundary conditions for Eq. (2.37) are that the tracer flux is zero at the bed and the water

surface, i.e.,
%:ﬂ; aty=0andy=d (2.47)

With these boundary conditions, the bounded solution of Eq. (2.45) is:

N[C(x, 2kd—y -y, )+ C(x, 2kd+y +Y,)
C(xy)=C(x, Y-
(6 y)=CO6Y+Y0)+ Oy =Yo )+ EJ:+C{K,2kd—}’+}fu}+C{x,2kd+}’—Yu}

} (2.48)
k=

In practice it is only necessary to evaluate the summation as far as N, = 6 throughout most of

the near-field zone, but larger value of N, are required once the tracer becomes well mixed

vertically.

Concentration profile for a real source at height y =y, is shown in Fig. 2.2. It is clear from
the figure that vertical concentration gradient is not zero at y = (. To make it zero, an
imaginary source is required aty =-y,. The resulting tracer concentration is the sum of

concentrations due to real and imaginary sources as shown in Fig. 2.2.

However if the transverse source is spread over a depth from y, to y,, the solution of Eq.
(2.37) can be obtained following the analogy with the solution of transverse mixing equation

by Yotsukura and Cobb (1972). For constant U, and Ey, Eq. (2.37) may be written as:

oc _Ey o’c

it A 2.4
ax U, ay? (2.49)

Solution of Eq. (2.49) for boundary conditions of Eq. (2.47) for transverse source spread over
the depth from y, to y, is (Lipsett and Beltaos 1978):
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Where S = cross-sectional averaged concentration of pollutants; n = %; n = ;-gr; M, = Y2

2E X
= — ¥ and erf denotes error function.
I d?

MNokes et al. (1984) variable-coefficient model

Nokes et al. (1984) solved Eq. (2.37) by reducing it to a Sturm-Liouville eigen value problem
and obtained the solution for any velocity and diffusivity distributions. They derived eigen
functions and eigen values for a logarithmic velocity and parabolic diffusivity distributions
by using power series solution technique and compared the solution with Holley et al. (1972),

obtained for a uniform velocity and diffusivity distribution. Equation (2.37) may be written

as:

U §=3[E E] (2.51)

With boundary conditions, i.e., Eq. (2.47), Egs. (2.45) and (2.51) can be non-dimensionalized

by the following transformations:

®

» Yy == Uy =vuly) SEy=U.dy(y) (2.52)

|

Here x" is non-dimensional longitudinal distance; y* is non-dimensional vertical distance;

¥(y) is non-dimensional velocity and w(y) is non-dimensional vertical diffusivity.

Rewriting Eqs. (2.47) and (2.51), the resulting advection-diffusion equation becomes
(dropping the primes for clarity):
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1

(%)E x[ﬂ%= %{w(ﬂ%} (253)

With qx{y]%g— =0 at y=0,1 (2.54)

2
Here f =8[U‘ ] , is the friction factor.

X

Equation (2.51) may be transformed into two ordinary differential equations by assuming a

separated solution of the form:

C(x,y) = G(x)H(y) (2.55)

The functions G(x) and H(y) satisfy the equations:

dGg 1
—t=fyG =0 2.56
ax 8 )
d dH
and ol YO [Fr)H=0 (2.57)
y dy
Where ¥ is constant of separation.
Equation (2.56) has the solution
G(x) =K cxp[—- % f]"fx:l (2.58)

Where K is a constant.
; : : ) dH
Equation (2.57) together with separated form of Eq. (2.54), ie, w{y}d— =0 at y=0,1
Y

constitutes an eigen value problem governed by Sturm-Liouville theory. Nokes et al. (1984)
stated that the eigen values of this problem are real, discrete and non-degenerate and that the

eigen functions are mutually orthogonal with respect to the weighing function y(y) over the
interval 0 = y =1. The eigen functions are also assumed to form a complete set, thus allowing
any well-behaved function in the interval 0 <y <1 to be expressed as an infinite series of the

eigen functions.

The general solution of Eq. (2.53) can be written as:
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Fig. 2.2 Demonstration of method of images for computation of concentration
in bounded flow

1
CI:X, }r}=%a}' EXP[_ET{IX:IHT(Y} (2'59}

In Eq. (2.59) only positive values of Y are accepted with y =0 is the smallest eigen value

which correspond to the equilibrium condition, when the pollutant is uniformly mixed over
the cross-section. The eigen values may thus be placed in order of increasing magnitude and
Eq. (2.59) can be written as:

o |
C{K-}’}=k}=:[]ﬂk EXP[— ngﬂK]Hk(}’] (2.60)

The expansion constants a, are determined by the concentration of source at x = 0, je..

C(0,y) =C;(y) and the orthogonality of the eigen functions as:

1
[Cs(¥)x(y)H, (y)dy
El.k=n

B s ) (2.61)

" 3
g 2(Y)Hi (y)dy
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Equations (2.60) and (2.61) represent a complete solution of a steady two-dimensional

mixing of a continuous release.

To verify their theoretical work, Nokes et al. (1984) conducted experiments on a laboratory
flume: 15 m long, 560 mm wide and 150 mm deep. To obtain approximately two-
dimensional flow, they placed roughness strips covering 50% of the width, 20 mm x 7 mm,
spaced at 20 mm in the direction perpendicular to the flow. A tracer of salt (NaCl) solution
was injected into the flume as a continuous horizontal line source at the surface and bottom of
flow. Observations were taken at various depths and distances from the source. Samples were
passed from conductivity probes via. a salinity meter. Average velocity profiles were
measured across and along the flume with an 8 mm pitot tube and a Kent mini-flow impeller-
type current meter. From their theoretical and experimental results, they concluded that the
use of logarithmic-velocity and parabolic diffusivity yields better prediction of concentration

than the constant-coefficient model.

McNulty and Wood (1984) developed an algorithm for Eq. (2.37) to obtain the complete
downstream concentration for any velocity and diffusivity distribution. They used Aris
method of moments to generate the required solution and compared the results with those
obtained using assumptions of negligible longitudinal concentration gradients and constant
velocity and diffusivity distribution. They concluded that assumptions of uniform flow

conditions are conservative in terms of predicting vertical mixing.

Nokes and Wood (1988) conducted experiments for vertical and lateral mixing from a
neutrally buoyant continuous contaminant source in 12 m long, 560 mm wide and 430 mm
deep tilting flume of rectangular cross section. They stated that the experimental results of

vertical mixing supported the use of eigen function solution with a parabolic diffusivity and

logarithmic velocity distribution.

Mokes and Huges (1994) presented a semi-analytical model for solving three-dimensional
turbulent diffusion equation for a steady neutrally buoyant conservative pollutant in open
channels with an arbitrary but uniform cross-section of any shape and any distribution of
longitudinal velocity and turbulent diffusivities. They extended the two-dimensional eigen
function solution technique of Nokes and Wood (1988) to a three-dimensional eigen function
technique for predicting the concentration downstream in the near-field mixing zone where

three-dimensional mixing effects are present.



Lung and Connor (1984) developed an analytical method for computing two-dimensional
tidally averaged estuarine transport where the two-dimensional circulation is characterized by
a horizontal seaward velocity in the upper layer and a landward velocity in the lower layer,
with a compensating vertical velocity to maintain hydraulic continuity. The analysis provides
solution for the horizontal and vertical velocities as well as the values of vertical eddy

viscosity which characterizes the vertical exchange of momentum.

Analytical solution of some other equation that govern the vertical mixing are discussed

below:

(b)  Steady point source: For a pipe flow discharging into a stream, the tracer

concentration can be modeled by:

oC @ oC| ©o aC
el et v

For constant velocity and mixing coefficients an analytical solution of Eq. (2.62) in an

unbounded channel for a point source at x =0,y = y, and z= z, is obtained as (Clearly and

Adrain 1973; Rutherford 1994):
exp x (¥ —¥o) exol ~Ux(Z=Z0)
4E}.X 4sz

,||'4HEFK 1,!'4;11-713:

The boundary conditions in this case require zero flux at the water surface, channel bed and

C(x,y,z) =M

(2.63)

walls as:

=0; at z=0,b (2.64a)
=0; at y=0,d (2.64b)
Equations (2.62) and (2.64) are linear, the bounded solution can be obtained by using the

method of images which would satisfy Eq. (2.64).

(c) Unsteady point source: The govermning equation for unsteady point source for

constant velocity and diffusivities coefficients is:

E+UK§=EKE+E},E+EZE (2.65)
ot ox ax ay oz
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The analytical solution of Eq. (2.65) for instantaneous input of mass M occurring at time t = (0

located at x = 0, y = yp and z = z; in an unbounded channel is obtained by (Rutherford 1994,

Graf 1998) as:
P G 2
exp M exp M ex :EZ:_?qu
- 4E  t 4hyt 4E .t
JATE 1 4nE  t J4nE t

Where M = Total tracer mass injected

] (2.66)

The no flux boundary conditions at y = 0, d and z = 0, b can again be accommodated using
the method of images. Equation (2.66) gives a tolerably accurate prediction of concentrations
provided the tracer cloud lies mid depth at the center of the channel. Once the tracer cloud
approaches the bed, assumption of uniform velocity becomes invalid and thus does not give

realistic results.

Zoppou and Knight (1997, 1999) provided analytical solution for the two- and three-
dimensional advection-diffusion equation with spatially variable velocity and diffusion
coefficients. They assumed that each velocity components has a linear dependence on the
distance and each diffusion coefficient is proportional to the square of the corresponding
velocity component and then by using a simple transformation, they reduced the spatially

variable equation into a linear equation with constant coefficients.
2.6.2.2 Numerical solutions
Equation (2.36) may be divided into two processes: advection and diffusion, i.e.,

oC o

Advecti 5 —+—U, Cj)=0 2.6
vection proces = 8::{ &) (2.67)
3,
Diffusion process: R E{Ex E}+ =< Ey ol (2.68)
a x| *ox| oyl oy

The numerical schemes available for solving equations similar to Eq. (2.36) could be
classified into two types: split operator and the combined operator approach. By the split-
operator approach, the advection and diffusion processes are separately computed using
different numerical schemes, whereas the combined operator approach simulates the mixing
equation without separating the two processes. Furthermore, the computation of diffusion can
be executed accurately using a variety of finite difference and finite element methods

(Morton 1981). On the other hand, it has been more difficult to attain sufficient accuracy in
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the numerical computation of advection (Li 1990; Schohl and Holly 1991). Most finite
difference methods for the calculation of advection are plagued by artificial or numerical
diffusion, which is sometimes stronger than the physical diffusion. This artificial diffusion
has no physical meaning and can cause erroneous results or sometimes even negative
concentration. The level of numerical diffusion however depends on the numerical scheme
used.

Among the procedures for solving the pure advection equation, several accurate schemes
have been proposed, such as Holly and Preissmann two-point fourth order scheme (Holly and
Preissmann 1977); Six-point scheme (Komatsu et al. 1985); Improved six-point scheme
(Komatsu et al. 1989); Yang-Hsu time-line interpolation scheme (Yang and Hsu 1990);
Spatial cubic spline scheme (Schohl and Holly 1991); SOWMAC scheme (Komatsu et al.
1992, Komatsu et al. 1997); Time line cubic spline scheme (Ahmad and Kothyari 2001).

Although the split-operator approach clearly has considerable advantages, it is comparatively
more intensive and complicated when applied to multidimensional flow problems because the
advection and diffusion processes must be handled separately. Combined operator approach

offers an alternative to the split-operator approach due to its simplicity and efficiency.
(a) Computation of advection equation

The backward characteristics method with interpolating approximation of the exact solution
is widely used in the solution of the pure advection equation. The choice of the interpolating
function affects the accuracy of the solution significantly. From Eq. (2.67), pure advection

equation for uniform velocity can be written as:

E+Uxa=ﬂl (2.69)

The above equation may be written in terms of total derivatives as:

dC dx
—=0 al —=1U 2.70
dt S ¥ (2.70)

These ordinary differential equations simply state that the concentration must be constant
along the space-time trajectory defined by U, (x,t). Implementation of Eq. (2.70) in a

mathematical model on the fixed Eulerian space-time grid of Fig. 2.3 implies:

CHM =CP =C; (2.71)
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Here superscript n denotes time level, subscript j denotes a spatial step, £ and f denote the
coordinate of the foot of the trajectory of concentration characteristic along spatial axes and

temporal axes leading to the point (x,t,,;). The problem of finding the concentration at
point xj at time tg,, reduces to the problem of knowing the concentration at £ at timet,.
For that reason the accuracy of the scheme is dependent on how accurately one estimates CE :

A number of interpolating schemes are available for the determination of ‘E . Some of the

schemes are described as here:

t & _]“1 1 1}+i
n+l
E
b
pii L I
' 5
h d n-1
f PR . S
n-2
- X

Fig. 2.3 Finite difference grid for the computation of advection in one-direction

(i) Improved six-point scheme

When applied to two- or three- dimensional advection-diffusion equation, the six-point
scheme (Komatsu et al. 1985) has proved to be less accurate than for the one-dimensional
case. This is due to increased opportunity of accumulation of truncation error because of
repeated use of the interpolating polynomial. To improve the results, an improved six-point
scheme (Komatsu et al. 1989) was developed in which an artificial correction term was added

to the results.

The improved six-point scheme is as follows:

CP =ciCl3 +c5CT, +¢5CYy +e4Cj +¢5CH +¢4Chiy (2:72)
Where
s LG,
1= TR
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Here
X:—X
P = M is Courant number.
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—: (w=0
n={jo] :
0, (0=0)
_cdca'ca’c ac_Cj-Cjy a’c_Cju-Cj-Cyy+Cyy
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aq{::Cﬁ.z _3Cj+1 +2CJ +2C.H —3[:}_2 +Cj-3
ax ! 2(Ax)*
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x> (Ax)®
D, =4.74x102(C? ¢, )
D, =-3.16x102(c,2 -C,)
236
S =——mMm—=
(n +18.7)07%8
L ,Cg are the coefficients of the six-point scheme and are given as:

¢, =—0.01806C,° —0.03828C % +0.05633C,
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¢, =0.2570C,” +0.05276C, % —0.3097C,
¢y =-0.6806C," +0.6480C, % +1.033C,

cg =0.6806C,° —1.394C,% +0.2869C, +1
cs =-0.2570C,° +0.8236C,% - 0.5667C,

cg =0.01806C, - 0.09245C, % +0.07439C,
(ii) SOWMAC scheme

Komatsu et al. (1992), developed a refined implicit scheme namely SOWMAC (Second order
wave equation method for advection calculation) based on the concept of solving second
order wave equation instead of first order advection equation. SOWMAC scheme is given as

follows:

d,CTY +d,CT" +d5CHY =d,Ch +d5C) +d6Cl (2.73)
Where d;.dj,....... .dg are coefficients and are functions of Courant number,
dy =0.3776C;q, +0.3152C, . — 0.5467C,;, +0.4843C,. +C,*
d, =1.3072 +0.0624|C, | - 0.3382C, >
d; =0.3152C ¢, +0.3776C . +0.4843C,,, - 0.5467C,,. +0.1691C,*
dy =0.3776C 4, +0.3152C 4 +0.5157C,,, - 0.4533C,,. +0.1381C,”
ds =1.3072 +0.0624(C, | - 0.2762C,

dg =0.3152C 9, +0.3776C 4 -0.4533C,,, +0.5157C,, +0.1381C,>

g ={im>{—@‘ ”}

1+]Cr]
e

e ‘(lm}{Hlﬂ‘rl}
IC,|+C,
Car=—r
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In the above, (int) is an incorporated function used in C language for ignoring fractions.
The above scheme uses only three computational grid points, so there is no need for special

treatment of the boundary condition.

(iii} Cubic spline scheme

Schohl and Holly (1991) interpolated the value of CE using two point bracketing £ by cubic

spline interpolation viz.

n n

a*c

2
ol 4, 9%C
5'."{1

no_ 3¢
CE=di=—

= +d5CY, +d4C? (2.74)

-l J

2
Chie.” =1)Ax* da:_Cr(erl}(Cr e

Where d} =
! 6 6

4y =C, and dj =1-C,

Solution of Eq. (2.74) requires the value of second spatial derivatives of concentration at all
the nodal points at time level, n (See; Fig.2.3). The same is calculated by the following

equation:

n

GR(®

"8
— '
x

" 8%
= +
ax

o
xZ|.. ax? (c5.-2c5 +c3) @75)

Ax

il j it

Equation (2.75) is a special form of linear system of equations which are solved through
inversion of a tri-diagonal matrix. The natural spline condition in which the upstream and
downstream second spatial derivatives are taken equal to zero are taken by Schohl and Holly

(1991).

Egan and Mahoney (1972) introduced Lagarangian second moment method (SMM) scheme
for the computation of advection for two-dimensional air-pollution transport. It has been
successfully used by Pepper and Baker (1980) for three-dimensional atmosphere pollution
transport as well as by Nassini and Babarusti (1997) to compute the dye concentration
distribution in shallow recirculating flow dominated by advection. The method considers the
zero, the first and the second moment of the spatial distribution of concentration. The time
evaluation of moments is calculated using a Lagrangian approach. At each time step, the

advected distribution is projected to a fixed Eulerian grid.
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(b) Computation of diffusion equation

The one-dimensional diffusion process can be accurately computed by numerical schemes
such as Crank-Nicholson central difference scheme and Crank-Nicholson Galerkin finite-
element method. However, computation of diffusion in two-dimensions is obtained using

alternate-direction implicit (ADI) scheme (Smith 1978; Luk et al.1990).

Numerical solution of Eq. (2.36) with derivative boundary conditions is not available in the
literature. However, numerical solutions of the similar type of equations by using combined

operator approach are available in literature such as, Stefanovic and Stefan (2001); Tsai et al.
(2002); Guan et al. (2002).

2.6.3 Distance for Complete Vertical Mixing

The distance required for 98% complete mixing of tracer along the vertical from a steady

transverse line source located at mid-depth is obtained from the Eq. (2.46) (Rutherford 1994):

U.d?
L, =0.134—2

¥

(2.76)

The 98% complete mixing means that the ratio of minimum and maximum concentration
over the depth is 0.98. The constant-coefficient model predicts that the vertical mixing
distance is shorter for a source located at mid-depth than for a source at any other depth.
However, by assuming logarithmic velocity and parabolic diffusivity distributions, it has
been obtained that the optimum source location is not at mid-depth but is slightly closer to the
surface. For a point source at the bed or at the surface, the vertical mixing distance is four

times larger, i.e.,

2
L, =0.536 o (2.77)
;
For a source at mid-depth, substitution of Eq. (2.45) into Eq. (2.76) yields
L
ad 8 Yo (2.78)
d Us

In river % rarely exceeds 25 (Rutherford 1994) and so Eq. (2.78) indicates that

*
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2 <50 (2.79)

Thus a neutrally buoyant tracer becomes fully mixed vertically within 50 depth of the flow,

downstream of the source.

2.6.4 Buoyancy Effects on Vertical Mixing

Buoyancy effects on vertical mixing are to be considered when warm water e.g. waste heat
from the power stations is discharged into a stream. Also, buoyancy effects are important in
tidal rivers where density stratification occurs with saline water having more density
underlying fresh water having less density. In both situations vertical mixing is subdued
because turbulence has to perform additional work to lift dense fluid and depress light fluid.
Officer (1976) and Bowden (1983) have shown that stratification reduces the vertical mixing
coefficient. Based on experimental studies, the vertical mixing coefficient in non-stratified

and stratified conditions can be expressed in the following form:
E, =E,(1+kR, ) (2.80)

Where E, and E = vertical mixing coefficient in non-stratified and stratified condition

respectively; k; and k, = constants; R, is Richardson number and is defined as the ratio of

the buoyancy forces to the inertial forces acting in the flow.

Schiller and Sayre (1975) presented a mathematical model based on laboratory flume
experiments for predicting vertical distribution of temperatures in the far-field region in a
uniform two-dimensional flow. They concluded that in the far-field region, the turbulence of
the ambient flow dominates the mixing process and cooling losses to the atmosphere cannot
be neglected unlike in the near-field mixing zone where jet momentum and entrainment are

dominant and cooling losses to the atmosphere are negligible.

French (1979) presented an accurate and practical method of computing the solute transfer
coefficients in stratified channel flow in terms of easily measured parameters in either the
laboratory or field. He concluded that vertical mixing in stratified steady two-dimensional
channel flow can be described in terms of homogeneous vertical momentum transfer
coefficient and flow Richardson number (Flow Richardson number is the ratio of the energy
added to the flow by buoyancy to the turbulent energy added by shear at the boundary) when
density stratification is continuous and the primary source of turbulence is the bottom

boundary.
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For the continuity in the subject of mixing of pollutants in streams, the transverse and

longitudinal mixing are also discussed here briefly.
2.7 TRANSVERSE MIXING

Transverse mixing arises from turbulence and vertical variations in transverse velocity.
Transverse mixing is important in water quality management especially when dealing with
the discharge of wastes/pollutants from point sources or the mixing of tributary inflows. In
such problems, vertical mixing occurs rapidly and is only important very close to the source,

whereas, longitudinal dispersion is only important in far-field if the source is unsteady.

The depth-averaged mixing equation, presented in Section 2.4 in rectangular Cartesian

coordinates is

i} é é é , s a ds
a[d:e.] +a{dvxs}+£(dvzs}: g[dEx a]+ |:-:1E?_ E} (2.30)

Here E and E, take care of e, and e, respectively.

Yotsukura and Cobb (1972); Yotsukura and Sayre (1976) developed the cumulative
discharge concept, which permits an analytical solution of simplified form of Eq. (2.30) for
steady injection. Lau and Krishnappan (1981) adopted an implicit finite difference scheme
proposed by Stone and Brain (1963) to solve simplified form of Eq. (2.30). Based on Split
operator approach, Luk et al, (1990) employed explicit finite difference scheme to solve the
transverse mixing equation for non-conservative substances and unsteady pollutant source in
streams. They divided the stream tubes into variable elements so that Courant number for the
grid space is always egual to unity. But such approach complicates the transverse calculations
considerably. A great deal of computation effort is spent for bookkeeping tasks Guan et al.
(2002); Ahmad and Kothyari (2001); Stefanovic and Stefan (2001); Tsai et al. (2002). Guan
et al. (2002) also proposed numerical schemes for the solution of Eq. (2.30) or its simplified

form for constant mixing coefficients.

Several attempts have been made to establish the relationship between transverse mixing
coefficient and bulk parameters representing channel and flow characteristics such as width,
depth, shear velocity, friction factor, curvature and sinuosity (Lau and Krishnappan 1977,
1981; Fischer 1969; Webel and Schatzmann 1984; Deng et al. 2001; Boxall and Guymer

2003 a and b). Based on published data from a number of sources on transverse mixing
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Boxall and Guymer (2003 a and b) has proposed empirical formulae for transverse mixing

coefficient which are given in Table 2.2,

Table 2.2: Empirical Formulae For Transverse Mixing Coefficient

Straight Channels 0.15<E, /dU, <0.30

Gentle meandering channels | 030 <E, /dU. <0.90

Curved channels 1.0<E_/dU. <30

Here E ,= Transverse mixing coefficient, d = Local depth of flow and U, = Shear velocity

It is to be noted that the value of transverse mixing coefficient is relatively higher in

meandering and curved channels due to the presence of secondary currents.

2.8 LONGITUDINAL MIXING

After a time lapse and considerable distance from the injection site, the tracer is completely
mixed over the cross-section of the stream and the primary variation of the concentration is
only in the longitudinal direction and dispersion beyond this section is called longitudinal
dispersion. Longitudinal dispersion arises because vertical and transverse velocity shear carry
the tracer downstream more slowly near the bed and the banks than in mid-channel. Fischer
(1967) showed that in river channels transverse velocity shear makes a greater contribution to
longitudinal dispersion than vertical velocity shear. Equation (2.35) is the governing equation

of longitudinal dispersion in open channels.

To understand the process of longitudinal dispersion, it is necessary to solve Eq. (2.35) either

analytically or numerically. The most commonly used analytical solution by Fischer (1968) is
described in the following section.
2.8.1 Fischer’s Analytical Solution

Fischer (1968) obtained a solution of Eq. (2.35) for constant values of A, V, and E;. The
observed C-t curve on an upstream section of the channel is used as initial tracer distribution.

The solution given is:
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Here S(x,,t) is the predicted value of concentration at station x, at time t, S(x;,1) is the

S(x2,0)= | SGxp,7) (2.81)

value of concentration at station x, at time 1, and t; and t, are the respective times of
passage of the tracer cloud past the two stations calculated assuming that the cross-sectional
mean velocity is equal to the velocity of the tracer cloud. Thus if the C-t curve, flow
parameters and E| value are known at one station, one can find the C-t curve at the second

station.

Bansal (1971); Prakash (1977); Nokes et al. (1984) and Alavian (1986) have also proposed

analytical solutions of the dispersion equation under simplified assumptions.

The numerical schemes available for solution of Eq. (2.35) are either based on Split-operator
approach or Combined operator approach. Some such schemes proposed more recently are
those by Ahmad et al. (1999); Li and Yu (1994); Yang and Hsu (1990); Wu and Tsanis
(1994); Jaque and Ball (1994) and Tsai et al. (2002).

2.8.2 Estimation of Longitudinal Dispersion Coefficient

Longitudinal dispersion coefficient is a fundamental parameter in hydraulic modelling of
river pollution, as it is a measure of the intensity of the mixing of the pollutants in river
channels. Longitudinal dispersion coefficient can be estimated from the pollutant
concentration profiles, stream velocity profiles and channel and flow parameters (empirical
equations). Methods which use concentration profiles for the estimation of E; are change of
moment method, routing procedure method and diffusive transport method proposed by

Fischer (1968); Frozen Cloud method and Hayami solution by Barnett (1983).

Longitudinal dispersion rises mainly as a result of transverse and vertical velocity shear.
Some of the longitudinal dispersion does also occur due to a transverse shear resulting from
secondary currents. Fischer et al. (1979) found that in natural streams, the transverse profile
of longitudinal velocity is 100 or more times effective in producing longitudinal dispersion
than the vertical velocity profile and therefore the longitudinal dispersion coefficient can be

estimated knowing the velocity distribution over the cross-section of the channel. Fischer
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(1967) developed an integral equation based on the balance between longitudinal advection

and transverse diffusion and derived equation for E; as:

= , Z Fi X
idvx gﬁ {]' dV, dzdzdz (2.82)
Z

Where B = water surface width of stream; Fischer et al. (1979) considered transverse mixing
coefficient E, =0.15dU. for the idealized rivers with a uniform, straight and infinitely wide

channels of constant depth.

Seo and Baek (2004) also developed a theoretical method for predicting the longitudinal
dispersion coefficient based on the beta function for transverse velocity distribution in natural

streams.

Various empirical equations for estimation of E are recommended by investigators (Asai et

al. 1991; Seo and Cheong 1998; Ahmad et al. 1999; Deng et al. 2001; Deng et al. 2002).

For straight alluvial rivers and using the hydraulic geometry relationship for stable rivers,
Deng et al. (2001) derived equations for transverse profile for channel shape, local flow depth
and lateral distribution of the deviation of the local velocity from the cross-sectional velocity.
Using these equations in the Fischer’s triple integration equation, they proposed the following

equation for predicting the longitudinal dispersion coefficient for natural streams.

3
E, _ 0.5 (E]E vy ks
DU. 8E,\D) (U, '

Where D = Cross-sectional average flow depth

E. = Dimensionless transverse mixing coefficient

1.38
:a_ms{.L- = [E]
3520 A U, \D
By comparing with field data and the equations proposed by other investigators, they found

that Eq. (2.83) has least error in predicting the longitudinal dispersion coefficient for natural

streams.

