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Abstract

As background to the thesis work presented herein the following topics are initially
reviewed:
1. The development of the governing mass balance equation describing the mixing and

transport of dissolved, neutrally buoyant substances, discharged to a river system,
2. Methods for determining and predicting transverse mixing coefficients,
3. Solution methods for two-dimensional, steady state, river mixing problems, anc

4. Previous work on the development of modelling procedures for the simulation of

two-dimensional river mixing with unsteady substance input.

The development of a microcomputer-based, two-dimensional river mixing model
capable of handling unsteady substance source input is described. The model is based
upon the original work of Beltaos conducted in the late 1970’s. The numerical method
employed utilizes a calculation grid with optimized intervals to eliminate numerical
dispersion and dissipation errors associated with the advective transport calculations.

The application of this modelling procedure to natural river systems is evaluated by
comparing the model output to unsteady source conservative tracer studies conducted on
three major rivers (North Saskatchewan, Peace and Slave Rivers). The verification studies
conducted are the most extensive field verification of a two-dimensional unsteady input
source model presented to date. On the basis of satisfactory results obtained in these three

studies the modelling procedure is considered adequately verified for field conditions.

Modification of the modelling procedure to handle non-conservative (reactive)
river water quality parameters is described. In particular modifications to simulate
dissolved oxygen and biochemical oxygen demand in two-dimensions, downstream of an
unsteady discharge are described in detail Kinetic equations representing carbonaceous
and nitrogencus biochemical oxygen demand, atmospheric reaeration, aquatic plant



photosynthetic oxygen production and respiration, and sediment oxygen demand are

incorporated into the mixing model.

A verification study of the resulting dissolved oxygen model is presented. Model
simulations of dissolved oxygen concentrations, downstream of a primary wastewater
treatment plant discharging to the South Saskatchewan River, are compared to measured
concentrations taken over a 48 hour period. Model performance was judged to be very
good but additionai field studies are warranted.

Finally, an adaptation of the mixing model to simulate the adsorption of an organic
insecticide to suspended sediment and bed materials is presented. Comparison of the
model output to field measurements, taken following a slug treatment of the Athabasca
River, could not confirm a suspected loss of insecticide to the bed materials. However,
the model study did illustrate the importance of a two-dimensional consideration of mixing

and transport in comparison to a previous one-dimensional analysis.
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1. Introduction

1.1 Problem Overview

A critical component of modelling the environmental fate of a substance
discharged to a river is to accurately predict its distribution in time and space in the
absence of any environmental reactions acting upon it. Once this mass conservative
distribution of the substance is defined, it cau then be used as a benchmark against which
the effects of environmental reactions can be judged. Without the benchmark information

it is difficult to separate mixing and transport attenuation effects from the effects of
environmental reactions.

A npeutrally buoyant substance discharged into a stream will be mixed with the
stream water by the processes of diffusion and mixing due to differential advection. At the
same time the substance will be moved in the direction of flow by bulk movement
(advection) of the fluid.

Diffusion is movement of the substance within the stream due to random motions
in the presence of a substance mass concentration gradient. The substance mass moves
from areas of high concentration to areas of lower concentration. The random motion
may be molecular, a property of the fluid, or turbulent, a property of the fluid flow. In
natural flow situations turbulent diffusion is the dominant diffusion mechanism.

Mixing due to differential advection is caused by velocity gradients in the bulk fluid
flow. Most natural streams have significant vertical and transverse velocity gradients as
shown in Figure 1.1. Mixing by differential advection occurs in conjunction with diffusion
as shown in Figure 1.2. Diffusion creates a mass flux (mass flow) in the direction of the
area of lower concentration. The velocity profile of the main fluid flow will cause
substance mass moving upward due to random motion to increase in velocity, while
substance mass moving downward will decrease in velocity. The end result is a spreading
of the substance in the streamwise (longitudinal) direction. Similarly longitudinal spreading
is also caused by the transverse velocity gradients. The differential advection process is
often called ‘longitudinal dispersion’.
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Figure 1.1 Typical velocity gradients in a natural stream.
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Figure 1.2 Mixing due to differential advection.



The interaction of diffusion, differential udvection and channel geometry create
several characteristic mixing regions in a river. Beltaos (1979) described these
interactions with the aid of Figure 1.3. At time t;, a quantity of conservative substance is
instantaneously released into the stream flow. The substance mass moves downstream at
the local flow velocity, mixing in all directions, primarily by diffusion, and remaining a
near uniform cloud until time t; corresponding to distance x,. Beyond x, the substance
will encounter the streambed and velocities that are significantly different than the original

local velocity at t,. The substance cloud then begins to distort due to differential
advection.

transverse

-y
longitudinal

X, X, X2 X,

1 ey P

I‘ 3 Vr 3 3 Vl . i .

3 Dim. 2 Dimensional Zone 1 Dimensional
Zone Zone

Figure 1.3 Typical spread of substance mass in each of the characteristic mixing
regions - modified from Beltaos (1979).

At x, the main body of the substance cloud has beccme uniformly mixed in the
vertical due to the ‘no flux’ boundary conditions of the streambed and the water surface.
The cloud is stretched into a crescent shape under the influence of longitudinal dispersion
and transverse diffusion. Transverse spreading of the substance mass continues until the
edges of the cloud encounter the stream banks at x;, and eventually at x; near uniform
concentrations are established across the stream. Beyond x4 the cloud continues to stretch
in the longitudinal direction.



The region X, to X; is called the three-dimensional mixing zone because
concentration gradients exist in every direction. Between x; and x4 significant
region is called the two-dimensional or the transverse mixing zone because the transverse
gradients are dominant. Beyond x, the dominant concentration gradients exist in the
longitudinal direction and the region is called the one-dimensional or longitudinal mixing
zone.

Many river mixing and transport models have been developed using the principles
of fluid mechanics, mass transport and numerical methods. Most of the models reported
in the Lterature have been verified with field studies. However, the majority of these
models have been developed for the following specific situations:

1. omne-dimensional unsteady effluent source problems where the substance concentration
changes in time and with distance in the downstream direction only (beyond x, in the
discussion above), and

2. two-dimensional, steady-state effluent source problems where the substance
concentretion changes with distance in the downstream direction and with position
across the stream in the transverse mixing zone (between x; and x, in the discussion
above), but is invariant in time.

In other words, the models have been developed for simplified special cases of the overall

problem in which the substance concentration changes in time, and in three dimensions.

Some simplifications are justified. Most rivers have a large width to depth ratio,
and complete mixing in the vertical direction occurs rapidly in comparison to the across

stream and downstream directions. As a result, most river mixing models are derived for a

depth-averaged concentrstion, which reduces the overall problem to two spatial

dimensions.

In addition, mixing models are generally derived for steady river flow. This is
justified because critica? situations, in terms of substance mixing, commonly occur under
steady or quasi-steady state river flow conditions. Examples are low flow, open water
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conditions, or ice-covered winter flow conditions. Although river flow is assumed steady,
time dependency is introduced as a result of the characteristics of the waste discharge.
Waste discharges may be instantaneous (i.e. a slug release), intermittent, or continuous.
The latter two discharge situations commonly have a variable substance concentration in
the effluent and/or variable effiuent flow. Therefore the capability to handle time varying
input conditions is an important feature of a river mixing model.

Two-dimensional capability is important because the transverse mixing zone in a
river can extend for many kilometers downstream of the outfall location. A common rule
of thumb is that the mixing zone will extend for approximately 100 to 300 river widths
downstream of an outfall for a bank discharge. The substance distribution in a large river,
resulting from an intermittent or continuously fluctuating discharge, can not be
satisfactorily modelled within the two-dimensional zone using the existing special case
models. In such cases, a more comprehensive two-dimensional unsteady effluent source
model is required.

Two-dimensional, asteady effluent source modelling techniques for mass
conservative substances have been proposed by several authors. However, only limited
data has been presented regarding the field verification of such models. One of the most
promising techniques was first proposed by Fischer (1968) and later developed more
extensively by Beltaos (1978). This method has been verified with several flume
experiments, but with only one limited field test. Further, no work has been reported
regarding the adaptation of a two-dimensional, unsteady effluent source mixing model for
the prediction of common water quality parameters such as dissolved oxygen and
biochemical oxygen demand within the transverse mixing zone.



1.2 Research Objectives
The work reported upon herein had the following objectives:
1. Develop a microcomputer-based set of computer programs for modelling

two-dimensional, unsteady effluent source river mixing based upon the explicit method
first proposed by Fischer (1968) and further developed by Beltaos (1978).

2. Verify this modelling approach using field data from three slug input tracer tests
conducted on three major western Canadian rivers.

3. Demonstrate the ease of adaptability of this mixing model to the prediction of
non-conservative parameters by the addition of subprograms to simmlate typical

environmental reactions.

4. Apply an adapted version of the model to the prediction of dissolved oxygen
concentrations downstream of the outfall of a primary wastewater treatment plant.

S. Apply an adapted version of the model to the prediction of methoxychlor (an organic
insecticide) concentrations downstream of 3 slug treatment discharge.

1.3 Scope of the Investigation

The scope of the investigation was limited to existing data which had previously
been collected by federal, provincial sand mumicipal government agencies and the
University of Alberta. No new data wis collected due to the prohibitive costs of
conducting a comprehensive field program. Despite this restriction the quality of the data
sets obtained is reasonable and encompasses five major studies conducted on five separate
western Canadian rivers.



2. Review of Two-Dimensional River Mixing Theory
2.1 Governing Equations
2.1.1 Material Mass Balance Equation
The material mass balance equation is the basis of all mathematical descriptions of

substance mixing within a fluid body. Considering a control volume within the fluid body
(Csanady, 1973), mass conservation requires that:’

I' = total surface area The time rate of change of total substance

mass in the control volume
Control Volume

The net influx of substance across the
surface area of the control volume

+

¥ = total volume The time rate of ‘creation’ or ‘decay’ of

Figure 2.1 Control volume. the substance within the control volume

The control volume is shown in Figure 2.1 where: ¥ is the total volume, I is the
total surface area, dV is an elemental volurae and dI' is an elemental area on the surface of
the control volume. The elemental volume dV is small enough that the substance
concentration ¢, contained within d¥, can be considered a constant throughout d¥ at any
given time. The mass of substance within d¥ is the product cdV. The total mass of
substance, M, within the control volume is given by the following volume integral:

M=Lcd¥ -

! The equation development presented in this section is adapted from Steffler, 1991 and
Rajaratnam, 1980.



The time rate of change of mass within the control volume is a derivative with
respect to time:

aM_d
@ aeV 2]
Considering the control volume dimensions to be independent of time, and using

the Leibnitz rule Equation [2] may be expressed as follows:

dM dc
—_—=] —d¥
dt ¥ot [3]
The net influx of substance mass through the surface area of the control volume is
given by the expression:

netinflux = Ir(-ii-ii)dl" 4

where: 4 is a flux density vector,

fi is the normal unit vector to the comtrol volume surface, which is
positive outward, and

dI’ is an elemental surface area small enough such that 4 is constant for
the element at any given time

The net rate of mass reaction (creation or decay) within the control volume is
given by the expression:

net rate of reaction = I Rd¥
M (5]
where: R is the mass reaction rate per elemental volume
Combining Equations [3,] [4], and [5] gives a general integral expression for mass
balance within the control volume:

L%% a¥ = [ (-§aMr+ [Rav “



Analytical solution techniques for Equation [6] traditionally work with the
differential rather than the integral form of the equation. Although it is possible to solve
Equation [6] numerically, most numerical methods also work with the differential form.
The divergence theorem can be used to combine all the terms of Equation [6) into the
following volume integral equation:

[, &+ vg-Ryav = o

where the divergence theorem has been used to convert the surface integral to a volume
integral as follows:
qidl = | V-Ggd¥
Irq IV q [8]
Integrating Equation [7] gives a general differential expression for mass balance of
the control volume.
g_c— + V.q‘ - ﬁ = 0
ot [9]
In order to express Equation [9] in terms of concentration alone a ‘constitutive
relationship® is required for the flux and reaction variables. That is, an expression is
required for the flux and reaction r2te as a function of c¢. To illustrate the incorporation of
the constitutive relationships coansider a rectilinear control volume in cartesian coordinates.
The flow is assumed to be steady and laminar. Turbulent flow will be considered later.

Mass may enter or leave the element as a result of advective or diffusive flux.
Advective flux is mass transfer by bulk movemz=nt of the fluid and is given as the product
of fluid velocity and concentration:

qg, = Vc [10]
where: V is the fluid velocity vector
4, isthe advective mass flux vector
Diffusive mass flux occurs as a result of random molecular motion in the fluid. It

is analogous to heat flow in a substance and is described by Fick's Law. Diffusive flux



through an eclemental area is equal to the product of the concentration gradient
perpendicular to the area and a constant called the molecular diffusion coefficient. In
vector notation Fick's gradient law can be expressed as follows:
d; = -¢Ve 111]
where: G, is the advective mass flux vector
V s the gradieut vector
¢ is the molecular diffusion coefficient.

The reaction constitutive relationship will depend upon the characteristics of the
substance and the fluid flow. For example, a first order decay reaction, which is often
used to model the degradation of organic materials, is given as:

R =-ke [12]

where: k is a first order rate coefficient.

Substituting the expressions for mass flux into Equation [9], and switching from
vector to scalar notation in cartesian coordinates, gives the following expression for
substance mass balance:

2c_+6uc+6vc+6wc=_a_(¢g_§_)+i( gc_)+_a_(¢a_§J+ﬁ
ot ox oy oz ox\'* oy\ Yoy oz\'? [13]

where: u,v,w are velocities in the x,y,z directions, and

R is the reaction term left as a general expression.

In the development of Equation [13] the velocity field is assumed to be known and
steady. If the velocity field is unknown a relationship to predict its magnitude and
direction is also required.

The selection of the constitutive laws, which describe the physical processes, is a

critical part of the modelling process. If the constitutive laws poorly represent the
phenomena the model will give poor results.

In natural streams the fluid flow is turbulent. In turbulent flow the velocities in the
%, y, and z directions and the concentrations at a point are the sum of a time-averaged
component and a randomly fluctuating component as shown below:
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u+u

u=
v=v+vVv

w=w+w
c=c+c

[14]
where the overbar indicates a time-averaged component and the prime indicates a

fluctuating component.

If a turbulent variable in quasi-steady state flow is time-averaged at a point over a
short interval, the average component is a constant and the resultant of the fluctuating

component is zero. Substituting Equation [14] into Equation [13] and time averaging
each of the terms gives:

§g+ duc + ove + owc
ot ox oy oz

d(y 3 ). 0 (s 3 =) . 0(s 2 ==, 0
— —_—unc'l 4+ — —_—vie'l + — —ew'c’' | +
ax(¢*ax “°) ay(d’yay V°) az( “9z w°) R [15]

The time average terms u'c’, v'’c’ and w'c’ are the products of random

fluctuations about the mean velocities and concentration. They represent substance mass
transport via the random motion of discrete fluid packets or eddies (i.e. turbulent motion)
superimposed on the mean advective transport. Experiments have shown that mass
transport by turbulent motion produces Gaussian concentration distributions which are
also a characteristic of the molecular diffusion process (Elder ,1959). Therefore the

turbuleat flux terms are generally expressed in the form of Fick's Law. For example the x
direction component is:

[16]
where: &, isthe turbulent diffusion coefficient in the x direction.

Further, the turbulent diffusive flux is much larger in magnitude than the molecular
diffusive flux, ie. gx >>> ¢, Substitution of the gradient law expressions for the
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turbulent flux terms in Equation [15] and dropping the molecular diffusion terms gives the
material mass balance equation for turbulent flow:
_a£+auc+avc+6wc__a oc o0 Oc d oJc -

= —gy— + —gy— + —g,— + R
ot ox oy oz ax X 9x 6y$y oy 9z >0z [17]

The overbars in Equation [17] are frequently omitted on the understanding that all
variables have been time-averaged.

2.1.2 Two-Dimensional Mixing Equation for Prismatic Channels

The three-dimensional material mass conservation equation was derived in the
previous section. Egquation [17] can be applied to any mixing problem provided the
velocity field, diffusion coefficients, reaction term and boundary conditions are known.
However, solutions in three-dimensions require complex algorithms and often require an
enormous computing effort.

The initial problem definition can point to appropriate simplifications which can
reduce the complexity and computing effort required without sacrificing accuracy.
Appropriate simplifications depend upon the channel geometry, the velocity field
characteristics and the distance downstream of the substance source.

Natural streams generally have a large aspect ratio (width to depth ratio).
Substance mass released to the stream will initially mix in all directions but will rapidly
encounter the stream bed and the water surface. The bed and the water surface are ‘no
flux’ boundaries, therefore, the substance will quickly become uniform:y mixed in the
vertical in comparison to the longitudinal and transverse directions (see Figure 2.2 for the
coordinate system definition). Generally the substance is well mixed in the vertical some
50 to 100 river depths downstream of the substance source.?

2

Based upon analytical solutions to the three-dimensional pollutant mass balance
equation. Experimental verification can be found in Nokes et al. (1984).
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Figure 2.2 Coordinate system for spatial and velocity components.

For water quality modelling beyond the initial three-dimensional zome, it is
advantageous to work with a depth-averaged equation. The depth averaging process
reduces the problem to two dimensions.

The time-averaged velocities and concentration in Equation [17] can be expressed

as the sum of two components, i.e.

u =u+u"
vV=V+v"
w =W+ w’
c=¢+c"

[18]
where the tilde indicates a depth-average component and the double prime‘indicates a
spatially varying component whose depth-average is zero.

A number of terms may be ecliminated from Equation [17] using the
depth-averaging procedure and recognizing that the vertical advective and diffusive
substance mass fluxes 2t the water surface and at the bed are zero. After substitution of

Equation [18] into Equation {17] each term is integrated with respect to y and divided by
the total depth h.
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For example, depth averaging the second term on the right hand side of the
equation gives:

h

— — b
1 ("2, %4 = Y, 5] _
1 Iay“’ay) dy—;{syay]o 0

0 {19]
The resulting equation after depth-averaging all the terms is:
0 ,~ 0 0 L~
=z + — + — =
5 B0 + 55 @uc) + o we)
-‘9—[1; ex93+h(u"c")] + i[h 923°-+h(w"c")] +hR
ox X oz oz [20]

where: u'c” and w"c” represent substance mass transport due to differential
advection in the x and z directions respectively, u"c” resulting from
vertical shear flow (ie. the distribution of u in the vertical) and w"c”
resulting from secondary circulation.

This method of analysis was originally developed by Taylor (1953, 1954) in radial
coordinates for shear flow in pipes. Elder (1959) later adapted the method to idealized

open channel flow in cartesian coordinates.