Later Deng et al. (2002) proposed a new equation for longitudinal dispersion coefficient in
straight and natural meandering streams by using new channel shape and local flow depth

equations. The proposed equation 1s:
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- = (2.84)
u.D E; iJ. D

Where E = Dimensionless transverse mixing coefficient given by Deng et al. (2001)

-0.3523
I=ﬂﬂle{E]
D

1=0.00616> —0.02595% +0.04226 - 0.0224, for B/D =10

For straight channels,

and for meandering channels,

1=0.00775> —=0.0379c2 +0.06865 — 0.0387, for B/ D =20
1=0.0094c% —0.05026° +0.0954c —0.0553, for B/D =54.6

1=0.01056° —0.05802 +0.1126 - 0.0651, for B/ D =148.4
Here ¢ = Sinuosity of the stream

For other cases of width to depth ratio, | value can be linearly interpolated from the

neighboring values computed from the corresponding above regression equations.

They verified the proposed relationship using 70 sets of field data from 30 streams in United
States ranging from straight channels to sinuous natural channels and was found to predict
90% longitudinal dispersion coefficient values within the range of 0.5 to 2 times the observed

Ones.

2.9 MIXING OF POLLUTANTS IN SEDIMENT-LADEN FLOWS

Alluvial streams carry sediments as suspended load and bed load. To make the tracer
transport prediction problems more oriented to field applications, it is necessary to know the

effects of sediment on the mixing process.

Finstein and Chien (1955); Arora (1983); Samaga et al. (1986); Umeyama and Gerritsen
(1992); Ahmad et al. (2004) have studied the velocity distribution in open channels carrying
suspended sediment load. They found that these velocity distributions deviate from the
velocity distributions in flows without sediment. Dispersion is considered to be significantly

affected by the advection process (Holley 1969). Therefore, the dispersion characteristics of
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flows transporting suspended sediments may be expected to be different from those of clear-

water flows.

No systematic study is available so far on vertical mixing of pollutants in sediment-laden
flows. However a limited number of studies are available on longitudinal dispersion. Singh
(1987) and Singh et al. (1992) performed experiments on 400 mm wide channel for
longitudinal dispersion and observed that the presence of sediments does not have any
noticeable effect on the mixing of pollutant beyond the initial period in the range of
concentration studied (<5000 ppm). However, it is well known that the presence of sediment
affects the friction factor, which can have a significant effect on dispersion. Ahmad (1999)
and Ahmad et al. (2004) have observed that more dispersion occurs in sediment-laden flows
than in the corresponding clear-water flows and dispersion increases with an increase in
sediment concentration in the flow, as the deviation of velocity distribution from the mean
velocity also increases with an increase in sediment concentration (Lau 1983; Samaga et al.
1986; Umeyama and Gerritsen 1992). Ahmad et al. (2004) also proposed a predictor for

longitudinal dispersion coefficient for sediment-laden flows.

2.10 CONCLUDING REMARKS

A review of pertinent literature concerning the two-dimensional mixing (vertical mixing) of
neutrally buoyant dispersants from an instantaneous transverse line source in laboratory
flumes and natural streams presented in this chapter indicates that the following points

regarding the mixing which need careful consideration.

1. Analytical and/or numerical schemes are yet to be identified for complete solution of
the governing equation for the process of two-dimensional mixing, ie., Eq. (2.36) for

transverse line slug source.

2. Analytical solutions are available for simplified form of Eq. (2.36) and for steady
injection of pollutants.

3. Based on sound theoretical ground and verified with experimental results, vertical
mixing coefficient can be predicted satisfactorily by using Prandtl’s mixing length

hypothesis.
4. No predictor for longitudinal mixing coefficient is available in the literature.

5. Due to increased velocity defects, more dispersion occurs in sediment-laden flows

than in the corresponding clear-water flows and dispersion increases with an increase
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in sediment concentration in the flow. However, no information is available as yet on
the effect of suspended sediment concentration on the process of two-dimensional

mixing or vertical mixing.
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Chapter

3

NUMERICAL MODELLING

3.1 INTRODUCTION

It is practically difficult to measure the concentration distribution of disposed off pollutants in
water bodies such as rivers, lakes and coastal areas on routine basis and at the same time, it is
very costly. Analytical modelling of dispersion process is limited to the simplified form of
governing equation which does not hold good for real situations. Numerical modelling
therefore is adopted for solution of the mass balance equation of tracer transport for
prediction of pollutant distribution in water bodies. The numerical models allow for the
analysis of the variabilities in channel characteristics, water quality and other transport
parameters. Such models have a wide range of applications such as calculation of dilution
rates of pollutants, delineation of mixing zones, evaluation of risk from accidental or

intentional spillage of pollutants and assessment of pollution control strategies.

The solution of the mass transport equation using a numerical model requires a priori
information on velocity field, mixing coefficients and channel properties. A successful
numerical model must be able to solve accurately the advection and diffusion processes of the
transport equation. The computation of diffusion can be executed accurately using a variety
of finite difference and finite element methods (Morton 1981). On the other hand, it has been
more difficult to attain sufficient accuracy in the numerical computation of advection (Li
1990; Schohl and Holly 1991). Most finite difference methods for the calculation of
advection are plagued by artificial or numerical diffusion, which is sometimes stmnger.than
the physical diffusion. This artificial diffusion has no physical meaning and can cause
erroneous results or sometimes even negative concentration. The level of numerical diffusion

however depends on the numerical method used.

The literature pertaining to the numerical solution of the two-dimensional mixing of a

conservative pollutant showed that none of the numerical schemes available in literature is



directly applicable for impulsive injection of pollutant involving the two-dimensional mixing,
as in this case concentration gradient in longitudinal as well as lateral directions is significant.
In the present chapter therefore, a numerical scheme has been proposed for modelling of two-
dimensional advection and diffusion. The proposed numerical scheme is stable and

convergent.

3.2 PROPOSED NUMERICAL SCHEME FOR THE SOLUTION OF TWO-
DIMENSIONAL MIXING EQUATION

A numerical scheme based on Split operator approach is presented herein, for the solution of
equation of two-dimensional mixing. In this approach, the advection and diffusion rates are
computed separately using different numerical schemes. The exact solution of the advection
equation has been achieved by adopting the Courant number equal to one for the
computational nodes on the flow surface (ie., where y/d = 1.0). For the other computational
nodes (ie., while y/d < 1.0), cubic spline interpolation scheme of Schohl and Holly (1991)
has been used to obtain the solution of the advection process because of the velocity defect
along the vertical. The computation of diffusion rate has been made by using the alternate-
direction implicit method (ADIM) suggested by Smith (1978). This is a two-step approach
method in which it is assumed that if the solution is known at any time level, the solution for
the next time level is obtained by solving the equations implicitly. To this solution, the
advected concentration is added for obtaining the final concentration. The solution is
advanced to the next level by simply changing the direction of operations. The solution
procedure at each individual level is conditionally stable but the combined two levels solution
procedure is completely stable (Peaceman and Rachford 1955; Smith 1978). The
compensation of errors produced by the changing the direction of operations gives a scheme,

which is stable and convergent.

3.2.1 Non-dimensional Form of the Equation

The two-dimensional mixing equation, i.e., Eq. (2.36) is a linear parabolic partial differential
equation which describes the spatial and temporal variations of the solute concentration,
requiring for its solution: upstream and downstream boundary conditions, derivative
boundary condition as well as initial state of flow domain (initial condition). The assumptions

involved in the development of the equation are as follows:
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1) Pollutant 1s conservative
i)  Buoyancy effects are neglected
iii) Flow is predominately in x-direction
iv) Horizontal line source is uniformly spread across the width of the channel

v) The flow is steady and uniform

The order of magnitude of various terms appearing in Eq. (2.36) could be very different in
problems involving real data. However it is considered that the order of magnitude of various
terms in non-dimensional form of the equation will not vary much from each other. Hence it

is appropniate to solve Eq. (2.36) in non-dimensional form (Ahmad et al. 1999).

Defining the following non-dimensional variables as:

. U . "
Pl el e =2
d G; Jed d
s (3.1)
By=—i; Ej=—L nd '=t/8

X dd{éﬁ

Where superscript ‘* indicates the dimensionless value of that variable,b” dimensionless

. - - - " - - . . . w . L
width; C* dimensionless concentration; E, dimensionless longitudinal mixing coefficient, E,

. . . - 5 * . & . _ N . .
dimensionless vertical mixing coefficient;t dimensionless time; U dimensionless velocity;

x dimensionless longitudinal distance and y" dimensionless vertical distance.

C; is the concentration of the injected tracer and d is the local depth of flow. Substituting the

values of the variables from Eq. (3.1) into Eq. (2.36), to yield:

af' (b'c)s 5:‘ bruct)= ai‘ [b"F.; Z’i ]+ af [b“‘E; ‘;C ] (3.2)

Equation (3.2) is the non-dimensional form of Eq. (2.36). The results from Eq. (3.2) are to be
multiplied by the corresponding scaling parameters, for obtaining the values of desired

variables. For steady and uniform flow and for constant E, and E},, Eq. (3.2) gets

simplified to:

2 2
Eq_ E:EKE.J.E a°C

u EX: b 6}"1

(3:3)

Astenisks (#) are dropped from Eq. (3.3) for convenience.
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Transforming Eq. (3.3) by using, the following functions:

oo and Apesaded (3.4)

The transformation yields:

e D A #C ac

i O e L B O 3.5
a  JE, X ax? aY? o)

A finite difference method is proposed for solution of Eq. (3.5) as described below.

3.2.2 Finite Difference Method

Based on the Split operator approach, Eq. (3.5) is solved using cubic spline scheme for the

solution of advection process and alternate-direction implicit scheme for diffusion process.

Let us consider a space XY as shown in Fig. 3.1. Divide XY space into a rectangular
computational mesh having spacing AX in the X-direction and AY in the Y-direction. The

corresponding spacing in the time direction is At.

T Columns
==l Ji ] j+1 J=nX
i=10 T | T | | L x
| | =
|
— i —
i+]_ |__.' el ]\ = | e I
i I
il i i t AEC‘P-} E i |
| sk | | L
- I
i-1 'f 1 | e s - R—p
l i | e IOk 1. 3 o RS
“ !
. : b : ‘ﬂr : <« Computational
i=nY —— e 5 " mesh
" | .ﬁx !
Y4 § 4

Computational nodes

Fig. 3.1 Description of a computational plane at time level nAt



The co-ordinates (X, Y, t) of the computational nodes of the solution domain are defined as:

X=JAK: 1=L2 3 i EA
Y=iAY: i=12.3,...ccmssnrmasmsens ,nY
t=0Al; =012 s N

Here nX = Total number of computational nodes in the X-direction; nY = Total number of
computational nodes in the Y-direction; N = Total number of computational planes in the
time direction (Z-direction) and i, j and n are indices. Any computational node of the mesh

can be represented as (1AY, jAX, nAt) or simply (i, j, n). Hence concentration at the n™ time

level can be written as Cy ;.
Solutions of advection and diffusion processes are discussed in the following section.

(a) Advection process
Pure advection equation can be written as:

oc U

a e

ac
—=0 3.6
% (3.6)

Use of forward difference approximation for the partial derivative % and backward

difference approximation for % yields (Smith 1978; Jain 1991):

oC C?I] ~CjJ

T W oA 3.7
x = (At) (3.7)
R i g ]

ot i’ BTN (3.8)

X X

The terms O(At) and O(AX) are the order of local truncation errors.

Substituting Eqgs. (3.7) and (3.8) into Eq. (3.6), one obtains (Abbot 1980):

n+l n n n
€ —Cui, Ui Cu-Ci_, (3.9)

At JE,  AX
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Where AX =X;—X,;: U; = velocity at node i; X; and X, = distance of j" and (j-1) "

nodes from the first node, respectively.

U; i .
When Courant number (C, ) defined as —+ AL is set to be unity, we have

JE, X

U,At=,/E AX (3.10)

By substituting Eq. (3.10) into Eq. (3.9), we get

clitzel (3.11)

@ . ; U,

This is the exact solution of advection process. Here the values of AX =—_E1 At are so
chosen that for computational nodes at the flow surface, ie., while y/d = 1.0, the root of
concentration characteristic line falls at the node for previous time step. For computational
nodes in the spatial levels with y/d < 1.0, the flow velocity shall be different due to velocity
defect, therefore the root of the characteristic line will not fall on the computational node but

it will intersect the spatial axes at point & (See; Fig. 3.2). Therefore, interpolation will be

required to be made at these computational nodes. The problem of finding the concentration
at C{'; reduces to the problem of knowing the concentration at C{; (See; Fig. 3.2). For
that reason the accuracy of the scheme is dependent on how accurately one estimates the

concentration at C?_lé. Schohl and Holly's (1991) cubic spline interpolation scheme is used

to determine the concentration at C?_l g They used two points bracketing £ by cubic spline
interpolation viz.

2.
+d" Ll
ax?

e : :
Cjn—l,& =d|-—1 +d3C?_Lj_1 +d4 RLJ- (3]2}

i, j-1 i1,

2 2 - 2
Cr{cr 6—1}!10( , d:rz :_Cr{cr 1]{Er 2}‘&}?{_’ d;.; =Cr E.l'jd d:1 :],—C[

Where dj =

Solution of Eq. (3.12) requires the value of second spatial derivatives of concentration at all

the nodal points at (i-1) spatial level. The same is calculated by the following equation:
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n n 1]
o | o%c| | o’

ax?|, . X, ax?|

6
e U B, LGEEY (3.13)

2
i1, i-1,j+1 AX

Equation (3.13) is a special form of system of linear equations which is solved through
inversion of a tri-diagonal matrix. The natural spline condition in which the upstream and
downstream second spatial derivatives are taken equal to zero, are used in Eq. (3.13). In the

same manner concentration at the lower spatial levels (i-2, i-3,.......... 1Y) are determined.

Part of computational plane at time level nAt

Fig. 3.2 Two-dimesional computational mesh for computation of advection component.
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(b) Diffusion process

Diffusion equation in two dimensions may be written as:

6Cc _a'c  a%C
— =t (3.14)
gt ax* oy

Equation (3.14) is a two-dimensional parabolic partial differential equation and can be solved
by alternate-direction implicit method (ADIM) suggested by Smith (1978). This is a two-step
approach method, which requires minimum computer storage and is therefore widely used for

computations.

Computation of concentration at time level (0..nt1) At

In ADIM, it is assumed that the solution is known at the n™ level, i. e., for time t = nAt, the

solution for the (n+1) i level, i.e., for the time t = (n+1)At, (while index n is even) is obtained

2
by replacing one of the second order derivatives say 5—2 by the implicit finite difference
dx

approximation in terms of unknown pivotal values of C from the (n+1)" time level. The other

o
second order derivative e is replaced by explicit finite difference approximation at the n™
ay

level and % is replaced by forward difference approximation. With these discretization, one

can write (Smith 1978):

ac Cl'-cy
—=—" " 1+ At 3.15a
= ™ (At) ( )

2~ M _oonH  ondl
i o L iy j1 +0(r:~.X2) (3.15b)
x> AX?

alc B CF—I,j = ZCRJ x C?+I.j
ay? AY?

+ O(AY?) (3.15¢)

The terms O(At), O(AX?) and O(AY?) are the order of local truncation errors.

In Eq. 3.15(a), the term Cf', jcan be replaced by (C :‘ﬁl ] s which is the advected concentration

obtained from the advection process. Substituting Eq. (3.15) into Eq. (3.14), one gets:



'rl{-'tj-l +(1+2r, n” Tlcﬂﬁl =1,Cl1,j ~2,CFj + Cy (Cﬁit) (3.16)
t
where 1, = Lz and 1, =ﬁ—12
AX AY

Equation (3.16) can also be written as:

by Chiy +d;,Co +a M =CNy (3.17)
Here b, =-r; diy=(1+2n) B =-1;
Cl =1,CPy  -26,CP +1,CRy ; + [iji]]' (3.18)
o e e JE=T £ ¥=LA 3 s ,nY

For a square computational mesh, AX =AY and r; =r; =r, one can get
SO, +(+2)CH —1Cfgh = 1Ol - 2Cl, +1C0,; +iCMh ), (3.19)

Equation (3.17) or Eq. (3.19) cannot be solved by itself because it contains three unknown
values at time level t = (n+1)At. However the application of the corresponding finite
difference equation to each of the computational nodes along a row parallel to X-axis gives
(nX-2) implicit equations involving nX unknowns. Here nX is the total number of
computational nodes in the spatial grid along X-axis. To solve this system of equations two
boundary conditions are to be used: one at the upstream and second at downstream end of the
flow domain. Each row then results in a tridiagonal linear system of equations and can be

solved by using Thomas or double sweep algorithm.

Computations are carried out at time level (n+1) for computational nodes withi=21toi =
(nY-1). Computation of concentrations for remaining computational nodes having i = 1 and i
= nY require introduction of the computational nodes having i = 0 and i = (nY+1) at n™ level
as shown in Fig. 3.3 and by incorporating derivative boundary conditions meaning that at
both the water surface and the channel bed, the fluxes of water and tracer normal to the

boundaries are zero, i.e., concentration gradient at the water surface and the channel bed are

zero, i.e., ~a—C— =0 aty=0,d.
ay

59






Using the central difference approximation for ra one can write

Cn
2AY

|+I

Clj=Cl; at i=landi=nY (3.20)

Equation (3.20) reflects that concentration at 1 = 0 row is equal to concentration at row i =2
for the same value of j at n™ level. Likewise concentration at i = (nY+1) row is equal to
concentration at row i = (nY-1). In this way concentration is obtained in entire domain at time
level (n+1). The solution of the system of equations for one computational row is discussed in
the Section 3.2.3.

Computation of concentration at time level (ng.,+2) At

To achieve stable solution, the direction of operations for the evaluation of concentration at
the next time level, i.e, t = (n+2)At, (while index n is even) is now reversed and the solution

is advanced from [n*I'].‘,im plane to (n+2)™" plane by replacing the second order derivative

o’C o s i = th 8°C
—— by an implicit finite difference approximation at the (n+2)" level and —— by an
ay

explicit one at the {n+1]ﬂ" level (See; Fig. 3.3). Thus one can write:

ac Cn+2 Cn+l

i,

= Tt 2+ O(AD (3.21a)
2 Cn+] “2Cn+1 +{:n+1
d C et i, j+l G(&KI} (3.21]3}
ax? AX?
2 C. n+2 ) i 2 n+l
i PG E T ") L oaY?) (3.21¢)
ay? AY?

Replacing (C”H in Eq. (3.21a) by |C ( :’J*fl) which is the advected concentration obtained

from advection process and substituting Eq. (3.21) into Eq. (3.14), yields:
n+2 ) n+2 Cn+2 5 ICn+] 2 Cn+| Cn (Cm:! ] 3.29
I‘IC =1,j +{1 + i =L i+Lj I . O +n N + i,j+l l: . ]

Equation (3.22) can be written as:
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bl +diCiy? +a,CRY = P! (3.:23)

Here bj =-r13:d; =(1+2r,); a; =-13;
Cit! = CH] - 2n,C0F +fCIY, +(c{‘;f-‘,) and (3.24)
1=F203 s Y £ B e ,nX-1

Application of Eq. (3.23) to each of the computational nodes along a column parallel to Y-
axis gives nY implicit linear equations involving (nY+2) unknown values of concentration

with two fictitious values at rows i = 0 and i =(nY+1). Application of derivative boundary
condition ati =1 and i = nY, i.e., Lf“ﬁ f‘ffj reduces number of unknowns from (nY+2) to

nY for a particular column parallel to Y-axis. Unique solution is obtained, as the numbers of
equations are equal to the numbers of unknowns. Similarly computations are made at all
other points of the computational mesh of other columns. The solution of the system of

equations for any one of the columns is discussed in the Section 3.2.3.

The solution is advanced from {l'ri-E}”1 level to {n+3}m1 level by again reversing the direction of
operations and the process is continued until the solution procedure is obtained at all the
remaining time levels, every time reversing the direction of operations. The time interval At

must be the same during the time marching.

ADIM is stable for any value of r; and r; or r as long as the same time increment is used for
all levels. Each individual level is conditionally stable but the combined two levels are
completely stable (Smith 1978). The compensation of errors produced by the alternation of

direction of operations gives a scheme, which is convergent and stable for all values of r; and

I2.

3.2.3 Solution of the System of Equations
(a) Solution of the system of equations at time level (nppnt+1) At

As discussed in the previous section that finite difference solution of Eq. (3.17) at time t =
(n+1)At, (while index n 1s even) along a row parallel to X-axis results in (nX-2) linear
equations involving nX unknown at these points. Two boundary conditions: one at the
upstream and second at downstream end should be known to reduce number of unknown to
(nX-2), ie., equal to number of linear equations to have unique solution of system of
equations. The system of linear equations is tridiagonal in form and can be solved by using

Thomas or double sweep algorithm as discussed herein.
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Making use of the boundary conditions, the system of linear equations, i.e., Eq. (3.17) for the
first row (i.e., for i =1) of computational mesh at time level t = (n+1)At can be written as:

d, a, 0 0 0 0 0 g [t ] | e

by d; a3 O 0 0 0 0 et ¢l

0 by dy a3 O 0 0 0 Cit Cla

SR a a A I P (3.25)
0 0 byxs; dyx3 apx-3 0 CE;;(—E LnX-2

|0 0 0 0 0 0 bax-2 dny-2 | _Cﬁ.‘lﬁc—h _C?.n){—l_

The value of CJ{' and CJ'#} are known as upstream and downstream boundary conditions.

Hence the value of C{'5and C},x_, calculated by Eq. (3.18) are modified as:

C1,(new)=Cf,(old) - b,CJ}’

C a1 (new) = Cha 1 01d) ~ a0 2Clik

The new values of CJ,and C{ x_ are used in Eq. (3.25). The solution of such equations

can be obtained using Thomas or Double Sweep algorithm. A computational procedure due
to Thomas is described below (Conte and deBoor 1980; Sastry 1995):

(i) Compute b;.|, dj.;and a5 forj=2, 3, ... L nx-1.

- b
(i) Seta =a;p=d;;mr= -:1_2 and compute
1

d.z =d.2—]'1')(3|

n _ n
Ci3=C3-mxCy,

(iii)  Set It = i 12,3, cerneeinnes, 1X-3 and compute

dj+l = dj+| —mxa;

n _ A n
Ltz =Cprje2 —1mxCy iy
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(iv)  Finally compute CJi%_1,Clik g mmmmmmssesmmisnanns ,C]3! by back substitution as:
n
C n+l  _ C 1,nX-1
Lnx-1 — d

nx-2

Similarly the solution at all other computational nodes of the grid i.e. for rows withi=2to i

=nY at time t = (n+1)At is obtained.
(b) Solution of the system of equations at time level (ngyent+2) At

Application of Eq. (3.23) to each of ‘nY” nodal points of the computational mesh along the
column parallel to Y-axis gives nY equations for obtaining values of (nY+2) unknowns at
time t = (n+2)At, (while n is even). Using the derivative boundary conditions, the number of
unknowns are reduced to nY. The system of linear equations, i.e., Eq. (3.23) is tridiagonal in

form and can be solved again by using Thomas or double sweep algorithm.

Making use of the derivative boundary condition, the linear system of equations for the
second column (i.e., for j = 2) parallel to the first column (i.e., when j = 1 and Y-axis at time t

= (n+2)At can be expressed as:

g e 6 0 o 0 4 w]feld et

b, dy a, 0 0 0 0 0[] c5¥ e

0 by dy a; O 0 0 0 (45 C3y
- [ I S (3.26)
D 0 0 0 by duwy agyy 0 | |€REL %l

0 0 0 0 0 0 bay duy]|CoE | | Co,

Solution of these equations can be obtained using Thomas or Double Sweep algorithm as:

(i) Compute by, djand a;, fori=1,2,3, .ccevrvvrenrennns ny.
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(i) Seta=a;, p=dj, = bd_z and compute
|

dz :d-z —l'rxa-|

Cg-lil —Cn+1 T % Cn+1
(ii1) Set b';z =Mtorl =23 i ,nY-1 and compute

diy =d;y —rxa;

n+l n+l
Clia =CliL, —mxCl3

(iv) Finally compute Ciy%, Civ2) 2 ereereemnereecene ,C}'3? by using back substitution as:
|:|¢_I2
nY,
Chv =
d nY
Cn+] s Cn+1
C’Hz { 3 L2 | fori=nY-1,0Y-2, oo =1
i

Cn;z Cn+| oo Cn+2
1 =] 44—
p

Similarly the solution is obtained at all nodes of the computational mesh, i.e., for the other

columns with j = 3 to j = nX-1 and time t = (n+2)At.

The solution is advanced from (n+2)At time level to (n+3)At by reversing the direction of
operations and obtaining solution as described before. The process is continued till the
solution at all time levels is known. This procedure has been found to be robust and very
efficient (Sastry 1995). A flow chart depicting the computational procedure described above
is shown in Fig. 3.4.

3.2.4 [Initial, Boundary and Derivative Boundary Conditions

The initial, boundary and derivative boundary conditions are required to obtain unique
solution of two-dimensional advection-diffusion model as discussed above. The initial

condition is to be specified over the considered reach length of the stream for the initial time
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START

Set up the d/s boundary
condition for all time steps

v

Set up the initial condition at
zero™ time level

v

Find the advected concentration from the zero™
time level to the first (odd) time level

v

Set up the derivative boundary
condition at zero™ time level

v

Solve the implicit linear equations along

X-axis at the first (odd) time level

v

Find the advected concentration from the first
time level to the second (even) time level

v

Set up the derivative boundary
condition at the second time level

v

Solve the implicit linear equations along »

Y-axis at the second (even) time level

For odd time levels For even time levels

Solution at

- =

different time
levels

OUTPUT DATA
C-t curves at different
computational nodes

STOP

Fig. 3.4 Flow chart depicting the computational procedure
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t, (it is the time before the injection of the pollutant) in the form of spatial concentration

profile ’C-:EX,Y]tﬂ . Generally before the injection of the pollutant, C(X,Y}lﬂ =0. However,

if in some cases C(X,Y)y #0, its value should be known at all sections of the stream.

The upstream boundary condition is that the value of concentration is known at all the
computational nodes at upstream in the form of concentration profiles. The downstream
boundary condition is that at a very large distance from the injection point of the pollutant,

the concentration of the pollutant is known, generally it is equal to zero for slug injection.

The derivative boundary condition is required to eliminate the fictitious computational nodes,
outside the boundary of computational mesh. The derivative boundary condition is that the
flux of tracer normal to the boundaries are zero, at the water surface and at the channel bed,

i.e., there is no concentration gradient at the water surface and the channel bed.

The initial, boundary and derivative conditions may be summarized as follows:

Initial condition:
C(X,Y}tﬂ =0 or Known; for X, Y =0 (3.27)

Where t,, is the time before the injection of the pollutant.

Boundary conditions:
(a) C(Xl, Yl,t} = Known; for t 20 (3.28)
X, and Y, are the upstream nodal points

(b) C{Xm, Xoos [} = 0 (for slug injection); fort >0 (3.29)

Derivative boundary condition:

ac
Ey—;=0 a y=0d (3.30)

3.3 DETERMINATION OF E_ USING THE NUMERICAL SCHEME

As discussed in Chapter-II, the values of vertical mixing coefficient E, can be satisfactorily

predicted using relationships available in literature, however the value of longitudinal mixing

coefficient E, cannot be computed reliably. Therefore it is proposed to extend the proposed
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numerical scheme for the purpose of determination of E, by using observations of C-t

profiles. The method of one-dimensional grid search method used for the purpose is
described below.

3.3.1 One-Dimensional Grid Search Method

This method is based on the bisection procedure, which is used to find roots of one-
dimensional functions. Also by this method, one can find the optimum value of E, , which is
such that it produces maximum agreement between the predicted and the observed C-t curves

at the stations. The agreement between the predicted and the observed C-t curves can be
judged in this case in terms of error (ERS), which is defined as (See; Fig. 3.5)

(3.31)

ERS, % = [l _Overlapping (shaded area) ] 100

Area of observed C -t curve

For a number of C-t curves at different elevations at a station, weighted error is computed as:

ERS(k) x A(k)

! > (3.32)
S AK)
k=1

Tz

Weighted error =

Here A (k) = area of observed C-t curves ‘k’; ERS(k) = error in the C-t curves 'k’ and N, =

total number of C-t curves at a station.

Observed C-t Curve

Predicted C-t Curve

Concentration

L J

Time

Fig. 3.5 Definition of error

Using observed tracer concentration profiles at the upstream most station as input, C-t curves

at the downstream stations and at different elevations along the depth are predicted by the
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proposed numerical scheme by first using a trial value of E, . Thus computed C-t curves are
compared with the corresponding observed C-t curves and the weighted error at each station
is calculated by using Eq. (3.32). Average error, ERR is calculated next by taking arithmetic
mean of all the weighted errors. The values of E, producing minimum value of ERR, is

considered as the optimum one and same is determined using the procedure illustrated below.

A global optimum value of E, exists due to parabolic nature of Eq. (2.36) (See; Fig. 3.6).
The initial approximate value of E, is calculated by method of Fischer et al. (1979)
involving triple integration of longitudinal velocity profile in transverse direction. Let the
initial E, correspond to point @ (See; Fig. 3.6). An incremental value, AE, of longitudinal
mixing coefficient equal to one tenth of the initial E, is taken and error is calculated at the

points @ and®. The point corresponding to minimum error is searched. As in this case, such
point shall be @. Now error is calculated at the next point say @ and again the minimum
error is searched; such point again shall be @, This means that the optimum value of E, lies
somewhere in the bracketing triplet (©, @ and @). Now the grid is bisected and ERR at ®
and ERR at ® are calculated. Now if ERR at @ < ERR at ® and ERR at®, then the grid is

again bisected and same process is followed, until one attains the desired accuracy as

illustrated in Fig. 3.6.

The algorithm for the determination of E, using the proposed method is described through
flow chart shown in Fig. 3.7.

Mixing coefficient, E, —»

Fig. 3.6 One-dimensional grid search method
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INFUT DATA
C-t curve/s at the u's station
C-t curve/s at the dfs station
Hvdraulic narameters

v

Determine trial value of E, by using Fischer triple integration of
transverse distribution of longitudinal velocity

v

Generate computational mesh at all the time levels

v
AE, = E,/10

E,at D =E,
E,at @=E,+ AE,
E, at @=E,-AE,

v
< for(i=l;i<=nY;i+) >
v

E, = EJ(i)
Call subprogram of computational
procedure to calculate C-t curves
Calculate ERR(i)

ERR@=
ERR®& ERRD

AE, = AE,/2.0

Ay =05 (ERR® + ERR®)
(A1 - ERR@YERRD) *100 < 0.5

OUTPUT DATA
Optimum value of E,

Fig. 3.7 Flow chart for the determination of E,
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34 PROCEDURE FOR THE COMPUTATION OF C-t CURVES USING THE
PROPOSED NUMERICAL SCHEME

The stepwise procedure for the determination of C-t curves in clear-water and sediment-laden

flows using the proposed numerical scheme, for given channel and flow characteristics, E,

and E, values and the concentration profiles at the boundary section is described below.

Observed C-t profiles at different elevations along the flow depth at the upstream most station

are to be used as input.

1.

Generate the computational mesh for different time planes from known values

of velocity at the computational nodes along the depth of flow.

Set up the initial condition, upstream and downstream boundary condition as

well as the derivative boundary condition for all the time planes.

Determine the advected concentration at each of the computational nodes at the

first time level (odd) from zero™ time level (i.e., initial condition).

Compute the concentration due to diffusion process at the first time level by
using alternate-direction implicit method by writing the equations implicitly
along a row in terms of explicit equations at the zero™ time level. To this
solution advected concentration is added for obtaining the final concentration.
Solve these implicit equations by using double sweep algorithm. Repeat the

computations for all the computational nodes of the other rows.

For the second time level (even) change the direction of operations by writing
the equations implicitly along a column in terms of explicit equations at the first
time level and adding the advected concentration obtained from the first time
level. Again solve these implicit equations by using double sweep algorithm.

Repeat the computations for all the computational nodes of the other columns.

Find the solution at the remaining time levels by reversing the direction of

operations every time for each time plane movement.

List C-t curves ordinates at the desired downstream stations and at desired

elevations along the flow depth.

The computer code for the above procedure is described in a flow chart given in Fig. 3.8.
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INPUT DATA
Hydraulic parameter
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v

Generation of computational
mesh at all the time steps

v

Call subprogram of computational procedure to calculate C-t curves
at different elevations along vertical at given stations d/s

v

OUTPUT DATA
C-t ordinates at different
computational nodes

v

=

Fig. 3.8 Flow chart for the computation of C-t curves

3.5 THE COMPUTER CODE

The mathematical formulations described in this chapter are developed into a computer
program that is used to study the various aspects pertaining to the two-dimensional mixing of
conservative pollutants in open channels. The computer code has been developed in object-
oriented C** programme which typically consists of a number of objects, which communicate

with each other by calling one another’s member functions.

The flow charts for the various modules of the programs have been shown in Figs. 3.4, 3.7
and 3.8. The computer programme has been tested on IBM compatible computer Pentium-IV

turbo C** complier version 3.0.

3.6 ILLUSTRATION OF THE PROPOSED NUMERICAL SCHEME

Application of the proposed numerical scheme is illustrated by hypothesizing the transverse

line injection of tracer at the surface of flow, mid-depth and at the channel bed. The temporal
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variation of concentration of transverse line source is assumed to follow a sine curve having

equation C=100sin wt, witho = % . The values of other parameters are d=0.15m, E, =

0.026 m’s, E, = 0.00035 m’/s. Using proposed scheme and above input data, the tracer

concentration profiles at three elevations viz. at the water surface, mid-depth and bottom at an
interval of 1 m distance along longitudinal direction are computed and shown in Figs. 3.9,
3.10 and 3.11. Figure 3.9 shows computed profiles of tracer concentration at different
elevations along the vertical while transverse line tracer was injected at the flow surface.
Figure 3.9 shows that at distances near the source, the concentration at the depth with y/d =
0.5 and near channel bottom while y/d = 0.0 is zero but as the tracer travels downstream, the
concentration at y/d = 1.0 starts decreasing whereas the concentration at y/d = 0.5 and zero
starts increasing while the tracer mixes vertically. After some distance, the tracer mixes
completely in the vertical direction and the three concentration profiles overlap indicating
beginning the zone of longitudinal mixing. Figure 3.9(b) shows spatial variation of peak
concentration. The similar trend is indicated while the tracer is injected at y/d = 0.5 (See; Fig.
3.10) and at y/d = 0.0 (See; Fig. 3.11). It is noticed that for input data considered herein the
mixing length is about 12 m for the transverse line source placed at y/d = 0.5 whereas for line

source at y/d = 1.0 and zero, the mixing length is more than 14 m.

The proposed numerical model 1s mass conservative. The mass conservation of the proposed
numerical scheme is verified by calculating the mass of the dye injected upstream at a station

and mass of the dye recovered at different stations.

3.7 CONCLUDING REMARKS

A numerical scheme based on the Split operator approach is proposed for the solution of two-
dimensional advection-diffusion equation. Exact solution of advection process has been
obtained by developing a variable spatial grid corresponding to the wvelocity of flow for
computational nodes at y/d = 1.0 so that the root of the trajectory of the concentration at y/d =
1.0 fall at the computational nodes where the concentration is known. For the computational
nodes with y/d < 1.0, velocity of flow is smaller due to velocity defect in the vertical
therefore, cubic spline interpolation scheme of Schohl and Holly (1991) has been used to
obtain the solution of the advection process at such computational nodes. For simulation of
diffusion process, alternate-direction implicit method (ADIM) suggested by Smith (1978) has
been used. This is two-step approach method which is stable and convergent. The proposed

73



scheme has been extended for determination of E values by incorporating in it the one-

dimensional grid search.
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Chapter

4

EXPERIMENTAL PROGRAMME

4.1 INTRODUCTION

Experiments were conducted in the Hydraulics Laboratory of Department of Civil

Engineering, Indian Institute of Technology, Roorkee (Erstwhile University of Roorkee,
Roorkee).

The review of literature presented in Chapter-lII and the theoretical work presented in
Chapter-III revealed that detailed data are required on the following aspects of the two-
dimensional mixing of pollutants.
i) Two-dimensional mixing of conservative pollutants in clear-water flows due to
a transverse line slug injection source.
i) Effect of suspended sediment load on the two-dimensional mixing of
conservative pollutants due to a transverse line slug injection source.
iii) Effect of velocity distribution on the two-dimensional mixing in clear-water and
sediment-laden flows.
iv) Predictors for mixing coefficients for both clear-water and in the presence of

suspended sediments.

The present experimental programme was designed to procure data on the above aspects. The
experiments were conducted for both clear-water and sediment-laden flows under steady and
uniform flow conditions. Rhodamine WT dye was used as a tracer. Tracer concentrations
were continuously measured by Fluorometer. Two uniform sands of sizes 0.064 mm and

0.024 mm were used as sediment.

4.2 EXPERIMENTAL SET UP

Carefully controlled experiments were planned to study the process of two-dimensional

mixing of conservative pollutants in open channel flows. The experiments were conducted in



a rectangular flume. A sector orifice meter was used to measure the discharge passing
through the flume. Point velocities were measured by using Prandtl pitot tube. A Fluorometer
was used to measure the tracer concentration downstream of its injection site. Tracer injection
sampler and collecting sampler were used to inject and collect the tracer, respectively.

Rhodamine WT fluorescent dye was used as the tracer because of its:

i) Conservative nature (low decay rate)

ii) Neutral behavior with water and sediment
iii) High sensitivity
iv) Satisfactory recovery ratio

v) Detectability and simplicity of fluorometric testing procedures

Tai and Rathbun (1988) reported that Rhodamine WT dye decay photochemically at the rate
of about 2 - 4% per day. Kilpatrick et al. (1967) noted higher decay rates in rivers (about 5%
per day) compared to estuaries (about 3%).

Width-integrated sediment collecting sampler was used to collect representative sediment

concentration in the sediment-laden flows.

4.2.1 Flume

The experiments were conducted in 15.75 m long, 0.39 m wide and 0.50 m deep recirculating
tilting flume. The details of the flume along with its flow system are shown in Figs. 4.1 and
4.2. The flume was provided with transparent glass walls on both sides held between vertical
angle iron posts fitted to a steel bottom. The channel bottom was made smooth using cement
plaster. The presence of different surfaces on the sides and at the bottom necessitates a side
wall correction for calculating the hydraulic radius corresponding to the bed. Such a modified
method was given by Einstein (1942) and the same has been used for computations herein.
The flume was also provided with two circular pipe rails with adjustable supports on the sides
of the flume for positioning the pointer gauge, tracer injection sampler and continuous tracer
sampling system. The rails were made parallel to the flume bed before the start of the
experimental programme. A tail gate was provided at the end of the flume to maintain
uniform flow in the flume. Flow straightners were provided to straighten the flow and two
sheets of stainless steel mesh walls were placed on the upstream of the straightners to break
large size eddies in the flow. A perforated wooden wave suppressor was provided after the
straightners to damp surface disturbances. Bell-shaped entrance section of the flume was

provided to minimize the separation of flow.
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The recirculating system of the flume consisted of a rectangular tank of dimensions (2.6
m x 1.2 m x 0.9 m) divided into two compartments; a hopper was provided in the first
compartment. The two compartments were connected by a valve, which prevented the entry
of sediment into the second compartment. Water was supplied to the flume through a supply
pipe from the hopper fitted with a centrifugal pump coupled to a 30 kW motor. A valve for
regulating discharge, and a sector orifice meter for measuring the discharge were provided in

the supply pipe. A line diagram of the flow system is shown in Fig. 4.3.

4.2.2 Orificemeter

A sector orifice meter (designated as A in Fig. 4.3) installed in the 0.10 m diameter supply
pipe was used to measure discharge through the pipe. Sector orifice meter was used to avoid
the deposition of sediment on its upstream side. The orifice meter was calibrated through
velocity measurements using a Prandt] pitot tube. Velocity profiles were measured at five
different vertical sections across the width of the flume for a given discharge. The discharge
was obtained by integrating these velocity profiles over the area of flow. The results of these
experiments are plotted in Fig. 4.4 along with the data of the earlier investigators (Arora
1983; Singh 1987; Patel 1995). The data points of the present study are in close agreement

with the data points of the earlier investigators. Thus Fig. 4.4 was used as calibration curve

for the orifice meter.

4.2.3 Prandil Pitot Tube

Prandtl pitot tube of diameter 1.5 mm was used to measure the velocity of flow in clear water
as well as sediment-laden flows. In the case of sediment-laden flows, regular cleaning of the
tube was done in order to prevent the clogging of the tube. Prandtl pitot tube was connected
to an inclined U-tube manometer for measuring the total and static heads difference, i.e.,

dynamic pressure head.

4.2.4 Tracer Injection Sampler

The tracer was injected into the flow as a slug in the form of transverse line source by an
injection sampler shown in Fig. 4.5. A photograph of the tracer injection sampler is shown in
Fig. 4.6. This sampler consisted of a metallic tray of triangular cross-section of length 350
mm and depth 100 mm. The inner surface of the injection sampler was coated with
impervious packing material so as to prevent the leakage of the tracer. One spring at each end

of the sampler was provided so as to keep the two sides of the triangular sampler in the closed
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Fig. 4.2 A photograph of the flume
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Fig. 4.3 Line diagram of flow system

position. The tray could be iinged to the sides of the flume at any height keeping it in a
horizontal position and spanning the full width of the flume. Two handles with a separator in
between were also provided at top on each sides of the sampler for equal opening at the
bottom for each injection. For all the injections, tracer solution was filled up in the sampler
and positioned slightly above the water surface. The handles of triangular sampler were

pressed instantaneously to inject the tracer on the water surface as a line source.
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Fig. 4.4 Calibration curve of orificemeter-A
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Fig. 4.5 Tracer injection sampler

4.2.5 Tracer Collecting Sampler

The tracer collecting sampler consisted of five vertical copper tubes of 8 mm diameter each
fixed to a brass flat at 90 mm center to center spacing (See; Figs. 4.7 and 4.8) and pointing
against the direction of flow. The purpose of providing five tubes was to collect continuously
the width-integrated tracer sample. The sample from these tubes entered into a manifold of 50
mm diameter and 25 mm height, whose outlet was connected to the inlet of the Fluorometer
through a 10 mm diameter polyethylene pipe. The use of manifold ensured width-integrated
sample having a concentration equal to the width-averaged concentration of tracer at any

elevation along the depth of flow in the flume.

4.2.6 Fluorometer

Fluorometer is an instrument which is used to measure the concentration of various analytes
in samples via fluorescence. The Fluorometer used in present study is the model 10-AU-005,

designed by the Tumner Designs Sunnyvale, USA. The model 10-AU-005 measures samples
with high sensitivity and stability.

The operating principle of the Fluorometer is based on the property of the fluorescent
material, which has the ability to absorb light at one wavelength and instantaneously emit it at
a new and longer wavelength. Light from a light source (the lamp) is passed through a
coloured filter (excitation filter) that transmits light of the chosen wavelength range (See;
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Fig. 4.6 A photograph of tracer injection sampler
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Fig. 4.7 Tracer collecting sampler

Fig.4.9). This light passes through the sample which emits light proportional to the
concentration of the fluorescent material present and proportional to the intensity of the
exciting filter. The emitted light is passed through another optical filter (emission filter) to
prevent any scattered exciting light from reaching the detector (in this case a photo multiplier
tube) and to pass the emitted colour which is specific to the analyte of interest. The photo
multiplier tube is just like a vacuum tube and it generates electrons (electric current) in
response to photons (light). The photo multiplier contains nine stages to multiply the
electrons coming from the previous stage. Thus the current is multiplied many times before
the amplification in the Fluorometer takes place. Since the same light source and detector are
involved in both the measurement and reference path, variations in intensity of the lamp and
in sensitivity of the detector are automatically compensated. Moreover, sensitivity of the
nine-stage photo multiplier tube varies with the ninth power of the voltage. The model
achieves stability by recalibrating itself ten times a second. This makes the instrument more

stable and accurate under harsh conditions. The optical system of the Fluorometer is shown in

Fig. 4.9.

Operation of Fluorometer consists of three steps: (i) Activation and initial verification of
operational parameters; activation involves supplying power and operational parameters
involve review of default values which are assigned according to the application. (ii)
Calibration, which consists of setting the sensitivity of the instrument to a level appropriate to

the samples and blank. A sample of known concentration is taken as standard and a blank is a
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sample of the solution to be worked with, before any of the substance to be measured has
been added. This fluid is the matrix for the standard and is used to set the instrument to read
zero. (iii) Running the samples. Once the instrument is calibrated, a cuvette containing
sample is inserted into the sample compartment or by letting the sample flow through the
flow cell (for continuous flow cuvette), the concentration is read on the home screen. The
data are stored in the Fluorometer (internal data logging). The Fluorometer can log up to
64,800 data points depending upon the format which includes index, time interval, date,
sample read out, temperature and units of measurements. The data can be logged at an
interval of varying from one to thirty seconds or one to thirty minutes. Depending on the data
logging parameters chosen, one can log from 5 hours to 1350 days before the memory is full.
The logged data is transferred to a Computer through RS-232 serial port using the
Fluorometer internal data logger output software. The limit of detectability (sensitivity) of the
instrument is 5 parts per trillion of Rhodamine WT in potable water or 10 parts per billion of

crude oil in pure water (Turner Designs 1993).

4.2.7 Tracer Concentration Monitoring System

Rhodamine WT dye was injected using the injection sampler at a section in the upstream part
of the flume, the injection section of the flume was beyond the development length of the
flow. Water samples were collected continuously by using tracer collector sampler at every
meter length of the flume downstream of the injection section. These concentration samples
were passed through the Fluorometer for monitoring the concentration distribution by using a
monoblock centrifugal pump. After passing through the Fluorometer the samples were
returned to the flume. An orificemeter (designated as B in Fig. 4.3) was used to measure
discharge. Valve B was provided to regulate the discharge so as to maintain the velocity of
flow through the monitoring system equal to the velocity of flow in the channel. The line

diagram of water flow for the whole system is depicted in Fig. 4.3.

The calibration curve for the orificemeter B is shown in Fig. 4.10 and a photographic view of

the concentration monitoring system is shown in Fig. 4.11.

Samples were collected at three or two elevations along the flow depth viz. first near the
bottom at about 5 mm above the bed, the second at the mid-depth and the third at about 10
mm below the top surface of the flow depending on the depth of flow.



Fig. 4.8 A photographic view of tracer collecting sampler
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Fig.4.10 Calibration curve of orificemeter-B

4.2.8 Sediment Sampling and the Sediments Used

Experiments were conducted in sediment-laden flows to study the effect of suspended
sediment on the dispersion. For each run in sediment-laden flow, flow sample was also taken

to calculate the rate of suspended sediment transport.

Fine sand of relative density 2.65 was used as sediment in the experimental work, so that only
suspended load occurred even at low velocities. Two sizes of sand were used. The first size of
sand was passed through 90p sieve and was retained on 45u sieve, giving an average
diameter of sand particle equal to 0.064 mm. The second size of sediment was passed through
45 sieve. Therefore hydrometer analysis of the sample was carried out, the grain size
distribution of its sample is shown in Fig. 4.12. The average size of the sediment (Ds;) was

worked out as 0.024 mm.

Cross-sectional averaged concentration of the suspended load in the flow was measured by a
width-integrating sampler, which sampled sediment over the depth of flow. This sampler was

installed at the downstream end of the flume (See; Fig. 4.13). The sample of sediment-laden



Fig. 4.11 Concentration monitoring system
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flow was collected from the sampler through a rubber tube in a bucket. The sediment was
allowed to settle at the bottom and the excess water was drained carefully. The sediment was
then filtered on a filter paper and the filtered material was dried in an electric oven for 24
hours and weighed on an electronic balance. Knowing the initial weights, the concentration in

parts per million (ppm) by weight for each sample was determined.

100 —

Percentage Finer

D,=0.024 mm

ﬂ ] T T T T l"I'| T i ] F T rTl I T I LI R
0.001 0.010 0.100 1.000
Diameter (mm)

Fig. 4.12 Grain size distribution of the sediment used (Hydrometer analysis)

4.3 EXPERIMENTAL PROCEDURE

The flume was set horizontal by adjusting its titling mechanism. The railings of the flume
were then made parallel to the bed by using a dumpy level and by adjusting the railings
through use of screws. To cover a wide range of data, the experiments were conduced for
four bed slopes 0.000917, 0.001176, 0.002041 and 0.001475 and designated as 1CDCW,
2CDCW, 3CDCW and 4CDCW, respectively for clear-water run. The corresponding
sediment laden runs were designated as 1CDSL, 2CDSL, 3CDSL and 4CDSL, respectively.
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For example data set 3CDCW?2 refers to data on tracer concentration for clear-water run
number two on slope number 3, ie., 0.002041 and the corresponding to this, the equivalent
sediment laden run number five was designated as 3CDSL25. Similarly the velocity

distributions were designated as IVDCW, 2VDCW, 3VDCW and 4VDCW, respectively.

The bed slope was measured by using two small boxes connected to each other through a
rubber tube and placed at known distance apart. After sufficient long period, the water levels
in each of these two boxes were measured by using a pointer gauge. The difference of water
levels divided by the distance between the two locations gives the slope of the bed. For each
slope, the experiments were first carried out for different discharges in clear-water flows. For
each discharge, uniform flow was first established by adjusting the tail gate and measuring
the depth of flow along the flume. A known concentration of Rhodamine WT dye solution
was poured into the tracer injection sampler fitted near the upstream end of the flume. The
location of injection sampler was changed depending upon the discharge and the flow
establishment length. The sampler was positioned slightly above the water surface by
adjusting the side screws. The collecting sampler was first located at first station at a distance
1 m from the injection sampler and about 5 mm above the bed. The monitoring system was
activated and allowed to warm up for 10 minutes. The sample withdrawal pump B was
started so that a continuous flow was maintained through the Fluorometer-cuvette. The flow
through the Fluorometer was regulated with the help of valve B, so that velocity of flow
through the monitoring system is equal to the velocity of flow in the flume at that depth. The
dye was injected instantaneously in the flume as a horizontal line source and in
synchronization with the switching on of the data logging of the Fluorometer. After the
passage of dye cloud, the data logging was stopped. Now the collecting sampler was raised
and placed at the mid-depth of flow. An equal volume of dye solution was injected and the
data was again logged up in the Fluorometer as in the previous one. Between the two tracer
injections a sufficient time was allowed to thoroughly mix up the dye in the recirculating
water. The collecting sampler was then brought about 10 mm below the top water surface and
data was again logged up in the Fluorometer. The whole exercise resulted in the recording of
three tracer concentration versus time profiles in the Fluorometer at a distance of 1 m from

the injection sampler.

The movable trolley housing the monitoring system was then moved to the 2 m distance from

the injection sampler. In the same manner as at the first station, the three concentration versus
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Fig. 4.13 A downstream view of flume

(Sediment collecting sampler)
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time curves were obtained by using the same quantity of dye. The same procedure was

repeated for a number of downstream stations each separating the previous one by 1 m.

During the experimentation when the blank concentration in the water had increased

significantly, the water was removed from the tank and further experiments were conducted
after filling it with fresh water.

After the clear-water runs were completed for a given slope, a predetermined amount of
sediment was added to the recirculating system and sufficient time was given for mixing the
sediment uniformly in the recirculating water. The sediment load was determined by
collecting the width-integrated sample using sediment-collecting sampler. The width-
integrated sampler was moved slowly across the width so that about 10 litres of sample was
collected in the time required for the sampler to traverse the flume width ten times. The
collected sediment sample was passed through a filter paper and dried in an oven. The dried
weight of sediment was measured on an electronic balance. The average concentration of
sediment was then expressed in parts per million (ppm) as dry weight of solids per unit

weight of sediment-water mixture.

Tracer concentration versus time profiles were recorded at different longitudinal distances
and at three or two elevations along the depth using the Fluorometer in the same manner as
for clear-water runs. More sediment was added to the recirculating water and runs for
suspended sediment concentration were taken. When the sediment started showing sign of
deposition, the water-sediment mixture was removed and the tank again filled with fresh
water. The same procedure was adopted for the other sediment having a different size. As
stated earlier, the withdrawal velocity (during measurement of tracer concentration) was kept

equal to the velocity of flow in the flume to obtain true mixing of the tracer in the water.

Clear-water runs were taken at all the four slopes. However, sediment-laden flow runs were
taken at two slopes only, i.e., 0.001475 and 0.002041. For the other two sets of slopes, ie.,
0.000917 and 0.001176 even addition of small amount of sediment showed deposition and

therefore no sediment-laden data were taken for these sets.

The logged up data in the Fluorometer was transferred to an interfaced computer by internal

data logging (IDL) software and the further analysis of data was done on the computer.

For each type of run either in clear-water or sediment-laden flow, the velocity distribution in

a cross-section along five verticals was measured by Prandtl pitot tube.
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A typical set of observed C-t curves for clear-water and sediment-laden flow at downstream
stations at three elevations are shown in Figs. 4.14 and 4.15, respectively. Also shown in

Figs. 4.16 are the observed isovels for some of the data sets.

Figures 4.14 and 4.15 show that peak concentration of the C-t curves measured near the water
surface decreases in the downstream as the tracer is being mixed in the ever increasing
volume of water whereas peak concentration of C-t curves measured at the mid-depth and
near the bed increases in the downstream. After some distance, all the three peak

concentrations become nearly equal thereby showing complete cross-sectional mixing of the

tracer.

The measured velocities are an important indicator of the presence or absence of secondary
currents and lateral velocity gradients in the flow. These two phenomenon cause additional
mixing over and above caused by vertical shear. As depicted in Figs. 4.16 velocity
distribution exhibit a high degree of two-dimensionality over the central region of the
channel. The depressed velocity maxima in the vertical profiles near the channel walls imply
the presence of secondary currents in this region. This feature of the profiles are not evident
in the central region of the flow and thus, provided the flow has no significant lateral velocity
gradients, secondary currents are not an important feature in the central region of the flow.
Also the measured velocities were checked by integrating the velocity over the flow cross-
section to compute the discharge and comparing this value with the value of discharge
measured through calibration of orifice meter. For most of the runs, the computed and the

measured discharges showed a satisfactory comparison.

All the experimental data collected during the present study are listed in Appendix-I and

Appendix-II.