Generally the turbulent diffusive flux and the differential advective flux in the x and

z directions are combined into single terms. This reduces Equation [20] to:

0 ,~ 0 0, ~
——at(hc) + ——-ax(huc) + —-az(hwc)——

_a_(hExa_:) + -Q-(hl-:zac) +hR
ox 0 oz oz [21]

where:  E; and E, are called mixing coefficients.

The mixing coefficients incorporate the dispersion effects of differential advection
into Equation [21] assuming the process is also a direct function of concentration gradient.
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The tildes are generally omitted with the understanding that all velocities and the
concentration are time and depth-averaged.

Equation [21] is a general expression for two-dimensional mixing in a natural
stream. For the case of a prismatic channel (i.e. h and u do not change in the x direction),
Equation {21] may be modified to:

dc dc 7] d*c o dc ~
228 + 2 + Lawe)=hE LS + Z@E,SS) + bR
ot T Mox ¥ 5 OWI=hEG et 5 0EG) 1221

where: h and u have come outside the longitudinal (x direction) differentials. .

Although natural streams can seldom be considered prismatic, they can be
approximated by a series of subreaches or segments of constant geometry. The mixing in
each subreach is then approximated by Equation [22]. A critical component of the
modelling procedure is the acquisition and application of representative subreach
geometry and velocity field information.

Additional simplifications to Equation [22] are discussed in the next section.
These will further reduce the complexity and computational effort, however, the
simnplifications only apply to specific regions downstream of the substance source. The

modeller must be careful to chose simplifications which are appropriate for the river reach
of mterest.

2.1.2.1 Transverse mixing zone

Observations of a shug release of substance in a Lagrangian reference frame (i.e. a
reference frame moving at the mean advective velocity) within the region before the
substance becomes uniformly mixcd across the channel, indicate that the transverse spread
of the plumae is small in comparison to the longitudinal extent of the plume (Elder, 1959).
Using order of magnitude analysis it can be shown that dc/6z >> Oc/0x and therefore the
diffusive flux in the z direction is much greater than in the x direction. For this reason the

region is called the transverse mixing zone.
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Applying this approximation to Equation [22] and assuming the mean advective
transport in the z direction is negligible, i.e. we = 0, gives:

oc dc 0 oc A
h— + hu— = — z—) + hR
T PR P P 23]
which describes two-dimensional time dependent mixing and reaction, of a mneutrally

buoyant substance in the transverse mixing zone for quasi-steady state stream flow.

If the substance mass flux of the source is steady state and the reaction is also steady,
then a time independent concentration distribution will be established downstream of the
source. In such a case Equation [23] may be further simplifiel by omitting the time differential
giving:

huéﬁ = -—a-(h Ez-qg) + hR
oz

ox Oz [24]

2.1.2.2 Longitudinal mixing zone

Beyond the distance required to establish a near uniform concentration across the
flow, the transverse concentration gradient is negligible compared to that in the
longitudinal direction, i.e. O¢/0x >> Oc/0z. Applying this approximation to Equation [22]
and again assuming negligible transverse advective flux gives:

2
hi‘i + hu_aﬁ = hExa c

9% +hR
ot ox ox?

[25]
which describes one-dimensional transient mixing and reaction, of a neutrally buoyant

substance in the longitudinal mixing zone for quasi-steady state stream flow.

The steady state expression for Equation [25] is the simplest example of transport
and reaction of a neutrally buoyant substance. In this situation the longitudinal diffusive
flux is negligible compared to the longitudinal advective flux, i.e. E.0c/0x << uc. The
concentration downstream of the source is then given by:

LA
ox [26]
which is identical to the expression for a steady state plug flow reactor.
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2.2 Transverse Mixing Coefficient

In order to use any of the equations presented in the previous section it is
necessary to have a knowledge of the mixing coefficients. Several methods are available
for the calculation or prediction of mixing coefficients. These include:

1. Change of moments analysis of measured concentration distributions.

2. Numerical or analytical solution of the governing differential equations, using trial and
error values for the mixing coefficients, to obtain an optimum fit to measured
concentration distributions.

3. Integration of the governing differential equations to solve for the mixing coefficients.

4. Empirical equations for the prediction of the mixing coefficients based upon turbulence
theory, channel geometry and flow characteristics.

Methods 1 and 2 require measurements of the substance concentration, channel
geometry and velocity distribution downstream of the source. The concentration
distribution is often determined by means of a tracer test. Method 1 uses a relationship
between substance or tracer plume spreading and diffusion theory to obtain a
reach-averaged value of the mixing coefficient. The variance (second central moment) of

the concentration distribution at each section is used as a measure of the plume spreading.

In method 2, the value of the mixing coefficients is deduced by trial and error
fitting of an amalytical or numerical solution of the governing mass balance equation, to
measured concentration distributions downstream of the source. Optimum values of the

mixing coefficient can be obtained for each subreach.

Method 3 is theoretically based and requires very accurate knowledge of the
channel flow characteristics. Expressions or experimental data must be available which
accurately define the velocity and shear stress distributions within the flow as well as the
concentration distributions. As a result this type of analysis generally can only be applied
to simple flow situations such as pipe flow or uniform flow in a infinitely wide channel.
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Once the mixing coefficient has been determined, using method's 1,2 or 3 for a
particular set of flow and channel characteristics, it may be used in the mass balance
equation to predict concentration distributions for other substance discharge conditions.
If the flow and channel conditions vary considerably a nmumber of field tests will be
required to define the mixing coefficient over the range of variation in flow conditions.

Method 4 uses turbulence theory and knowledge obtained in previous experimental
studies to try to empirically relate the mixing coefficient to easily measured channel
geometry and flow parameters. No prior knowledge of the concentration distributions is
required.

Method 4 is the only truly predictive proceiure. However, caution must be used
in its application. At this point the empirical relationships are based upon a limited number
of field measurements and actual values can vary widely. Method 4 is often satisfactory
for first approximation mixing calculations, but coefficients derived from field tracer tests
are generally required to confirm and/or improve model accuracy.

2.2.1 Determination from Tracer Tests

2.2.1.1 Method of moments analysis

The analytical solution to the one-dimensional diffusion equation,
dc/ot = D{0*c/dx’), for an instantanecous point source inmjection of substance is the
Gaussian distribution, i.e.

t = eee———tee -
°05Y = Ta=Dp “"[ 4D,t] 27
where: x is the distance downstream of the injection point (m),

t  is the time after injection (s),

D¢ is the diffusion coefficient (m?/s), and

M, is the total mass of substance injected per unit area (g/m?).
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For the Gaussian distribution or any other concentration distribution® it can be
shown that the change in variance of the distribution with time is a direct function of the
diffusion coefficient, i.e.

do?

= 2D
dt £

[28]
where: o is the variance of the concgatration distribution at time t (m®).

Using this principle, mixing coefficients can be determined from a series of
measured concentration distributions by plotting o* versus travel time or distance. For
example Sayre and Chang (1968) determined the reach-averaged transverse mixing
coefficient E, for a number of continuous, point-source tracer experiments using the
relationship:
Udo,
2 dx

E. =
[29]

where: E, is the transverse mixing coefficient (m?/s),

o, is the variance of the transverse concentration distribution (m?),

U is the mean channel velocity (a), and
x is the distance from the tracer injection point (m).

Equation [29] applies to the region beitween the establishment of a uniform
vertical concentration and the distance at which the edge of the tracer plume contacts the
channel boundaries. This methoi of analysis and those similar to it are generally calied the
change of moments method. Examples of the application of the change in moments
method to channels with a significant transverse advection component and to the region
influenced by boundary reflections are given by Holley et al. (1972) and Beltaos (1980a).

3 Provided the mass diffusion conforms to Fick’s Law and the concentration is zero at

x =% 00,
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2.2.1.2 Simmlation methods

As outlined earlier, mixing coefficients can zlso be determined by iterative solution
of the goveming mixing equation to give an optimized fit to measured concentration
distributions. Specific analytical and numerical solutions will be discussed in the next
chapter. Numerical simulations provide an opportunity to incorporate the influence of
local variations in depth, velocity and the mixing coefficient into the solution. Examples
of the determination of the transverse mixing coefficient using simulation methods are
given by Yotsukura and Cobb (1972), Yotsukura and Sayre (1976), Lau and Krishnappan
(1981) and Putz (1983).

2.2.2 Prediction by Empirical Methods

2.2.2.1 Theoretical background

Although method 3 is of limited value for predicting mixing coefficients in natural
streams, a knowledge of the principles involved in the analysis greatly contributes to an
understanding of the mixing process. A :umeral introduction to method 3 for the
longitudinal mixing coefficient is given by Fischer et al. (1979). A modified version of this
analysis is presented here.

Consider uniform flow in an infinitely wide channel as shown in Figure 2.3. The
flow is turbulent with velocity u in the x direction only. There are no changes in u or c in
the z direction (into the plane of the paper). Also consider u and c to be time-averaged
values. The time-averaged velocity and concentration vary in the vertical direction and
can be expressed as the sum of a mean taken over the depth and a deviation from the mean

as previously seen in [18]

The mass balance equation for this flow situation is:

2 3 &
— -+ ” -+ -+ "ny_ - -+ " —
3¢ T+ @ru )5 C+e sx[ax,

az cn
oy?

(c+ °")] + gy
[30]
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Figure 2.3 Velocity distribution in (8) cartesian coordinates and (b) transformed
coordinates.

The analysis proceeds using a transformation of Equation [30] to a coordinate
system whose origin moves at the mean velocity , where:

=X~ .ﬁt, O =t [311

where £ is the transformed longitudinal coordinate and @ is the time in the transformed
system.

The coordinate transformation (using the chain rule of calculus), and the
assumption that the longitudinal differential advective flux is much larger in magnitude
than the turbulent diffusive flux, reduces Equation [30] to:

oc , o¢” ,0¢ ,0¢c" _  §c”
—_— +tu'——tu'e— = gy———5
o0 b 17 3 og oy [32]
Note that in the moving coordinate system the only observable velocity is u”.
Order of magnitude analysis is used to further simplify Equation [32] to:
o¢ &c” ., OC”
"o = g —— with— = 0, aty= 0,h 33

u % &g " 3y y [33]

which implies a balance between longitudinal advective flux and vertical diffusive flux.
However, this balance is only established after an initial elapsed time period due to the
influence of the smaller magnitude terms dropped from the equation.
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The solution to Equation [33] is:

0

1
o = o )=

Ey

u”dydy + ¢" [34]

I
%o
o‘—.&

© Sammay ¢

The rate of mass transport in the longitudinal direction, M, (in the moving
coordinate system) is the product of the velocity u” and concentration c” integrated over
the depth of flow, ie.:

h
M = Iuncn =
0

mlg:l
© ey ¥

w1 urayayay
o0&y o

351
Note that the second term of Equation [34] becomes zero when integrated over the depth

of flow.

Equation [35] shows that the mass transport in the longitudinal direction, viewed
in the moving coordinate system, is proportional to the concentration gradient in the
longitudinal direction. A depth-averaged bulk transport equation can be written in the
form of Fick's Law, analogous to molecular and turbulent diffusion, i.e.

M = ’hExQ

[36]

in which E, is the longitudinal dispersion (mixing) coefficient. E; plays the same role in
expressions for depth-averaged mass transport as £ does in expressions describing

diffusive flux at the elemental scale. The value of E, can be calculated as follows:

1+ %1 % |
Ex = -y I T= I u”dydydy
1] :'? 0 [37]
prewvided the velocity distribution and the distribution of the vertical turbulent diffusion
coefficient are known.

Using E,, a one-dimensional diffusion equation for the depth-averaged mass flux in
the moving coordinate system is given as:
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[38]

Converting back to a cartesian coordinate system, the mean advective velocity is
reintroduced and Equation [38] becomes:

8% | 0% FT
— —_—— = x—
ot “ox  Tox (39)

which is identical to Equation [25], the longitudinal dispersion equation discussed earlier,
for a conservative substance (ie. there is no reaction term).

This method of analysis to obtain an expression for the longitudinal dispersion
(mixing) coefficient was developed by Taylor (1953,1954) for shear flow in a pipe.

Taylor's analysis uses the ‘Reynold's analogy’ which states that the diffusion
coefficients for mass and momentum flux are equal in magnitude. The momentum
diffusive flux through a unit surface area is equal to the shear stress t at the surface

divided by the fluid density p and is analogous to the mass diffusive flux q4. Therefore, by
the Reynold's analogy:

t/p  _ 94

& T (@way)  (8¢/dy)

[40]

Hence E, can be calculated using Equation [37] provided the distribution of velocity and
shear stress are known for the flow.

Taylor substituted experimentally-derived expressions for u” and ¢, into an
equation equivalent to Equation [37] derived for pipe flow and then numerically integrated
the equation to obtain the following simple expression:

Ex = 10.1 ru. [4 l]
where: r is the hydraulic radius, for pipe flow r = pipe dia./4 (m),
u.  is the shear velocity given by (t1o/p)* (m/s) where,
<, is the shear stress at the pipe wall (kg/m s* or N/m’), and
p isthe fluid density (kg/m®).

23



Elder (1959) applied Taylor's method of analysis to uniform flow in an infinitely
wide channel and derived a simple expression for the longitudinal dispersion coefficient.
Elder used the following logarithmic velocity profile for the calculations:

u = d+u'= G+ 1‘1[1+1n(1)]
X h

where: y is the distance from the bed, and
x is von Karman's constant, generally taken as = 0.4.

[42]

For open channel flow, the shear velocity is given by:

ue = JER;s [43]

where: g is the gravitational constant (m/s),
R, is the channel hydraulic radius (m), and
s is the slope of the energy line (water surface slope for uniform flow).

The distribution of shear stress across the flow can be derived from a force balance

and is given by:

© = ] [44]

Substituting Equations [42] and [44] into Equation [40], and differentiating u with
respect to y, gives the following expression for €,:

, = x zll-z]h :
€ [h Y [45]

Equation [45] and the expression for u” from Equation [42] are then substituted
into Equation [37] and the triple integral evaluated giving:

0.
Ex = [ 424]11“‘

X [46]
Elder took x to be 0.41 reducing the expression to:
Ex = 5.93h e [47]
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Taylor's method of analysis could be applied to more complicated flow situstions if
the vertical and transverse variations in velocity and shear stress were described by
mathematical expressions. If these expressions were available then the derived expression
for Ex would have to be section-averaged rather than depth-averaged to account for
variations in u” in the transverse direction. A comparable expression could also be derived

for E,, the transverse mixing coefficient, if the distribution of w” and the transverse shear
stress distribution were known.

Unfortunately the complexity of natural stream flow and even flow within a flume
is generally too great to handle using Taylor's method. As a result, empirical methods for
predicting the magnitude of the mixing coefficients have been developed based upon
turbulence theory and easily measurable flow parameters.

The zeneral theory of turbulent diffusion (Taylor, 1921) states that turbulent
diffusive flux is related to the random movement of fluid particles or packets called eddies.
As shown above, the turbulent diffusion is analogous to molecular diffiusion and can be

quantified with a gradient expression in the same form as Fick's Law. Taylor's analysis
shows the turbulent mixing coefficient is given as:

= = afo ]’ (48]

where: &, isthe turbulent diffusion coefficient in the n direction,

A, is the effective eddy size in the n direction, often called the mixing
length, and

[(v')1a'* is the root mean square of the velocity fluctustions in the n
direction, a measure of the intensity of the turbulence.

It is difficult to measure A, and v'. Therefore, more easily measured parameters
are desirable to characterize the turbulence. Commonly selected parameters are generally
a length scale, representative of the channel geometry and hopefully of the eddy size, and a
velocity scale representative of the intensity of the turbulence of the flow in question. The
turbulent diffusion coefficient is then given by:
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£ = BAV [49]

where: A is a characteristic length scale, (m)
V s a characteristic velocity scale, and (m/s)
B is a dimensionless coefficient.

The validity of this empirical approach for predicting the turbulent diffusion
coefficient is evident in Elder’s analysis of uniform flow in an infinitely wide channel If
Equation [45] is integrated over the flow depth with x = 0.41, the depth-averaged vertical
turbulent diffusion coefficient is given as:

where: h  the flow depth, is the length scale, (m)
u« the shear velocity, is the velocity scale, and (m/s)
B is the dimensionless diffusion coefficient = 0.067.

An empirical formulation is also representative of the mixing coefficients derived
by Elder and Taylor as shown by Equations [41] and [47]. It must be remembered that
Equation [47] was derived for idealized flow with no transverse velocity gradients.
Natural streams always contain transverse velocity gradients due to the bank boundary
shear. These gradients greatly contribute to the dispersion effect and as a result E, is
always much larger that predicted by Equation [47].

In order to predict Ex accounting for the transverse velocity gradients, expressions
similar in format to Equation [47] are used with section-averaged, rather than
depth-averaged parameters. An example proposed by Fischer (1975) is:

_ 0.11U%w?
B~ Thu.
U- [51]
where: is the mean sectional velocity, (m/s)

U

W is the section width, (m)

H is the mean sectional depth, and (m)

U. is the mean sectional shear velocity. (m/s)
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An alternative approach is to use the following relationship proposed by
Kolomogoroff (1941) in which the intensity of the turbulence is characterized by energy
dissipation rather than a velocity scale:

E, = BGM)4?

where: G is the rate of flow energy dissipation per umit mass, and
A is the mixing length.

[52]

One-dimensional mixing and the longitudinal dispersion (mixing) coefficient have
been extensively studied by many authors. Notable works are those by Fischer (1973) and
Beltaos (1980b). The objective of the above discussions was to illustrate the
determination of mixing coefficients by integration methods. An appreciation of these
theoretic arguments are important because they form the basis for the structure of

empirical formula’s used for the prediction of transverse and longitudinal mixing
coefficients.

As the major focus of this work is within the two-dimensional mixing zone no
further discussion of one-dimensional longitudinal mixing will be presented. For further
information on longitudinal mixing and the longitudinal mixing coefficient before and after
the balance implied by Equation [33] the reader should consult the review paper by
Elhadi et al. (1984) and the reference works by Fisher et al. (1979) and Rutherford (1994).

2.2.3 Transverse Mixing Coefficient Investigations

Within the two-dimensional mixing zone there are large concentration gradients in
the transverse direction. Although the time and depth-averaged transverse velocity
(iLe. W) is generally negligible, transverse mixing occurs due to turbulent diffusion and
dispersion effects. The w’ turbulent fluctuations create a diffusive flux while transverse
velocity profiles of the type shown in Figure 2.4 cause a dispersion effect.

The transverse velocity profiles, often called 'secondary circulation’, are induced by
bank shear, especially where there are bends or large iri'eglﬂatities. It is very difficult to
quantify or derive expressions for w and w” and therefore the transverse mixing
coefficient is generally predicted using an empirical equation.
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transverse velocity profile

Figure 2.4 Typical secondary circulation and transverse velocity profile.