4.4 COMPUTATION OF HYDRAULIC RADIUS

Knowledge of shear velocity Us is required to study the effect of velocity distribution on the

mixing process. In the field as well as laboratory there are a number of instances where bed
and side roughness are different e.g. glass walled flume with roughened bed, side walls of
flume made of different materials, alluvial streams with rocky sides and gravel bed etc. In all
such cases, the primary interest is to know about the hydraulic radius with respect to the bed.
This necessitates a sidewall correction to be applied in order to get the hydraulic radius with

respect to the bed.
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Fig. 4.14 Observed tracer conentration versus time curves (Data set ICDCWS).
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Fig.4.16 Isovels for some of the observed data sets
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According to Einstein (1942), the cross-sectional area of flow of a channel, A can be divided

into the area corresponding to the bed ( Ay ) and the areas corresponding to the side walls,

ie, (Ay,) and {AWZ)'

AzAh+(AW|)+(ﬂwz) (4.1)
bd = Pth +[Pw1 ](Rw; )+':Pw2 }(sz ) (4.2)
bd = bR, +d(Ry, ) +d(R,,) (4.3)

Here b is the bed width of the channel; d is the local depth of flow; P, (P,, ' ) and (P,, ,) are
wetted perimeters and Ry, (Ry, )and (R, ) are the hydraulic radii of bed and sides walls

respectively. He further assumed that Manning’s equation can be applied to the bed and side

walls independently using the same mean velocity and slope. Accordingly, one can write:

1 2/3a 12
U= R, 5 4.4
. )( D - (4.4)

1 23 112
i R,.)*7s 4.5
{n“}{ )7 75 (4.5)

Here U is the average velocity of flow; S; is the slope of energy line and (n,, ) and (n,,)

are Manning's coefficients for the side walls and. Knowing the value of Manning's

coefficients, depending on the type of material, (R,, ) and (R,,,) can be computed as:

LT -
Wy = JS: =
1.5
U(n,,)
Ry,)= ——-—*~-] @7
AE

Using Egs. (4.6 and 4.7), the value of Ry, can be computed from Eq. (4.3) as:

R, =d{l—U—L5[nwl 14 +(n,, J° }J (4.8)

bS?.TS

If the side walls are of same material, (nw] ) =(nw2) , then Eq. (4.8) reduces to:
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1.5
Ry, =d 1%["1““'] (4.9)

=

The value of Ry, has been obtained by using the above stated method. It was found that value

of Ry, obtained by this method was less than R, obtained by considering the same material
for the bed and the sides.

4.5 NORMALIZATION OF C-t CURVES

Rhodamine WT dye is conservative in nature. Thus quantity of dye injected at the upstream
should be equal to tracer amount recovered at any station in the downstream of injection site.
For all the data sets in the present experimental programme the recovered mass is computed.
It is found that mass recovered compare very closely with the mass injected. In addition, the
magnitude of the tracer concentration in a stream is in direct proportion to the mass of tracer
injected. Doubling the amount of tracer injected for a given flow will double the observed
concentrations, but the shape and direction of the tracer response curve will remain the same.
Similarly any error in the volume of tracer injected will incorporate equal error for that C-t
curve. The data at each station were normalized by utilizing the above principles. The

procedure of normalization is mentioned below.

After deduction of the blank from observed concentration of the tracer, area under resulting
C-t curves were computed. The cross-sectional area at a section is divided into three or two
horizontal strips (sub-areas) depending on the number of C-t curves available at that section.
For each sub-area, the average velocity and depth of flow are calculated. The mass of tracer,

m recovered at the section is calculated from:
Nj
m = ¥ (ZCAt), b, d} U, (4.10)
k=1
Where N, = total number of sub-areas; 3 CAt= area under C-t curve; by = width of the sub-

area; d} = depth of the sub-area and U} = width-averaged velocity over the sub-area.

The mass of the recovered tracer at the subsequent stations was calculated from Eq. (4.10).
Finally the arithmetic average of the mass recovered was calculated. Thus the observed C-t

curves at each station were then normalized with respect to the average mass.
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Tracer concentration versus time curves for sediment-laden runs are also normalized due to
the fact that sediment particles adsorb the tracer. To ascertain adsorption of Rhodamine WT
dye on the sediments, known volume of water and tracer concentration was taken in a bucket.
The sample was continuously passed through the Fluorometer, which showed a constant
reading. Sediment was then added into the bucket. The mixture was continuously stirred with
a mechanical stirrer. A decrease in the reading was shown by Fluorometer. More addition of
sediment showed further decrease in the dye concentration. The variation of tracer
concentration with the sediment concentration for two sediment sizes 0.064 mm and 0.116

mm is shown in the Fig. 4.17. All the observed C-t curves for sediment-laden flows were

normalized therefore, accordingly.

4.6 RANGE OF DATA

The range of data collected in the present study is given in Table 4.1.

Table 4.1 Range of data collected in the present study

S. No. Parameters Range
1. | Slope 0.0009174 to 0.0020408
2. | Discharge 0.0158 m*/s to 0.0367 m’/s
3. | Flow velocity 0.370 m/s to 0.587 m/s
4. | Depth of Flow 0.0895mto 0.196 m
5. | Width of flume 0.39m
6. | Hydraulic radius with respect to bed | 0.063 m to 0.138 m
7. Size of sediment 0.024 mm and 0.064 mm
8. | Concentration of sediment 104 ppm to 6178 ppm by weight
9. | Total numbers of runs 48 "
10. | Spacing of stations I m

4.7 CONCLUDING REMARKS

Experiments were conducted to measure tracer concentration versus time profiles at the
downstream sections at two to three elevations along the flow depth resulting due to

horizontal line injection of tracer on the water surface at the upstream section of the flume.
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Experiments were conducted both for clear-water and sediment-laden flows at four different
values of bed slopes, ie., 0.000917, 0.001176, 0.002041 and 0.001475 and with various
discharges. All the observed C-t curves were appropriately normalized. Velocity distributions

along five verticals were also measured across the width of flow, for clear-water as well as
sediment-laden flow runs.
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Fig. 4.17 Vaniation of tracer concentration with sediment concentration
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Chapter

S

ANALYSIS OF DATA AND RESULTS

51 INTRODUCTION

Data collected through experiments and those available from earlier studies are analyzed in this
chapter. The proposed numerical scheme is first validated by comparing its results with
analytical solution for continuous tracer injection from transverse line source and Fischer’s
(1968) analytical solution for one-dimensional mixing of pollutants in open channels. The

mixing coefficients E, and Ey are analysed and a new predictor for E is proposed. The effect

of suspended load on process of mixing is studied using the experimental data. The sensitivity of

the C-t curves to errors in E and E is also studied.

5.2  VALIDATION OF THE PROPOSED NUMERICAL SCHEME

The pmpuseci numerical model describes mixing of the pollutant in streams due to transverse line
slug injection source. It predicts concentration of pollutants downstream of the injection site both
in near-field (ie, in longitudinal and vertical directions) and far-field (ie., in longitudinal
direction). The scheme is wvalidated by comparing its results with analytical solution for
continuous injection of transverse line source and Fischer’s (1968) analytical solution for one-

dimensional mixing of pollutants in channels.

Analytical solution of transverse mixing equation for constant discharge and continuous
transverse line injection, i.e., Eq. (2.50) is used for validation of the proposed numerical scheme.

The hypothetical continuous injection of pollutant of concentration 20 ppm is assumed to spread



uniformly up to a depth of 0.2 m below the free surface. The total depth of flow equal to Im is
assumed. The channel is considered to be wide having a bed slope (S4) of 1 in 6000 and hence

shear  velocity U, =.gdS, = 004 m/s. Logarithmic  velocity distribution

[UL :5.?S]ug%--+8.5;with kg =15 mm) is assumed to be followed producing an average

® 5
velocity, U = 0.9 m/s. From Eq. (2.45), the value of E, comes out to be 0.00271 m’/s. The

concentration computed through analytical solution at x = 3, 5 and 10 m are shown in Fig. 5.1.
For the computation of concentration using proposed numerical scheme, the entire depth of flow
is divided into 10 computational grids with spacing Ay = 0.1m. Velocity at each grid point is
calculated using the above stated logarithmic velocity distribution and concentration of pollutant
at the three computational nodes at the free water surface was taken as 20 ppm. The computed
concentration by the proposed numerical scheme at x = 3, 5 and 10 m are also shown in Fig. 5.1.

A close agreement between the analytical and numerical results may be noted.

Applicability of the proposed numerical scheme for the computation of tracer concentration in
one-dimensional mixing is also proven by comparing its results with Fischer's (1968) analytical
solution of one-dimensional mixing equation. For this purpose two input C-t curves of the
present study, i.e., ICDCW?7 and 4CDCW35 and one input C-t curve of Ahmad (1997) were used
(See; Figs. 5.2, 5.3 and 5.4). For ICDCW7 and 4CDCWS5 sets of data Ej, was computed by

using Fischer’s (1967) triple integral equation, using the velocity distribution in lateral direction

(See: Figs. 5.5 and 5.6), however, for third data set E; =0.037m? /s was derived by Ahmad

(1997). Using Eq. (2.81), the tracer concentration was computed at downstream stations in the

flow and the same are also shown in Figs. 5.2, 53 and 5.4. For the computation of tracer

concentration using the proposed numerical scheme, the values of E, and E, were needed.
Since no predictor is available in literature for E,, in the present study a predictor is proposed
for E, (See; Eq. 5.2), which is used for its computation. Ey is computed using Eq. (2.45). In all

the three data sets, the depth of flow was divided in vertical direction by six computational nodes
and at each computational node at input section the tracer concentrations were taken equal to that

given by input C-t curves. C-t curves at downstream stations were calculated next. It is found
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Fig. 5.1 Comparison of results obtained using the proposed numerical scheme and
analytical solution for continuos injection of transverse line source
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Fig. 5.2 Comparison of results obtained using Fischer’s analytical solution
and the proposed numerical scheme (Data set ICDCW?7)
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Analytical Solution ( x = 19 m)

Proposed Numerical Solution (x = 19m , y/d = 1.0)
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Fig. 5.3 Comparison of results obtained using Fischer’s analytical solution
and the proposed numerical scheme (Data set 4CDCWS5)
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Fig. 5.4 Comparison of results obtained using Fischer’s analytical solution
and the proposed numerical scheme (Data set of Ahmad 1997)
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that C-t curves at various elevations along the depth are practically same, thus computed C-t
curves at y/d = 1.0 (i.e., at surface of water) are shown in Figs. 5.2, 5.3 and 5.4. Comparison of
analytical and numerical results reveals that agreement between them is satisfactory in some
cases (Figs. 5.3 and 5.4 particularly ) while it is not satisfactory in some other cases as revealed
by Fig. 5.2. The discrepancy is attributed to the error in prediction of E; and E,. It is to be
noted that longitudinal mixing coefficient, E, is based on the width-averaged variation of
longitudinal velocity whereas longitudinal dispersion coefficient, E| takes into account the
cross-sectional average variation of longitudinal velocity. Thus it is concluded that provided
realistic estimates for E, and E are available, the proposed scheme can satisfactorily predict

the C-t curves for mid-field and far-field regions due to transverse line slug injection of pollutant.
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53 STUDY OF THE VARIATION IN MIXING COEFFICIENTS E, AND E,

The proposed numerical scheme is extended for determining the values of mixing coefficients

E, and Ey using the observed C-t curves at downstream stations and at different elevations in a
vertical. As mentioned in Chapter-II, a sound theoretical study is available in the literature for
the determination of E, . However no method is available for the estimation of E, (Rutherford
1994).

A two-dimensional grid search method has been employed to determine optimum value of
longitudinal mixing coefficient E, and vertical mixing coefficient E, for best matching of the
observed and computed C-t curves. E, results due to deviation of longitudinal velocity from the

width-averaged velocity, therefore, the initial estimate for E, was obtained by using Fischer et

al. (1979) triple integration of transverse profile of observed longitudinal velocity. This is to be
noted that in natural streams transverse profile of longitudinal velocity is several or more times
effective in producing longitudinal mixing than the vertical profile of longitudinal velocity

(Fischer et al. 1979). Initial estimate of E, was obtained by using observed longitudinal velocity

at mid-width of the channel and also by assuming Prandtl’s logarithmic velocity distribution over

the vertical.

Those values of E, and E, are considered to be the optimum ones for which the error as

defined in Chapter-III (See; Fig. 3.4) is minimum between the observed and computed C-t curves

at all the downstream stations. Let initial guess for these values be designated as OE, and OE,,.

To make the search for the optimum values, a two-dimensional computational grid is constructed

as shown in Fig. 5.7. The incremental values of OE, and OE, are taken as equal to 1/10 and
1/2 of the initial values of E, and E, respectively. The feasible region consists of positive
values of E, and Ey

Let the computation starts from a point P, the error ERR as defined in Section 3.3.1 of Chapter-

II (viz. Eq. 3.32) is calculated at the neighborhood of P, at points R and Q lying vertically above

and below P, respectively (See; Fig. 5.7). If the error is minimum at the point P, the grid was
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refined by taking AE, =OE /2.0 and the computation is repeated along the vertical line of

computations till one gets the desired accuracy. But if the error is minimum at either point R or
Q, the computation is shifted to the required position; unless one gets some other point where the

error is minimum in its neighborhood, say at the point Mc (See; Fig. 5.7). The value of OE, and

OE, at the point Mc are the local optimum values. To get global optimum values of OE, and
OE,, the computation is shifted horizontally in both the directions, for E, equal to

(OE, +AE,) and (OE, - AE,). The local minimum is determined in the same way for both
increasing and decreasing values of E, . Let thus identified local optimum points be Mg and My
for the values of E, equal to (OE, +AE,) and (OE, - AE,), respectively. Out of the three

local optimum points, the one finally selected has minimum error. If this point is Mc, the point is
considered as global optimum value. But if the point is Mg or My, the computation is shifted in
the required direction, computational traversing as explained above is continued till the entire

feasible region is covered.

M,
Mc
E, Mg
R
P
4 O
— E,

Fig. 5.7 Determination of optimum mixing coefficients OE, and OE,
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To judge how closely the predicted C-t curves compare with the observed ones for above derived

optimum values of E, and Ey, the C-t curves computed using the proposed numerical scheme

at y/d = 1.0 (i.e., at surface of flow) and y/d = 0.0 (i.e,, at bed of the channel) are plotted in Fig.
5.8 for the data set 4CDCW35. As expected a close agreement is obtained between these two

curves. A similar agreement was also observed for the other data sets (not shown here).

54  VERIFICATION OF RELATIONSHIPS FOR E,

The experimental data collected during present study and data available from literature have

been used to verify the existing predictors for vertical mixing coefficient Ey. The depth-
averaged value of E}r, computed using Eq. (2.45) is compared with the optimum (observed)
value of Ey as shown in Fig. 5.9. Optimum values of EZ:,r were derived as per the procedure

illustrated in section 5.3, for the data of present study, however for other data the optimum

values of E, were available in literature. It is clear from Fig. 5.9 that most of the E, values
predicted by Eq. (2.45) lie within a range of 2 to 1/2 times the observed values of E. The
values of E, were also estimated from measured velocity distribution at mid width of the

channel in vertical direction and using Eq. (2.42). These were compared with observed E, as

shown in Fig. 5.10. As the velocity distribution for data taken from literature were not available,

Fig. 5.10 is prepared only for experimental data of present study. The agreement between E,

computed from vertical velocity distribution with observed one is slightly better than E,

computed using Eq. (2.45). Such result is understandable because Eq. (2.45) is based on
assumption of logarithmic wvelocity distribution, whereas the observed velocity distribution

differs from the logarithmic velocity distribution. Therefore henceforth E, values computed

using measured velocity distribution are utilized for further computations. Equation (2.45) is

used for computation of E, when observations on velocity distribution are available. The

optimum values of E, were re-determined by using the proposed numerical scheme, by using

the Ey values determined through use of observed velocity distribution in vertical direction.
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value of E_and E (Data set 4CDCWS5)
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Those values of E, are considered to be the optimum ones for which error as defined by Eq.
(3.32) is minimum between the observed and computed C-t curves at all the downstream
stations. The variation of E, wvalues with the corresponding values of associated errors are

shown in Fig. 5.11 and Fig. 5.12 for two data sets ICDCW?7 and 4CDCW 1 as illustration.
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Fig. 5.9 Verfication of depth averaged value of E, computed by Eq. (2.45)

Using thus determined optimum values of E, and E}, obtained from observed velocity

distribution in vertical direction at mid-width of the channel, the C-t curves are computed using
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the proposed numerical scheme and these are plotted in Fig. 5.13 along with the observed C-t

curves for the data set 2CDCW3. The values of E, computed as above for different data sets are
listed in Appendix-II.
0.0020
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Predicted E}, [mzfs}

0.0000

0.0000 (.0005 0.0010 0.0013 0.0020
Observed E | (mla’s}

Fig.5.10 Verification of E, computed from measured velocity distribution
in vertical direction

5.5 PROPOSED RELATIONSHIP FOR E,

As discussed above, Ey may be computed reasonably accurately from the velocity distribution

in vertical direction or by using Eq. (2.45), however no predictor is available for longitudinal

mixing coefficient, E, . Ahmad et al. (2004) presented analysis for the identification of flow and
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Fig.5.12 Determination of longitudinal mixing coefficient (Data set 4CDCW1)
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Fig. 5.13 Comparison between observed C-t curve and C-t curve computed using proposed numerical
scheme with use of optimum value of E _and vertical velocity distribution based value of E,
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channel characteristics which significantly influence the mixing coefficient E, . It was found by

: E )
Ahmad et al. (2004) that non-dimensional parameter S" should be significantly affected by the
4>y

b U
variables —, — and S;. Based on the above study the following functional relationship is
L]

considered for determination of E, for process of two-dimensional mixing in streams:

E, b U
=@ —,—,S 3.3
0Ss {p[d U. h] (5.1)

Here @ represents the functional relationship and q is discharge per unit width. The variable
qSy, has been included in the above relationship to account for the effect of unit stream power

(tsU) on the longitudinal mixing. Here 1, is the average bed shear stress. Like wise, the

u : . .
parameters a’ U—and Sy, has been included to account for the effect of aspect ratio, velocity
]

distribution and channel slope, respectively on E, . Multiple .regression analysis produced the

following relationship for E, .

E p2S! -2.39 .
33“243.54[—] [5] o B (5.2)

L d .
The multiple correlation coefficient for Eq. (5.2) is 0.802. Equation (5.2) has been derived by

using the data collected during the present experimental study. In order to check the accuracy,
the values of E,; computed using Eq. (5.2) are compared with corresponding observed values as

shown in Fig. 5.14. The values lie within an error band of 2 to 1/2 times the observed values.
In order to check what effect such errors in the values of E, as well as Ey would have on the

C-t curves computed using these values of E, and E,, a sensitivity analysis of E, and Ey

values is carried out as discussed in the next section.
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5.6  SENSITIVITY ANALYSIS FOR MIXING COEFFICIENTS

For the sensitivity analysis, two sets of data viz. 2ZCDCW6 and 4CDCW 1 are used. The input C-
t curves are shown in Fig. 5.15. Using the proposed numerical scheme, the C-t curves are
predicted at the various downstream sections using the derived optimum value of E, and E,
derived using measured velocity distribution in vertical direction and C-t curves of Fig. 5.15
being used as inputs at three elevations along the vertical, ie., y/d = 0, 0.5 and 1.0. The C-t

curves are also recomputed using the present numerical scheme with altered values of E, . For

this, the values of E, are altered by multiplying factors of 0.01, 0.1, 0.2, 0.5, 1.5 and 2. For
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Fig.5.14 Verification of Eq. (5.2)
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comparison, the ERR values (See; Eq. 3.32) are computed with the C-t curves computed with

optimum E, value taken as the reference, at various downstream stations. The accuracy of

computations is then defined as (100-ERR). The values of the accuracy so computed are plotted

E % altered

against the corresponding values and shown as illustration for the two sets in Fig.

¥ oplimum
5.16. A close study of Fig. 5.16 reveals that accuracy for computation of C-t curves reduces to

about 60%, which is not considered to be significant when the value of E, is altered with a

multiplying factor from 0.2 to 2. However, the computed C-t curves are much less accurate while
E, values are altered beyond these limits.

A similar analysis for Ey (Fig. 5.17) reveals that accuracy for the computation of C-t curve
reduces to about 50 to 70%, when optimum value of E), is altered by factors from 0.5 to 2.

However, less accurate results are obtained while E}' values are altered beyond these limits.

Also presented in Figs. 5.18 and 5.19, the variation of the dimensionless peak concentration of

the C-t curve at the water surface (y/d = 1.0} with distance, when E, and Ey values are

changed from 0.01 to 2. These figures reveal that the peak of C-t curve does not change very

much when E, and E, values are altered by 0.5 to 2 times the optimum value.

Thus in the light of above analysis, it is concluded that likely error in computation of E, by
using Eq. (5.2) and E, by using Eq. (2.42) would not result in appreciable errors in computation

of the C-t curves.

5.7 EFFECT OF SEDIMENT ON MIXING PROCESS

To study the effect of suspended sediment on mixing, C-t curves were observed for clear water
flow and for suspended sediment-laden flow under nearly identical flow conditions, using sands
of average diameter 0.064 mm and 0.024 mm with sand concentration ranging from 104 ppm to
6178 ppm by weight. The cross-sectional velocity distributions in clear-water flow (CWF) and

sediment-laden flow (SLF) were also observed.
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Fig.5.15 (b) Input C-t curves used in sensitivity analysis (Data set 2CDCW6)
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The C-t curves observed for clear water flow and corresponding sediment-laden flows are
superimposed on each other for studying the effect of sediment concentration on C-t curves, at
different elevations along the depth and at various downstream locations. Such comparisons are
shown for two sets of data in Figs. 5.20 and 5.21 as illustration. From these and many such other
figures (not shown here), it is concluded that the presence of sediment within the range studied
(suspended sediment concentration 104 ppm to 6178 ppm) does not have appreciable effect on
mixing. These finding are in conformity with the findings of Singh et al. (1992) who has
concluded that the presence of sediment with concentrations 90 ppm to 5000 ppm, has no effect
on longitudinal dispersion. The measured vertical velocity distribution for the above two data
sets for CWF and SLF are also superimposed and shown in Figs. 5.22 and 5.23. Within the range
of sediment concentration studied in the present study, no appreciable changes in the velocity
distribution for CWF and SLF are observed.

58 PROPOSED METHODOLOGY FOR PREDICTION OF TRACER
CONCENTRATION IN STREAMS

For the computation of C-t curves, the stepwise procedure was described in Section 3.4. For this

longitudinal mixing coefficient E, is first estimated by using Eq. (5.2) and vertical mixing
coefficient Ey is estimated by using Eq. (2.42). Then the C-t curves at different elevations along

the depth and distances in the downstream are computed using the proposed numerical scheme,

the algorithm of which is described in Fig. 3.3.

The computed C-t curves were plotied along with the corresponding observed C-t curves for
graphical comparison using all the data for clear-water and sediment-laden flows. In Figs. 5.24 to
Figs. 5.25, such a comparison is illustrated for some of the data sets. As revealed by these and
many other such figures (not shown here), the prediction of C-t curves is satisfactorily (See;
Figs. 5.24 and 5.25.

However the comparison between a few of the predicted C-t curves and the corresponding
observed ones is poor as can be seen in Figs 5.24 and 5.25. This difference is attributed mainly to

the measurement of errors particularly in the zone of two-dimensional mixing.
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Fig. 5.20 Observed C-t curves for clear-water flow (CWF) and sediment-laden flow (SLF)
(Data sets 3CDCW?2 & 3CDSL24 Sediment concentration 993 ppm by weight)
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Fig. 5.21 Observed C-t curves for clear-water flow (CWF) and sediment-laden flow (SLF)
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Fig. 5.24 Observed and computed C-t curves (Data set ICDCW6)
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59 CONCLUDING REMARKS

Analysis regarding the mixing characteristics in open channels due to slug transverse line
injection of a conservative pollutant has been presented mainly by using the experimental data
obtained in the present study. A new numerical scheme for the solution of Eq. (2.36) for two-
dimensional mixing of pollutants resulting due to transverse line slug source has been proposed.
The proof of the concepts tests for the proposed numerical scheme have been made by
comparing its results with Fischer (1968) one-dimensional analytical model and analytical
solution by Yotsukura and Cobb (1972) for continuous injection of transverse line source. The
proposed numerical scheme has been extended for determination of the longitudinal mixing

coefficient of the process of two-dimensional mixing. A predictor has been proposed for E, for
the mixing of the pollutant. A sensitivity analysis has been made to check the sensitivity of E
and Ey on the prediction of C-t curves. It has been found that when the value of E, and Ey is
altered by a factor of 0.5 to 2, there is not a significant change in the predicted C-t curves at the
downstream stations. The effect of suspended sediment on mixing has also been studied. It has

been observed that the presence of sediment in suspension does not affect the mixing process

significantly within the range of experimental data used in the present study.
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6

CONCLUSIONS

The present study was carried out to evolve a mathematical model for the numerical solution of

the two-dimensional mixing equation for the prediction of pollutants concentration in streams

due to transverse line slug (source). The other aim of the study was to investigate the effect of

suspended sediment load on the mixing process. Experiments were conducted both for clear-

water and sediment-laden flows, to measure tracer concentration versus time profiles at the

downstream stations at different elevations along the flow depth resulting due to horizontal line

slug injection of tracer on the water surface at the upstream most section of the flume.

From the proposed numerical model for two-dimensional mixing and the analysis of the

experimental data collected in the present investigation and available data from the literature, the

following conclusions have been drawn.

| f

A new numerical scheme based on the Split operator approach has been proposed
for the solution of two-dimensional mixing equation, i.e., Eq. (2.36) resulting due
to transverse line slug source. The proposed model predicts concentration of
pollutants downstream of the injection site both in near-field (ie., in longitudinal
and vertical directions) and far-field (i.e., in longitudinal direction). The validation
tests for the proposed scheme have been made by comparing its results with Fischer
(1968) one-dimensional analytical model and analytical solution for continuous

injection of transverse line source.

Exact solution of advection component of the mixing process has been obtained by
developing a variable spatial grid corresponding to the velocity of flow at surface
for computational nodes at y/d = 1.0, so that, the roots of the trajectory of the

concentration at y/d = 1.0 falls at those computational nodes where the



concentration is known. For the computational nodes with y/d < 1.0, velocity of
flow is smaller than the velocity at y/d = 1.0 due to velocity defect along the
vertical. Therefore, the roots of the trajectory of the concentration for v/d < 1.0 do
not fall at the computational nodes. Cubic spline interpolation scheme of Schohl
and Holly (1991) has been used to interpolate the concentration at the roots of the
trajectory by using the concentration at the neighborhood computational nodes. For
simulation of diffusion process, alternate-direction implicit method (ADIM)
suggested by Smith (1978) has been used. This is two-step approach method which

is stable and convergent. The mass of the pollutant is fully conserved by the

proposed numerical model.

The proposed numerical model can be used for the prediction of pollutant
concentration immediately downstream of injection site of transverse line steady or
unsteady source as well as for the far downstream region. Thus it applies to the
initial mixing region as well as to the far-field. The model thus has a definite
advantage over the traditional one-dimensional advection-diffusion models which

are valid only in the far-field.

A two-dimensional grid search method has been employed to determine the

optimum values of longitudinal mixing coefficient E, and vertical mixing

coefficient E},, such that best matching is obtained between the observed and

computed C-t curves at all the downstream stations. Initial estimate for E, was
made by using Fischer et al. (1979) triple integration of transverse profile of

observed longitudinal velocity and initial estimate of E, was obtained by using
Eq. (2.45).
The existing predictor for vertical mixing coefficient E}r has been checked by

using the data collected during present experimental study and data available from

literature. It is found that Ey value predicted by Eq. (2.45) lie within a range of 2
to 1/2 times the observed values of E, . The measured vertical velocity distribution

at mid-width of the channel is also used to estimate the value of E:.f , by using Eq.
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(2.42). Thus computed values of E also lie within the range of 2 to 1/2 times the
observed values of E}, but have better agreement with observed E},. Therefore,
values of E, are computed using the observed velocity distribution and the

optimum values of E, were re-determined.

The proposed scheme has been extended by incorporating in it one-dimensional

grid search method for determination of optimum E . by using E, computed from

velocity distribution and observations of C-t profiles. One-dimensional grid search
method is based on the bisection procedure and can be used to find the optimum

value of E,, which is such that it produces maximum agreement between the

observed and computed C-t curves at the all the downstream stations. Using
observed pollutant concentration profiles at the upstream station as input, C-t
curves at the downstream stations and at different elevations along the vertical were
predicted by the proposed numerical scheme by first using a trial value of E,.
Thus computed C-t curves are compared with the corresponding observed C-t
curves and the weighted error at each station is calculated by using Eq. (3.32).
Average error, ERR was then calculated next by taking arithmetic mean of all the
weighted errors. E, corresponding to the minimum value of ERR is considered to

be the optimum one.

A relationship viz. Eq. (5.2) has been proposed for prediction of longitudinal
mixing coefficient E,, by employing the channel and flow characteristics.

Comparison was made between the values predicted from the proposed equation
with the observed optimum E, values. The predicted values are found to lie within

2 to 1/2 times the observed values.

A sensitivity analysis has also been carried out to check the sensitivity of E, and

Ey on the prediction of C-t curves. It has been found that when the value of E, is

altered with a multiplying factor varying from 0.2 to 2 and EF is changed by a

factor ranging from 0.5 to 2, there is no significant change in the predicted C-t
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curves at the downstream stations. However, the computed C-t curves are less

accurate while E, and E values are altered beyond these limits.

The effect of suspended sediment on mixing has been studied by superimposing the
observed C-t curves, for clear-water flows (CWF) and for sediment-laden flows
(SLF). It has been observed that the presence of sediment does not affect the
mixing process within the range of experimental data used in the present study.
These finding are in conformity with the findings of Singh et al. (1992) who has
concluded that the presence of sediment with concentrations 90 ppm to 5000 ppm,
has no effect on longitudinal dispersion. No remarkable difference in vertical
velocity distributions of clear-water and sediment-laden flows was found at the
mid-width of the channel, within the range of the sediment concentration taken in

the present study.
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APPENDIX-I

Notations used to report data of the present study are depicted in the following C-t curve
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Fig. A-I Definition sketch of a C-t curve

C, = Peak concentration

T, = Elapsed time to the arrival of the leading edge of the tracer cloud

T = Elapsed time to the arrival of the 25% of peak concentration of the tracer cloud on the rising limb

T,p = Elapsed time to the arrival of the 50% of peak concentration of the tracer cloud on the rising limb

Tig = Elapsed time to the arrival of the 75% of peak concentration of the tracer cloud on the rising limb

Ty = Elapsed time to the arrival of the peak concentration of the tracer cloud

Ti = Elapsed time to the arrival (;fthc 75% of peak concentration of the tracer cloud on the falling limb
Ty = Elapsed time to the arrival of the 50% of peak concentration of the tracer cloud on the falling limb
T, = Elapsed time to the arrival of the 25% of peak concentration of the tracer cloud on the falling limb
T+ = Elapsed time to the arrival of the trailing edge of the tracer cloud

y = Vertical distance from the bed of the channel

d = Depth of flow

x = Longitudinal distance from the injection site

yid = Dimensionless vertical location of concentration profile

Continued ....



TRAVEL TIME AND TWO-DIMENSIONAL MIXING DATA COLLECTED IN THE PRESENT STUDY

Data X (vid) Cp LI Tiw Tw T Ty Tw Tw T T
Set (m) (ppm} 4 ish ish ish ish is) 15 is) is)

1CDCW Tm | 0041 000 000 003 000 000 00 000 000 000 000
(d=0.123 m}) 0,500 0,27 100 1007 1359 1104 12408 1284 1646l 1434 1600
0918 3765 Q.00 979 1038 1087 1200 1324 1436 1599 2800

2m | 0041 255 1300 I3BS 1444 1496 1600 1745 1867 2159 3100

0. 5000 365 1000 1180 1238 1286 400 1522 1625 1.77 VM

0918 3406 1000 1209 1260 1308 1400 1533 1671 844 3700

im | 0.041 1.35 1500 1559 1621 1669 1800 189% (993 21.55 2700

0500 722 1300 1520 1573 1633 1700 1830 1934 2021 3300

0918 2789 1400 1491 1546 159 17.00 1829 1933 2085 3600

4m | 0.041 2.53 1700 1824 1895 1963 2100 2287 2434 2651 38.00

0500 1016 1500 1709 1779 1842 000 2004 2221 2379 33.00

0918 1405 1700 17.57 1832 18394 2000 2215 2353 2557 37.00

Sm | 0041 327 2000 2240 2308 2354 2400 2703 2902 3129 4100

0,500 1031 18.00 1941 2005 2063 2200 2362 2498 2685 40.00

0918 17.59 1700 1%46 19206 1974 2100 2290 2434 2618 4100

Gm | 0041 399 2100 2306 2378 2541 2600 2940 3106 3306 4500

0,500 938 1700 2042 2185 2244 2400 2372 2721 2876 4100

0918 1490 2000 1966 2036 2095 2200 2439 2603 2836 3800

Tm | 0041 633 2400 2508 2573 2646 2800 2974 3125 3322 4640

0.500 1038 1700 2030 209% 2161 2300 2468 2626 2935 40.00

0918 1228 2300 2351 2420 -24.79 2600 2858 3052 327 45.00

1CDCW2 Im | 0032 0400 000 000 000 000 000 000 000 000 0.00
(d=0.155m) 0.500 722 1000 1127 1179 1237 1300 1435 1566 (735 28.00
0,935 2713 900 1008 1068 1126 1200 1341 1453 1621 3100

2m | 0032 022 1400 1570 1644 1708 1800 1942 2033 2150 2600

0500 1165 1200 1297 1333 1412 1500 1690 1839 1930 3400

0935 2239 1300 1367 1430 1482 1600 1744 1862 2028 3600

Im | 0032 1.70 1700 2080 2055 2229 2400 2624 2828 3096 4200

(500 £.94 1600 1657 1726 1783 1900 2085 2206 2378 4000

0935 1950 1600 1816 1873 1936 2100 2238 2368 2566 4000

dm | 0032 180 2200 2342 2430 25105 2700 2935 3108 3348 44.00

0500 809 1600 1681 1329 1864 1900 2149 2292 2540 3600

0935 1837 160d 1698 1744 1789 1900 21.72 2280 2524 39.00

Sm | 0032 246 2500 2532 2670 2756 2900 3228 3442 3763 50.00

0500 628 1800 1943 2009 2062 2300 2431 2371 2776 4100

0935 1581 [5.00 1933 2001 2063 2200 2361 2490 2674 4100

em | 0.032 268 2700 2998 309 3200 3400 3752 4005 4369 5900

0.500 %97 1500 1682 1767 1835 1900 2106 2259 24469 3500

0933 970 2000 2039 2130 2190 2300 2533 2680 2877 39.00

Tm | 0.032 3405 2000 2852 2950 3050 3300 33602 3T73F 4022 3400

0,500 T.96 00 2543 2602 2672 2300 29495 3148 3360l 44.00

0935 897 200 2512 3583 26460 2800 3034 3176 3364 4400

fm | 0.032 482 3000 3425 3524 3627 3000 4172 4407 4738 63.00

0,500 694 2700 2775 2973 3093 3100 3426 3620 3R12  53.00

0935 755 2200 2709 2791 2366 30.00 3278 3457 3683 54.00

9m | 0.032 434 3300 3295 369 3802 4000 4366 4568 4875 66.00

0500 732 2600 3070 3139 3197 3300 3746 3746 39737 5300

0933 689 2900 30356 3107 3188 34.00 3542 3842 4072 5100

ICDCW3 Im | 002% 000 000 000 000 000 000 000 000 000 000
(d=0.1785) 0500 1750 1100 10310 1043 1094 1200 1326 1427 1591 23.00
0.944 2215 800 980 1067 1136 1200 1395 1600 1771 32.00

2m | 0028 Gl6  1400 1380 1433 1478 1600 1750 1340 1925 2000

0500  B91 1000 1228 1282 1340 1400 1597 1706 1871 3000

0944 1835 1000 1239 1406 1433 1500 1363 le6e 1847 32.00

Im | 0028 030 1600 1627 1685 1735 1900 2042 300 2475 2900

(1. 501 6.34 1200 1373 1436 1489 1600 1744 18354 1998 3000

0944 1337 1300 1385 1445 1497 160 17533 186l XLI2 3504
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Data x (y/d} Cp T, T T Tin Ty LET Ty T Ty
Set (m) (ppm) is] is] ish ish 15} is) ish 151

4m | 0028 048 1500 1900 1980 2064 2200 2390 2514 2800 3300
0500 6,75 1400 14606 1673 17,33 1900 2007 2129 2235 3300

0.944 15,60 1600 1687 1745 1797 1900 2054 2164 23153 32.00

Sm | 0028 1. 2200 X204 2280 2355 2500 2768 2925 3131 42.00
0500  7.310 1800 1925 1981 2040 2100 2318 2435 2597 41.00

0,944 9.50) 1900 940 2030 2010101 2200 2282 2451 26501 4000

6m | 0.028 176 2200 2300 2371 2450 2600 2813 3005 3236 4000
0500 694 2000 2050 2200 2256 2300 2440 2559 27.0% 37.00

0944 10,41 1900 2104 20144 2184 2300 2430 2341 2693 3600

Tm | 0028 249 2500 2662 2749 28539 3000 3282 3439 3662 4500
0500 627 2200 2251 2306 2372 2500 2657 2782 2945 4200

(0.944 7.80 2200 2365 2442 25012 2700 2R63 MB80 3144 4400

Em | 0028 214 2800 2892 297) 3058 3200 3482 3655 3892 5000
0500  T.730 2200 2337 2400 2458 2600 2732 2856 3030 3800

0.944 6.52 200 2421 2455 2490 2600 28564 2998 3192 41.00

O9m | 0028 29 2800 2919 3006 3108 3300 3630 3308 4040 35400
0300 515 2500 2436 2548 2608 2700 2927 3079 3287 42.00

0.944 545 2500 2567 2659 2749 2900 3039 3138 3290 4500
1CDCW4 Tm | 0056  0.00 000 000 000 000 00 000 000 000 000
(d = 0.0895 m) 0,500} 7.38 3.00 9.19 968 026 1100 1234 1334 1478 2900
0882 4920 700 320 B69 927 1000 1120 1208 1345 2700

2m | 0.056 1.9 LoD 1137 1208 1266 1400 1505 1609 17.79 26400
0. 500 11.66 AW 1005 1051 1098 1200 1297 1383 1512 2300

(0882 4343 10,00 1026 1076 1134 1200 1329 1416 1546 2600

im | 0056 475 1300 1370 1432 1483 1600 1732 1840 2014 3000
0500 1700 1000 1209 1255 1303 1400 1502 1593 1744 3000

{882 2570 1200 1231 1286 1343 1400 1570 1669 1813 3200

4m 0,036 8.28 16 1634 169 1758 1900 2048 2161 2310 33.00
0500 1538 1500 1541 1602 1657 1800 1906 2021 2173 3500

4882 1512 1300 1435 1494 1552 17.00 18508 1906 2053 3200

Sm | 005 1125 17.00 1766 1831 1384 2000 2160 2283 2459 3700
0500 1374 1400 lesd 1727 1778 1900 2025 2133 2233 3300

(.882 17.73 1500 1610 1663 1724 1800 1988 2093 2240 3300

Gm | 0.056 5.20 18.00 1947 2019 2080 2200 2381 2508 2683 37.00
0300 13.51 1600 1799 1854 1904 2000 20.72 2284 2446 38.00

0.882 1565 1700 1804 1856 19.02 2000 2152 2266 2423 3600

Tm 003 11.L29 2100 2205 2266 23133 25300 26469 2810 3005 44.00
0. 5040 15.21 19.00 2038 2103 2163 23.00 2452 2577 2745 39.00

0.882 1337 19.00 1960 2034 2097 2200 2398 2504 26461 36.00

am 0,056 1256 2300 2419 2491 2564 2700 2895 3036 32239 4400
(.500 12,71 1900 2228 2296 2363 2500 2698 2845 3035 46.00

0882 1343 1800 2232 2305 2352 M00 2704 2772 3004 4200
ICTHCWS Im | 0.030 0.00 G0 00 000 000 000 000 000 000 0.00
(d = 101645 m) 1.500  3.69 .00 1160 1222 1273 1400 1526 1645 1800 26.00
0940 3665 1000 1052 LI5S 1168 1300 1433 15357 1733 33100

Im | 0030 029 1400 1402 1458 1519 1600 1771 2017 2244 2600
(.50 685 1200 1079 1249 1333 1300 1644 1786 1980 2800

0940 2683 1100 1208 1260 1308 1400 1549 1633 1802 32.00

Im | 0.030 243 1500 1618 1676 1738 19.00 2024 2159 2366 3500
0300 7.22 1400 15339 1627 1685 1800 1992 2145 2151 1200

0940 1819 1400 1434 1494 15351 1700 1811 1904 2063 31300

4m | 0.030 2.37 18.00 1784 1360 1935 20100 2267 2437 2685 3800
0500 748 1700 1721 1785 1833 2000 2145 2272 2457 3600

0940 1227 1600 1652 1726 1788 1900 201.26 2265 2460 3500

Sm | 0030 344 2000 2022 2090 2058 2300 2485 26467 2876 4000
0500 760 1900 923 1992 265 2200 2397 2317 2684 3800

0940 1062 1900 1859 1965 2040 2100 2261 23383 2570 3700

am | 0.030 44000 2200 2209 2302 239 2600 2831 3006 3235 44.00
(0.50H) 5.19 2100 2237 2308 2373 2500 2729 2871 3049 39.00

(.940 1029 2000 2007 2083 21.74 2400 2605 155 293535 4200
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Drata x (yid) Cp Ty Tiw T T Ty Tse T Tie Ty
Set (m) (ppm} 15} 15 151 (s} i5) {5} {5} {5} 15}

Tm | 0030 386 2300 2378 2464 2552 27.00 3001 31E6 3423 4500

0500 B34 2300 2364 2433 MO0 2600 2782 2907 3092 4500

0940 970 2000 X262 23T 23909 2500 2687 2R07 2936 4500

gm | 0030 434 2400 2386 2482 2579 2800 3042 3241 3519 485.00

(150} 851 00 2402 2478 2383 2700 2840 3905 3121 4500

0940 906 2200 2267 2353 2440 2600 2835 2986 3193 4400

9m | 0.030 453 2000 2658 2738 2858 3100 3357 3556 3839 5200

0500 ®55 2300 2700 2761 2833 3000 3131 3260 3444 4600

0940 814 2400 2595 2655 27.20 2900 3049 31.74 3356 4500

10m | 0.030 466 2700 2772 2B90 3078 3200 3319 3620 3931 5400

0500 858 .00 2906 3002 3072 3200 3300 3549 3813 5300

0.94 T.64 25000 27600 2871 2938 31000 3291 3462 3704 3400

1CDCWa Im | 0.050 069 TR LS 1164 1222 1300 1449 1365 1769 2300
(d = 01005 m) 0900 3477 900 966 1021 1060 1100 1231 1312 1452 3200
2m | 0.050 557 [2.00 1335 1397 1453 1600 1706 1820 20012 34.00

0900 2383 1000 1094 10172 1239 1300 1423 1484 1668 3500

Jm | 00530 354 13.00 1402 1434 1300 1600 1751 1857 208 33.00

0900 1407 1300 1329 1381 1440 1500 1697 1791 1937 3800

4m | 005  TI7 1500 1645 1720 1783 1900 2089 2223 2422 4000

0900 2021 1300 1400 1450 1499 1600 1733 1841 1994 3600

Smo[ 0050 625 1900 1976 2045 20107 2200 24,12 2535 2725 40.00

0900 136l 1600 1709 1762 1822 1900 2105 2226 2384 3800

6m | 0.050 F43 2000 2041 2023 2193 2300 2525 2650 2341 4300

0000 1403 1700 1829 1892 1956 2100 2240 2359 2532 44.00

Tm | 0050 757 2000 2140 2218 2287 2500 2671 IR16 3030 4500

0900 1226 1900 2007 20078 2143 2300 2464 2399 2784 41.04

Em | 0050 873 2400 2569 2649 2727 2900 3101 3269 3497 5000

0900 1023 2200 2236 2299 23159 2500 2661 2804 2993 46,00

G9m | 0.050 1.53 2600 2764 2ES1 2939 3100 3397 31566 3797 5100

0.9400 388 300 2300 04 MAR 2600 2842 2986 3166 4200

10m | 0.050 7T 2800 2963 3069 307D 3400 3656 3828 4056 32.00

0900 %78 2600 26.1% 2685 2760 2900 3139 3286 3477 4400

1CDCWT Im | 0048 187 OO0 1143 1202 1233 1400 1509 1627 1798 3000
(d=0.103 m) 0903 2731 900 1005 1066 10125 1200 1346 1452 1609 3000
2m | 0048 291 1300 1370 1434 1485 1600 1743 1865 2053 2800

0903 1960 1100 10310 M8 1243 1300 149 1600 1758 2900

im | 0.048 5.55 1500 1575 1642 1698 1800 2006 2149 2366 4000

0903 1613 1300 1339 1407 1473 1600 1786 189 2056 3200

4m | 0.048 582 1800 1921 1995 266 2200 2378 2311 2727 3800

0903 1699 1500 1625 1687 17501 1900 2028 20142 2303 3600

Sm | 0048 792 2000 2129 2205 2275 2400 2617 2765 2990 4500

0903 1058 1700 1797 1841 (895 2000 2087 2310 2481 3900

6m | 0.048 5.7 23.00 23.34 2434 2308 2700 2388 3036 3292 4800

0903 1221 2000 2052 2119 2175 2300 2445 2565 2732 4000

Tm | 0.048 727 2300 2609 2701 27706 2900 3139 3291 35334 5200

0903 1076 2100 2200 2269 2336 2500 2632 2740 29101 4000

Em | 0048 625 00 2825 909 2991 31200 34501 3632 3885 5100

0,903 %45 2400 Maod 2532 2590 2700 2952 31.02 3303 4644

Om | 0048 649  2R00 2876 29461 3046 3200 3431 3595 3R44 35300

0,903 665 2900 2058 3041 3IE23 0 3300 3574 3762 40013 5200

CDCW Im | 0.040 000 000 000 00 000 0400 000 000 000 000
(d=0.124 m) 0500 391 1400 1407 1444 1480 1600 1775 1863 2028 34.00
0920 2565 900 986 1070 1039 1200 1314 1408 1556  30.00

Im | 0.040 083 1500 1479 1543 15399 17.00 (914 2063 2297 3400

0500 946 1200 12,57 1322 1376 1500 1640 1762 1933 3200

0920 1425 1100 1163 1226 1276 1400 1516 1622 778 3200

im | 0040 467 1500 1328 1391 1634 1300 1949 2084 2281 3200

0500 BT (3.00 (405 1438 1517 1600 1769 (380 2041 29.00

0920 1283 1400 1437 1500 1558 (700 Q%12 1947 2071 39.00

Am | 0040 267 18.00 1835 1904 1970 2000 2289 2434 2639 3500
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Data X (¥/d) Cp T, Tin Tiwn Tin Ty Ty Ty Tie Ty
Set (m}) (ppm) is) i) s i) is) is) i) i)

0501 7.94 1600 1693 1732 1813 1900 2091 2210 2388 34.00

0920 12,15 1600 1622 1680 1742 1900 2021 2132 2282 34.00

Sm | 0.040 336 [9.00 19.66 2040 2002 2200 2440 2537 2813 4200
0500 6. 30 2000 2078 2160 2240 2400 2361 2609 2907 4100

0.920 8.31 1700 1761 1831 1889 2000 2203 2332 2502 3600

6m | 0.040 477 2400 2404 M49% 2579 2800 3014 3185 3457 4900
0500 662 2100 2030 2200 2269 2400 2656 2821 3034 4200

0.9240 406 1900 1991 2053 2122 2300 2449 2544 2661 4600

Tm | 0040 391 2400 2532 2619 2693 2900 3071 3224 34357 49.00
0500 357 2200 2279 2355 2430 2600 2767 29012 30125 4400

0920 7.45 2000 2124 2184 2250 00 2572 2706 2886 42.00

Em | 0.040 458 2300 2312 239 82 27.00 2907 3069 3281 4200
(0.5300 639 2300 2317 2600 2632 29.00 3083 3229 3428 44.00

0920 79 2200 2319 2382 2451 2600 2793 29108 3003 39.00

9m | 0040 485 2700 2823 2904 2999 3200 3450 3614 3824 4800
0500 676 2300 25091 2654 2708 2000 3058 3199 3382 4200

0920 647 2400 2520 2593 26469 2800 30.57 3227 3431 4400

10m | 0.040 4.25 L0 3180 3273 3364 3600 3850 4032 4287 5500
0300 433 2800 2861 29631 3077 3400 36469 3855 4122 5500

0920 498 2800 2805 2883 2974 3200 3431 36353 3835 43.00
2CDCW2 Im | 0.037 0.00 000 000 000 000 000 000 000 000  0.00
(d =0.134 m) 0).504) i 8.00 817 867 9.26 1000 11.27 1214 1340 21.00
0925 2001 TOO 828 903 951 1000 1100 1225 1385 27.00

2m | 0037 039 1200 1245 1309 1366 1500 1642 1764 1956 2600
0,500 484 o0 118 1168 1226 1300 1438 1540 1638 27.00

0925 1218 1000 1052 1L14 F1ed 1300 1395 1486 1616 2600

Im 0.037 2.28 13.00 1349 1410 145 1600 1690 1793 1950 31.00
(.50 6.78 1200 1307 1358 1416 1500 1647 1733 1897 32.00

0925 &9l 1200 1225 1278 1337 1400 1553 1646 1770 3300

dm | 0.037 209 1500 1606 1661 1723 1800 1998 2120 2284 32.00
0500 374 13.00 1371 1434 1487 1600 1731 1827 19355 29.00

0925 999 1300 13,57 1420 1470 1600 1704 1794 1923 3100

im (0.037 265 18.00 1827 1893 1959 20100 2250 23.72 2534 3100
0.500 6.41 16.00 1616 1669 1729 1800 1978 2082 2222 3600

0925 9.70 1400 1434 1488 1544 1600 1763 1852 1970 31.00

6m | 0.037 263 19.00 2013 2076 2146 23.00 2459 2589 2790 3700
0500 594 13.00 1822 13.83% 1953 21,00 2241 2351 2492 3600

0925 1.79 17.00 1750 1816 1871 2000 2133 2243 2390 36.00

Tm | 0037 305 2000 2136 2207 2273 400 2609 2739 20,10 4000
0300 602 2000 2010 2040 2070 20100 2271 2371 2515 3800

0.925 654 18.00 1867 1933 1988 21,00 2233 2400 2563 4000

Em | 0.037 4.29 2200 2345 2427 2500 2700 2863 2051 3069 4300
0500 527 X000 2050 2223 2285 MO0 2583 2702 2865 4000

0925 540 2100 X182 2248 2300 2500 2654 2772 2917 39.00

9m | 0037 386 2500 2539 2671 2754 2900 3118 3270 3465 4600
(.50 5.34 2200 2304 2362 2427 2600 2736 2852 30,17 44.00

0925 5.530 2300 2340 2414 2482 00 2513 2937 3095 41.00

0m | 0037 3435 2800 2836 2020 2995 31.00 3347 3303 3713 4800
0500 457 2300 2387 2651 2713 2900 3047 3177 33146 41.00

0.925 4.79 2500 2603 2668 2744 2900 3101 3244 3422 4600
2CDCW3 Im | 0034 000 000 000 000 000 000 000 000 000 0.00
(d =0.145 m} 0,500 474 B0} 850 9.12 9.63 TEO0 1202 1298 1446 2344
0.931 18.42 .00 890 1009 1054 1100 11.6% 1263 1434 27.00

2m | 0034 024 1100 1138 1211 1278 1400 1650 1730 1900 2200
05010 .46 10,00 1082 1039 10188 1300 1415 1308 1645 2800

0,931 [3.66 .00 919 9.36 9493 100 1164 1282 1420 2500

im | 0.034 .88 400 1439 1521 1572 1700 1826 1943 21.06 32.00
0500 504 OO 1231 1287 1344 1400 [58% 1646 1700 2800

0.931 11401 1200 1249 1311 1361 1500 1539 1686 1810 2900

4m 0034 204 1500 1619 1676 1736 1800 1985 2088 224% 33.00
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Data X (yid) Cp Te T Tw T Ty Tae Ty Ty Ty
Set {m) (ppm) is) is) is) () {51 {s) 15} is}h is)

(0300 7.0 14.00 1437 1493 1547 1600 1791 1886 2020 2800

(1,931 8.57 1300 1406 1459 (518 1600 1765 1863 1997 30.00

Sm | 0034 215 1300 1836 1904 1967 2100 2247 2370 2551 37.00
0500 644 1300 1602 1652 1704 1800 1934 2034 21,71 3300

0931 4.69 1300 1564 1627 1678 1800 1906 2014 2135 34.00

am | 0.034 1.7 2000 2030 2098 20164 2300 2466 2591 27.76 3500
050 3537 1700 1808 1864 1926 2000 2193 2300 24536 3900

0.931 564 1200 1819 1874 1935 2000 2204 2300 2447 3400

Tm | (0L.034 1.940 00 2024 2197 2249 2300 2488 X606 2798 3800
0,500 5235 19.00 1988 2051 2112 2200 23.7% 2481 2623 3700

0931 5.22 19.00 1942 20017 2081 2200 2371 2484 2627 4000

Em | 0034 2358 2400 2491 2358 2631 2800 2980 3116 3334 4200
01, 500 380 2100 2145 2214 2272 2400 2561 2702 2849 37.00

(.931 4,53 .00 2150 2206 2273 MO0 2538 2680 2239 37.00

9m | 0034 324 2500 2600 2685 2742 2900 3002 3237 3413 4500
0500  40F 2300 2358 426 2482 2600 2770 2871 3043 42.00

0.931 3.79 2300 2326 2392 2459 2600 2772 2901 3098 39.00

[0m | 0.034 1.7 2700 2764 2RS1 2938 3100 3401 3548 3751 47.00
0500 302 2300 2335 2606 2675 2800 3056 3198 3370 40040

0.931 3.51 2400 2407 Me2 2324 2600 2842 2973 3165 46.00
2CDCWY fm | 0.030  0.00 000 000 000 000 000 000 000 000 000
id = 0.164 m) 0.500 400 8§00 921 976 1036 1100 1298 1394 (529 2400
0940 1211 B.0H) 912 9,94 1048 1100 1172 1261 1391 2600

2m | 0030 .48 (100 1200 1255 1314 1400 1571 1690 1871 2600
0.500 555 1000 1081 1142 11935 1300 1430 1527 1661 2800

0,940 873 900 1020 1076 1136 1200 1270 1355 1480 2500

Im | 0.030 1.35 14.00 1460 1536 1599 1700 1901 2046 2233 3100
0. 5000 381 100 1255 1336 1400 1500 1640 1732 1862 27.00

(.94 0.87 1200 13438 1429 1492 1600 1749 1834 1993 33.00

4m | 0030 073 1500 1527 1572 1634 1800 1961 2104 2284 31.00
0500 492 1200 1304 1374 1436 1600 1698 17901 1921 2800

0940  9.12 13.00 1355 1435 1509 1600 1712 1808 1938 33.00

Smo | 0.030 1.35 1600 1804 1844 (884 2000 2006 2227 238 31.00
0500  4.51 1500 1602 1635 17014 1800 1972 2079 2222 3300

0940 5793 15000 1611 1667 1729 1800 2009 2100 2248 3300

6m | 0030 188 1900 2003 2074 2130 2300 2462 2392 2780 3R.00
0,500  3.85 17.00 1742 1816 1877 2000 2148 2260 2404 32.00