While investigating longitudinal dispersion in a wide rectangular channel
Elder (1959) also observed the transverse concentration distributions resulting from a
point source slug injection of tracer. He noted that the distributions were Gaussian in
shape implying a Fickian diffusion type process and proposed an empirical expression
similar to that for the vertical diffusion coefficient, i.e.

€ = BHU, [53]

Elder estimated f3 to have a value of 0.23 on the basis of a best fit Gaussian curve to his
experimental results.

Since Elder’s original work the transverse mixing coefficient E, (which includes
turbulent diffusion and dispersion effects) has been extensively studied in straight
rectangular channels (i.e. flumes) and in natural streams. Despite all the effort a great deal
of uncertainty still exists regarding the factors which influence its magnitude.

Lau and Krishnappan (1977) presented a comprehensive summary of the results of
approximately 50 transverse mixing experiments in straight rectangular channels. This
data and the results of more recent experiments by Webel and Schatzmann (1984) and
Nokes and Wood (1988) are shown in Figure 2.5. An approximate average for the
experimental results using Elder's empirical formmlation is B = 0.14.
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Figure 2.5 Dimensionless Mixing Coefficient vs. Aspect Ratio
- modified from Lau and Krishnappan (1977).

In an effort to explain some of the scatter in his experimental data Okoye (1970)
suggested § may be a function of channel aspect ratio (i.e. W/H, the channel width to
depth ratio). A dimensional analysis conducted by Lau and Krishnappan (1977) also
suggested 3 may be a function of aspect ratio. The aspect ratio should be indicative of the
possible magnitude of the secondary currents. If W/H is large the influence of side wall
shear and thus secondary currents will be less significant that for small W/H.

Lau and Krishnappan (1977) could not confirm this relationship but proposed an
alternative method to reduce the scatter in the data. They suggested using the channel
width as the length scale in the empirical formula and plotted Ez/WU. vs. channel aspect

ratio. Using this approach all the data appears to collapse onto one consistent curve as
shown in Figure 2.6.

There is some qualitative basis for suggesting a lat:ral length scale to characterize
the transverse mixing. Fischer (1967), in commenting on the large magnitude of the
transverse mixing in comparison to that in the vertical, had eluded to the fact that eddy
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size is partially dependent upon the proximity of normal boundaries. Hence eddy size is
less restricted in the transverse than in the vertical direction. Fischer (1967) suggested
larger scale eddies in the transverse direction may provide more effective mixing
explaining the larger coefficients measured in the transverse compared to the vertical.
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Figure 2.6 Dimensionless Mixing Coefficient (W as length scale) vs. Aspect Ratio
- modified from Nokes and Wood (1988).

Webel and Schatzmann (1984) conducted a comprehensive laboratory study of the
hydraulic and geometric parameters which dimensional analysis indicate could influence 3.
These included Froude No., Reynolds No., friction factor and aspect ratio. They
concluded E,/HU. was independent of all parameters except friction factor. For smooth
bed flow with friction factor < 0.08, they observed an increase in E,/JHU..* For friction
factor > 0.08, E,/HU. was constant with a value of about 0.13. Webel and Schatzmann

4 Values of friction factor < 0.08 are well below those found in naturil streams.
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concluded that the flow depth and not width was the most appropriate length scale for
non-dimensionalizing E,.

Nokes and Wood (1988) further studied the question of non-dimensionalizing E,
and also concluded that depth was the most appropriate length scale. They demonstrated
that a plot of E./WU. = 0.16/(W/H) gives an excellent fit to the data presented by Lau and
Krishnappan. In effect this curve is a plot of E,/HU. = 0.16 and therefore the curve of
good fit is independent of aspect ratio and the channel width. The majority of the data
shown in Figure 2.6 fall between the curves defined by E/HU. = 0.10 and 0.20.

Nokes and Wood (1988) qualified their finding by stating investigators must
clearly define what processes E; is intended to represent. If E, is only intended to
represent transverse turbulent diffusion, with negligible secondary circulation, then the
depth is the correct parameter. They took great care in their experiments and in the
selection of data from other investigators to eliminate secondary circulation from the
analysis. Basically this meant they only used data with large aspect ratio (including Webel
and Schatzmann's) which would minimize side wall induced secondary circulation. On this
basis they concluded &, = 0.134 HU..

While these results for rectangular channels are of academic interest they are not
that useful for predicting the mixing in natural channels due to the ever present secondary
circulations. This is confirmed by numerous field measurements where E,/HU. has been
found to range from 2 to 40 times the value 0of 0.134. A summary of field results from a
number of investigations is shown in Table 2.1.

In a field simulation, E; attempts to account for diffusion by turbulent fluctuations,
the dispersion effects of secondary circulation and possibly minor transverse advective
effects which have been dropped from the mass balance equation. In these situations the

secondary circulation is generally significant and highly variable and can induce transverse
eddies on a scale much larger than the depth of flow.

®  Note &, has been used here rather E;, to denote a primarily turbulent diffusion process.
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Table 2.1 Dimensionless transverse mixing coefficients from several investigators.

Stream Description Investigators W/H EJHU.
Missouri River near Blair Yotsukura and Cobb (1972) 66.7 0.50
South River Yotsukura and Caebb (1972) 46.2 0.29
Dssel River Holley and Abraham (1973) 17 0.51
Mackenzie River, Ft Simpson to Mackay (1970) 185 0.66
Norman Wells
Athabasca River below Ft. McMurray Beltaos (1978)
open water 170 0.75
ice-covered 131 0.58
Athabasca River below Athabasca Beltaos (1978)
open water 156 0.41
ice-covered 288 0.29
North Saskatcliewan River below Beltaos (1978) 137 0.25
Edmonton
Bow River at Calgary Beltaos (1978) 104 0.61
Beaver River near Cold Lake Beltaos (1978)
open water 45 1.03
ice-covered 64 i.27
Missouri River below Copper Sayre and Yeh (1975) 59 3.30
Generation Station
Grand River below Kitchener Lau and Krishnappan (1981) 117 0.26
Slave River below Ft. Smith Put2(1983)
near bank region:
open water 164 0.07
ice-covered 164 0.05
mid channel region:
open water 161 0.88
ice-covered 163 0.47
Mississippi River below Monticello Demetracopoulous and 171 0.24to
Generating Plant Stefan (1983) 4.65
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Consequently for field studies there are still the following uncertainties regarding
appropriate scales for non-dimensionalizing E,:

1. Is a vertical or a horizontal length scale more representative of the eddies involved in
the mixing process?

2. Are local values of the length and intensity scales more appropriate than section or
reach averages?

3. Isthe length scale a function of aspect ratic or proximity to shear boundaries?

At present most investigators using numerical models for mixing simulations use
section-averaged or plume region values of flow depth and shear velocity to
non-dimensionalize E. within a sub-reach. Those using analytical models work with
reach-averaged values. Aspect ratio or proximity to shear boundaries is gemerally not
considered.

Some investigations on the influence of secondary circulation upon transverse
mixing have been conducted. Fischer (1969) proposed the following relationship to

quantify the enhanced transverse mixing resulting from bend-induced secondary
circulation:

E: _ K[E.] H
HU- Us] | R,
where: U, H and U. are section averages,
R. is the radius of the curve, and
K is a proportionality constant.
Fischer found K to have a value of approximately 25 in a laboratory flume of constant
curvature.

[54]

Yotsukura and Sayre (1976) recommended the right side of Equation [54] be
mmultiplied by (W/H)>. This modification of Equation [54] resulted in a better fit to tracer
tests conducted on curved portions of the Missouri River.

Lau and Krishnappan (1981) proposed stream sinuosity as & possible parameter to
characterize bend-induced transverse mixing. Their analysis of existing field data
suggested that the non-dimensional mixing coefficient § may be proportional to sinuosity.
However there is nsufficient field data to formulate a quantitative relationship.

33



3. Solution Procedures for the Two-Dimensional Mixing Equation

The governing mass balance equation which describes two—dimensional mixing for
a prismatic channel was derived in Section 2.1.2 (see Equation [22]). As indicated in
Section 2.1.2.1 the transverse advection and the longitudinal diffusion terms are generally
small and can be ignored as shown in Equstion [23]. For steady state mixing and a steady
reaction the time differential dc/ot can be omitted from the equation as seen m
Equation [24].

Several analytical solutions are available for simplified versions of Equation [23].
These assume the channel depth h, longitudinal velocity u, and transverse mixing
coefficient E, do not change with respect to z and therefore Equation [23] may be
expressed as:

%E—+ug—: - Ezgzz:+k [55)
In natural channels h, u and E, can change in the z direction, and as a result
numerical solutions are required. Several numerical models have been developed for the
general solution of Equation [22], and Equation [23] with steady and unsteady substance
sources. Most of the models reported in the engineering literature use finite difference
procedures. There are also a few examples of finite element models. The discussions
presented here will focus on the finite difference method.

The primary advantage of the finite element method is its adaptability to irregular
channel geometries in plan view. A transformation of the transverse spatial coordinate to
a streamtube representation of the channel flow largely mitigates this problem for the finite
difference method. However, the finite eclement method remains an excellent tool for
estuary and lake models where the streamtube representation is not easily implemented.

An example of the application of the finite element method is given by Lawerence et al
(1973).
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3.1 Transverse Coordinate Transformation

The transverse changes in local stream depth and streamwise velocity (ic. hand u
change in the z direction) and the presence of transverse advective flux (i.e. d(wc)/dz = 0)
can be accounted for by using a transverse coordinate transformation introduced by
Yoisukura and Cobb (1972). A new transverse coordinate defined as cumulative flow,
q (m/s), is given by:

Gy = [uhdz
) [56]
where:  z = O represents the left bank as shown in Figure 3.1, and
u is the depth-averaged velocity in the direction of flow.
At the right bank z = W, the total stream width, and q = Q, the total stream
discharge. Equation [56] indicates a line of constant q represents a streamline and hence
two adjacent lines of constant q define a streamtube.

SPATIAL
COORDINATES

s ?/ﬁ,v VERTICAL

.*’e
o o

° LONGITUDINAL

”

- e 2
. - q=juh dz
0

= cumulative flow
in the shaded area

Figure 3.1 Transverse coordinate transformation.
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Important features of the q transformation are:

1. there is no average flow across a line of constant q and therefore no depth-averaged
transverse advection; and

2. the plan view of a natural stream of variable width is transformed into a simple
rectilinear form of constant width Q.

Introduction of the q transformation into Equation [22] and neglecting the
longitudinal diffusion and transverse advection terms gives:

1oc oc _ _a_(uthza_c_) + R
u ot ox oq oq u 571

Mixing equations are often expressed in a non-dimensional form. In this manner
solutions to the equation may be applied to a number of substance input conditions.
Defining a dimensionless transverse coordinate 7 as:

n=49/Q [58]

and, a dimensionless concentration ¢ as:

where: ¢ is a constant reference concentration.
The dimensionless form of Equation [57] is then given as:

& 1 0 .. R
— = ——@h?E,——) + —
ot ox Qz a'l']( 8r|) u [60]

For steady state mixing of a conservative substance c,s is generaily defined as the fully

mixed river concentration c.. of the substance which is given by:

Q.

Co = Co(

Q [61]

where: Q, isthe effluent discharge to the river, and
Co is the substance concentration in the effluent
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3.2 Analytical Solutions

As noted above several analytical solutions are available for steady state versions
of the two-dimensional mixing equation. These solutions have been derived for
conservative substances, ie. R = 0. With these additional simplifications Equation [55]

becomes:

o0 _ o Feo
uax Ezaz2 [62]

The solution for Equation [62], for an infinitely wide channel of constant depth and
velocity and a point source input of substance is given by Fischer et al. (1979):

[63]
where:  Co = C.Qo/(UhW),

x = XE,/(uW?), a dimensionless longitudinal distance,

Z, 1isthe transverse coordinate of the source, and

z is the transverse coordinate of the solution location.

Equation [63] can only be used as an approximate solution in the region before
either edge of the effluent plume has come in contact with the bank. The banks are ‘no
flux’ boundaries which must be accounted for in the solution beyond the point of contact.
One method of accounting for the influence of the banks is to use superposition of image

sources.

An image source is located beyond the bank, symmetric with respect to the real
source (see Figure 3.2). The sum of the contributions from the real and image sources
gives zero flux at the bank, i e. the amaunt of substance flowing through the boundary is
replaced by the substance from the image source. Multiple image sources are located at
the left and right banks as required.
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Figure 3.2 Image source method to simulate a no flux boundary.

Using the method of images a more complete representation of the mixing in the
two-dimensional zone is given by:

N

where: W= 2/W, a dimensionless transverse distance,
¥, = the location of the source,
z =0 at the left bank, and
m is an integer.

[64]

Each term in the infinite series represents a boundary reflection. In practise only

one or two +ve and -ve terms are required for the solution to converge.

Yotsukura and Cobb (1972) demonstrated that numerical solutions to the steady
state version of Equation [57] are relatively insensitive to transverse variations in the term
uh’E,, especially for substance sources in the mid-stream region. They proposed replacing
uh’E, with a constant section-averaged parameter called the diffusion factor D,, given by:

1 Q
Dl = _Ilsz; dq
Qs [65]
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The solution to Equation [57] for a steady state point source of conservative
substance is given by Yotsukura and Cobb (1972) in dimensionless form as:

Coem) _ 1 <~ _(ﬂ—zm"'ﬂo )2 _("'I‘Zm‘*‘ﬂo )2
Co  +JATY ,Eo{ exp[ 4 }m[ 4 ]}

where: % = xD./Q? = xE,/(uW?) as in Equations [63] and [64],
TNo is the transverse location of the source,
71 is the solution location, and
m is an integer.

[66]

Yotsukura and Cobb (1972) also presented the following solution to Equation [57)

for a steady state horizontal line source of substance:

Coem) 1 i m{(nzﬂm-n)]_ m{(n,ﬂm-n)]
Ceo 2("2 “ Th) m=-0 23 p 23 x
+ "f[(nz+2m+ n)] ) eﬂ[(m+2m+n):|
2/ x 2 x 67

where: m; is the left side of the line sc: cce,
7|2 is the right side of the line source, and
erf designates the error function defined by:

erf (x) = _2 T gy = 2 x—x3 +x’ _x droee
" ] e? dp s 3.1 5.21 7.31 [68)

The line source solution is particularity useful for approximating a multiple point source
discharge to a stream as in a diffuser outlet structure.

It is interesting to note that the approximations for the crossing distance and the
distance to establish a fully mixed condition can be derived from Equation [64]. A plot of
c/c Vs.  for a left bank injection of substance is shown in Figure 3.3. The crossing
distance is the point at which the concentration at the right bank is approximately 0.1
times the concentration at the left bank. From Figure 3.3 this condition occurs at x = 0.1,
therefore:
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2
xuw ﬂl..“.’.w = 100W

E: B e h

w/ue isin the order of 10,
W/ isin the order of 50, and
B is in the order of 0.5.
Similarly the distance to the fully mixed condition is the point at which the
concentration at the right bank is approximately 0.9 times the concentration at the left
bank. From Figure 3.3 this condition occurs at ¥, = 0.35, therefore:

x t—
[69]

where:

2
- oW _ 039n Wy » 350w
E. B uh [70]
ANALYTICAL SOLUTION, 2D STEADY STATE MIXING
SOURCE LOCATED AT THE LEFT BANK
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Figure 3.3 Dimensionless concentration vs. % for a substance source at the left bank.
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A search of the literature failed to identify any analytical solutions to the general

two-dimensional mixing equation (ie. Equation [22] ) which can account for all three of
the following:

1. an unsteady substance source
2. areaction term, and
3. transverse variationsin h, u, and E..

In order to accurately handle these situations a numerical solution procedure is required.

3.3 Numerical Solution Considerations

An overview of numerical solution procedures is shown in Figure 3.4.

Goveming

Partial System of ; Approximate
lef.aﬁgns. —» Discretization Algebraic Egglavtgn —> fgolutiont
Boundary Equations or ¢(x,z.t)
Conditions

Figure 3.4 Numerical solution procedure.

The discretization stage consists of the following steps:

1. the establishment of a system of nodes called a grid which represents temporal and
spatial increments,

2. approximation of the govemning partial differential equation and any applicable
boundary conditions at each node by replacement of the differentials with approximate

algebraic expressions, and,

3. assembly of the complete system of algebraic equations representing each node in the
grid system.

These steps are common to all discretization schemes whether they be finite difference,
finite volame or finite element methods.
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The second step in the numerical procedure is the solution of the system of
algebraic equations. In general the system of equations must be solved simuitaneously
using matrix elimination or iterative techniques. Elementary matrix solution techniques
can be found in introductory texts on numerical methods (for example see Gerald (1980)).
The end‘resnlt of the second step is an approximate solution to the governing mass
balance equation at each grid node.

The simplest and the most direct means of discretization is to replace the
governing equation differentials with finite difference expressions. For example, the one
dimensional diffusion equation:

dc c
RS (1]
can be approximated as follows:

- _ E (ch-2c}+ch)
z
At Az? [72]

The time and spatial steps At and Az and the grid notation scheme for
Equation [72] are shown in Figure 3.5.

t
Nat —F N
N-1
(n+1)At n+t
nAt n
n-1
0 1 2 2 i 1 J1 4
At 1
0 At—%
Az 2Az jAz JAZ

Figure 3.5 Discretization grid.
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To solve Equation [72] the initial concentration distribution, ie. c,o),, and the
boundary conditions at the edges of the grid system must be known. Given the initiai
concentration distribution and the boundary conditions ¢;™' is the only unknown in
Equation [72] and can be solved for directly. Discretization schemes of this type are
called ‘explicit’.

Equation [71] could also have been approximated as:

-} _ g (-2 + o)
At AZ? (73]

This discretization scheme results in three unknowns at the n+1 time level. The
approximate governing equation at each node and the two boundary conditions at j =0
and j=J form a system of algebraic equations equal in number to the number of
unknowns. The system must be solved simultaneously because the solution at each node
is dependent upon the adjacent nodes. Discretization schemes of this type are called
‘implicit'.

3.3.1 Truncation Error Analysis

It must be remembered that Equation [72] is only an approximation of
Equation [71]. One method of assessing the error associated with the approximation is to

use a Taylor series expansion about the jAx, nAt node as follows:

c; = ¢
ot at= 2 ot 6

FcAZ cA . dcA
o o= L0, _.—A + - + —-
G = G az z oz 2 92 6 0z 12

a’cAz2 dcAZ  dcA
a OC Az + + + ..
o o7 2 87 & = o7 12 [74]

If Equation [74] is substituted into Equation [72] it can be shown that the actual
differential equation used to approximate Equation [71] is:
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2 . p e [Zetu. pgear, ]
at 87 |o¢ 2 "9z* 6 [75]
Therefore the error associated with using Equation [72] to represent Equation [71]
is 1* order in time and 2™ order in space. The approximation must also have the property
of consistency, i.e. as At and Az — 0 the original equation must be recovered, in order to

satisfactorily represent the original equation

The selection of At and Az can play a role in the size of the truncation error. For
example At and Az can be chosen so the first set of error terms cancel each other. Using
Equation [71] and changing the order of differentiation i can be shown that:

oc _ padlc

o “9z* [76]

Then equating the leading error terms:

FeAt _ LolcAt o dlcAZ
ot 2 “9z* 2 “0z% 12 (771
gives:
AZ? . At 1
At = ’ . = Z = -
6, % B3z "6

(78]

which will cancel the leading error terms and decrease the error to 2™ order in time and 4®
order in space. Unfortunately this procedure #5 .generally only possible for explicit
discretization schemes. Grid size also plays a z/: i stability considerations as discussed
below.