0,940 520 1700 1758 #8833 1894 2000 2182 2298 2455 37.00

Tm | 0030 266 2000 2033 2232 2299 2500 2677 2823 3020 39.00
0500 3157 1900 1942 20014 2076 2200 2350 2457 2596 3500

0.940 ° 365 13.00 1336 1908 1975 2100 2358 2492 2655 37.00

Em | 0.030 193 2300 2400 2491 2371 2700 2924 3059 1251 4300
0500 337 2200 2274 2345 2400 2600 2744 2872 3044 41,00

0940 349 2200 2220 2284 2451 2600 2740 2856 3017 4200

9m | 0030 200 2500 2744 2834 29012 3000 3267 3431 3656 4800
0500 345 M00 2505 2364 2631 2800 2955 3075 3223 40.00

0940 326 2400 2430 2306 2582 2700 2901 3038 3197 40.00

0m | 0030 206 2700 2813 2905 2997 3100 3398 349 3746 47.00
0500 293 2600 2690 2761 2834 3000 3162 3298 31484 4100

0940 313 MO0 2453 2540 2619 2800 3005 3176 3178 44.00
2CDCWS Im | 0.025 000 000 00 0 000 000 000 000 000 0.00
{d=0.19% m) 0,500 1.18 1000 995 1045 1093 1200 1305 1403 1333 22.00
0.950 1089 500 900 1020 1060 1000 (173 1292 1438 2600

Tm | 0025 0.00 GO0 000 000 000 000 000 000 000 000
0500 1.08 200 .00 950 1000 106 1229 1332 1480 2000

0,950 6.25 1000 1115 1071 1233 1300 1496 15391 1729 2900

Im | 0025 039 1300 136l 1432 1490 1600 1739 1881 2045 2400
0500 321 1400 1382 1440 1492 1600 1724 1821 19538 2800

09500 .00 1300 13735 1443 1303 1600 1760 1862 2000 3600

dm | 0025 016 1700 1707 1783 1860 2000 2000 2260 2367 2600
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Data x  (yd) Cp Te Tw Tw T T Tyu Ty T Ty
Set (m) (ppm) 51 (51 i) (s} s} is) ish s |
0500 241 1500 1508 1565 1627 17.00 1%66 1959 2089 2800
(.950 5.08 1500 1539 16153 1678 1800 1949 2061 2206 3300
5m | 0.025 038 1800 1850 1927 1990 2100 2294 2417 2590 29.00
0500 234 1700 17.21 1789 1863 2000 21.78 22385 2434 3600
0.950 390 16.00 1697 1765 1843 2000 2228 2358 2521 37.00
6m | 0025 087 1900 2002 2070 2144 2300 2465 2586 27.71 3500
0.500 1L78 1800 18.1% 1889 1957 2100 2237 2339 2494 34.00
0950 315 18.00 1857 1932 1995 2100 2298 24,15 2580 41.00
Tm | 0.025 159 2200 2240 2286 2332 2500 2670 2810 2991 40.00
0500 199 2000 2078 2207 2303 2500 2707 2837 3006 41.00
(.950 272 2000 2053 2125 20187 2300 2495 26,15 1779 40.00
gm | 0.025 .14 2300 2324 2403 2480 2700 2863 2091 3168 37.00
0.500 217 2200 2311 2389 2468 2600 28320 2942 3120 4400
0950 342 2000 2206 2301 2383 2600 2780 2912 30389 4200
9m | 0.025 1.55 2600 2699 2804 2908 3100 3354 3488 3660 4700
0,500 1.23 2400 2515 2615 2721 3200 3478 3628 3303 4300
0950 228 400 2490 2606 2720 2900 3209 3364 3537 4300
2CDCWE Im | 0.033 4.17 13.00 1407 1460 1519 1600 1757 1863 2009 27.00
J(d = 0130 m) 0500 1523 1200 12210 1261 1313 1400 1544 1640 1770 27.00
0.934 2162 1200 12107 1267 1326 1400 1546 1643 1772 28.00
Zm | 0.033 6.28 14.00 1374 1495 1387 1700 1796 1938 2088 2900
0.500 1342 1300 1305 1358 1416 1500 1669 1774 19038 2900
0934 1978 1300 1308 1360 1409 1500 1641 1743 1874 2900
Im | 0033 690 1400 1482 1550 1617 1800 1938 2057 2222 3L00
0500 1243 1400 1408 1473 1538 1600 1793 1897 2061 31.00
0934 1804 1300 1405 1455 1508 1600 1739 1849 1986 30.00
4m | 0.033 £.20 1500 1565 1644 1730 1900 20004 20159 2331 3300
0500 1210 1400 1497 15375 1641 1700 1906 2021 2190 3200
0934 1613 1300 1490 1547 1600 1700 1846 1961 2104 3100
Sm | 0,033 8.33 1500 1658 1738 1798 2000 2158 2286 2465 3500
0500 1126 1500 1598 1676 1741 1800 2039 2164 2338 300
0934 1491 1400 1584 1644 1696 1800 1952 2076 2239 34.00
6m | 0.033 8.60 1700 17.55 1839 1920 2100 2264 2400 32587 37.00
0500 1034 1500 1698 17.70 1237 1900 2168 2306 2437 3600
0934 13.34 1500 1670 1736 1791 19200 2071 2201 2379 3500
Tm | 0033 &35 1700 1853 1939 20,0 2200 2391 2533 2722 38.00
0,500 9.52 17.00 1797 1872 1940 20100 2292 2437 2626 37.00
0934 1240 1700 1766 1834 1889 2000 2193 2325 3516 3600
gm | 0033 8463 1800 1953 2041 2129 2300 2506 2652 2850 4000
0500 938 13.00 1899 1971 2042 2200 2418 2566 2764 3900
0934 1117 1700 18537 1926 1985 20100 2320 24.61 2659 18.00
9m | 0.033 B33 1900 20533 2143 2223 2400 2630 2783 2986 41.00
0.5(H) 9.06 1300 1993 2075 214% 2300 2542 2692 2894 4100
0934 1046 1800 19.53 2026 2086 2200 2445 2591 2091 4000
2CDsLIL Im | 0.040  0.00 000 000 000 000 000 000 000 000 000
(d = 0124 m}) 0.920) 997 .00 .56 920 .79 1100 1197 1297 1442 27.00
2m | 0040 1.71 1200 1319 1374 1434 1500 1702 1837 2035 2900
0920 802 1000 10,05 1038 1105 1200 1273 1362 1495 2300
Iim | 0040 036 1500 1604 1663 1728 1900 2033 2167 2433 32.00
0,920 747 1300 1323 1377 1437 1500 1668 1765 1890 3200
4m | 0.040 1.02 1500 1845 1926 1999 2200 2403 2556 2745 3500
0.920 489 1400 1473 1337 1590 1700 1860 1970 2119 3300
S5m | 0040 229 2000 2035 2101 MR 2300 2548 2699 2904 R0
0.920 5.44 1500 15364 1631 1686 1800 IBX3 1989 2144 3300
6m | 0040 1.3 2200 2235 2278 2339 2500 2671 2820 3033 39.00
0.920  4.12 18.00 1835 1901 1963 2100 2277 2401 2568 39.00
Tm | 0040 248 2300 2368 2445 25107 2700 2870 3014 3210 4300
0920 135 2000 2052 2122 20134 2300 2570 2743 2898 1800
Em | 0040 237 2500 2565 2651 2737 2900 3157 3334 35469 4000
0920 279 1800 1906 1975 2055 2200 2435 2570 2753 39.00
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Data X (yd) Cp T, Tiw T Ty Ty Twe Ty Ty Ty
Set (m}) (ppm) ) ish i) is) is) ish ish ish ish

9m 0.040 244 2800 2862 2943 3025 3200 3431 3587 3816 4900

0920 2.48 2500 2514 2378 2652 2800 3094 3276 3496 4700

99m | 0040  2.11 2900 3003 3085 3176 3400 3634 3810 4046 5500

0920 258 2500 2493 2559 2634 2800 3084 3235 3454 4500

2CDSL21 Tm 0.037 .04 (0.0} 000 000 (.00 0040 000 0,00 000 .08
(d=0.134 m) 0. 504 228 300 838 BW 947 1000 1185 1277 1404 23.00
0.925 13.50 T.00 .51 920 Q.60 1000 1060 1136 1266 2500

2m 0.037 0.09 1.0 1106 1163 1225 1[3.00 1431 14.87 1588 18.00

0500 2.37 900 963 1025 1075 1200 1293 1383 (522 M0

0925 980 900 927 9,56 9. 86 1100 1200 1289 1415 24.00

Jm | 0.037 1.17 13.00 1373 1438 1492 1600 17.59 1877 .52 2600

0500 3.00 1200 1176 1235 1286 1400 1522 1615 1744 2700

0.925 6.19 1000 1132 1177 1234 1300 1436 1493 1614 2800

4m | 0.037 1.31 1500 1568 1635 1690 1800 1956 2082 2248 3000

0925 377 1300 1332 1369 1416 1500 1648 1749 1855 29.00

S5m | 0.037 1.80 1600 1705 1767 1835 2000 2138 2262 2441 3400

0.925 3.20 16,00 1630 1702 1766 1900 2063 20186 2347 3500

Gm 0.037 225 1900 1943 20011 2056 2000 2366 2499 2691 3500

0925 4.04 1700 1742 1777 1859 20100 2175 2276 2425 3600

1 Tm | 0.037 221 2000 2135 2200 2280 2400 2620 2758 2956 17.00

0.925 4.06 1800 1891 1962 2036 2200 2354 2471 2623 3500

Em | 0.037 199 2400 2538 2622 2691 2800 3065 3208 3402 4300

0.925 268 2100 2306 2366 2434 2000 2800 2960 3169 41.00

9m | 0.037 2.21 28.00 2825 2903 2998 3200 3434 3382 3786 48.00

0.925 2.59 2500 2535 2624 2716 100 31435 33001 3501 4600

ICDCWL Im | 0.043 L] 000 000 000 000 00 000 000 000 0.00
(d=0.115m) 0.913 6,41 7.00 7.89 241 886 1000 1095 11LES 1314 2300
Im 0.043 0.20 TEod oo 150 1200 1300 1420 1533 17.00 22.00

0.913 5.23 900 937 994 1047 1000 1269 1356 1475 2500

Im | 0.043 0.50 10,00 1062 1124 1074 1300 1404 1493 1625 21.00

0.913 503 1000 1078 1135 10182 1300 1398 1488 1616 2500
4m 0.043 .64 14.00 1514 1571 16,33 17.00 1900 2009 2186 28.000
0913 388 1200 1297 1347 1396 1500 1606 17.04 1836 25000

Sm | 0.043 1.65 1600 1733 1808 1854 1900 2095 2208 2369 3000

0913 3.79 1300 1404 1478 1541 1600 1673 18562 1983 3200

0913 208 1500 1561 16.29 168 1800 1940 2041 2181 30.00
fim 0.043 1.713 2000 20469 2142 2209 200 2536 2657 2818 35.000
0913 1.99 1900 19.79 2043 2098 2200 238} 2502 26,73 33.000

Tm | 0.043 1.59 1800 1857 2024 2093 2300 2452 2579 2760 3500

0500 1.89 18300 1839 1883 1948 2100 2254 2373 2529 33.00

0913 218 17.00 1700 1766 1841 2000 2140 2247 2389 31.00

Em | (L043 1.53 0 23.00 2329 2407 2480 2600 2862 2993 31.76 35.00

0913 1.63 1900 2020 2036 21538 2300 2597 2794 2895 37.00

ICDSLLIN Im | 0.043 0.0 00 000 000 000 000 000 000 000 0.0
(d=0.115 m} 0.913 10,38 6,060 7.30 7.9 845 900 933 153 11,57 2100
2m 0.043 0.09 1200 1136 1210 1255 13.00 1513 1617 1692 18.00

0913 T.14 Q.00 9.91 1042 1088 1200 1292 1377 1495 2700

Im | 0.043 056 1300 1233 1292 1346 1400 1600 1709 1850 2500

0913 5.61 1200 1312 1361 1417 1500 1620 1711 1850 2300

4m | 0.043 1.26 1400 1436 1302 1560 1700 1825 1938 2097 2900

0913 285 1200 1255 1318 1369 1500 1604 1697 1838 2600

Smo | (0.043 1.67 1500 1531 1588 1646 1800 1906 2005 2184 3200

0913 276 1400 1419 1473 1534 1600 1768 18363 1990 2800

Gm | 0.043 1.70 18.00 1822 18381 1946 2100 2247 2375 2558 3400

0913 165 1700 1730 1791 1852 2000 21.28 2245 .06 34.00

Tm | (LO43 2.50 1900 1962 2030 2087 2200 2370 2494 2667 3500

0500 258 17.00 1807 1863 1926 2000 2218 2333 2493 33.00

0913 238 1800 1839 1905 1964 2000 2242 2360 2518 3500

fm | 0.043 1.56 20000 2046 2224 2290 MO0 2612 2731 2900 37.00

0300 232 1900 1912 1966 2033 2200 2325 2427 2570 3600
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Data X (yd) Cp T Tiw T T T, LET Ty Ty Ty
Set (m) (ppm) s is) ish (s} ish ish is) is)
ICDSL12 0913 231 1900 1906 1961 2023 2100 23016 2427 2545 3500
(d=0115m)}] Tm | 0.043 Q.00 000 000 000 000 0.00 0.00 000 000 000
0913 8.39 1000 1068 1032 1185 1300 1358 1420 1492 2900
2m | 0.043 .44 100 1032 1189 1245 1300 464 1555 1700 2200
0913 537 200 9.02 .52 1005 1100 1234 1327 1447 2500
Fom (0.043 1.57 TEOO 1144 1209 1264 1400 1518 16107 1764 2600
0913 4.57 1000 1024 1079 1138 1200 1384 1479 1606 2600
4m | 0.043 1.26 1300 1323 1384 1449 1600 1720 1820 1972 2800
0913 4.08 TR0 1152 1221 12719 1400 1550 1652 1782 2500
Smo | 0043 1.82 1400 1458 1526 1583 17.00 1850 1960 2103 3000
0913 303 1400 1424 149 1572 1700 1876 1983 2120 2900
Gm 0.043 1.73 16.00 1649 1720 1782 1900 2103 2224 2386 33.00
0.913 2.29 1500 1500 1559 1628 1800 2037 2156 2303 3100
Tm | 0.043 2.19 1900 19638 2038 2097 2200 2399 2519 2683 36.00
0500 2.64 18.00 I881 1947 2007 2100 2291 2409 2574 3300
0913 2.63 1800 1836 1909 1976 2100 2271 2384 2530 31.00
Em | 0.043 197 2000 2055 2128 2191 2300 2530 2653 2809 37.00
0913 2.25 1700 1742 18.17 1831 2000 2223 2358 2535 3400
JCDSLI3 I m 0.043 (.00 000 0.0 0.0 0.0 .0 0.0 (.00 0,00 (.00
(d=0.115m) 0,913 .73 7.00  7.74 8.25 B.63 900 11 1098 LT 2200
2m 0043 0.28 100 1130 108y 1242 1300 1471 1571 1733 2000
0913 333 900 933 988 1050 1200 1293 (383 1500 23.00
Im | 0.043 0.6l 1000 1hie 072 1234 1300 1487 1590 1747 2200
0.913 3.74 10,00 1070 1133 1185 1300 1435 1535 1666 2400
4dm | 0.043 1.27 1200 1263 1330 13835 1500 1628 1725 1877 2500
0913 310 1200 1251 13019 1375 1500 1616 1703 1835 2600
Smo | 0.043 | (5 1500 1552 1626 1637 1800 1980 209 2265 28.00
0913 2.64 13.00 1382 1441 1493 1600 1752 1872 2023 28.00
6Gm 0.043 1.51 18.00 1820 1888 1961 21.00 2299 2429 32595 312.00
0913 2.18 1500 1573 1640 169 1800 2000 2007 2274 31.04
Tm | 0.043 i | 13.00 1884 1962 2042 2200 2371 X9 2663 3500
0,500 236 1700 1680 1742 1798 1900 2074 2187 2344 3200
0913 2.51 1500 1547 1615 1671 1800 1942 2054 2189 2804
fm | 0.043 1.97 2000 2091 2165 2243 400 2617 2759 29462 3600
0. 500 207 IS0 1833 1924 1984 2100 2196 2312 2459 33.00
0913 210 1900 1915 1976 2045 2200 23467 2498 2670 3500
ICDSLI4 I m 0.043 (1440 0.00 (.04} .00 (0.0} (.00 0,00 .40 .00 .00
(d=0.115 m) 0913 867 T.00 137 792 B.46 900 9.74 1036 1090 1900
2m | 0.043 0.57 900 924 979 1038 1L.00 1250 1337 1453 17.00
0913 345 900 999 1050 1105 1200 1337 1429 1538 2400
Jm | 0.043 1.51 L0000 10L.87 1247 1303 1400 1574 1677 1828 2604
0913 336 1000 1079 1040 1191 1300 1424 1514 1646 2500
4m | 0.043 1.57 1200 1278 1340 1394 1500 1669 1772 1908 27.00
0.913 2.67 1200 1250 1320 1380 1500 1641 1738 1865 2500
im 0.043 1.53 1400 1474 1339 1593 17.00 1867 1983 2125 27.00
0913 2.19 1300 1308 1373 1434 1500 1678 1770 1891 600
am | 0.043 1.48 1600 1662 1732 1792 1900 20100 2200 2345 29.00
0913 234 1200 1253 1321 1378 1500 1659 1770 1902 27.00
Tm | 0.043 1.53 1900 1951 2027 2094 2300 2451 2567 2734 3400
(05001 1.91 18.00 18438 1907 1978 2100 2284 2401 2555 3500
0913 185 1800 1832 1899 1964 2100 2254 2372 2539 3200
Am | 0.043 160 2000 20149 2230 2300 2500 2647 2771 2935 3700
0500 207 1900 2004 2080 2061 2300 2504 2619 2766 3400
0913 1.90 1600 1633 1704 1772 1900 2098 222 2372 31.00
9m | 0.043 148 2100 2079 2143 2203 2300 2535 2663 2843 34.00
0913 1.8% 2000 2031 2002 21,78 2400 2609 2737 2882 3600
ICDSLLA Im | 0043 0.00 000 000 000 000 000 000 000 000 0 000
(d=10.113) 0913 916 700 768 312 8.6l 900 962 1036 1153 2400
2m (.43 0.28 100 1100 1134 1202 1300 1438 1340 1733 2200
0913 4.03 900 044 1104 1154 1300 13935 1495 1648 2700
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Data x  (yd) Cp T. Tw T Tw Tp Ty T T Ty
Set (m) (ppm) 45 i) is) ish ish s s (s ish

im | 0043 046 1100 1163 1227 1280 1400 1535 1638 19037 2400

0913 492 1000 19036 1092 1146 1200 1371 1460 1637 2500

4m | 0043 086 1200 1301 1361 1426 1500 1693 1795 1941 27.00

0913 3.40 00 1230 1287 1343 1400 1583 1670 1790 27.00

Sm (1.043 1.07 15.00 1551 1621 1681 1300 1968 2085 2252 27.00

0913 272 13.00 1383 1448 1508 1600 1754 (846 1968 2900

6m | 0.043 .28 1600  17.15 1783 1855 2000 2126 2224 2356 3000

0.913 241 1500 15350 1617 1671 1800 1917 2020 2171 3000

m | 0043 1.43 1800 1862 1934 1995 2100 2306 2440 26010 3100

0913 2.32 1600 1684 1749 1809 1900 2102 22101 2363 3400

Em | 0.043 [.28 17.00 2085 2229 2274 2400 2604 2722 2893 3700

0, 500 .91 1600 1736 1799 1800 20000 22,011 2263 2349 2900

0913 213 1700 (740 1808 1868 21.00 2151 2205 2328 3200

9m | 0.043 136 2000 2006 201,77 2232 200 2353 2671 2813 3400

0.913 198 1800 1370 1925 1963 2000 2092 2203 2352 280

ICDSL1G I m 0.04 LR 000 .00 .00 .00 0,040 (1.0 (0.0H) IR 0.00
(d=0.115m) .91 7.74 740 736 7.91 245 4,00 69 1036 11L& 22

2m | 0043 014 1000 1007 1120 119 1300 1450 (5367 1795 20000

0913 .61 (K} 923 975 134 1100 1eal 1236 13600 2200

Jmo | (043 (.66 1200 1079 1237 1289 1400 15350 lo6d 18100 2600

0913 4,13 oo 1174 12335 1285 1400 1519 1612 1744 2500

4m | 0.043 1.035 1300 1449 1524 1585 1700 18501 1959 2007 27.00

0913 328 1200 1276 1337 1389 15300 1636 1732 1861 2700

Sm | 0.043 1.65 1400 (515 1570 1631 17.00 1386 (1985 20125 31.00

0.913 291 1200 1238 1300 1355 1500 1609 (708 1843 2500

6Gm | 0043 252 1600 1726 17935 1862 2000 20156 2272 2431 3300

0913 227 13.00 1514 (570 1632 1700 1908 2024 2164 2000

Tm (1.043 1.39 19.00 2004 2073 2151 2300 2511 2638 2804 3600

0.913 1.69 18.00 1836 1900 1979 20100 2339 2463 2612 3200

gm | 0.043 1.37 2100 2168 2248 2325 2500 2668 2794 2972 3800

0913 1.51 1900 (874 1937 1994 2000 2320 2438 2609 33.00

9m | 0.043 L4 2000 2009 2197 2274 2400 2651 2794 2082 3600

0913 4 2000 2036 2106 20171 2300 2498 2622 2790 3600

CDhsL T Im | 0043  0.00 000 000 000 000 000 000 000 000 000

(d =0.115 m) 0913 115 7.00 823 877 9.37 1000 1065 1142 1255 2400

Im | 0.043 0.92 1100 (030 1192 1247 1300 1468 1571 1708 23.00

0013 7.04 Q00 970 1051 1126 1200 1302 (389 1507 25.00

Im | 0.043 143 (200 1251 13019 1373 1500 (624 1729 1876 26.00

0913 6,36 L0 1119 BLT2 0 1232 1300 1460 1532 1675 24.00

4m | 0.043 1.53 1200 122017 1273 1335 1500 1608 1718 186l 2500

0913 5.32 00 (L8O 1248 1294 400 1539 1633 1759 2900

Smo | 0.043 1.32 1400 1470 1337 1592 1700 1866 1982 2147 2900

0913 379 1200 1230 1293 1350 15300 1598 1639 (815 2900

6m | 0043 209 15.00 1633 17.03 1764 1900 2034 2148 21299 1100

0913 123 1600 1669 1743 1811 2000 20,12 2212 2350 3300

Tm | 0.043 1.93 P9.00 1908 1973 2044 2200 2349 24465 26260 3400

0500 330 1700 1788 1858 1933 2100 2240 2351 2495 31.00

0813 320 17000 1734 1799 1863 2000 2174 2297 2452 3300

fm | 0043 227 2100 2148 2226 2293 2400 2630 27532 2931 3900

0913 3105 1500 2005 2084 21468 2300 2511 2626 2774 41.00

9 m (1043 203 2300 2345 2439 2527 2700 2874 3002 30173 3T.00

0.913 277 2000 2034 2107 2077 2300 2550 2672 .27 3500

ICDSL1Y tm | 0043 017 10,00 1121 1092 1247 1300 1360 1475 1638 1800
(d=0.115m) 0.913 4777 700 773 827 8464 900 954 1023 ILTL 26400
2m | 0.043 1.8 1100 1178 1241 1293 1400 1532 1672 1860 2500

0913 3849 9.(H) 9.54 10,13 1056 1100 11LE4 1272 1392 2500

Im | 0043 245 1300 1289 1347 1403 1500 1669 1782 193 2300

0813 2642 1000 1030 1188 1309 1400 1492 15380 1698 2900

4m 0.043 609 15.00 1369 (642 17.06 1800 2006 2117 2279 3500

0913 1504 1300 1382 1444 1499 1600 1736 18351 1975 2800
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Data x (yd) Cp T, Tiw T T Ty Tse T T Ty
Set (m) (ppm) ish ish is) ish ish ish ish (sh

Sm | 0.043 4,440 1400 1444 15014 1573 1700 1839 1939 2138 3300

0913 1509 1100 1096 12510 1306 1400 1360 1663 1500 2700

Gm 0043 1120 17.00 1781 1845 1901 2000 201.72 2281 2435 34.00

0913 1662 1500 1598 1652 17.10 1800 1972 2077 2213 3100

Tm | 0043 12,18 1900 1956 2031 2094 2200 2420 2534 2685 37.00

0913 13.00 1600 1670 1737 1793 1900 20112 2231 2381 3200

Em | 0043 922 2000 2084 2158 2235 2400 2581 2706 2866 39.00

0913 101,27 1800 1853 1927 1990 2100 2312 2424 2567 36.00

9m 0.043 985 21000 2261 2336 2400 2600 27358 2892 3084 39.00

0913 1028 1900 1962 2032 2090 2200 2420 2549 27.04 36.00

ICDSLLID I m 0043 0,00 0.0 .00 0,00 0,00 0,00 (1. 0H) 0.0 L] (.00
(d=0.115m) 0913 1282 T7.00 7.33 7.85 8.42 900 1038 1019 1230 2800
2m | 0.043 1.88 10,00 1059 118 1L.70 1300 (408 149 1636 201.00

0913 2539 BO0 870 923 962 1000 1234 1325 1432 2500

im | 0.043 8.67 1200 1206 1270 1331 1400 1574 1743 1809 30.00

0913 2191 900 e 116 1229 13.00 1447 1538 1660 27.00

4m 0.043 1.76 14.00 1479 1541 1594 17.00 1840 1949 2097 30.00

0913 2036 1200 1246 1308 1359 1500 1588 1674 1788 2500

Sm 0.043 Q.90 1600 1637 1708 172271 1900 2059 21.75 2343 3100

0913 1817 1300 1356 1418 1468 1600 1698 1785 1900 2600

Gm | 0043 921 1600 1639 17.10 17.72 1900 2046 21.55 2293 30.00

0913 13.03 1400 1504 1556 1614 1700 1863 1960 2084 28.00

Tm | 0.043 969 1700 1815 1875 1941 2100 2220 2325 M7 313.00

09213 1240 1600 17.23 1782 1845 2000 2115 2217 2356 34.00

Em | 0,043 9.63 2000 2101 2184 2261 2400 2614 2746 2907 3700

0913 10.94 17.00 1832 1910 1975 201,00 2325 2452 2711 3800

9 m 0.043 9.74 2000 2231 2309 2380 2500 2721 2848 30407 3800

0913 9.12 1900 1973 2048 201,25 2300 2537 2671 2837 34.00

ICDSLIN Im 0.043 0.00 (0.00) 0,00 (1.0H) 0,00 (1.0} .00 0,00 (.00 .00
(d=0.115 m) 0913 37.72 7.00 747 8.25 8.63 R 10,02 1079 1187 24.00
2m | 0043 1.24 10,00 1022 1078 1138 1200 1353 14401 1563 20.00

0913 2472 900 993 1048 10100 1200 1319 1397 1506 2600

im | 0.043 4.76 1100 1148 1211 1263 1400 1502 1590 17.14 24.00

0913 20,11 8.00 842 902 952 1100 1173 1251 13157 2500

4m | 0.043 4.75 13.00 1393 1434 1515 1600 17.77 1834 2031 27.00

0913 1322 1100 1152 1213 1263 1400 1485 1568 1680 2600

Fm | 0.043 846 1600 1620 1680 1840 1900 2022 2126 2274 29.00

0.913 1597 1400 1357 1413 1462 1600 1691 17.78 1895 30.00

Gm 0.043 8.21 1600 163 1749 1908 2000 201.001 2215 2363 34.00

0913 1057 1400 1523 1578 1638 1800 1923 2033 201,75 33.00

Tm | 0.043 £.97 1800 1894 1969 2047 2200 2364 2485 2633 3600

0.913 1001 1600 1678 1744 1800 1900 2003 2217 2360 33.00

Am 0.043 7.76 2000 2054 2133 2201 MO 2549 2677 2840 3800

0.500  9.08 1300 1906 1968 2038 2200 2339 2448 2584 34.00

0913 1044 1700 1704 1771 1849 2000 2191 2298 .39 36.00

9m | 0.043 691 2000 2229 2300 2382 2500 2720 2844 3002 36.00

0913 BY8 2000 2080 2143 2198 2300 2493 2622 2787 %00

ICDSLII2 Im | 0.043  0.00 000 000 .00 0.00 004 0.(H) 000 000 000
(d=0.115m) 0913 3588 o604 .26 801 8.51 900 1190 1044 966 2300
2m | 0.043 .46 10,00 1006 1050 1094 1200 1303 1407 1483 17.00

0913 29469 B.00 3.28 851 939 1000 1058 1126 1244 2804

im 0.043 0.63 1200 1222 1278 1337 1400 1539 1697 1925 23.00

0913 2183 900 999 1049 1098 1200 1313 1395 15308 23500

4m 0.043 4.14 1400 1431 1489 15349 17.00 13.09 1906 2042 2700

0913 1539 1200 1287 1346 1399 1500 1646 1742 1866 2500

dm | 0.043 3.99 1500 1589 1630 17.09 1800 1964 2071 2216 2900

0.913 1339 1400 14016 1470 1331 1600 1773 1866 1986  30.00

om | 0043 8.25 6.0 1631 1695 1738 1900 2038 21.52 2300 3200

a913 1309 15300 1612 1669 1732 1900 2007 2116 2252 2900

Tm | 0.043 842 17.00 1728 1797 1864 2000 2156 2269 2412 31.00
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Data x (yd) Cp LIt Tig T T T, Tie Ty Ty Ty
Set (m) (ppm) 45 ish ish i) ish ish ish ish is)

0913 10,83 1700 1755 1823 1881 2000 2189 2300 2447 33.00

&m | 0043 678 2000 2150 2228 2295 MO0 2624 2735 2885 3500

0913 995 18500 1855 1930 1994 2200 2337 2444 2575 42.00

9m 0043 7.76 2200 2271 2347 2419 2600 2750 2877 3054 40.00

0913 941 2100 2122 2185 2253 MO0 2583 272 102 4000

ICDCW?2 Im | 0033 0.00 000 000 000 000 000 000 000 000 000
(d=0.15m) 0933 3535 7000 8.01 8.34 8.67 900 9.4l 10.33 1148 2500
2m 0.033 0.35 1000 1055 1009 11led 1300 1401 1583 17.13 1800

0933 2548 8.00 64 1004 1052 1100 1IBS 1270 1387 2500

Im 0.033 2.80 1200 1249 1312 1364 1500 1600 1691 18,46 2900

0933 20100 1000 10L15 106es 1223 1300 14210 1499 1602 2700

4m | 0.033 3.41 13.00 1344 1405 1460 1600 1722 1823 1946 2400

0.933 15.19 1100 1166 1228 1277 1400 15306 1590 1712 2900

Sm | 0,033 5.68 1500 1549 1614 1670 1800 1928 2034 2177 30.00

0933 1367 1200 1269 1333 1387 1500 1629 1723 1846 2900

6m | 0033 .9 1600 1615 1674 1737 1900 2009 2125 227} 3500

0.933 12.07 1400 1463 1529 1583 17.00 1860 1973 2118 312040

Tm | 0.033 8.2 1200 1897 1965 2040 2200 2350 2464 2621 3600

0933 1108 1500 1639 1704 1763 1900 2027 21,31 2270 3500

im 0.033 541 19.00 1950 2025 2089 2200 2403 2319 2671 3500

0933 963 18.00 1837 1903 1966 2100 2245 2350 248 37.00

9m | 0.033 6.21 2000 2221 2294 23170 2500 2761 2893 3063 4000

0933 9.05 1900 2004 2062 2126 2200 2346 2433 2589 3500

ICDSL21 I m 0.033 0.0} 0,00 (.04} (0L00 (1M} (.00 0,00 0,00 (.00 0040
(d=0.15m) 0,933 31.98 T.00 132 7.85 8.42 900 10.38 11,18 1235 21.00
2m | 0.033 2.86 10,00 1045 1004 1055 1300 (398 1492 1633 2200

0933 1945 900 910 95 1043 1000 12001 1286 1390 1900

im 0.033 4.03 1300 1370 1436 1491 1600 1763 1879 2042 27.00

0.933 14.06 1000 1006 1067 1025 1200 1332 1407 1532 2704

4m | 0.033 3135 1300 1361 1432 1490 1600 1758 18359 1987 31.00

0933 1341 1100 1202 1254 1310 1400 1540 1627 1741 33.00

ICDSL22 Im | 0033 0.00 00 000 000 000 000 000 000 000 000
(d=0.15m) 0933 29.82 7.00) 7.56 .13 .57 9.4M) 976 10,37 1170 26.00
2m 0033 0.48 1000 1127 1082 1240 1300 1433 1478 1638 19.00

0933 2461 800 R3% 8% 948 1000 1072 1152 1264 28.00

Im | 0.033 1.68 1100 46 12014 1273 1400 1546 1644 1759 2500

0933 1567 1000 1038 1094 1047 1200 1362 1447 1564 30.00

4m 0.033 4.87 1300 1330 1393 1454 1600 1724 1830 1973 29.00

0933 1478 1100 1139 1196 1248 1300 1472 1557 1673 30.00

im | 0.033 437 1400 1457 1523 1578 1700 1830 1923 2056 31040

0500 1050 1300 1352 1406 1469 1600 1705 &1L 1945 30,00

0933 1232 1200 1320 1377 1437 1500 1688 17.7%8 1898 27.00

fim 0.033 3.05 17.00 17,20 17.76 1836 1900 2104 2207 2352 31200

0,500 3.49 14.00 1513 1568 172,29 (800 1895 19387 21.12 29040

0933 11,22 1600 1676 1736 1787 1900 2040 2137 2266 33.00

Tm | 0,033 £.49 1900 1948 20005 2076 2200 2350 2454 2589 33.00

0.500  8.57 1700 1763 1831 1837 2000 2048 2256 2397 36.00

0933 10130 17.00 1708 1774 1834 1900 2098 2192 232 3400

gm | 0.033 6.23 2000 210 2173 2253 MO0 2579 2700 2872 41.00

(.50H) 9.74 19.00 1956 2025 2082 2200 2352 2463 2605 4300

0933 958 18.00 1847 1904 19.72 2100 2237 2340 2473 37.00

JCDSL23 Im | 0033 0.00 000 000 000 Q000 000 000 000 000 000
(d=0.13m) 0.933 30,00 T7.00 741 1.97 849 Q.00 9.64 10,39 11,32 2200
2m | 0,033 096 900 958 1039 1098 1200 1308 1388 1500 24.00

0933 2824 900 919 970 10,29 1100 1132 1209 1326 2600

3m | 0.033 1.44 10,00 1049 1097 1167 1300 1392 1479 1600 21.00

0933 2075 1100 1108 1097 1249 1300 1347 1394 15336 30.00

4m 0.033 |.82 1400 1427 1477 1335 1600 1768 1886 2073 27.00

0,933 13.10 100 1142 1200 1250 1300 1467 15349 1662 33.00
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Data X (v/d) Cp Ty Tin T Tin Ty T T T T+
Sei {m} (ppm) s {31 ish is1 is) ish is) 051 is}

5m 0.033 5.35 1500 15362 1638 1702 1800 220019 2L10 2244 3500

0933 1087 1300 1400 1452 1507 1600 1739 1331 1956  32.04

bm | 0.033 3.31 1700 1785 1846 1900 2000 2164 2271 2423 33.00

0933 10.68 1500 1580 1644 1699 1800 1990 2093 2230 31.00

Tm | 0.033 588 13.00 1873 1955 2028 2100 2238 2366 2554 3400

0933 &7 1600 1673 17,39 1794 1900 2072 21.74 2307 3700

Am 0.033 5.26 2000 2168 2240 2299 MO0 2620 2747 M2 39.00

0.933 9.2 1800 1880 1948 200001 2100 231001 2402 2549 3900

ICDSL24 ITm | 0.033 LR (1.04) 000 (.00 0.00 .00 0.0 0.00 .00 .00
(d =015 m) 0933 3597 700 740 794 B47 900 935 970 1029 22.00
2m 0.033 043 100 1034 10112 1194 1300 1363 1475 1904 2100

0933 2593 800 R830 1002 1050 M.00 1164 1242 1378 2500

Im | 0033 326 1000 1005 1056 1212 13.00 1453 1551 1682 2500

0933 1586 1000 1040 1001 1054 1300 1390 1478 1598 2900

4m | 0.033 5.84 13.00 1430 1546 1607 17.00 1380 1992 21.52 3000

0.933 13.35 1200 1257 13.19 1369 1500 15399 1683 179 25040

Sm | 0033 600 1500 1512 1567 1628 1700 1880 198% 21.27 27.00

0933 11.39 1400 1423 1486 15351 1700 1809 1900 2039  31.00

frm 0.033 6,59 1700 1726 1787 1850 2000 20115 22101 2338 2900

0500 823 1600 (648 17.16 17.74 1900 2045 20153 2299 33.00

0,933 834 1500 1479 1561 1707 1800 1913 2022 21,72 30.00

Tm 0.033 555 1500 1891 19510 20010 2100 2296 2404 2555 31.00

0. 3(H) B.72 1700 1763 1829 1884 2000 2144 2248 2387 3200

0933 950 600 1707 17.76 1839 2000 2010 2210 2346 41.00

fm | 0033 773 2000 2067 20142 2209 2400 2527 2640 2786 36.00

0,933  7.84 1500 1937 2006 2068 2200 2336 2441 2582 3800

9m (033 667 2000 2123 2191 2257 2400 2526 2634 2780 37.00

0933 8.75 2000 2031 2000 2165 2300 2414 2560 2710 39.00

ICDSL25 I m 0033 0,00 (0,04} .00 L] 0.0 .00 .00 .00 (.0 000
id=0.15m) 0933 30.71 700 TA2 759 B13 900 946 991 1097 2200
2m | 0.033 1.24 17.00 1024 1076 1135 1200 1349 1457 1607 1900

0933 2300 900 933 97 1022 1100 1178 1329 1444 2500

Im | 0033 252 1200 166 1227 1281 1400 1527 1604 (745 21.00

0933 1829 1000 1053 1124 1204 1300 1440 1505 1609 2900

4m | 0033 4386 1300 1384 1445 1499 1600 1744 1846 1992 2800

0933 1575 1LO0 10L79 1239 1290 1400 151a 1598 1711 2900

5m | 0.033 506 1500 1527 1597 1684 1800 1872 1977 2L1% 29.00

0500 B8.84 1300 13530 14014 1466 1600 1694 17.78 18593 2600

0933 14.17  13.00 1302 1352 1402 1500 1623 1709 1828 30.00

Gm | (0.033 633 1600 1646 1706 1776 1900 2046 2159 2294 3200

0.500 1055 1500 1600 16350 1699 1800 1921 2007 2124 27.00

0.933 [2.19 1400 1455 1523 1580 17,00 1832 1906 2063 32.00

Tm 0033 4.61 18.00 1828 1889 1953 2100 2230 2334 2479 31.00

0.5(H) 887 1600 lade 1712 1768 1900 2025 21.53 2276 31.00

0933 1072 1600 1650 1708 17.75 1900 2040 20144 2278 37.00

£m | 0033 456 1900 1958 2031 2093 2200 2429 2335 2662 3800

0.500 8.97 18.00 1863 1931 1987 2100 2258 2366 2504 3500

0933 907 17.00 1768 1833 IBS87 2000 219 2266 2376 3600

9m | 0,033  4.9] 2200 2251 2335 Ml 2600 27535 2830 3059 3700

0933 9035 19.00 1985 2048 20107 2200 2417 2332 2691 4000

ICDSL26 Im | 0033 000 000 000 000 000 000 000 000 000 000
(d=10.15m) 0933 30,14 7.00 T.18 745 1.73 .00 B9% 9.73 11,30 23.00
2m | 0033 1.71 10.00 1022 1067 1221 1300 1372 1452 1557 1800

0933 1976 1000 1040 1108 1227 1300 1351 1408 1608 30.00

Im | 0033 1.35 1300 1306 1360 1420 1500 1661 1754 1887 21.00

0933 1812 1000 1037 109 1175 13.00 1398 1461 1573 29.00

4m | 0033 454 1300 1312 1371 1436 1600 1714 1810 1964 27.00

(933 1513 1200 1263 1327 1378 1500 1399 1680 1793 26.00

im 0.033 3.04 1500 1604 1661 1724 1800 2008 2122 2267 3600

0. 300 886 1400 1432 15107 15369 1700 1801 1889 2012 28.00
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Data x (yd) Cp Te Tw Tw T Tp Ty Ty Ty Tr
Set (m) ppm} iy is) i3] s is) i3] i) is) is}

0933 16200 1400 1467 1532 1385 1700 (816 1898 2011 3100

fm 0.033 584 100 1903 1965 2033 2200 2325 2431 2585 3400
0500 948 1500 1535 1598 1656 1300 1909 1999 2125 3000

0.933 1007 1500 1579 1641 1694 1800 1929 2023 2150 2900

Tm | 0033 503 1500 1885 1934 2022 2200 2326 2438 2582 31.00
0.500 8.57 1700 1754 1518 1871 2000 20113 2202 2333 37200

0.933 943 1700 1771 1873 1943 2000 2162 2256 2382 3500

gm | 0.033 381 2100 2136 22106 2235 200 2602 2700 2857 37.00
0500 771 1900 1935 2002 2064 2200 2268 2359 2498 33.00

0,933 924 18.00 1891 1950 2008 2100 2268 2369 2491 3800

9m | 0.033 5.54 2200 2227 2300 2374 2500 2706 2833 011 36.00
0933 7449 000 2062 2127 2182 2300 2456 2574 2740 37.00
4CDCWI Tm | 0.040 Q.00 000 000 000 000 (LK) 0,00 (.00 000 00
(d=0.128 m) 0922 5125 (K 7.0 747 7.94 900 9.94 10.75 1186  26.00
Im | 0040 027 oo 1084 1037 1082 1300 1425 1750 19.63 2300
0.500 136l 10,00 1013 1064 1122 1200 1339 1436 1567 2600

0922 2922 900 949 1002 1064 1200 1294 1381 1499 2900

im (1.0040) 376 1200 1250 1316 1372 1500 1612 17.07 1869 2800
0.500  R.23 1200 1226 1280 1339 1400 1569 1664 1792 2900

0922 3232 1000 1128 10180 1238 13.00 1447 1539 1666 2700

4m (0,046} 4.00 1400 1407 1460 15109 1600 1757 1863 2008 2600
0500 1460 1300 1300 1360 1408 1500 1644 1740 870 2800

0.922 2072 1300 13.07 13467 1426 1500 1646 1744 1872 3200

Sm | 040 7.1 1500 1632 17201 1777 1900 2041 2053 207 33.00
05300 1486 1400 1452 1515 15368 1700 1800 1903 2041 31.00

0.922 1677 1400 1402 1453 1508 1600 1753 1839 2001 36.00

am | (L0440 87 600 1635 1726 1785 1900 2068 2189 2361 36.00
00,3060 12.97 1600 1639 1706 1763 1900 2008 2104 2341 2900

0.922 1426 1500 1531 1587 1643 1700 1898 1999 2149 3800

Tm | 0040 912 900 1922 1975 2080 2300 2430 2548 2699 3800
0500 1098 1700 1747 1816 1876 2000 2074 2174 2315 3400

0.922 1027 1800 1780 1901 1956 2000 2246 2345 2491 3800

Bm | 0.040 839 2100 2198 2269 2348 2500 269 2818 2990 4200
0500 1193 1900 1950 2020 2079 2200 2362 2475 2625 4000

(0.922 12.12 1900 20015 2078 2143 2300 2460 2580 2731 3500

O9m | 0040 938 2300 2358 2437 2505 2700 2840 2960 3026 43.00
0500 985 2000 2177 2249 2308 2300 2648 2766 2925 4300

0923 1094 2200 2299 2358 2423 2600 2742 2855 3010 43.00
4CDSLI Im | 0.040 (.00 (.00 000 o0 000 (.00 0,00 0.0 () (1)
(d =0.128 m) 0.922 2617 500 8.28 280 938 1000 1139 1223 1344 28400
2m | 0040 021 1000 1003 106% 1134 1200 1381 1737 1975 2100
050 6.49 D00 923 980 1039 1000 1260 1352 1483 27.00

0,922 1686 900 920 969 1027 1100 12016 129 1410 3300

Jm | 0040 238 1200 1223 1278 1337 1400 1607 17.02 1830 2800
05 617 1LO0 1145 1204 12354 1400 1483 1572 1695 2900

0.922 958 10,00 1051 1117 1072 1300 1409 1499 1647 2800

4m | 0.040 238 1300 1370 1434 1438 1600 1745 1848 1982 2600
0.500 972 13.00 1335 1395 1430 1600 1694 1788 1921 2500

0922 937 1200 1298 1346 1394 1500 1608 1699 1847 2900

Sm | 0.040 3 1600 1694 1757 1822 2000 2020 2224 361 3000
0,500 T.02 153.00 1330 1420 1481 1600 1790 1906 1993 2800

0.922 878 1500 1603 1662 1709 1800 1898 1996 2138 28.00

tm | 0040 321 17.00 1217 1886 1936 2100 2249 2370 2533 34.00
0500 699 1600 1649 1709 1780 1900 2095 2308 2393 3300

(0.922 9.0 1400 1483 1542 1393 17.00 1856 1966 22001 3000

Tm | 0040 6449 19.00 1955 2001 2231 2300 2452 2561 2736 4000
0,500 3.93 1700 1822 (877 1937 2000 2197 2305 24464 31500

0922 745 1700 1732 1798 1849 1900 20358 21.32 2194 3800

Bm | 0.040 4.61 20,00 2207 2283 2362 2500 2691 2815 2990 40.00
0,500 748 2000 X666 2138 219% 2300 2300 2600 2774 3600
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Data x  (yid) Cp T.. Tw Tw Tw Te Ty T T Ty
Set (m) (ppm) s ish s is) ish is) i) i) )

0,922 8.07 19.00 1969 2052 2137 2300 2502 2623 27.79 385.00

9m 0.040 5.06 2200 2266 2341 2408 2700 2832 2898 31.55 435300

050K 5.51 2000 261 2226 2276 2400 2493 2593 1746 38.00

0.922 7.47 2000 2138 2201 2278 2400 2612 2726 2897 4400

4CDSL12 Im 0.040 0.0 0.0 (.04 004 0,00 000 [IRLN) 0.00 ELL .00
(d =0.128% m) 0922 6.2 700 2206 2253 2299 2400 2630 27346 2894 33.00
2m | 0040 257 900 1095 1148 10197 1300 1408 1517 1699 2500

0.922 16.20 9.0 973 10,24 1062 1100 12402 1328 1480 30.00

Iim 0.040 1.64 1200 1226 1283 1341 1400 1570 1667 1800 22.00

0922 1305 10100 1193 1244 1292 1400 15309 1604 17.62 3600

4m 0.040 309 1400 1427 1480 1539 1600 1772 1873 233 26.00

0922 1165 1200 1277 1338 1388 1500 1636 1749 1920 32.00

Sm | 0.040 517 1600 1787 1845 1897 2000 2148 2266 2436 31100

0.922 948 13.00 1447 (513 1365 17.00 1807 1911 2083 3600

6m | 0.040 4.17 18.00 1920 199 2060 2200 2362 2486 2663 3400

0,922 7.29 17,00 17.25 17.80 1859 2000 2106 2202 2345 33.00

Tm | 0.040 4.54 2000 20104 201,70 2232 2400 2524 2639 207 3500

0922 9.25 1800 1330 1901 1968 2100 2285 2393 25318 39.M

Sm | 0.040 3.54 2200 2200 2260 2326 2500 2649 2776 MEF 42.00

0.922 683 2000 2017 2078 2147 2300 2548 27.0% 2877 4704

9 m 0.040 3177 2300 2265 2335 2394 2500 2703 2823 1998 37.00

0.922 7.93 2000 21,37 2208 2271 2400 2546 2660 2805 37.00

4CDCW?2 Im | 0.034 .00 0.0 000 000 000 000 (1.0 000 000 000
(d=0.147 m) 0932 36.}6 .00 3.47 9.08 958 Hog 1188 1276 139 283.00
2m 0034 1.97 1300 13.69 1430 1481 1600 1739 1842 1976 26.00

0500 1298 10,00 10613 1064 1023 1200 1363 1404 1595 2900

0.932 16,65 Q.00 10,24 1080 1139 1200 13798 1472 1604 27.00

Im 0.034 3.56 100 1122 1182 1241 1300 15306 1618 17535 26.00

0300 1331 1100 1019 1070 1230 1300 1442 1534 1670 23.04

0932 1550 1200 1167 1243 1337 1500 1681 17.74 1907 30,00

4m | 0.034 5.39 1400 1428 15304 1574 17.00 1854 1958 20108 27.00

0500 1091 1500 1395 1446 1495 1600 17.18 1813 1954 2600

0932 1387 1500 1437 153001 1561 1700 1832 1941 20486 3200

Sm 0.034 577 1600 1723 1788 1853 2000 2128 2233 2384 3300

0,500 10060 1500 1561 1624 1674 1800 1945 1977 2095 3200

0932 12465 1500 1572 1630 1677 1900 2004 2104 2238 34.00

6m | 0.034 5.83 18.00 1840 2010 2074 2200 2357 2475 20646 37.00

0500 950 17,00 1726 1788 18538 20,00 2084 2186 2329 29.00

0932 11.15 1600 1652 1730 1806 1900 1978 2100 2268 31.00

Tm 0034 LR H 2000 2052 2141 2293 400 2452 2513 21702 33.00

(.30} 9.35 1800 1836 1904 1965 2100 2208 2307 2448 3600

0932 1132 1300 1900 1960 2027 2200 2349 2468 2620 37.00

fm | 0.034 .41 2200 2243 2320 2391 2500 2046 2798 2978 3900

0500 923 2000 2099 2156 2223 2400 2541 2646 2785 3R00

0.932 1050 2100 2128 2200 2274 2400 2605 2717 2849 38.00

9m | 0.034 764 2300 2437 2513 2581 27.00 2933 3072 3250 43.00

0500 770 2100 2223 2297 2371 2500 2723 2847 3.3 39.00

0932 960 2100 2154 2226 2287 2400 2398 27.24 2886 40.00

4CDSL21 Im | 0034 000 000 000 000 000 000 000 000 000 000
(d=0.147 m) 0932 2812 800 823 887 944 1000 1073 1213 1337 2600
2m | 0.034 009 600 621 658 695 1200 1405 1450 1495 15.00

0300 6351 900 1023 1097 1037 1200 1359 1454 1581 2700

0932 2224 800 $90 955 1022 1100 1047 1194 1350 23.00

Im | 0034 057 1200 1309 1363 1425 1500 1736 1821 20355 2400

(500 904 1000 1211 1260 1308 1400 1534 1625 1751 2500

0932 1437 1100 1189 1247 1300 1400 1537 1629 1757 3000

4m | 0L034 2M 1400 1472 1625 1662 17.00 1842 1951 2108 2800

0300 796 1300 1294 1349 1403 1500 16359 1764 1894 2600

0932 1193 1200 1302 1352 1405 1500 1639 1743 1886 29.00

dm | 0034 298 16.00 1637 1707 1768 1900 2036 2144 2294 29.04)
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Data

X (v/d) Cp Ty T Tr Tsg Te T Tz Ty Ty
Set (m}) _Appm) ) ish i) [H ish (s} (s} ish ish

0. 500 7.70 1400 1493 1552 1612 17.00 1864 1964 2094 2900

0,932 9.12 1400 1542 1584 1664 1800 1890 2039 2008 33.00

6m 0034 3.56 1300 1912 1981 2053 2200 2364 2478 2617 34.00
0,500 6.83 1500 1611 1665 1726 1800 1981 2147 2219 31.00

0.932 7.85 1500 1636 1749 1808 1900 2118 2233 2385 3200

Tm | 0.034 3.52 1900 1931 1967 2106 2200 2428 2524 2595 3500
0500 642 1800 1852 1922 1980 2100 2243 2350 2493 3300
0.932 7.76 1800 1840 1908 1971 2100 2268 2389 2550 3300
Em | 0.034 453 2200 2264 2346 2425 2600 2770 2890 3044 383.00
0.500 618 1900 199% 2056 2121 2300 2440 2550 2684 38.00

0932 645 2000 2106 2163 2230 2400 2568 2698 2874 36.00

9m | 0034 319 2300 235 2433 2502 2000 2900 3029 3216 44.00
0500 610 2100 2138 2201 2257 2500 2608 27.20 28,74 39.00

0932 620 2100 2206 22533 2299 2400 2630 2736 2894 43.00
JCDCW3I Im | 0.031 0.00 0.0 000 000 000 000 0.00 000 000 000
(d = 0.162 m) 0938 3073 R00 865 924 972 1000 1195 1290 1431 26.00
2m 0031 0.13 1200 1204 1258 13019 1400 1505 1570 1644 1800
0500 1285 900 941 997 1048 1100 1253 1340 1465 22.00
0,938 18.22 8.00 549 9.12 963 1100 1198 1285 1402 2500
im 0031 2.14 1200 1217 1270 1331 1400 1557 1658 1796 25.00
0500 1107 100 L9 1245 1293 1400 1504 1591 1718 2500

0938 1063 1000 10356 1020 10194 1400 1526 1623 1684 2800

4m 0.031 545 1300 1412 1465 1526 1600 1301 1908 20355 2900
0500 1040 1300 1428 1461 1494 1600 1715 1808 1941 2500

0938 1540 1200 1257 1323 1376 1500 1630 17.29 1859 31.00

Sm | (.031 39 1500 1567 1637 169 1800 1986 2090 2244 3400
(.50 10,88 1600 1541 1583 1638 1700 1895 1987 2115 3000

.938 13.66 1400 1424 1480 1541 1700 1808 1898 2023 3000

6m | 0.031 6.78 17.00 1805 1871 19245 2100 2239 2432 2531 3600
0500 8.62 1600 1623 1677 1736 1800 2003 21.02 2239 29.00

0938 1347 1500 1603 1666 1726 1800 1954 2052 2182 37.00

Tm 0.031 6H.46 1900 2001 2067 2140 2300 2450 2377 2051 37.00
0. 500 T7.60 1800 1886 1949 2009 2000 2324 2456 2621 3400

(.938 7.6% 700 1842 1886 1942 2100 2206 23001 2442 37.00

&m | 0.031 A5 2100 2066 2250 2325 2400 2549 26,79 2846 39.00
0.500 7.29 2000 2049 2017 2183 2400 2492 2592 2733 3400

0938 1067 1900 1978 2039 2093 2200 2368 2477 2609 38.00

9m | 0031 602 2300 2400 2464 2537 27.00 28388 3037 3211 41.00
0500 1007 2300 2321 2376 2436 2500 2693 2792 936 41.00

0.938 7.50 2100 20131 2206 2282 2500 2675 2802 968 39.00
4CDSL3I Im | 0.031 .00 0 000 000 000 000 000 000 000 000
(d=0.162) 0938 2944 800 933 1012 1056 11.00 11.59 12,53 1447 30.00
2m 0.031 0.17 1300 1303 1356 1405 1500 1938 2007 2068 2200
0500 7.19 10 983 10.56 1127 1200 1289 1375 1492 2200