3.3.2 Stability Analysis

A discretization scheme must have stability.  Stability means that small
disturbances such as round off errors or spikes in the initial concentration distribution will
not propagate and cause the solution to diverge. One method of stability analysis is the

Fourier or von Neumann approach (see Fletcher, 1991).
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Any concentration distribution can be represented by the summation of a number
of simple waveforms. Each waveform can be expressed as a trigonometric function or as
a product of the waveform amplitude and the base of the natural logarithms raised to an
imaginary number. For example
= APgimis:

C(z=jAzt=nAt) [79]

where: 2no is the waveform frequency (radians/m),
A" is the amplitude at time step n, and,
i is the imaginary unit = +/=1.
To test a discretization scheme for stability it is only necessary to use a single
waveform. The ratio of the amplitude of the selected waveform at successive time steps
allows an assessment of stability. If expressions similar to Equation [79] are substituted

into Equation [72] the following expression can be obtained:

An-l-l . R
= = Youm = 1+ r‘(e-ﬁmAz -2+ e:mmAz)
A [80])
where:  Youm is the amplification factor, and
1. = E, AUAZ
Converting to a trigonometric representation of the frequency gives:
Youm = 1+ L(2cos(2noAz)-2) [81]

For stability |y..,.m| < 1. Therefore, by varying the phase angle 2nwAz and calculating r,
for ly,...m | <1 bounds can be placed on the ratio of the time and space grid increments to
ensure stability.

The shortest wavelength A that can be resolved using a grid increment Az

corresponds to Az = A/2 (see Figure 3.6). Therefore to assess the stability of the smallest
resolvable wavelength:

phase angle = 2rnoAz = (27/A) (M2)=n

Stability criteria for longer wavelengths can be assessed in the same manner. The
minimum r value will be the govemning stability criteris. For Equation [81], 1, < ¥

governs.
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Figure 3.6 Grid Resolution.
3.3.3 Grid Resolution

The discussion of stability indicated there is a limit to the wavelength or scale of a
waveform which can be resolved for a given grid increment. Therefore, in order to
perform properly, a numerical solution must have sufficient grid resolution. The increment
size must be small enough to adequately define steep concentration gradients with several
nodal points. A general procedure for sizing the grid increments is to first select the
spatial increment to provide sufficient resolution, then choose At to minimize the
truncation error and finally check for stability.

3.3.4 Convergence

If the chosen discretization scheme and grid increment sizes have the properties of
consistency and stability, then convergence of the numerical solution is implied.

In the discussions above the one-dimensional diffusion equation was used to
introduce the concepts of discretization, truncation error, consistency, stability and grid
resolution. These concepts are equally applicable to more general problems involving



advection and diffusion in several spatial dimensions. However, the error and stability
analysis of more general problems becomes nmch more complex.

Two additional concepts mmst be introduced to complete this brief overview of
numerical procedures. These are numerical diffusion and numerical dispersion.

3.3.5 Numerical Diffusion

The discretization of advection-diffusion problems can introduce an error term
which behaves in similar fashion to the actual diffusion term in the original differential
equation. Error of this type is called ‘numerical’ or ‘artificial’ diffusion. The error term is
associated with forward difference approximations of the advective terms.®

For example, consider the one-dimensional steady state advection-diffusion
equation:
U‘Qg - Ex.az_c_

ox ox? [82)

Which expressed in finite difference form using a forward difference for the
advection term and a central difference for the diffusion term gives:

ploe o) _ Ex(ck" - 2¢x + cxa)

Ax Ax? [83]
Using a Taylor series expansion about node k gives:
dc &cAx dc Ax? & c dcAx
U—-1U + U - eee] = - + x ———— et aes
ax [ ax® 2 x° 6 ] s [E ox* 12 [84]
Rearranging gives:
dc Ax §c¢ oc
U =U + Ex—— + [Ax? error terms
ox 2 ax? ax? L ] [85)

6  Forward differences are genmerally preferred for approximating advective terms

because central difference schemes can cause instability.
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The error term U(Ax/2)(8°c/dx?) is called the numerical or artificial diffusion. The
artificial diffusion term will cause the solution distributions to either spread more rapidly

or less rapidly dvpending upon its sign.
The magnitude of the artificial diffusion can be assessed by imtroducing a
parameter called the grid Reynold’s nnmber, R. = UAX/E,,

SRR

Ther: -, if R > 2 then artificial diffucion at least as large as the real diffusion is

introducas i i

The simplest method to reduce the artificial diffusion is to keep Ax small
However in practice this may substantially increase the computational effort required. As
a result the modeller usually has to tolerate an acceptably small amount of artificial
diffusion. An alternative is to use higher order discretization schemes (ie. involving a
greater number of nodal points to try to eliminate the artificial diffusion term.
Unfortunately these schemes often have large truncation errors or have stability problems.

3.3.6 Numerical Dispersion and Dissipation

Consider the one-dimensional advection equation:

ot ox [87]
which describes the simple translation of a waveform in the x direction. Using Fourier
analysis it can be shown that one solution to Equation [87] is:

c(x") = Be-mQAt elmx = Belﬂ(Ax-uAt) [88]

where: Q =2n0=2xn/A, and
B is a coastant.

As shown in the discussion of stability, an amplification ratio may be defined as
follows:
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. 2xuAt
. _ ciﬂ _ B er(kAx -um+l)At) _ .i———-l
Im & = Bei(kax-mat) = €

[89]

Further, defining N as the number of nodes per wavelength and Courant No., C,, as the
number of nodes per time step:

N= M
Ax {90}
(:r = uu:él
Ax [91}
and substituting Equation [90] and Equation {91] into Equation [89] gives:
.2nuAt .2nC,
Yo = €'Nax = €' N 92}

Equation [92] shows that the amplification ratio is a function of N and C,.

In general the amplification ratio for any solution to the governing mass balance
equation can be given in either of the following formats:

Yy =atib [93]

where: a is an expression for the real portion of the amplification ratio
b is an expression for the imaginary portion of the amplification ratio

Y = Aei® [94]

where: A is the amplitude ratio = (a + b%)* , and
0 is the phase angle error = tan"'(b/a).

The amplitude ratio is an indication of the growth or attenuation of the waveform
amplitude at successive time steps. The phase angle error is an indication of the
displacement of solutions in the x direction for successive time steps. Both are functions
of N and ¥.. For the analytical solution given above there is no growth or decay of
amplitude, however solutions of different C, and N may be out of phase.
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Applying a forward time, backward space explicit discn:ixation scheme,
Equation [87] can be approximated as follows:

ok -ck Ck = Cii

At - Ax [95]
A stability anslysis of Equation [95] gives tae following expression for the mumericai
solution amplification ratio:

2%
Yo = 1- Cc+ Ciex = 1- C, + C,co —-—)-1Csm( )

{96]
From which the numerical solution phase angle error may be determined as:
2
_C,sin ( "
= sant N
1- C.+ C 00{—)
[97]

The value of the phase angle error of the analytical (exact) solution is shown in
Equation [92] as:
2nC,
N

Comparing Equation [97] and Equation [98] indicates that for C, = 1 and any value
of N (greater than the minimum grid resolution), Opum = 0. and the numerical scheme
produces an exact solution. Unfortunately, except for idealized channels it is not possible
to set C, = 1 everywhere in a symmetrical grid due to the variations in channel velocity.
Therefore, it is important to check the stability of the numerical solution for the probable
range of C, and N.

O = — [98]

The numerical solution amplitude ratio from [96] is:

Ann =‘l[1—c,+c.cos(2§-1)] [’C‘m(zl::)]
i+ 20 0-cfool )1
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The value of the amplitude ratio of the exact solution as shown in Equation [92] is 1,
therefore Agum/Aa, is identical to the expression for Agum.

This type of analysis is common for assessing numerical schemes. The results are

often shown as plots of Apum/Aw 80d Opum/Om vs. N for various C,. Examples for the
analysis given above are shown in Figure 3.7.

The significance of 0pum/Om iS:

1. for Opuw/O.m > 1 the numerical solution for a particular N moves faster than the actual
solution and errors will propagate in advance of the true waveform, and

2. for Opum/O. < 1 the numerical solution for a particular N moves slower than the actual
solution and errors will lag behind the true waveform.

The effects of Opun/0.n are shown in Figure 3.8.

Because all input waveforms are a composite of a number of wavelengths
including small disturbances caused by errors, there is always the potential for separation
to occur. This type of behaviour due to a phase error is called ‘numerical dispersion’.

Similarly A,un/As can cause the solution amplitude to grow or attenuate as a
function of N. This process is called ‘sumerical dissipation’ although it is often incorrectly
referred to as numerical diffusion.

The discussion above introduced the concepts of numerical diffusion, dispersion
and dissipation. The literature is ripe with proposed numerical procedures which attempt
to minimize these types of errors. Often these procedures employ higher order
discretization and more implicit schemes or play one type of error against another. A
review and discussion of a number of these procedures is given by Fletcher (1991).
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a) Numerical Dispersion Analysis
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b) Numerical Dissipation Analysis
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Figure 3.7 Numerical dispersion and dissipation analysis of a forward time,

backward space explicit representation of the one-dimensional
advection equation.
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Figure 3.8 Numericsal dispersion.

Further details of these concepts are beyond the scope of the present discussion.
However, the reader should always keep in mind their significance. Model developers
should thoroughly analyze their proposed procedures using these concepts and specify
criteria for model use. Model users should be aware of the limitations imposed by these
concepts and observe specified criteria in attempting to use a model.

3.4 Numerical Solution Methods for a Steady Substance Source

Wastewater outlets discharging to receiving streams are commonly located at or
near one of the stream banks. For a steady-state, side discharge into a wide natural
channel, the term uh’E, in Equations [57] and [60] cannot be replaced by a reach or
section-averaged value of uh’E; as was the case for the analytical solutions. In the vicinity
of the bank the local values of u, h, and E; are generally small in comparison to the section
averages for these parameters. As a result the mixing in this region is often much less
efficient then that which occurs near mid channel. This phenomena has been observed by
Lau and Krishnappan (1981) and Putz et al. (1982).
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A numerical procedure is the only method of incorporating a consideration of local
u, b, and E. into solutions for Equations [57] and [60]). Numerical solution methods using
explicit finite difference descretization schemes for Equation [24] with no reaction term
were first introduced in the early 1970's (sec for example Yotsukura et al. (1970)).
Yotsukura and Sayre (1976) presented an explicit finite difference scheme adapted to the
streamtube approach for the solution of Equation [57] with R =0.

The discretization scheme used by Yotsukura and Sayre (1976) used a forward
difference expression for the dc/dx term and a centred difference expression for the
&c/on?® term. An error analysis of the descretization scheme would reveal it is subject to a
large truncation error and to numerical dispersion. No criteria were presented for the

selection of Ax and An to minimize these errors.

Yotsukura and Sayre (1976) also introduced a curvilinear orthogonal coordinate
system which can more accurately approximate the flow distances along meandering
rivers. The curvilinear coordinate system is implemented through the use of ‘metric’
coefficients. In cases where the channel to be modelled is relatively straight or only
involves gentle curvature the use of the metric coefficients is not required.

An implicit finite difference scheme first proposed by Stone and Brian (1963) for
the one-dimensional advective transport equation, was adapted to the solution of
Equation [57] (with R = 0) by Lau and Krishnappan (1981). The method was later
extended to the solution of Equation [57] with a first order reaction term (Putz, 1983;
Krishnappan and Lau, 198S5).

The adaptation of the Stone and Brian method reduces much of the nmumerical
error which was inherent in the explicit discretization. The Stone and Brian descretization
procedure uses weighting coefficients and forward difference expressions evaluated over
several grid points to approximate the dc/0x and the dc/om derivatives. The second order
derivative is approximated using a Crank-Nicolson expression. The Crank-Nicolson
expression reduces the truncation error associated with the forward difference expression
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for Oc/Ox. The values of the weighting coefficients were chosen by Stone and Brian in a
comparison to analytical solutions to the one-dimensional advective transport equation.

Details of the discretization procedure for a conservative substance is given by Lau
and Krishnappan (1981). The discretization procedure with a first order reaction term is
presented by Putz (1983). The method is subject to solution oscillations and negative
concentrations if coarse grid spacing is employed in areas with steep concentration
gradients. Krishnappan and Lau (1982) suggest the longitudinal grid spacing be computed
using the following in order to avoid solution oscillations:

(uh’E;) Ax
QZ A nz

[100]

The boundary regions are the most instrumental in creating the oscillations and
therefore uh?E, within this region should be used for selecting the grid increments.

Lau and Krishnappan (1981) used the Stone and Brian adaptation to investigate
solution sensitivity to various formulations of the diffusion factor uh’E,. Solution
distributions from the model were compared to a steady state tracer test on the Grand
River. They found the solutions were most sensitive to transverse variations in uh®
Formulations which allowed E; to vary in the transverse direction did not significantly
improve the solution and did not warrant the additional computational effort. ‘Therefore

E. was set as a section average in each subreach, but was allowed to vary from subreach
to subreach.

Putz et al. (1984) used the algorithm, including the reaction term, to investigate
- the (ie-off of indicator microorganisms in an ice-covered river.
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3.5 Numerical Solution Methods for an Unsteady Substance Source

Relatively few numerical models have been presented in the literature for
simulation of two-dimensional mixing of an unsteady substance source in a natural stream.
Of those presented, most have only been verified with laboratory tests or with steady state
field tests.

Yotsukura and Fiering (1964) presented an explicit finite difference algorithm to
solve Equation [23] for a conservative tracer’. The algorithm utilized a forward difference
expression for the time differential and central difference expressions for the advection and
diffusion terms. As outlined in Section 3.3, simple explicit finite difference representations
of the advection and diffusion terms of Equation [23] are subject to numerical errors. In
order to minimize these errors, restrictions are required for the time increment and grid
spacing. Yotsukura and Fiering (1964) specified that C, must equal one to prevent
numerical dispersion and dissipation associated with the approximation of the advective
term. They also specified that (E,At)/(Ay)* must be less than 0.5 to ensure stability for the
approximation of the diffusive term.®

Yotsukura and Fiering (1964) noted that it was very difficult to select uniform grid
intervals which would satisfy both criteria for all regions of the grid. After several trial
combinations of time and spatial increments they concluded that the algorithm was highly
subject to numerical dispersion errors and abandoned it for the development of an implicit
method.

Fischer (1968) proposed a mmch simpler explicit procedure for solving
Equation [22]. Fischer's approach used the streamtube concept and separated the mixing
process into two substeps. First, the advective mass flux was simulated by simple

Yotsukura and Fiering (1964) were investigating the influence of velocity gradient in
the vertical on longitudinal dispersion. Therefore Equation [23] was written for the x
and y directions rather than x and z.

Note that the derivation of both these criteria were demonstrated in Section 3.3.
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translation of the concentration by one longitudinal increment down each streamtube.
Second, the transverse diffusion between adjacent stream tubes was simulated using a
Fickian diffusion model. Fischer's method did not solve the goveming differential
equation directly and therefore may be criticized for a lack of mathematical rigour (Beltaos
and Arora, 1988). However, the method is very appealing in that it seeks simplification
through a physical understanding of the processes involved (Behaos and Arora, 1988).

Fischer’s method works, provided there is near complete mass exchange between
successive streamtube elements for the advective substep (ie. C, = uAt/Ax = 1),
However, if Ax is consistent for each streamtube in a real channel, cdmplete exchange is
impossible to achieve overall. Fischer suggested seleciing At on the basis of the stability
requirement outlined above, then determining Ax using the maximum streamtube velocity
across any given section. For streamtubes where there is incomplete advective exchange
between successive elements (ie. Cr#l, u < uny.), concentrations are assigned to the
elements in inverse proportion to the distance traveled relative to Ax. Fischer successfully

used this method to simulate the longitudinal dispersion of an instantaneous line source of
tracer imjected into the Green River.

Despite the successful application of the procedure outlired by Fischer (1968),
Holly (1975) demonstrated that the proportioning scheme for the advective transfer
between successive streamtube elements (where Cr#l1) is highly subject to numerical
diffusion errors.’ This implies that for successful general application of Fischer's method

to natural streams Ax must be varied for each streamtube in order to ensure Cr = 1 for
each element.

Verboom (1973, 1975) presented a numerical approach for solving
two-dimensional unsteady substance source mixing problems which utilized the ‘fractional
step method’. The fractional step method is essentially what Fischer (1968) had proposed

®  See Beltaos (1978) or Beltaos and Arora (1988) for a detailed demonstration of this

effect.
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by dividing each time step into an advective substep and a diffusive substep. Verboom
worked in cartesian coordinates and included three substeps representing longitudinal
advection, transverse advection and transverse diffusion. The advective steps were
represented using a five point, fourth-order explicit finite difference scheme. The diffusive
step was represented using a simple central difference explicit scheme.

Verboom (1975) presented a detailed ‘acceptable’ error analysis of his proposed
scheme compared to a scheme using second order implicit representations of the advective
and diffusive substeps. The result of the analysis was a graphical representation of feasible
time and spatial grid increments. He concluded that the implicit representations were
unnecessary as the explicit scheme was less susceptible to amplitude and phase errors,
provided the stability criteria were observed (C. =1 and (EAt)/(Ay)y’< 0.5).
Verboom (1975) also presented an ‘acceptable’ error analysis for selection of appropriate
space and time increments for the simulation of two-dimensional unsteady mixing in a
laboratory model of the Ijssel River. The model was used to simulate a steady state
transverse mixing test in the laboratory channel with acceptable results.

A weakness in Verboom’s ‘acceptable’ error analysis is the assumption that the
input wavelength was spread over 10 nodes (ie. N = 10). As shown in Figure 3.7 and
Figure 3.8 for large N there is much less significant influence of Cr than for N <6.
Therefore, if the error analysis was repeated for a much shorter waveform while
maintaining the same acceptable error criteria the feasible grid intervals would be much
more restricted.

The alternative to wholly explicit algorithms is to utilize implicit, higher order (and
thus more mathematically complex) discretization methods to attempt to minimize or
eliminate the numerical errors caused by the uniformly spaced calculation grid. Models
proposed by Holly (1975), Holly and Preissmann (1977) and Harden and Shen (1979) take
this approach.'®

10 These models retain the longitudinal diffusion term incorporating E, in the governing

mass balance equation.
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Holly (1975) and Holly and Cunge (1975) used the streamtube concept and three
substeps to solve the governing mass balance equation. The advective substep was
represented by a half implicit, half explicit second order accurate method. Then the
diffusive exchange in the longitudinal and transverse directions were simulated in separate
substeps using an implicit finite difference algotithm. Although the method assured
stability, the advective substep was subject to numerical dispersion, potentially causing
phase errors, solution oscillations and negative concentrations similar to the behaviour
shown in Figure 3.8 (Cunge et al., 1980).

Holly and Preissman (1977) developed & more accurate algorithm to solve the
advective substep. Their algorithm uses the method of characteristics with non-linear
interpolation to explicitly determine the advected concentration at the next longitudinal
grid point. The algorithm was referred to as a ‘two point, high order method’. The
improved representation of the advective substep and the original implicit representations

of the diffusive substeps were incorporated in to a two-dimensional unsteady substance
source model called POLDER.

Holly and Nerat (1983) reported satisfactory results for a field calibration: of the
POLDER model against a steady state tracer test. No verification of the model using an
unsteady substance source has been reported.

Harden and Shen (1979) used a nine-node, combined implicit/explicit finite
difference scheme to solve the governing mass balance equation based upon the work of
Stone and Brian (1963) and Peaceman and Rachford (1955). The solution proceeds in
three substeps. First, an implicit algorithm is used to predict the longitudinal advection
and diffusion. A second implicit algorithm is then used to predict the transverse diffusion.
Finally the concentration at the time step n+1 is calculated using an explicit algorithm

using the concentration values at time step n and the intermediate predictions from steps
one and two.
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The Hard=n and Shen model was tested with satisfactory results against data from
a steady state tracer test on the Missouri River originally reported by
Yotsukura et al. (1970). No verification of the model against an umsteady substance
source tracer test or against an anziytical solution to the one-dimensional advection
equation was reported. In the absence of additional verification studies it is difficult to
assess whether the method has any potential problems with numerical dispersion.

Harden and Shen (1979) also investigated the effects of omitting the longitudinal
diffusion term from the goveming mass balance equaiion (ie. Ex = 0). They compared
model results, with and without the longitudinal diffusion term, for the transient period
during the developnuent of the steady state conceutration profile for the Missouri River
data. Dropping the term had negligible effect on the solution profiles.

Sobey (1984) reviewed altematives for numerically solving the advective transport
equation. He concluded all numerical schemes based upon regular grid intervals are
susceptible to numerical dispersion errors to some Jegree. Higher order methods can
reduce the error but they are more complex and require a greater computational effort.
Sobey (1984) further concluded that methods which utilize a moving coordinate system
for the advective step effectively eliminate numerical dispersion problems without the need
for higher order methods.

The optimized grid proposed by Fischer (1968), which ensures complete advective
mass transport between successive longitudinal streamtube elements, is in effect a moving
referecce frame. Given the complexity and the lack of adequate verification of the higher
order schemes discussed above, further investigation of Fischer's method is warranted.
Further development of Fischer’s method is discussed in detail in the next section.



4. Advection Optimized Grid Method
4.1 Introduction

The numerical procedure proposed by Fischer (1968) for solution of the t .-
dimensional unsteady substance source mass balance equation and its subseq:
development by Beltaos (1978) and others will be termed the ‘Advection Optimized Grid’
or AOG method. As described previously, the major innovation of the AOG method is
the selection of element lengths which ensure complete advective mass exchange from
element to element down each streamtube, during each time step of the simulation. Usimg
this approach, a simple explicit forward finite difference expression can be used to
represent longitudinal advection and each calculstion will have a Courant No. of one. In
this manner the troublesome problems of numerical dispersion, dissipation and solution

oscillations normally associated with numerical representations of the advective step can
be avoided.

The work reported herein describes the develcpment and verification of a
microcomputer-based, two-dimensional unsteady mixing and reaction model. The mixing
portion of the model utilizes the AOG method and is based upon the work of
Beltaos (1978). Although the mixing portion of the model is based upon Beltaos’s
description of the AOG method, no portiuns of the original computer code were used or
revised for use in the present model. Rather, all algorithms were completely written by the
author to implement the method.

After development of a working model, the present study focuses on a much more
extensive verification of the AOG method than has previously been reported. The
verification studies utilize data from slug tracer tests conducted on three major western
Canadian rivers. A more extensive field verification of the AOG algorithms is critically
important to the overall project in order to be confident that the mixing and transport
aspects of the model are accurate when applied in a practical engineering setting.
Remarkably, there have been few attempts to verify two-dimensional unsteady substance
source modeis with field, shug-injection tracer tcsts.
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Once the AOG method was verified it was then coupled with reacticn components
and used for two-dimensional, unsteady, non-conservative modelling of water quality
parameters. The verification studies for the AOG method are described in Chapter 5. The
adaptation of the method for use with non-conservative parameters is described in
Chapter 6. The remainder of this chapter describes previous investigations with the AOG
method, presents a description of the basic algorithms used in the present model and
describes the model implementation.

4.2 Previous Investigations

Beltaos (1978) and later Beltaos and Arora (1988) reported the development and
~ verification of an explicit two-dimensional mixing model based upon the method origmally
devised by Fischer (1968). Following Fischer’s method, the Beltaos model used the
streamtube approach and separated each time step into two substeps for calculation of the
advective and diffusive exchange between elements. However, rather than using the
maximum of the streamtube velocides scross a section for the selection of a common
longitudinal grid spacing, & unique optimized longitudinal spacing was selected for each
element. This further development of Fischer’s original model ensured a Courant No. of
one for each advective exchange calculation, for each element, for each time step in the
simulation.

The transverse diffusive exchange was represented by the equivalent of an explicit
central difference expression between adjacent streamtube elements. However, because of
the optimized longitudinal grid, the diffusion calculations are more complex than for a
consistent grid spacing, and potentially involve several streamtube elements depending
upon their alignment in the grid. “he calculation procedure for the advection and
diffusion substeps of the AOG method will be discussed more fully in the next section.

Beltaos (1978) used two one-dimensional’ and one two-dimensional’® unsteady
substance scurce laboratory experiments reported by other investigators and a field shg

! Test results reported by Fischer (1968)
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injection test on the Athabasca River to verify the model. The model simulations of the
laboratory tests produced good results. For the reported field test, concentration vs. time
measurements were oply 6btained at a single transect across the river. The comparison of
the model output to the field tracer measurements was satisfactory although -there was
some minor translation in the time scale of the measured and simulated concentration vs.
time plots. Beltaos speculated that the discrepancy was due to inaccuracies in the
estimated stream velocity distribution. These estimates were based upon gauging station
records which routinely may involve 10 to 15% error.

Luk et al. (1990) describe the development and laboratory verification of an
explicit two-dimensional unsteady substance source model very similar to that developed
by Beltaos. The Luk model has the added features of metric coefficients to handle stream
curvature, a first order reaction term and source-sink terms. The model was verified
against analytical solutions of the one-dimensional advection equation and the
two-dimensional advection-diffusion equation, and against two-dimensional unsteady
tracer tests in a sinusoidally curved laboratory flume. The flume channel was 0.3 m wide
and approximately 20 m long. The sine curves were 0.29 m in amplitude and 1.9 m in
wavelength. The bed was composed of resin hardened sand which preserved the

equilibrium scour pattern originally formed by the channel. Therefore the channel depth
was variable and similar to a natural channel.

Luk et al. (1990) presented concentration vs. tie plots at several transverse
locations across the laboratory channel at distances of 4, 8 and 12m downstream of a
central injection of tracer. A slug test and a variable rate injection test were conducted.
Model simulations very closely matched the measured concentration vs. time plots for the

two tests . Only minor translations in the time scales were evident and peak
concentrations were very accurate.

2 Test results reported by Sayre and Chang (1968). Two-dimensional in this
experiment was in the vertical and longitudinal directions rather than the transverse
and the longitudinal.
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The laboratory study by Luk et al. (1990) is the most comprehensive test of the
AOG method reported to date. However, two of the three channel transects measured in
their study did not have very significant variations in peak concentration across the
channel. This is an indication that the tracer was almost uniformly mixed across the
channel and thus the measurements were taken within or very near the one-dimensional
zone. It is uiifortunate that measurements were not obtained at 2 m downstream which
would have been vwell within the two-dimensional zone and thus would have represented a

much more rigerous test of the model.

Despite the work of Beltaos and Luk et al, uncertainty remains reg:-imng
adequate verification of the AOG method for natural channels. It would be highly
desirable to make comparisons of model simulations to tracer measurements taken from
natural channels at several transects within the two-dimensional mixing zone, and for a
time dependent tracer input. To date, Beltaos’s single transect on the Athabasca River is
the only comparison which meets this criteria.

4.3 Method Description

The governing mass balance equation (Equation [23]) is solved in fractional steps
(Fischer, 1968; Verboom, 1975) therefore, the two-dimensional equation is separated into
advection and diffusion substeps as follows:

e _ _, ¢

advective substep at | Vox [101]
- 202

diffusion substep ot az\"* [102]

The two substzps are solved in succession using explicit finite difference representations of
Equations [101] and [102] at a series of points (nodes) within the channel.

In order to facilitate these calculations for the entire two dimensional extent of the
chanael a grid is established with nodes distributed in the transverse and longitudinal
directions. The solution procedure utilizes a streamtube representation of the channel in
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order to determine the transverse grid interval, however the calculations proceed using the
cartesian z coordinate, rather than the transformed q coordinate.

4.3.1 Streamtube Representation

The hydraulic and geometric parameters of the river reach to be modelled must be
represented by a series of surveyed or synthesized cross sections. At each cross section
the channel geometry and velocity distribution must be known for the particular flow (i.c.
Q) of interest as shown in Figure 4.1 a). Integration of the h and u curves according to
Equation [56] and division by Q produces a dimensionless cumulative flow curve as
shown in Figure 4.1 b). The channel is then divided into a series of adjacent streamtubes
with boundaries at specified q/Q intervals. Sufficient streamtubes must be defined to
obtain good definition of the channel within the expected plume region. At each cross
section the width of the streamtubes is determined by subtracticn of the z coordinate at the
left and right q/Q boundaries of the tubes. The mean velocity and depth of each
streamtube at the particular section is then determined by integration of the u vs. z and the

h vs. z curve, between the streamtube z coordinate boundaries, and dividing by the
streamtus:s width.
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Figure 4.1 Streamtube representation of cross sections.
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This process defines a series of nodes stretching in the transverse direction across
each cross section. Each node represents the centroid of the streamtube with a set of
associated mean parameters. Between defined cross sections the channel is divided into a
series of streamtube segments or elements with a node representing the centroid of each
element. The mean width, depth and velocity of each element is determined by linear
interpolation between defined sections. However, the longitudinal position of the
upstream and downstream element boundaries must be determined before this linear
interpolation can proceed.

4.3.2 Longitudinal Spacing of Streamtube Elements

The longitudinal spacing of the streamtube element boundaries is variable, and is
selected in order to optimize the advection calculations. To illustrate this procedure
consider the streamtube elements shown in Figure 4.2 with centroids at position (i-1, j)
and (i, j). The simple explicit forward time, backward space, finite difference expression
for Equation [1031 whick 1¢ - esents advective exchange between the two elements is:

A & | [103]

where Ax is the longitudinal distance between element centroids and u is the mean
longitudinal velocity between the centroids.

L Elementi, j
Elementi-1, j X1

Flow

Streamtube j ® (1,j) ?(i j) - >

X

Figure 4.2 Successive streamtube elements.



Solving for the concentration at position (i, j) at time (t + At) gives:

Cijatar = Cijat Axt (ci—l.j.t —Cijr) = Sijs +Cr(ci-l.j.l =Cijs
[104]
from which it can be seen that the extent of the mass exchange between elements
element (i-1, j) and element (i, j) is a function of C,. For C, # 1 there is incomplete
exchange of mass between element (i-1 ,j) and element (i, j) during the time step At. The
incomplete exchange results in the numerical dispersion errors discussed previously. For
C; = 1 there is complete exchange and the numerical dispersion errors are eliminated. The
basis of thé AOG method is to select the upstream and downstream streamtube element

boundaries to ensure C, = 1 for each advective exchange between elements.

C, can also be defined in terms of the volume of and the flow through each element
as follows (Beltaos and . " 7ora, 1988):

o
AV; [105]

where Ag; is the flow within streamtube j and AV; is the volume of element i. For
completz advective exchange of mass between successive elements, during a time step,
(ie. C, = 1) the volume of element (i-1, j) must equal the volume of elemerit (i, j) because
Ag; and At are set values. The volume of each element is solely a function of the element
length Ax because the element depth and width are linearly interpolated on the basis of
longitudinal distance along the streamtube between defined sections. Therefore, the

longitudinal length of each 5~ ment must be carefully selected to ensure each element of a
streamtube has the appropriate volume.

Details of the procedure for selection of the element lengths is given in
Appendix A and follows the procedure outlined by Beltaos and Arora (1988). In brief, the
cumulative volume to any poiat along a streamtube is a cubic functic: of ivagitudinal
distance from the upstream boundary. For time step i the cumulative volume down a
streamtube j from time zero would be iAgAt. In order to determine the downstream
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boundary of the ith element the cubic function must be solved by successive substitutions
to determine x;. The element boundaries are then x; and x;.; (Le. the boundary from the
previous time step calculation).

Once x; and x;., are known for the ith element, the mean value of h, h at the right
boundary, Az and E, for the streamtube at these positions can be determined by lmear
interpolation between defined sections. The parameters values for the element centroid
position are then determined by averaging the parameters values at x; and x;;. The
calculations proceed down the streamtube until the downstream boundary is reached. The
procedure is then repeated for each streamtube. The result of these calculations is an
asymmetrical grid pattern with non aligned elements in adjacent streamtubes. Each
element has a volume which will ensure complete advective exchange with its unstream
and downstream neighbours during a time step calculation. Each element also has an
associated list of mean parameters for subsequent use in the mixing calculations. An
example of the grid structure is shown in Figure 4.3.

Streamtube j-1 (L,i-1) J(L+1,j-1)] (L+2,j-1)

Streamtube j (i, ) (i+1, j)

Streamtube j+1 (R,j+1) (R+1, j +1)

1———’)( flow direction
y4

Figure 4.3 Discretization grid optimized for advection - modified from Beltaos and
Arora (1988).
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4.3.3 Advective Flux

Once the calculation grid is constructed as specified in the previous section the

advective flux during each time step is simply a transfer of concentration from upstream
elements to downstream elements, i.e.

Cijt+at = Cipja [106]

where i varies from one, to the number of elements in tube j, and j varies from one, to the

number of streamtubes. At the upstream boundary (i=0) the element concentrations are
set to the desired input concentration at the beginning of each time step.

4.3.4 Diffusive Flux

The diffusion substep distributes mass laterally between streamtubes using an
approximation of the goveming differential equation. For the simple case where the

elements of adjacent streamtubes are aligned, as shown in Figure 4.4, the approximation
would be as follows:

E (cL,t ~Cit) _ E (ci.t - cR.t)
(ci,t+At “Cix) _ AL Az 4% Azip
At Az [107]

where E, and E,  are mixing coefficients at the element sides determined as averages

between the element centroids. Note that for Az = Azx = Az and consistent E; the
approximation will reduce to a central difference expression for the differential &*c/o2*.

The change in imass contained within the element during one time step is:

(cn+& c“)v E (cl t = ) A At - Ezu, MAixﬁt

:.L Azi.R [ 1 08]

where ¥; is the element volume and A;; and A;x are the average side areas through which
the mass flux occurs.
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Figure 4.4 Adjacent Streamtube Elements (Simple Case).

In general the ::lements are not aligned due to the asymmetrical nature of the grid.
For element (i, j) shown in Figure 4.3, the diffusive exchange with each neighbouring
element sharing a portion of the side boundary is simulated as follows:

() ¥i; = - [M] Au At+E [sn_m_l_&;] Avre At
Az Az

-I—Ezi']""2 [———-cLXJ'l - cl"-l Air+a At +Ezi'R [—-———CR’Z 1- ci'j] Air At
ZiL+2 Zir

+E,"*1 [————““X’*‘ - °""] Airn At
Zir [109]

where:  the asterisk represents concentration at time ¢+At, all other concentrations
are for time t,

V;; is the volume of element (i, j),

A, is the side boundary area shared between slement (i, j) and an adjacent
element,

Az, is the average distance between centroids of adjacent elements,

E,*™ is the local transverse mixing coefficient between adjacent elements,
and

At is the size of the time step.
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The concentration for element (i, j) at the next time step can be directly calculated using a
rearranged version of Equation [109]. The values of A,,, and Az ,, are calculated using the
centroid parameters of each element which were determined during the grid generation
process. The shared side area between adjacent elements is the product of the average
depth and the shared length. ¥;; is known for each element from the grid generation

process. The local mixing coefficient is the average of the values at the centroid of the

two adjacent elements.

The mixing coefficient at the centroid of each element is predicted using the

empirical equation discussed earlier, i.e.

E: = Bbu, [110]

wheré: B is the dimensionless mixing coefficient,
h is the average depth of the element,
ue is the local shear velocity or ,/ grs ,

r sthe average hydraulic radms for the element, and
s is the channel slope.

During the grid generation process values for 8 for each streamtube, and s the channel
slope, are input at each defined section in a similar fashion as the streamtube depths,
velocities and widths. The dimensional transverse mixing coefficient is then calculated for
each streamtube at each section and is subsequently determined for the centroid of each
streamtube element " . -+ mterpolation between sections.

A calculation similar to that represented by Equation [109] is repeated for each
element in the grid to complete the diffusion substep. Note that the only parameters that
change with time in Equation [109] are the concentrations. Therefore, the position of
adjacent elements, the uverlapping areas, the Az’s, and the mixing coefficients only have
to be determined once at the beginning of a simulation. These parameters are then stored
in a ‘flux table’ for each grid element and recalled as required in subsequent calculations.
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4.4 Error and Stability Considerations
4.4.1 Advection Substep

Truncation error analysis and consistency checks for the forward time, backward
space exphmt representation of the one-dimensional advection equation are given in
Appendix B. The error associated with the approximation is of the order of At and Ax
used in the descretization.

The stability analysis for the forward time, backward space explicit representation
of the one-dimensional advection equation was discussed in Chapter 3. The analysis is
repeated for convenient reference in Appendix B. The stability analysis shows that for
C, = 1, for which the calculation grid is generated, the finite difference representation has
no dissipation errors and no dispersion errors for N>4. Because the model is started with
a block input at the upstream boundary some minor :!ispersion may occur in the first
couple of time steps until the waveform spreads.