0938 2289 1000 1033 1118 1159 1200 1278 1406 1529 24.00

im | 0.031 .60 13.00 1305 1373 1438 1600 1707 1800 1920 22.00
0.500 921 1000 1T e 1225 1300 1379 1466 1654 2300

0938 1883 11.00 1169 1231 1281 1400 1432 1310 1634 33.00

4m | 0.031 2.64 1400 1472 1537 1591 1700 1847 1949 20132 31.00
0500 1081 1300 140F 45 1510 1600 1732 1824 1933 2800

0.938 10,94 1200 13.15 13.70 1431 1500 1689 17491 19.35 3300

im 0031 3.58 1600 1676 1745 1865 2100 2157 2306 2385 3200
0.500 819 1500 1584 1644 1697 1800 1955 2037 2184 3300

04938 970 1500 1552 1626 1688 (1500 (957 2038 2182 3100

6m | 0.031 4.64 1800 1859 1931 199 2100 2266 2380 2539 3500
0500 797 1700 1729 179 1862 2000 2148 2254 23188 3400

(938 838 1600 1720 1773 1833 1900 209 2214 2376 3300

Tm | 0.031 362 200 2094 2168 22435 2400 2561 20683 2834 37.00
030 658 1900 1980 2047 2010 2200 24,12 2523 2669 3700

0938 7.78 1900 1983 2067 2153 2300 2480 259 2755 3400
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Data X {Fl'rd]‘ CP‘ Tg_ T|n Tzn T]-n_ Tp TJF 11“.' T”.- T'I'
Set {m) (ppm) i1 is1 ish is) ish [ ish izh

am 0031 331 2200 2286 2358 431 2600 2779 29010 3098 37.00
0500 745 2000 2110 2064 2225 2300 49 1606 2761 3800

(1938 6.74 2000 20070 2132 20189 2300 2508 2631 2801 3700

9m | 0031 345 2100 2774 2855 2939 3100 3330 3458 36.T4 4300
0938 698 2200 2212 212469 2331 2400 2587 2701 2879 40.00
4CDSL32 lm | 0031 000 000 000 000 000 000 000 000 000 000
(d = {0.162 m}) 0.500 211 7.00 290 9.47 9.99 .00 3223 3312 3437 18.00
0938 2783 3800 88X 849 927 1000 1051 1102 1214 21.00

2m 0031 010 7.00 4.50 5.00 5.8 1300 1602 1675 1737 1900
0500 426 1000 831 905 981 1200 1370 1498 1671 22.00

0938 2058 9.00 997 1033 1066 11.00 11.54 1223 1387 2500

3m | 0031 .12 1200 1330 1381 1439 1500 1667 1786 1933 2400
0500 455 1100 610 675 752 900 1156 1311 1501 2400

0938 939 11.00 1L 1174 1235 13.00 149 1582 1696 26.00

4m | 0.031 1.23 1300 1448 1517 15378 17.00 1799 19.02 20352 2600
0.500 .68 1200 1435 1509 1576 1700 1906 2029 2210 29.00

0938 9.34 1200 1279 1341 139 1500 1654 1748 1873 30.00

Sm | 0031 229 1600 1670 1734 1792 1900 2082 2182 2325 2900
L5000 588 1500 1526 15390 1636 1800 1948 2066 2204 3000

0938 .03 1400 1413 1534 1598 1700 1828 1887 2005 30.00

6m | 0031 262 1900 18381 1947 2001 2200 2348 2470 2682 33.00
0.500 600 1800 19014 1965 2024 2100 2230 2312 2429 3300

(L9338 7 .66 1600 1552 1631 1697 190 2058 21,76 2330 3100

Tm | 0.031 290 2100 2119 2204 22527 2300 2368 2489 2650 3400
0500 637 19200 1980 2037 2086 2200 2306 2400 2550 36.00

0.938 7.10 1800 1835 1912 1983 2100 2330 2458 2586 37.00

Em | 0031 323 2200 2283 2378 2443 2500 2565 26382 2342 MO0
0500 684 2100 2126 2183 2243 2400 2501 2591 23121 37.00

0938 628 2000 2102 20169 2235 2300 2485 2589 2135 YO

9m | 0031 385 2300 2339 2421 2493 27.00 2888 3027 3199 4100
0.500 691 2200 2261 2326 239 2500 2624 2726 2872 41.00

0938 624 2000 2091 2153 2219 2400 2660 2786 2959 36.00
4CDCW4 Ilm | 0027 000 000 000 0060 000 000 000 000 000 0.00
(d =0.184 m) 0. 500} 1.75 200 8.51 9.04 955 1o 119y 1274 1381 18040
0946 3018 7.00 8.24 9.00 950 1000 1063 11.E8 (310 27.00

2m | 0.027 231 1200 1220 12,67 1324 1400 1531 1634 1830 24.00
0,500 5406 900 99 1052 1100 1200 1343 1442 1586 3100

1946 18.31 .00 989 1042 1089 1200 1294 1378 1497 2900

Im 0.027 1.41 14.00 1430 1491 1551 1700 1837 1963 2142 3100
0500  11.47 1200 1247 1307 133538 1500 1590 1681 1809 23500

0.946 1409 1100 1143 1198 1249 1300 1465 1552 1676 3000

4m | 0027 200 1600 1771 1830 (880 2000 2140 2240 2400 3200
0. 5000 6,96 13.00 1338 1400 1477 1600 1747 1849 1990 29.00

0946 1346 1200 1332 1390 1450 1600 1713 1301 1934 34.00

Sm | 0027 183 1600 1668 1739 1797 1900 2099 2186 2301 3300
0500 705 1400 1482 1544 1599 1700 1871 1973 2097 9.0

0946 1050 1500 1557 1633 1695 1800 1948 2042 21.73 3300

6m | 0027 602 IRBO0 1977 2051 2122 2300 2446 25K 2774 40.00
0,500 £.30 17.00 17533 1813 1867 2000 2015 2220 2369 30.00

(0946 941 1600 1708 1763 1824 1900 2091 2186 2312 4100

Tm | 0027 441 2000 2038 2108 2174 2300 2525 2645 2810 37.00
0500 630 1900 1935 2008 2073 2200 2357 Moe6 2608 3600

0946 R27 1800 1905 1970 2032 2000 23001 2413 2571 37.00

Em | 0027 525 2100 2403 268 2541 2700 2876 3004 3186 4400
0.500 582 2100 2226 2307 2381 2500 2703 2824 2930 36.00

0946 869 1900 1946 2008 2063 2200 2316 2417 25461 3600

O9m | 0027 406 2400 2473 2384 2685 2300 3023 31.70 3404 4600
0500 630 2200 2265 2339 2405 2600 2783 2933 3115 4300

0946 931 2100 2275 2354 2439 2600 2720 2840 3005 4200
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Data X (y/d) Cp T, T T Tin Ty T T T T
Set (m) (ppm} i3l isi ish is) il i) is1 i)

4CDOSLAN Im | 0027 (1.(H) 000 000 000 000 000 000 000 (.00 (.00
(d =0 184 m) 0.500 1.22 800 8.35 BBl 936 10,00 1015 108 1274 1600
0946 2702 6.00 7.95 9.13 957 1000 1046 1093 1276 2900

2m | 0027 0.00 000 0y 0 000 0.0 000 000 000 3200

0S50 8.32 900 9.33 987 1043 110D 1168 1250 1371 23.00

0946 1719 F00 929 99 1045 1100 1156 1247 1395 2600

Im | 0.027 053 1200 1337 4010 1463 1600 1695 1864 2073 2500

0500 6.08 T 1130 1182 1239 1300 14537 15510 1679 2400

0946 15.82 TR0 1217 1271 1331 1400 1466 1548 16,70 2900

dm | 0,027 1.1 1200 1484 1560 1635 1800 1920 2002 2099 2400

0.500 5.33 13.00 1348 1415 1471 1600 1723 1822 1962 26.00

0,946 948 1400 1445 1508 1564 17.00 (317 1911 2054 3500

Sm | 0027 089 1500 1706 17770 1835 1900 20127 229 2406 30,00

50D 617 1400 1498 1559 1624 1700 1883 1978 20014 31.00

0946 3.72 1400 1429 1493 1555 17.00 183017 1901 2042 34.00

Gm | 0.027 1.80 17.00 1878 19245 2002 2000 2307 2408 235352 3400

(0, 500 4.66 1000 1726 1781 1840 1900 2143 2255 2417 36.00

1.946 7.62 1600 1719 1789 1839 2000 21.37 2236 2369 12.00

Tm | 0.027 201 18.00 20019 2092 2162 2300 2454 2576 2762 3600

0500 383 1700 1907 1971 2033 2200 2337 2439 2582 33.00

0,946 564 1600 1911 1953 1994 2000 2300 241019 2575 3700

Fm | 0027 244 2200 2300 2370 2455 2600 2817 2942 3102 3800

(0. 500 5.40 18.00 2007 2078 2043 2300 2420 25X 2668 3500

0.946 5.35 18.00 2039 2036 2222 2400 2500 2616 2775 4200

9m | 0.027 2.68 2300 2423 251017 2600 2800 3003 3167 3388 4200

0,500 382 2200 2251 2323 2385 1500 2733 2838 3023 3800

0,946 4.62 2000 2480 2564 2652 28500 3006 3200 3403 41.00

JCDSL42 fm | 0027 00,0H) 0.00) .00 .00 0.0 0,00 000 .00 0,000 0.00
(= 0184 m} (1.946 14.86 7.4 T.85 840 288 1000 19093 11,75 1289 2204
2m 0027 (.55 G0 975 1050 1104 1200 1352 1494 1652 1900

. 5(H) 353 G0 941 997 1049 1100 1266 1348 1460 2000

0946 [1.50 B.00 927 984 1042 1100 1076 1267 1379 3000

im | 0027 098 1200 1202 1293 1368 1500 1630 1782 2138 2600

0,500 5.24 Thod 11,82 1241 1293 1400 1517 1399 17.22 2400

(1.946 .33 1100 1131 1208 1276 1400 (521 1609 1738 2400

4m | 0.027 2 1500 1528 1539 1589 17.00 (833 1925 2064 2600

05300 476 1200 1245 1300 1370 1500 1603 1686 1805 2600

0,946 850 100 1234 1294 1350 1500 1590 1679 18.05 28.00

Sm | 0.027 1.68 1600 14628 1700 1780 2000 201,22 2195 F.02 0 30000

0. 30H) 4.46 13.00 1489 1543 1592 1700 1810 1903 2052 2900

(.946 6.27 1200 1433 1494 1555 1700 1808 1897 200017 2600

6m | 0.027 1.31 1200 1853 1923 1987 20100 2266 2380 2573 3200

(1,500 465 17000 1708 1738 1769 1800 1999 2098 2247 30,00

0946 437 1700 1730 1789 1853 2000 21.30 2239 2384 31.00

Tm | 0.027 207 2000 20093 2158 2226 2400 2330 2647 2833 3600

0,300 433 1900 1848 (9014 1973 2000 224) 2344 2491 2500

.946 4.52 1900 (936 1971 2027 2200 2298 2478 2637 3500

Bm 0027 2.59 2000 2279 2404 2452 2300 2564 2727 2997 31500

0. 50HD 508 2000 1972 2041 2098 2200 2360 2469 2624 3204

(1.946 5.46 2000 2027 2109 2202 2300 2397 2564 2785 41.00

9m | 0.027 1.92 2300 2327 239} 2460 2600 2856 2989 3168 41.04

0500 406 2200 2030 2194 2256 MO0 2546 26TR 2866 39.00

0946 438 200 2077 2148 2204 M0) 2374 2709 2870 3300

HCDCWS Ilm | 0045 0.00 000 00 003 000 000 000 000 000 000
(d =0.109 m) 0908 4193 B BA43 918 9.5 1000 1051 105 1319 2500
2m | 0.045 158 900 2014 942 1008 1000 1220 1306 1425 2000

0908 2724 800 §3%8 907 954 1000 1098 1235 1351 2700

im | 0.045 8497 od s 116s 1223 13.00 1426 1515 1648 2800

0908 1924 1000 1082 1203 1251 1300 1381 1500 1389 264

4m 0,043 880 1200 1292 1347 1397 153400 1634 1732 1863 2400
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Data X (y/d) Cp T, Ty Tw T Ty Ty Ty T Ty
Set (m) (ppm) 5 ish ish is1 151 151 151 ish is)

0908 1791 100 1175 1236 1287 1400 15106 1600 17.19 2900

Sm 0045 1066 1400 15335 15393 1647 17.00 1880 199 2158 2900

0.908 1489 1200 1289 1344 1394 1500 1623 1716 (846 3200

6m | 0045 1054 1500 1591 1649 1705 1800 1979 2085 2230 32.00

0908 13.93 1300 1445 1511 1567 1700 1819 1904 2041 2%.00

Tm | 0.045 10.71 1700 1805 1861 (924 2000 2217 2325 2476 36.00

0908 1342 1500 1690 1747 1799 1900 2039 2136 2268 3500

Em | 0045 1068 1800 2027 2093 2159 2300 2439 2550 2698 40.00

(1,208 10.55 1700 1780 1846 1906 2000 2200 2297 2431 3300

9m | 0.045 1113 2000 2064 2137 2198 2300 2479 2584 2729 37.00

0908 1129 1900 1995 2053 2104 2200 2392 2492 2633 3800

4CDSL51 Im | 0,045 (.12 500 550 625 700 300 900 960 1050 1200
(d =0.109 m) 0908 3222 800 847 919 959 1000 1051 1103 1227 2200
2m | 0.045 0.20 1L00  1LIS 1154 1192 1300 1425 1487 1567 17400

0908 2269 300 808 854 901 1000 1057 1147 1285 2200

Im | 0045 093 1200 1222 1277 1337 1400 1601 1681 1781 2200

0908 1413 1000 1036 1093 1147 1200 1381 1466 1578 23.00

4m (0.043 6.19 1200 1349 1414 1467 1600 1717 1512 1945 2800

0908 1348 1100 1242 1302 1354 1500 1590 1677 1794 2900

Sm | 0045 444 1400 1476 1539 1592 17.00 1833 1956 2089 27.00

0,908 13.01 13.00 1345 1405 1455 1600 1688 1776 1892 2700

6m | 0045 535 1600 1804 1861 1925 2000 2217 2326 2492 33.00

0908 937 1500 1556 1625 1682 1800 1945 2048 2181 32.00

Tm 0,045 584 1900 20,17 2084 2156 2300 2462 2389 2762 37.00

(.908% 9.33 1600 1699 1733 1811 1900 2055 2135 2286 3100

Bm | 0045 671 20100 2283 2355 2429 600 2784 2909 3104 4000

0908 887 1800 1839 1899 1954 2100 2207 23.00 2430 31.00

9m | 0.045 6.32 200 2306 2393 2470 2600 2844 2976 3156 4100

0.908 .12 MO0 2216 2273 2336 2500 2626 2734 2874 37.00

4CDSLA2 Tm | 0.045 (.38 10,00 956 10,10 1055 10100 1225 1278 1346 1500
(d=0.109 m) 0908 2266 700 802 834 K67 900 975 1116 1226 2000
2m 0,045 0.31 1100 1086 1141 10189 1300 1397 1468 1621 1800

0908 265 &.00 932 985 1042 1100 1162 1273 1444 2600

im | 0045 186 1200 1222 (280 1340 1400 1601 1698 (839 2500

0.908 16.09 100 1080 1136 1184 1300 1404 1490 1606 2800

4m | 0.045 1.7 1400 1433 (488 1546 1700 1807 1896 2034 2800

0908 11.34 100 1213 1266 1325 1400 1555 1650 17.74 2600

Sm | 0045 334 1500 1513 1566 1627 17.00 1870 1974 2088 27.00

0908 1075 13.00 1340 1399 1453 1600 1702 1793 1919 26.00

6m | 0.045 5.03 1700 1766 1833 1839 2000 2162 2273 2431 360

0.908 8.96 1600 1636 1699 1750 1800 1951 2051 2243 27.00

Tm | 0045 543 1800 1859 1931 1992 2100 2298 2408 2561 33.00

0908 895 1700 1688 1746 1798 1900 2051 2155 2292 3000

Em | 0045 572 2000 2038 20131 20191 23.00 2487 2609 2788 36.00

0908 fo66 1800 1836 1900 1959 2100 2227 2337 2482 38.00

9m | 0045 632 2100 2156 2233 2298 2400 2627 2743 2888 3500

0,908 1.72 1900 1927 1990 2049 2200 2310 2425 2575 3600
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MIXING COEFFICIENTS AND HYDRAULIC PARAMETERS

Data Set d Q b A P U R, Sy h | € | da E, OE, [(Ux)|{(Uy)|(Uy)s

(m) (m’/s) (m) (m) | m | s | (m) (mis) | (ppm) | (mm) | (m¥s) | (m's) | (mis) | (mis) | (mis)
1CDCWI 0.123 0.0195 0.39 0.048 | 0.636 | 0,407 | 0.092 | 0.0009174] 0.029 = = 0.000492 0.056 | 0.378 | 0.446 | 0.455
1CDCW2 0.155 | 00224 039 | 0060 | 0.700 ] 0370 | 0021 | 0.0009174] 0033 | - - | 0000552 | 0.060 | 0327 | 0.375 | 0.386
ICDCW3 | 0.1785 | 0.0308 039" | 0.070 | 0.747 | 0438 | 0.128 | 0.0009174 0.034 | - - | 0000793 | 009 | 0414 | 0.465 | 0.468
ICDCW4 | 0.0895 | 00158 0.39 0.035 | 0.569 | 0.454 | 0.063 | 0.0009174] 0.024 | - - | 0000275 | 0.117 | 0.400 | 0.479 | 0.488
ICDCWS | 0.1645 | 0.0259 0.39 0.064 | 0.719 | 0.404 | 0.123 | 0.0009174] 0.033 | - - | 0000653 | 0.119 | 0.378 | 0.437 | 0.448
ICDCW6 | 0.1005 | 0.0184 0.39 0039 | 0.591 | 0.470 | 0.069 | 0.0009174] 0.025 | - - | 0000229 | 0,043 | 0.413 | 0.496 | 0.506
ICDCWT 0.103 | 0.0198 0.39 0.040 | 0.59 | 0.492 | 0.068 | 0.0009174] 0.025 | - - | 0000456 | 0107 | 0.364 | 0.420 | 0.428
2CDCWI 0.124 | 0.0210 0.39 0.048 | 0.638 | 0.434 | 0,095 | 0.0011765] 0.033 | - - | 0000278 | 0.062 | 0.362 | 0.440 | 0.459
2CDCW2 0.134 | 00263 0.39 0.052 | 0.658 | 0.504 | 0.095 | 0.0011765] 0.033 | - - | o.000398 | 0.118 | 0.442 | 0.516 | 0.527
2CDCW3 0.145 | 00276 0.39 0.057 | 0.680 | 0.487 | 0.105 [ 0.0011765| 0.034 | - - | 0000304 | 0070 | 0397 | 0.478 | 0.500
2CDCW4 0.164 | 00318 0.39 0.064 | 0.718 | 0.498 | 0.117 [ 0.0011765] 0.037 | - - | 0000526 | 0058 | 0.405 | 0.486 | 0.503
2CDCWS 0.196 | 00394 039 | 0076 [0782]0.515] 0.137 | 0.0011765] 0.040 [ - .| 0000417 | 0.059 | 0.475 | 0.530 | 0.536
2CDCW6 0.15 0.0282 0.39 | 0.0585 | 0.69 | 0.482 | 0.109 | 0.0011765} 0.035 | - - 0.00035 | 0.026 | 0380 | 0.470 | 0.550
2CD5LI 0.124 0.0210 0.39 0.048 0.638 | 0,434 | 0.095 | 0.0011765] 0.033 104 0.064 0.000244 0.071 0431 | D494 | 0,500
2CDSL2I 0.134 | 0.0263 039 | 0052 | 0.658 | 0,504 | 0.095 | 0.0011765| 0.033 | 300 | 0.064 | 0000296 | 0.071 | 0.442 | 0.516 | 0.527
ICDCWI 0.115 | 0.0263 039 | 0045 |0.620] 0587 ] 0.087 | 0.0020408] 0.042 | - - | 0000659 | 0216 | 0.495 | 0.590 | 0.602
3ICDCW2 0.15 0.0341 0.39 0.059 | 0690 | 0.583 | 0.114 | 0.0020408] 0.048 | - - 000069 | 0.2 | 0.551 | 0,632 | 0.627
3CDSLI| 0.115 | 0.0263 0.39 0.045 | 0.620 | 0.587 | 0.087 | 0.0020408| 0.042 | 192 | 0.064 | 0.000588 | 0.179 | 0.502 | 0.58] | 0.592
ICDSLI2 0.115 | 0.0263 0,39 0.045 | 0.620 | 0.587 | 0.087 | 0.0020408| 0.042 | 391 | 0.064 | 0.000683 | 0.069 | 0.483 | 0.570 | 0.562
3CDSL13 0.115 | 00263 0.39 0045 | 0.620 | 0.587 | 0.087 | 0.0020408| 0.042 | 681 | 0.064 | 0.000407 | 0.06 | 0.450 | 0.560 | 0.592
ICDSLI4 0.115 | 0.0263 0.39 0.045 | 0.620 | 0.587 | 0.087 | 0.0020408| 0.042 | 1118 | 0.064 | 0.000352 | 0.046 | 0.469 | 0.562 | 0.572
3CDSLIS 0.115 | 00263 0.39 0.045 | 0.620 | 0.587 | 0.087 | 0.0020408] 0.042 | 654 | 0.064 | 0.000457 | 0.008 | 0.484 | 0.563 | 0.565

(U, )y = Width —averaged velocity up to bottom Tt depth of flow
(U, )3 = Width —averaged velocity up to middle 1/3™ depth of flow

(U, )3 = Width —averaged velocity up to top 1/3™ depth of flow

Continued....
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Data Set d Q b A P U Ry Sh U, C; | dsg E, OEy [(U ) [(Ual(Uy )4
{m) {m";’s} {m) {m"i (m) | (m/s)| (m) (m/s) [(ppm)|{mm) {m‘r.fs) {mz.-"s;} (m/s) | (m/s) | (m/s)

3CDSL16 | 0.115 | 0.0263 0.39 0.045 | 0.62010.587|0.087| 0.00204| 0.042 | 758 |0.024| 0.000631 | 0.111 | 0.453 ] 0.541 | 0.551
“|3CDSL17 | 0.115 | 0.0263 0.39 0.045 |0.620]0.587(0.087| 0.00204| 0.042 | 1513 | 0.024| 0.000387 | 0.359 | 0.505| 0.580| 0.584
3VDSLI18 | 0.115 | 0.0263 0.39 0.045 (062005870087 0.00204| 0.042 |915.2|10.024] 0.0004 - 0.48610.571 | 0.581
JCDSL19 | 0.115 | 0.0263 0.39 0.045 |0.620]0.587]| 0.087| 0.00204| 0.042 | 1035|0.024| 0.000588 | 0.18 | 0.498]0.575]0.580
3CDSL110| 0.115 | 0.0263 0.39 0.045 |0.620|0.587(0.087| 0.00204| 0.042 | 2060 | 0.024] 0.00056 | 0.057 | 0.495] 0.574] 0.583
JCDSLI111| 0.115 | 0.0263 0.39 0.045 |0.620|0.587|0.087| 0.00204| 0.042 | 3765 |0.024| 0.000355 | 0.239 | 0.483 | 0.562] 0.561
JCDSL112| 0.115 | 0.0263 0.39 0.045 |0.620|0.587|0.087| 0.00204] 0.042 | 3285]0.024| 0.000508 | 0.124 | 0.499 ] 0.582| 0.581
JCDSL22 0.15 0.0341 0.39 0.059 |0.690|" 583]0.114| 0.00204| 0.048 | 2510 ]0.024| 0.000968 | 0.05 |0.541]0.628[0.618
3JCDSL23 0.15 0.0341 0.39 0.059 |0.690|0.583|0.114] 0.00204] 0.048 | 3075 1 0.024| 0.000484 | 0.191 [ 0.531]0.624 | 0.629
JICDSL24 0.15 0.0341 (.39 0.059 [0.690|0.583]10.114| 0.00204] 0.048 [ 993 [0.024] 0.000601 | 0.03 [0.550]0.627 | 0.628
JCDSL25 0.15 0.0341 0.39 0,059 | 0.690]0.583|0.114| 0.00204] 0,048 | 1787 |0.024] 0.000715 | 0.034 | 0,550 0.627] 0.627
ICDSL26 0.15 0.0341 (.39 0.059 | 0.690]0.583]0.114| 0.00204] 0.048 | 2395 0.024] 0.000673 | 0.063 | 0.553 ]| 0.644 | 0.629
4CDCWI 0,128 | 0.0258 (.39 0.050 [0.646)0.517(0.096 0.00147] 0.037 - - 0.000498 | 0.132 | 0.479| 0.563| 0.577
4CDCW2 | 0.147 | 0.0290 0.39 0.057 [0.684]10.506[0.111 LOO147| 0.040 - - 0001464 | 0.207 | 0,437 (0510|0512
4CDCW3 | 0.162 | 0.0318 0.39 0.063 |0.714]0.50310.123] 0.00147] 0.042 - - 0000739 | 0.119 | 0.461 | 0.522]0.526
4CDCW4 | 0.184 | 0.0367 0.39 0.072 [0.758]0.51210.138] 0.00147] 0.045 - - 0.000426 | 0.036 | 0.467|0.532]0.542
4CDCWS | 0.109 | 0.0235 0.39 0.043 [0.608]0.554| 0.078| 0.00147] 0.034 - . 0.000207 | 0.028 | 0.548 | 0.630| (0.620
4CDSLI11 0.128 | 0.0258 0.39 0.050 [0.646|0.517]0.096| 0.00147] 0.037 | 3787 [ 0.024| 0.000596 | 0.08 [0.448|0.518|0.528
4CDSL12 | 0.128 | 0.0258 .39 0.050 [0.646|0.517]0.096| 0.00147| 0.037 | 3882 [0.024| 0.000427 | 0.036 [0.440]|0.519(0.519
4CDSL21 0.147 | 0.0290 (.39 0.057 10.684]0.506{0.111| 0.00147| 0.040 | 3802 |0.024| 0.001097 | 0.226 [0.442|0.515[0.516
4CDSL31 0.162 | 0.0318 0.39 0.063 |0.714]0.503[0.123| 0.00147| 0.042 | 2458 | 0.024| 0.000825 | 0.13 | 0.468|0.547| 0.548
4CDSL32 | 0.162 | 0.0318 (.39 0.063 [0.71410.503]10,123] 0.00147] 0.042 | 3308 |0.024| 0.000958 | 0.177 | 0.445]0.517 | 0.520
4CDS1.41 (0.184 | 0.0367 0.39 0.072 [0.758|0.512]1 0,138 0.00147] 0.045 | 3067 | 0.024| 0.001335 | 0.118 | 0.482 ]| 0.546 1 (.547
4CDSL42 | 0.184 | 0.0367 0.39 0.072 |0.758]0.51210.138] 0.00147] 0.045 | 4610 [ 0.024| 0.001755 | 0.281 [ 0.461]0.539]0.543
4CDSLS1 0,109 | 00235 .39 0,043 [0.608]0.554]0.078| 0.00147] 0.034 | 4460 | 0.024| 0.000369 | 0.056 | 0.487 | 0.573| 0.585
4CDSL52 | 0.109 | 0.0235 0.39 0.043 |0.608|0.554)0.078| 0.00147] 0.034 [ 6178 [ 0.024| 0.000287 | 0.03 [0.502(0.592] 0.608