4.4.2 Diffusion Substep

The truncation error analysis for the forward time, central difference explicit
representation of the one-dimensional diffusion equation was discussed in Chapter 3. The
analysis is repeated for convenient reference in Appendix B. The error associated with the

approximation is of the order of At and Az’ used in the descretization

The stability analysis for the forward time, central differ=nce exgplicit representation
of tke one-dimensional diffusion equation is given in Appondix B.  The results of the
analysis indicate that for stsbility:

At 1
Ez‘—' S -

A2 T 2 [111]
otherwise negative cuincentrations can occur in the solution. This analysis confirms the
recommendations of Yotsukura and Fiering (1964) discussed earlier. From the truncation
ervor analysis discussed earlier it was determined that the error could be significantly

reduced by cancellation of the leading error terms if:
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At 1
Ez-_- = —
AZ 6 [112)

However, this state is impossible to achieve for all elements but indicates that values for

the parameter of approximately 0.2 are preferable to those nearer 0.5.

4.4.3 Secondary Error

Beltaos and Arora (1988) note that the diffiision substep can cause a numerical
diffusion error in the longitudinal direction if the¢ Ax/Az ratio is too large (ie. if the
streamtube elements are too long and slendery. When mass is exchanged between
elements in the diffusion substep it is distribut::! ..»iformly cver the eleiient giving an
average concentration. Depending upon the aiinuuent of the elements the mass can be
artificially advanced in the longitudinal diretiizu, The effect is shown schematically in
Figure 4.5.

Diffusive flux from element (i.j)
is artificially spread in the
longitudinal direction due to
concentration averaging in
elements (L ,j-1) and (R,j+1)

Figure 4.5 Secondary advective flux,

Beltaos and Arora (1988) report that this effect is minor in comparison to the
longitudinal dispersion resulting from differential advection. However, in order to limit
this effect, they recommend the element dimensions be limited to Ax/Az < 10 for good
results. Some artificial diffusion in the longitudinal direction may in fact be of benefit as it
may compensate somewhat for neglecting the longitudinal dispersion term in the original
mass balance equation.
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4.4.4 Time Step and Transverse Grid Spacing Selection

A suggested strategy for selecting the appropriate time step and transverse grid
spacing for the modelling procedure can be summarized as follows:

1. Select the streamtube spacing across the channel in terms of ¢/Q (an¢ thus the Az
spacing) in order to obtain a reasonabl: number of points across the luteral extent of
the effluent plume or slug release at the sections of interest. Remember tiie streamtube
spacing in terms of q/Q mmst be consisternt at each section. The streamube spacing
should also consider the location of midchannel bars and/or islands if they are to be
considered in the simulation.

2. Select a proposed time step, then at each section using the mean velocity in each
streamtube estimate Ax. Check that Ax/Az < 10 for each streamtube at each section.
If this condition is not met the time step must be shortened or the streamtube spacing
revised.

3. Once the Ax/Az criteria is satisfied check the transverse diffusion stability criteria

(Le. E.AU/AZ < 0.5) for each streamtube at each secticn. Again if this condition is not
met the time step must be shortened or the streamtube spacing revised.

Beltaos and Aroras (1988) demonstrated that the transverse diffusion stability

requirement will generally be met automatically if the Ax/Az recommendation is observed.
For this reason Ax/Az is checked first.

4.5 Method Implementation

The overall AOG mcethod is implemented using a series of four programs. Two
preprocessing programs are used to divide the channei into streamtubes and generate %:e
optimized grid for the river reach of interest. A main program then conducts the mixing
calculations using input of stured parameters from the pregrocessing programs and input
of upstream boundary concentrations. Finally, a post processing program is used to
interpolate the output from the main program to obtain results at a specified distance
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downstream of the input location. Each of these programs are briefly described in the

following sections.

All the programs have been written in Microsoft Fortran for IBM compatible
computing systems. The programs were compiled for use with Microsoft Windows. This
offers two advantages:

1. The programs can address a significantly larger amount of memory than if they were
compiled for use with MSDOS. This allows the use of very large array sizes with the
only restriction being how they are organized within memory blocks.

2. The Windows environment allows easy manipulation of data files allowing cutting and
pasting between files. In addition, screen output from any of the programs can be cut
and pasted directly into a spreadsheet or word-processing program if desired.

4.5.1 Preprocessing Program STRMTUBE

The purpose of STRMTUBE is to take a series of cross sections with defined h,
and ¢/Q vs. z curves and divide the channel into streamtubes with specified ¢/Q
boundaries. The h and q/Q vs. z relationships are defined by a series of coordinates which
are read into the program. The channel geometry and flow information must first be
compiled from cross section surveys or synthesized using established river engineering
principles. The majority of the compilations of this data are easily handled using a
spreadsheet program from which the resulting data coordinates can be cut and pasted into
the STRMTUBE input file.

The program takes the defined z, q/Q, h points at each section and interpolates
between them at the requested q/Q boundaries in order to determine the streamtube z
coordinates and depths. The program also assembles slope and dimensionless mixing
coefficient data for each section. The output from STRMTUBE is in a format which 3s
readily acceptable as input to the second preprocessing program.

The second important function of STRMTUBE is to check the combination of the
proposed streamtube widths (i.e. the transverse grid spacing) and the time step against the
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error criteria discussed above.® A compilation of (Ax/Az) and (E.At/Az®) for each
streamtube is output to a text file which can be reviewed by the user to ensure none of the
error criteria have been exceeded.

The required input data for STRMTUBE and it’s output are summarized in
Table 4.1. A listing of the program is given in Appeundix .

Table 4.1 STRMTUBE Input/output summary.

Input Output
for the reach: for each section:
total flow, Q streamtube avg. depths
time step, At streamtube widths
¢/Q streamtube boundaries streamtube right boundary depth
for each section: dimensionless mixing coefficient, 8
downstream location, x channel slope, s
series of b, z, ¢/Q coordinates
dimensionless mixing coefficient,
channel slope, s

4.5.2 Preprocessing Program GRIDGEN

The purpose of GRIDGEN is to take compiled streamtube information from the
previous preprocessing program and generate the advection optimized grid for the river

reach. The process is shown schematically in Figure 4.6.

The interpolation procedure discussed above, which uses element volumes to
determine element longitudinal boundaries, is used in the grid generation process. The
GRIDGEN program also determines a list of element parameters for use by the main
mixing program. The output from GRIDGEN is stored in two data files. SIMDIMS.DAT
contains the ij designation of each element and a list of the clement parameters. The
information is organized so that there is one element per line beginning at position (1,1)

3 Once a section is divided into streamtubes the mean flow velocity u for each tube can

be calculated from u = Ax/At.
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and proceeding down each streamtube in succession. RCHCHAR.DAT contains reach
information including the number of streamtubes, time step, number of elements in each

tube, and the volume of the elements in each tube.
The required input data for GRIDGEN and it’s output are summarized in
Table 4.2. A listing of the program is given in Appendix C.

INPUT OUTPUT
Section 3 @ x=X3
z

— Element
[ 1] parameters
h streamtube characteristics

[ 1

|1

|
I

[
l
[ |
\ll
g

Section 2 @ x=X2 z ] h
1';L—J—Lpt e s T
n streamtube characteristics E——_:
Section 1 @ x=X1 i g
:z :'—___’—_L-——
. l‘—{__:[_]_p
streamtube characteristics i ﬁ
FLOW

Figure 4.6 Schematic represcntation of the function of the GRIDGEN
preprocessing program.

Table 4.2 GRIDGEN Input/output summary.

Input Output
for the reach: to SIMDIMS.DAT for each elemeni:
no. of sections avg. depth
no. of streamtubes width
time step, At right boundary depth
total flow, Q dimensional mixing coefficient, E,
g/Q streamtube boundaries downstream boundary position x
for each section: to RCHCHAR.DAT for the reach:
STRMTUBE output no. of sections

no. of streamtubes
no. of elements in each streamtube
vol. of elements in each streamtube
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4.5.3 Main Program 2DMIX

The main program 2DMIX performs all the fractional time step mixing calculations

on the grid established by the preprocessing programs. The tasks performed by 2DMIX
may be summarized as follows:

1. Read the information from RCHCHAR.DAT and SIMDIMS.DAT into memory and

establish an array containing an initial concentration for each element in the grid at
timet=0.

2. For each element in the grid, determine the shared area, mean E,, and Az between
stream tube centrelines and the i, j coordinates of each transversely adjacent element.

Store this information in an array in memory ( a ‘flux table’) for subsequent recall
during each time step.

3. Determine the longitudinal extent to which mass has been advected down the channel
from time zero. Translate this longitudinal distance into limiting i coordinates for each
streamtube in order to limit the mixing calculations to the region in which mass will be
present. This procedure eliminates numerous redundant calculatiors in the early
portion of the simulation.

4. Then for each time step perform the following substep operations:
a) Read the upstream boundary concentrations.

b) Perform the advective exchange operation for each element proceeding up
each streamtube toward the upstream boundary concentration. An
intermediate concentration is thus established for each element which
replaces the original concentration at time t.

c) Perform the diffusion calculaticn for each element using the intermediate
concentrations to determine the concentration gradient between adjacent
eiements. Note that the position of the adjacent elements and the required
parameters for this calculation are recalled from an element’s ‘flux table’.
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The resulting concentration for each element is stored in an array of

concentrations for time t+At,

d) The concentrations at t+At are written to a data file called
TIMECONC.DAT and then transferred in memory to the array holding the
intermediate concentrations. This array then becomes the initial

concentration for the next time step.
Repeat a) to d) until the requested number of time steps have been completed.

The output to TIMECONC.DAT is arranged as one long vector or series of
records, one record for each element in each time step. Within a time step, the records
progress from the first position in streamtube 1 (Le. element(1, 1)), down the tube to the
downstream boundary and then start over again at the next tube and continue until the last
tube is traversed to the final i position (see Figure 4.7). The results from each new time
step are stored in similar fashion and continue on in the file from the last record of the
previous time step. The current version of the program has capacity for 2048 time steps
and 20 streamtubes.

Series of indexed records stored in file TIMECONC.DAT

time step 1 time step 2

ime s 2
tube 2 s time step
tube 3 ! ! additional time steps

Figure 4.7 Organization of output from 2DMIX.
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The left and right bank ‘no flux’ boundary conditions: are easily handled in the
program by only permitting exchange on one side of the elements which are sdjacent to
the left and right banks. No flux boundaries created by mid channel bars and islands can
also be handled by locating sections at their upstream and downstream ends. The

appropriate streamtube will then have a right boundary depth equal to zero which causes
the calculations to result in zero diffusive flux.

The required input data for 2DMIX and it’s output are summarized in Table 4.3.
A listing of the program is given in Appendix C.

Table 4.3 2DMIX Input/output summary.

Input _ Output
for the veach: for each element and timestep:
total flow, Q output ccncentrations, ¢
time step, At elapsed time, t
q/Q streamtube boundaries
mput concerntrations at each time
step, ¢

for each section:
downstream location, x
series of h, z, ¢/Q coordinates
dimensionless mixing coefficient, B
channel slope, s

4.5.4 Post Processing Program XSLICE

The purpose of the post processing program XSLICE is to retrieve records from
TIMECONC.DAT to obtain concentration vs. time data for a specified longitudinal
position in the river reach. XSLICE first determines the (i,j) position of the element in
each streamtube which straddles the specified x location. The index numbers of the
records in the first segment of TIMECONC.DAT which holds the concentrations of these
elements are then determined. Next, the first time step concentrations in each streamtube
are determined by linear interpolation between the appropriate upstream and downstream
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centroid concentrations retrieved from the appropriate records. Finally, the interpolations
are repeated for each time step. The appropriate record index numbers for successive time
steps are easily determined as they are always offset by the total number of elements from

the previous index number.

The post processing procedure is shown schematically in Figure 4.8. The
interpolated results are cutput to a text file, one line per time step in the following format:

time 1, conc.intube 1, conc.intube 2, ..c.ccceee.....,conc. in last tube.

time 2, conc.intube 1, conc.intube 2, .ccceeeeeeee...cOnC. in last tube.

last time, conc.intube 1, conc.intube 2, .cccveeceees....cONC. in last tube.

The text file is eansily loaded into a spreadsheet program for plotting and/or further

analysis.

Interpolation between the appropriate produces a series of conc. and time
elements on each time step grid data pairs for each streamtube
at the designated distance
downstrearyi

Ty

the output for each time step can
produce a plot of conc. vs. Z

conc.
additional time steps
, >

Figure 4.8 Post processing of 2DMIX output data.
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5. Model Verification Studies

5.1 Introduction

In order to confirm the accuracy of the present implementation of the AOG
method, the algorithms were first tested against analytical solutions for simplified
situations. These include: one—~dimensional advective translation with no dispersion and
steady state transverse mixing.

The algorithms were then tested against a laboratory study conducted by
Fischer (1966) and reported by Beltaos (1978). Finally, and most significant, the present
AOG model was tested against the results of three major siug tracer tests conducted on
three large western Canadian rivers. The final stage of the verification is the most
significant because only one field cug test has been reported in the literature to verify the
AOG method. In the test Wiidh was reported by Beltaos and Arora (1988) tracer
concentration data from wnly % single cross sectige #®: gvailable. Clearly a more
extensive verification of the AOG method in the {3:!¥ s desirable before it can be
recommended for general use for conservative parameters. Tnce this verification is

complete the method can be extended to non-conscrvative parameters.

5.2 Model Verification against Analytical Methods

5.2.1 Advective Translation

The advective substep of the model was tested using a slug input across a channel
at its upstream boundary, and running the model for B = 0 ( ie. no transverse diffusion).
The channel used for the test was triangular in cross section and divided into six stream
tubes as shown in Figure 5.1. A triangular section was used to ensure the grid generated
by the model had overlapping elements. This is a more stringent test than using a
rectangular channel because transverse concentration gradients are produced due to the
differential velocities between streamtubes. Any inaccuracies in the diffusion substep
would distort the input waveform as a resuit of these gradients.
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Triangular Section for Advection Test

h (m)

N b ON a0

0 50 100 150
Z (m)

Q=3185m"s, max.h=4.24m, avg.u=1.00m/s

Streamtube Characteristics

Tube h width g/Q A g/Q u
(m) {m) (m’/s) (m/s) |
1 0.98 34.1 0.0625 0.0625 0.5950
2 2.87 26.0 0.2800 0.2175 0.9968
3 3.78 14.9 0.5000 0.2200 1.2427
4 3.78 14.9 0.7200 0.2200 1.2427
5 2687 26.0 0.8375 0.2175 0.9968
6 0.88 34.1 1.0000 | 0.0625 | 0.5950

Figure 5.1 Triangular szction used for the advection test.

Two input waveforms were used for the test. A half sine wave and a rectangle as
shown in Figure 5.2. The oviput waveforms were determined after 450 and 900 time
steps. Because the output concentrations are interpolated between element centroids care
must be taken to ensure the requested longitudinal distance aligns with the element
centroid. The longitudinal distance corresponding to the desired number of time steps is:

((no. time steps)-0.5)mean flow velocity of the streamtube)

The half time step back is required because the elements are initially aligned with their
downstream boundaries at time zerg.

The output waveform concentrations are listed in Table 5.1 to Table 5.4 compared
to the input concentrations. The output is virtually identical to the input as would be
expected if the algorithms are functioning correctly. Even the rectangular input which is
defined by a single point is accurately transferred down the streamtubes.
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Figure 5.2 Advection test input waveforms,

Table 5.1 Half sine wave concentratinns after the peak has moved 450 time steps.

Input Position Tube 1 Tube 2 Tube 3
0.0000 445.5uAt 0.0000 0.0000 0.0000
3.8268 446.5ult 3.8267 3.8268 3.8268
7.0711 447.5ult 7.0710 7.0711 7.0711
9.2388 448.5uAt 9.2387 9.2388 9.2388
10.0000 449.5uAt 10.0000 10.0000 10.0000
9.2388 450.5uAt 9.2388 9.2388 9.2388
7.6711 451.5uAt 7.0712 7.0711 7.0711
3.8268 452.5uAt 3.8269 3.8269 3.8268
0.0000 453.5uAt 0.000C 0.0000 0.0000

note: At = 120 sec

Table 5.2 Rectangular waveform concentrations after 450 time steps.

Input Position Tube 1 Tube 2 Tube 3

0.0000 448.5uAt 0.0000 0.0000 0.0000
9.0000 449 5uAt 8.9998 8.9997 9.0000
0.0000 450.5uAt 0.0002 0.0003 0.0000

note: At = 120 sec
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Table 5.3 Half sine wave concentrations after the peak has moved 900 time steps.

Input Position Tube 1 Tube 2 Tube 3
0.0000 895.5uAt 0.0000 0.0000 0.0000
3.8268 896.5uAt 3.8268 3.8268 3.8271
7.0711 897.5uAt 7.0711 7.0711 7.0713
9.2388 898.5uAt 9.2388 9.2388 9.2389
10.0000 899.5uAt 10.0000 10.0000 9.9999
9.2388 900.5uAt 9.2388 9.2388 9.2386
7.0711 | 901.5uAt 7.0711 7.0711 7.0708
3.8268 902.5uAt 3.8268 3.8268 3.8264
0.0000 903.5uAt 0.0000 0.0000 0.0000

note: At = 120 sec

Table 5.4 Rectanguiar waveform concentrations after 900 time steps.

Input Position Tube 1 Tube 2 Tube 3

0.0000 898.5uAt 0.0000 0.0000 0.0000
9.0000 899.5uAt 9.0000 8.9976 8.9991
0.0000 900.5uAt 0.0000 0.0024 0.0009

note:; At = 120 sec

5.2.2 Steady State Substance Source

The diffusion substep of the model was tested using a steady state line source
across a portion of the channel. The output from the model is compared to the analytical
solution for continuous line sources developed by Yotsukura and Cobb (1972) (see
Equatios [67]). The channel used for the numerical simulation was rectangular in shape
and divided into 20 streamtubes. The channel and streamtube characteristics are listed in
Table 5.5. A rectangular section was used because the analytical solution was developed
for an idealized channel with constant depth and velocity.

The output from the analytical and numerical simulations are shown in Table 5.6
and plotted in Figure 5.3. Note the numerical solution concentrations are imeans for the
streamtubes and are plotted at the streamtube centrelines. Therefore, the boundary
concentrations cannot be predicted by the numerical method. The numerical and analytical

solutions are in very close agreement.
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Table 5.5 Rectangular channe! characteristics for diffusion testing.

Rectangular channel divided into 20 equal streamtubes, Aq/Q = 0.05
Continuous liae source batween 0 and 0.1 ¢/Q, ¢=10.0

At = 10 sec

B=0.35,s=0.0001

Channel characteristics Streamtube characteristics
W=20m Az=1m

H=1m h=1m

U=0.4m's u=04m/s

U. = V& ue = 2B

E, =BHU. = 0.0110 m*/s E; =fhu. = 0.0110 m%/s

Table 5.6 Comparison of concentrations predicted by analytical and numerical
solutions for two-dimensional steady state mixing.

L Xx= 50m 100m 200m 400m
q/Q Model Anal Model Anal Model Anal. Model Anal
0.000 7.72 6.06 4.54 - 3.30

0.025 7.54 7.51 5.98 5.96 4.51 4.49 3.29 3.28
0.075 6.02 6.01 5.18 5.17 4.15 4.14 3.15 3.15
0.125 3.75 3.78 3.87 3.88 3.53 3.53 2.89 2.89
0.175 1.80 1.82 2.50 2.52 2,76 2.77 2.54 2.54
0.225 0.66 0.66 1.39 1.40 2.00 2.00 2.14 2.14
0.275 0.19 0.17 0.67 0.67 1.33 1.34 1.72 1.73
0.325 0.04 0.03 0.28 0.27 0.82 0.82 1.33 1.34
0.375 0.01 0.00 0.10 0.10 0.46 0.47 0.99 0.99

0.425 0.03 0.03 0.24 0.24 0.70 0.70
0.475 0.01 0.01 0.12 0.12 0.48 0.48
0.525 0.05 0.05 0.31 0.31
0.575 0.02 0.02 0.19 0.19
0.625 0.01 0.01 0.22 0.12
0.675 ‘ 0.07 0.07
0.725 0.04 0.04
0.775 0.02 0.02
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Analytical vs Numerical Solution

Model @ 50 m
Model @ 100m
Model @ 200m
Model @ 400m

0O ¢ » 0

0.0 0.1 02 03 0.4 0S5 06 0.7 08

aQ

Figure 5.3 Comparison of concentrations predicted by analytical and numerical
solutions for two-dimensional steady state mixing.

5.3 Model Verification using Laboratory Measurements

Fischer (1966) reported the results of longitudinal dispersion studies in a
trapezoidal flume. In one experiment granular fill was placed on the side slopes of the
flume in order to create more significant transverse velocity gradients. The fill in effect
created a rectangular channel with roughened sides. Tracer was input in a line across the
channel, as a slug, and was monitored at two downstream sections at several transverse
locations. Beltaos (1978) used Fisher’s experiment as one of the laboratory verifications
of the AOG method. The exercise was repeated for the current implementation of the
AOG method using Fischer’s data taken from Beltaos’s report.

The monitoring (probe) locations and the characteristics of the flume channel are
shown in Figure 5.4 and listed in Table 5.7. This section was used to characterize the full
length of the flume. The total flow was determined using the channel dimensions and the
velocity distribution reported by Fischer and is estimated to 0.00329 m’/s.
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Figure 5.4 Fischer experiment channel characteristics and probe locations

- modified from Beltaos (1978).

Table 5.7 Fischer experiment channel characteristics and probe locations.

Streamtube Boundary Locations and Characteristics Probe Locations
Tube z (m) q/Q h (m) u(m/s) | Probe q/Q
0.000 0.000 0.035 0.000 G 0.005
1 0.025 0.018 0.035 0.135 J 0.120
2 0.053 0.072 0.035 0.230 I 0.555
3 0.105 0.227 0.035 0.330 E 0.690
4 0.151 0.396 0.035 0.360 F 0.960
5 0.196 0.568 0.035 0.360 H 0.995
6 0.241 0.738 0.035 0.350
7 0.293 0.907 0.035 0.260
8 0.329 0.986 0.035 0.150
9 0.347 1.000 0.035 0.000

0.35



Tracer measurements were taken by Fischer at 16.11 and 26.07 m downstream and
were reported in relative concentrations. In order to determine the total mass input in
relative concentrations, the measured concentration vs. time plots (the C-t plots) were
integrated with respect to time and the z direction. The results of these integrations
showed there was some discrepancy between the total mass recovery at the two monitored
sections. This indicates that tl:ie measurements may have been taken for two separate
injections and hence the need to report the results in relative concentrations.

In order to overcome these difficulties the model was run twice, once for the
relative mass recovery obtained at 16.11 m (6.04 units), and once for the relative mass
recovery obtained at section 26.07 m (9.99 units)). A uniform concentration (1837 and
3036 units/m’ respectively) was placed in the first element of each streamtube to begin
each simulation. The input concentration was equal to the product of the total mass input,
the total flow rate and the time step. The model was initially run using E, = 1.62 cm?/s as
reported by Beltaos (1978), however a revised value of E, = 1.79 cm?/s produced a better
fit to the measured data. The model results and the measured concentrations are shown in
Figure 5.5 and Figure 5.6.

The model accurately predicts the measured concentrations with only xznor
discrepancies near the banks. Beltaos (1978) obtained similar results and speculated that
the poorer match near the banks may be due tc the presence of dead zones. Tracer
trapped in the dead zones is slowly released over time hence the attenuation in the peak
concentration and tke enlongated time base of the measured waveform in comparison to
that predicted by the model.

As noted in Chapter 4, Luk et al (1990) completed an extensive laboratory
verification study of the AOG method in a sinusoidally meandering flume channel with
variable cross section geometry. Under these conditions the model also performed very
well. A minor weakness of this study was that the channel reach in which tracer had not
yet approached the side boundaries was not sampled. Hence the model was not rigorously
tested in the two-dimensional mixing zone. The same is true for the Fischer experiment
since the mass was input as a line source across the channel. Despite this the model can be
cousidered adequatelly and independently verified for laboratory conditions.
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Figure 5.5 Fischer Ser. 2800 Experiment, C-t curves at 16.07 m.

90




&) Probe G, gQ ~ 0.008 <) Probe E, gQ=0.890

.umit
h
.uMit
S
/

b) Probe J, gQ=0.120 e) Probe F, o/Q=0.950

1“0 1“0
1 1
1m0

" -

Y - 4 _. .

. d .

2 I " \\i\

[ ] ,] e - \.‘k -
® o 100 " 140 10 " 1m0
Time (sec)

c) Probel, q=0.555 1) Probe H, g/Q~0.985

.lmit
BEVZ

)

/

"\ - ety ®
. N - 3 Ne ¢, _
et s N A DR A S
L _J ] 10 m:’(‘, 40 100 19 [_] 20 100 mﬁtx) 40 100 450

Figure 5.6 Fischer Ser. 2800 Experiment, C-t curves at 26.11 m.
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5.4 Model Verification using Field Tracer Studies

5.4.1 Introduction

The next step in the verification process was to test the AOG method against
several tracer tests conducted in the field. Field verification is vital in order to have
confidence that the model can be applied to practical effluent disposal problenss.

The comparison of the model output to the laboratory investigations described in
the previous section indicates the AOG method is satisfactory for modelling the mixing
conditions which occur in channels with limited secondary currents. Secondary currents
are always present in natural channels due to the variable cross section geometry created
by bends, bars, outcrops etc. The result is enhanced transverse mixing conditions. The
AOG method must be able to directly handle the variations in cross section geometry
(ie. the u and h variations both transversely and longitudinally) and to indirectly handle
the enhanced transverse mixing by means of the dimensionless transverse mixing
coefficient (ie. the 3 coefficient).

An additional phenomenon which commonly occurs in natural streams is the
presence of dead zones (backwater) near the banks of the stream. This effect was evident
in the Fischer laboratory experiment discussed above. Mass entering the dead zone
becomes temporarily trapped and is slowly released over time. Thus a C-t waveform
entering the backwater tends to have it’s peak attenuated and its time base stretched. The
presence of this effect can hamper the model accuracy within the near-shore region. The

seriousness of these inaccuracies mmust be considered in the assessment of model

performance.

Beltaos and Arora (1988) reported the results of a verification test of the AOG
method using data collected on the Athabasca River downstream of Fort McMurray under
ice-covered conditions (see Beltaos (1978) for details of the field test). The study reach
was 11.8 km long and characterized by cross sections located at 1.9, 3.1, 4.3, 6.3, 7.8, 9.7
and 11.8 km downstream of the injection point. Tracer was injected as a slug near the left

bank of the river. Tracer concentrations were measured across the channel at 6.3 and
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11.8 km. Unfortunately, the slug passed by 6.3 km too quickly to obtain accurate C-t
plots. The AOG method was used to simulste the tracer concentrations measured at 11.8
km using the appropriate channel parameters taken form the cross section surveys. A
reach-averaged value of E, = 0.04 m*/s was used in the simmlation.

The results of the simulstion are shown in Figure 5.7. As noted by Beltaos and
Arora (1988) there were some minor discrepancies in the time of travel predicted by the
model and that observed in the field. These discrepancies could easily be the result of
gauging station error in reporting total flow (as proposed by Beltaos) or due to reduced
cross sectional area due to accumulation of frazil ice’ and or cut off of shallower sections
of the river by ice cover. In addition, the shapes of the C-t curves near the left bank are
significantly different. Beltaos speculated that this difference was due to the presence of
dead zones near the left bank. This would be consistent with the attenuated peak and
enlongated time scale of the observed C-t plot.

This single slug test on the Athabasca River appears to be the only time-dependent
field verification of a two-dimensional unsteady substance source model documented in
the literature. All other investigators have used either laboratory studies or steady state
tracer tests for verification. Verification of the current AOG model against three major
field tracer studies are presented in the following sections. The completion of these
verification studies represents a major step toward general acceptance of the AOG method
for the simulation of plumes resulting from unsteady effluent discharges to natural rivers.

! Ice pellets which form in open water during freeze-up conditions sid attach ic the

underside of ice floes. Once the river freezes over the frazil ice is redistributed under
the ice cover.

93



4. nclf the left bank (channal wicth = 282 ni

3

Cone. (ppb)

i i i i
H
R e 1 R e e SUREY
i
i
i
i
- : PR
i ls
L
i
E.E s e
— H i i
4«0

» Meansed — Svidated)

75 mcif the left bank (channel width =202 m

8

Conc. (ppb)

\
\

00 20 40 450 8500 50
T (
*_Mesused — Simuated

135 maff the left bank (channel wicth =282 m

8

8

-1\

Cons. (ppb)

10

\
\

20 3 XD 4400 44 S0 S 0 e e

Figure 5.7 Simulated vs. observed results, Athabasca River below Fort McMurray,

Thva {(minues)
* Mesnsud — Simuiated

188 moff the left bank (channel wclh = 200 m

i i : H B
: 4 | é {
! ! ‘ ;
0 $ne e -.L. : : . -.._ JI —— 4
i B H : t i
i : i { 1 : !
i : b - 4 [ U
i H H : ! i !
i H i : ¢ ¢ i
i ! i i } i !
SOOI SRS SO AP SOTPRS. o : S
i ! i i i i ]
i i
z Nl i ! : i
i ' 5 i ) . FRR
i i H i
; i 5 | | a !
L - i ; : L :
LA A H H i jl
a0 k. 4«0 a0 &0 a0 oo

i

257 molf the left bank (channel wicth = 202 m

8

8

Conc. (ppb)

i i i i 1 i §
i | i i i i ¢
i Y i i i ST T
1 T f ¥ ' i
i i i ‘
i } I
T T - 1
! ! !
1 H }
i i 1
i i i
+ + 4
i i i
i i i
; i i

JOTVRINID SIS STIOUIO SRS SIS ADUTDURS FOURHNE
! ' i ¢ 1 '
i i § ' i i
AR I
J A (1 é e e

40 oo %0

ice-covered, x = 11.8 km - modified frora Beltaos (1978).

94




8.4.2 North Saskatchewan River downstream of Edmonton

5.4.2.1 Background

In October 1977 the Alberta Research Council (ARC) conducted a slug injection
tracer test on the North Saskatchewan River downstream of Edmonton. The results of
this tracer study, and an analytical analysis of the transverse mixing characteristics of this
reach of the North Saskatchewan River, were reported by Beltsos and Anderson (1979).
The gtudy reach was approximately 75 km long and was characterized by eight cross-
section surveyed at the time of the test. Tracer concentrations vs. time were measured at

several transverse locations across four of the cross sections an:! presented in the report.

The ARC analysis of the concentration vs. time data used the dosage® concept and
the method of moments to determine the transverse mixing coefficient. This approach is
equivalent to the analysis procedure that would be used for a steady state tracer test. The
authors noted that a true one-dimensional state of transient mixing had not been
established within the study reach. However, they reported a cne-dimensional approach
could be used to predict concentrations in the lower portion of the reach to within a factor
of two. No attempt was made to model the two-dimensional transient mixing in the upper
portion of the reach. The work presented here will deal with the upper 50 km of the reach
in the two-dimensional mixing zone.

5.4.2.2 Hydrometric data

An initial attempt to model the mixing in the upper portion of the reach using caly
the hydrometric data presented m the ARC report achieved limited success. The poor
results can largely be attributed to a lack of sufficient cross section information required to

adequately define the transverse and longitudinal variations in local depth and velocity.

Additional cross-section information for the upper portion of the study reach was
obtained from the River Engineering Branch of Alberta Environmental Protection (AEP).

2 The dosage concept is explained in Appendix E.
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Approximately forty additional cross sections were available from flood plain and river ice
studies conducted since the ARC tracer test. The AEP cross sections were all tied to
geodetic elevations and their longitudinal position was specified in distance along the river
from the Alberta Saskatchewan border. Prominent locations such as bridges and major
tributaries aided the process of longitudinal alignment of the AEP and ARC sections. A

plan view of the study reach and a number of the cross-section locations are shown in
Figure 5.8.

A much larger effort was required to align the sections in regard to elevation.
Unfortunately, the original ARC sections had not been tied to geodetic elevation. In order
to use the additional AEP cross sections the geodetic water surface elevation had to be
estimated at each section for the date of the tracer test (October 17, 1977). The first step
was to attempt to match the transverse bed profiles at several locations common to the
ARC and AEP surveys. The water surface at other AEP locations could then be estimated
using the slope of the water surface through the reach.

A survey of the water surface slope thrcugh the reach was not conducted during
the ARC study. The ARC analysis relied upon average slope information presented by
Kellerhals et al. (1972). Attempts to project this average slope information through the
AEP cross sections yielded unreasonable depths at many locations. Fortunately AEP had
conducted a slope survey through the reach in 1990 at a flow close to that which was
measured during the tracer test (242 m’/s compared to 142 m*/s)’. This slope information
and the transverse bed profile matching procedure at the common sections was used to
estimate the water surface elevation at each section. This method is not precise and
several adjustments were necessary to obtain reasonable agreement between tracer time of
travel and mean cross section velocities. The estimated water surface elevation and the
longitudinal location of each cross section is presented in Table 5.8. A plot of the

estimated water surface elevations and a portion of the AEP slope survey is shown in
Figure 5.9.

3 Kellerhals et al. (1972) list the 2 year flood discharge as 1190 m*/s.
96 '



2
1T
5
-
2
&
&
(o]
[TH

Figure 5.8 Plan view of the North Saskatchewan study reach.
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Table 5.8 North Saskatchewan River tracer test estimated water surface elevations.

Locstion Dist. from Geodetic  Description and Comments
injection  Water Level
Gan) (m) (m)
815.80 -2700 - AE Aug 14,1990 slope survey point
813.24 -140 607.58  AE Hec 2 Section
813.10 0 607.53 ARC Section 0, Injoction Site
812.89 210 607.45  AE Hec 2 Section
812.54 560 607.32 AE Hec 2 Section
812.14 960 607.17 AE Hec 2 Section
811.81 1290 607.04 AE Hec 2 Section
811.40 1700 606.89  AE Hec 2 Section
811.08 2020 60676  AE Hec 2 Setion
810.69 2410 606.62 AE Hec 2 Section
810.37 2730 606.50 AE Hec 2 Section
809.93 3170 606.33 ARC Section 1, Sampling Site, AE Hec 2 Section,
geodetic elevatian selected by comparing sections
809.64 3460 606.22 AE Hec 2 Section
809.29 3810 606.08 AE Hec 2 Sectian
809.04 4060 60598  AE Hec2 Section
808.70 4400 605.85 AE Hec 2 Section
808.36 4740 605.71 AE Hec 2 Section
808.05 5050 605.59 AE Hec 2 Section
807.76 5340 605.48 AE Hec 2 Section
807.31 5790 605.30  AE Hec 2 Section
807.08 6020 - AE Aug 14,1990 slope survey point
806.90 6200 605.14 AE Hec 2 Section
806.57 6530 605.01 AE Hec 2 Section
806.22 6880 604.87 AE Hec 2 Section
805.89 7210 604.74 AFE Hec 2 Section
805.53 7570 604.60 AE Hec 2 Section
805.12 7980 604.44  AE Hec 2 Section
804.66 8440 604.25 AE Hec 2 Section
804.21 8890 604.08 AE Hec 2 Section
804.14 8960 604.05 ARC Sectian 2 geodetic elevation selected by comparing sections
803.90 9200 603.94  AE Hec 2 Section
803.56 9540 603.79 AE Hec 2 Section
803.20 9900 603.63 AE Hec 2 Section
802.10 11000 603.14  AE Hec 2 Section
801.82 11280 603.02  AE Hec2 Section
801.43 11670 602.84  AE Hec2 Section
798.15 14950 601.39 AE Hec 2 Section
795.55 17550 600.23 AE Hec 2 Sectian, AE Ang 14,1990 slope survey point
794.10 19000 599.68 ARC Section 3
793.60 19500 599.49 ARC Section 3A, Sampling Site
791.95 21150 598.87  AE Hec 2 Section, AE Aug 14,1990 slope survey point
789.45 23650 597.78 AE Hec 2 Section
786.80 26300 596.56  AE Hec2 Section, AE Aug 14,1990 slope survey point
783.25 29850 595.10 AE Hec 2 Section
781.47 31630 59437  AEHec2 Sectim
77837 34730 593.09 AE Hec 2 Sectian, AE Aug 14,1990 slope survey point
769.80 43300 589.41 AE Hec 2 Section, AE Aug 14,1990 slope mirviey pomt
764.60 48500 588.39 ARC Section 4, AE Hec 2 Section, geodetic elevilitm selected by comparing sections
764.55 48550 588.33 ARC Section 4A, Sampling Site
761.40 51700 585.51 AE Hec 2 Section, AE Aug 14,1990 slope survey point
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Figure 5.9 North Saskatchewan River water surface profile.

Once the water surface elevation at each section was set the mean depth and
velocity could be determined. The local velocities and flow distribution were then
estimated using a resistance equation relationship. A tabulation of these calculations, a
cross section plot, and the estimated flow distribution for each section are presented in
Appendix D. An example tabulation and cross section plot is shown in Figure 5.10.
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X-SECTION N. Sask. River, 812.14 km HEC2 Section from Alberta Env.
DATE October 18, 1877
DISCHARGE m™s 14200
WIDTHm 234.93 Est. Water Surface Elev.  807.17
MEAN DEPTH m 0.39 LB 807.81 607.17
AREA n? 209.84 RB 84274 60717
MEAN VELOCITY mv/s 06877
Sta. Elev. h ww u dqest nom g/Q Area adjusted u
m m m msa m s
607.81 ©07.17 607.81 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
611.13 60855 611.13 0.62 0.014 0.528 027 0.00182 10 0.533
67666 606.18 876.66 0.99 0.203 0.72 32.78 0.23508 535 0.730
751.34 606468 751.34 0.71 0611 0.578 41,04 0.52698 1168 0.884
81687 60583 816.87 1.54 0.890 0.871 $6.88 0.83142 180.0 0.981
84274 60717 84274 0.00 1.000 0.000 9.64 1.00000 209.8 0.000
Est. Total 14059
N. Sask. River, 812.14 km
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Figure 5.10 Example cross section and flow distribution plot.
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5.4.2.3 Model input and results

Behaos and Anderson (1979) reported that 4.54 L of 20% Rhodamine WT
(by weight) was injected into the river about 30 m from the right bank at ARC Section 0
(321.19 km). This corresponds to a total tracer mass of 1.081 kg. Presumably the precise
locstion of the injection was not measured because the study was only intended to
determine the transverse mixing coefficient using the method of moments procedure, and
to conduct a one dimensional mixing analysis. Tracer samples were collected at ARC
Sections 1, 2, 3A, 4A and 5. The sampling schedule at Section 1 was not completed due
to an equipment malfimction and was not reported. The dosage distribution measured at
each of the sampled sections is shown in Figure 5.11 and the calculated mass recoveries
are given in Table 5.9.

Table 5.9 North Saskatchewan River tracer mass recoveries.

Cross section Mass Recovery Mass Mass
(m) (kg) Reported MassIn  Assumed Mass In
downstream
8960 1.963 1.81 0.87
19550 1.211 1.12 0.54
48550 0.901 0.83 0.40

The mass recovery rstio indicated for ARC Section 2 in column two of Table 5.9
indicates there is a discrepancy between the recovered mass and the reported injected mass
for the test (ie. more mass has been recovered than the amount reported as imjected).
Typically the mass recovery at the initial section in a shug test is in the range of 80 to
100%. It is also known that the tracer was often supplied in 2.5 or 5.0 USGal. containers
during the 1970°s. With no means to check upon the actual mass injected it seems
reasonable to assume that one 2.5 USGai. container was injected rather than the 4.54 L
reported. This corresponds to an injected mass of 2.252 kg. Mass recovery ratios based
upon this assumption are shown in the last columm of Table 5.9. These figures are far
more reasonable and all subsequent calculations have been based upon a total injected
mass 0of 2.252 kg.
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Figure 5.11 North Saskatchewan River dosage distributions, slug input to the model
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The river charmel was divided into eleven streamtubes with the following
boundaries: ¢/Q=0.100, 0.200, 0.300, 0.400, 0.500, 0.600, 0.700, 0.830, 0.900, 0.975,
and 1.00. A time step of 60 seconds was chosen on the basis of the criteria outlined
previously The injected mass was distributed in streamtube No. 10 (i.e. ¢/Q=0.900 to
0.975) over the initial time step to simulate a slug input. Values for the streamtube local
depths, widths and slope, and B, the local dimensionless mixing coefficient, were
assembled into the GRIDGEN input file with the aid of STRMTUBE. In gencral, cross
section coverage was sufficient to allow linear interpolation of depths and widths between
dcSned sections. However, at a few locaticas where linear interpolation was not deemed
appropriate, the channe] geometry of a single section was used to represent a portion of

the reach.

Several computer simulations were conducted varying the magnitude of B. The 8
value was held constant within each subreach (ie. between each sampled section) and
transversely across the channel. Final values for 8 were selected by visual compariscn of
the model output to the normalized measured dosage curve and the normalized C-t curves
at each sampled location. The dosage curves generated by the model for the selected f3
values are shown in Figure 5.11 together with the normalized measured dosage
distribution at each sampling location. The C-t curves gemerated by the model for the
selected B values are shown in Figure 5.12 to Figure 5.14 together with the normalized C-
t distributions measured at each sampling location.

Comparison of the normalized and simmlated dosage curves at each section
indicates that there is very good agreement except in the near right bank region at the first
measured section (8960 m). Problems in the near right bank region are also quite evident
in the C-t plots at 8960 m. The simmlated C-t curves in this region have peak
concentrations several times that of the normalized measurements. In addition, the time
base of the simulated curves in this region are much shorter than that of the measured
curves. The simulations at 8960 m improve dramatically towards the centre of the

channel. In this region there is good agreement between the peaks and the time base of
the concentration waveforms.
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Figure 5.13 North Saskatchewan River, C-t curves at 19500 m, slug input to the
model.
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model.
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It is speculated that the discrepancy in the near right bank region is the resuit of
dead zone effects, hence the extended time base and attenuated peak of the measured
curves. As the simulation moves downstream the agreement between the simulated and
measured C-t curves in the right bank region improves significantly. Presumably the dead
zone effect must be localized betwees: the injection point and the first sampling location.
The C-t simulations at 19550 m are very good across the entire channel and those at
48550 m are reasonable.

The following factors may contribute to the poorer match at 48550 m:

1. Fewer cross sections were available in the subreach between 19550 and 48550 m.
Therefore, the channel geometry and velocity distributions are not as well defined in
this subreach as in the first two subreaches.

2. The concentration measurements at 48550 m are approaching the natural background
levels. The scatter displayed by the measurements at this section is evidence of this
effect. A small error in background concentration at 48550 m can have a very
significant effect upon the peak normalized concentration.

At most locations there are also minor discrepancies between the measured and
simulated elapsed time to the peak concentration. However, these discrepancies are small
and generally less than 10%. This is well within the accuracy of streamflow measurements
and the subsequent generation of the flow distributions at each cross section based upon

these measurements.

Although the model can not directly simulate a near-shore dead zone effect, the
effect can be crudely approximated by altering the input conditions. If the source is
considered to be more dispersed and extended in time rather that an instantaneous point,
the extended time base and attenuated peak can be better simulated. The model was rerun
placing most of the input mass into streamtube 10 during the first time step, and a portion
of the mass into streamtube 11 over a period of 48 minutes. The intention was to simulate
the slow release of mass trapped within a near shore dead zone. The output dosage
curves for this input condition are shown in Figure 5.15. The corresponding C-t curves
are shown in Figure 5.16 to Figure 5.18.
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Figure 5.17 North Saskatchewan River, C-t curves at 19500 m, extended slug input
- to the model.
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Figure 5.18 North Saskatchewan River, C-t curves at 48550 m, extended slug
input to the model.
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The modified input condition does not significantly affect the dosage curves. However the
modified input condition does improve the C-t curves. At 8960 m the time base match is
greatly improved in the near right bank region and the simulation peak concentration has
been marginally reduced. The C-t curves toward the centre of the channel at 8960 m, and
at the other two d:wnstream sections are also improved. This demonstrates that the input
file could be further manipulated to simulate the dead zone effect if more information was
available on its location and the relative amount of mass trapped in the dead zone.

The dimensionless mixing coefficients used in the model are given in Table 5.10.
Beltaos and Anderson’s analysis of the transverse mixing was based upon moment
calculations of the plume spread at the measured sections. Their analysis indicated a
reach-averaged value of 0.173. They noted that enhanced transverse mixing was evident
between Sections 2 and 3A and speculated that this occurred due to the two major bends
located within this subreach. This trend is also evident in the numerical results as the
value of B increases within this subreach.

‘Bable 510 North Saskatchewan River, dimensionless transverse mixing coefficients
used in the model.

Subreach B
0to 8,960 m 0.30
8,960 t0 9,200 m 0.30 to 0.40 (linear increase)
9,200 to 19,500 m 0.400
19,500 to 21,150 m 0.40 to 0.30 (linear decrease)
21,150 to 48,550m 0.30

The question may be asked, wl;y don’t the dimensionless mixing coefficients
determined using the modeling procedure more closcly match the analytically determined
average coefficient? One must consider the method by which the coefficients have been
determined. In the analytical procedure the average diffusion factor is defined by:

D, = yB(UH*)(U.H) [113]
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where U, H, and U. are reach averaged parameters, V is a reach-averaged shape factor

and B is a reach-averaged dimensionless mixing coefficient. In the numerical method a
local diffusion factor is calculated as:

dz = B(llhz )(u.h) [l 14]
where u, h and u. are local parameters and B is a local dimensionless mixing coefficient.

The amount of plume spread is largely dependent upon the magnitude of the
diffusion factor in the region where there is the most significant concentration gradient. In
order to characterize the same amount of plume spreading the diffusion factor determined
for this region should be equal by either method. In the analytical analysis the plume
spread is plotted and the reach-averaged diffusion factor is calculated using the method of

moments. P is then calculated using the reach-averaged depth, velocity and shape factor.
These averaged parameters may poorly represent the region where the most significant

mixing occurs.

In the numerical method, f is chosen to obtain a match between the output and
measured dosage and C-t curves. The diffusion factor is calculated using this value of B
and the appropriate local parameters. Given that the local and reach-averaged depths and

velocities are similar in magnitude, a better comparison of results may be wB vs. B. The
reach-averaged value of ¥ reported by Beltaos and Anderson (1979) is 1.73 giving a wB

value of 0.30 compared to the numerical results of B in the raige of 0.30 to 0.40.
Therefore the results of the two procedures are quite comparable.



5.4.3 Peace River at Peace River

5.4.3.1 Background

In February 1993 the Alberta Research Council and Northwest Hydraulic
Consultants Ltd. conducted a slug injection tracer study on the Peace River. The study
was conducted for the Northern Rivers Basin Study (NRBS) which is a joint initiative of
government agencies of Canada, Alberta and the Northwest Territories. The results of the
study were presented in March 1994 (Northern Rivers Basin Study, 1994). The 185 km
study reach passed through the town of Peace River and was characterized by eight cross-
sections surveyed at the time of the test. Tracer concentrations vs. time were measured at

several transverse locations across seven of the cross-sections and were presented in the
report.

Similar to the ARC study of the North Saskatchewan River, one of the objectives
of the NRBS work was to investigate the travel times and the one-dimensional
longitudinal mixing characteristics of the Peace River. The NRBS study found that
approximately 100 km of travel was required before complete transverse mixing of the
tracer was achieved. The transverse mixing characteristics in the upper portion of the
reach were also analysed in the NRBS study using dosage calculations and the method of
moments procedure. The dosage distributions were then modelled using the analytical
solutions developed by Yotsukura and Cobb (1972). No attempt was made to model the
two-dimensional transient mixing in the upper portion of the reach. The work presented

here focuses on the upper 43 km of the study reach within the two-dimensional mixing
zone

5.4.3.2 Hydrometric data

Initial attempts to model the mixing in the upper portion of Peace River study
reach, using only the cross-section data available in the NRBS report, proved
disappointing. Similar to the North Saskatchewan River study, there was inadequate
definition of the channel characteristics for this river reach as well. Fortunately a number
of cross-sections were available in the study reach from the River Engineering Branch of



Alberta Environmental Protection (AEP). These AEP cross-sections were ased to
supplement the four NRBS cross sections documented ir: the upper portion of the reach.

A plan view of the reach extending from Shafiesbury Ferry to the Daishowa pulp
mill is shown in Figure 5.19. Prominent features such as bridges and caims were used to
longitudinally align the AEP and NRBS cross-sections. All the cross-sections were
referenced to geodetic elevation. The geodetic water surface of the NRBS sections were
specified in the report for the date of the test. Therefore, the water level at each AEP
section was estimated by linear interpolation between the NRBS sections. Information on
ice cover betow the peizometric water surface at the NRBS sections was used to estimate
ice cover at the AEP sections.

The mean depth and velocity was determined at each AEP section and the local
velocities and flow distribution were then estimated using a resistance relationship. The
local velocities and the flow distribution had been measured at each NRBS section. The
NRBS also prepared estimated flow distributions at each of their sections using a
resistance relstionship. Both distributions were presented in ike report for comparison,
but the synthesized distributions were subsequently used in the NRBS mixing analysis. A
tabulation of the calculations for the AEP sections, section plots and flow distributions are
presented in Appendix D. A tabulation of the characteristics of the NRBS sections,
section plots and the measured flow distributions are also summarized in Appendix D.

5.4.3.3 Model input and results

In order to model the mixing in the upper portion of the NRBS study reach it was
necessary to make a number of assumptions regarding the flow conditions under an ice
cover. In addition, a number of minor irregularities were discovered in the NRBS report
which had to be resolved. Details of these assumptions and the resolution of the
irregularities in the report are given in Appendix F.
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Figure 5.19 Plan of the Peace River study reach
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The NRBS report states that 250 kg of 20% BRhodamine WT (by weight) was
injected below the ice into the river at approximately mid-flow at the Shaftesbury Ferry
cross-section. The tracer was injected through a pipe which was flushed afterwards with
clean water to ensure all the dye had entered the flow. Although the report states that the
tracer was injected relatively instantaneously it seems more reasonable to assume that
some 200 L of liquid would require several minutes to be poured and then flushed through
the pipe. For modeiling purposes the tracer was assumed to be injected over a six minute
interval.

The dosage distribution measured at each of the NRBS sections is shown in
Figure 5.20 and the calculated mass recoveries are given in Table 5.11. It should be noted
that these plots and mass recoveries are based upon the NRBS measured ¢/Q
distributions, some revisions to the sample hole locations that were specified in the NRBS
report (see Appendix F) and the author’s integration of the NRBS C-t curves.

Table 5.11 Peace River tracer mass recoveries.

Cross-Section Mass by Integraiion Mass Recovered
(m) (kg) Specified Mass In
downstream
8300 40.02 0.800
24800 40.58 0.812
42400 38.75 0.775

The river channel was divided into 14 streamtubes with the following boundaries:
q/Q= 0.10, 0.20, 0.30, 0.40, 0.50, 0.55, 0.60, 0.65, 0.70, 0.75, 0.80, 0.90 and 1.00. A
time step of 60 seconds was chosen on the basis of the criteria outlined previously. The
injected mass was distributed in streamtube No. 8 (Le. 0.55 to 0.60 ) over the initial six
time steps (ie. six minutes) to simulate an extended shig input. This location is at
approximately mid flow as specified in the NRBS report and corresponds to the transverse
location of the peak concentration measured at the first sampled section. The streamtube
geometric parameters and initial estimates of B were then assembled into the input
parameter file for GRIDGEN.
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Figure 5.20 Peace River dosage distributions, extended slug input
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Initial model runs poorly matched the time of travel indicated by the measured
tracer curves (travel times for the measured data were mmch shorter than would be
predicted by the cross section geometries and velocities). This difficulty was also reported
by NRBS. They noted the measured times of travel were 40 to 60% less than what would
be predicted on the basis of mean channel velocities. NRBS speculated the discrepancy
could be due to frazil ice blockage of the near-shore regions of the channel, and in effect
reducing the channel area’. They repeated their calculations with satisfactory results using
an ‘effective channel’ representing 90% of the original flow distribution curves at each
section and approximately 70% of the channel width. A different approach was used to
overcome this difficulty in the present study.

In the first subreach there were no AEP cross sections available to supplement the
NRBS sections locaied at the upstream and downstream boundaries. Therefore the
channel definition was poor. In order to better represent the channel in this subreach an
intermediate section was synthesized as a mirror image of one of the boundary cross
sections. In the two remaining subreaches, assumptions were made regarding portions of
the river channel that were likely to be cut off by surface ice cover and/or frazil ice
accummlation. These assumptions are outlined in Appendix F. The assumptions were also
discussed with an AEP representative who regularly observes ice conditions in the Peace
River area (Fonstad, 1995).

Several computer simulations were run varying the magnitude of 8. As for the
North Saskatchewan River simulation, 8 was held constant in each subreach (i.e. between
each sampled section} :: - transversely across the channel. Final values for B were
seleiged by visual comparison of the model output to the normalized measured dosages
and the sicrmalized measured C-t distributions at each sampling location. The normalized
measured C-t curves and those generated by the model are shown in Figure 5.21 to
Figure 5.23. The dosage curves generated by the model are shown in Figure 5.20.

4

Frazil ice occurrence and potential effects upon the mixing within the study reach are
described in detail in the NRBS report and therefore have not been repeated here.
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Figure 5.21 Peace River, C-t curves at 8300 m, extended slug input to the model.
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Figure 5.22 Peace River, C-t curves at 24800 m, extended slug input to the model.
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Figure 5.23 Peace River, C-t curves at 42400 m, extended slug input to the model.
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Overnll the match between the normalized and simulated dosage curves is very
good thh no major differences. The match between the normalized and simulated C-t
curves is not as good as for the dosage curves but overall is quite reasonable. In general
there is good agreement between the time bases of the modelled and measured waveforms
except in the near-bank regions. This inaccuracy is likely the result of poor streamtube
characterization or dead zone effects in these regions due to frazil ice accunmlation.
However, because this was a central injection, the concentrations are small in this region
and therefore the time base shift near the banks is of little consequence. Some
over-estimation of the peak concentrations in the central portion of the channel is also
evident. This may simply be the result of poor channel definition in the first subreach as
discussed above. This initial error is then carried along as the simmlation progresses
downstream.

It should be noted that the majority of the model output curves presented here
represent interpolated values between streamtube centres. Interpolation is mecessary
because the actual model output is a series of average concentrations within each
streamtube. In certain cases where adjacent waveforms have a distinctly different shape it
is not appropriate to interpolate between the two. In such cases the two adjacent
streamtube average concentrations are plotted (for example see Figure 5.22 ¢ and
Figure 5.23 d)).

The dimensionless transverse mixing coefficients used in the model are given in
Table 5.12. Also shown in Table 5.12 are the subreach-averaged dimensionless mixing
coefficients, channel shape factors and diffusion factors reported by the NRBS. The
NRBS analysis of the transverse mixing used the same analytical approach as used by
Beltaos and Anderson (1979) but reported on each increment of plume spread rather than
one overall reach average.
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Table 5.12 Peace River, dimensionless transverse mixing coefficients and shape

factors.
Subreach Numerical __ Analytical Model Diffusion Factor __ Shape Factor
Model (subreach avg.)' m’/s? (subreach avg.)
(local value) B - D, v
B

0 to-8.3 km 0.03 0.051 2.49 2.40
8.3t024.8km 0.15 0.053 1.84 295
24.8t0 42.4 km 0.18 0.044 1.2§ 3.05

! based upon effective width as defined in the NRBS report

At first glance it again appears that there is poor agreement between the analytical
and the numerical approach to determining the dimensionless transverse mixing
coefficients.  However, the argument presented previously in conjunction with
Equation [113] and Equation [114] must be considered (i.e. that the diffusion factor is the
unifying connection between the two approaches).

Between the injection point and 8300 m the plume occupies only a small
proportion of the channel. For example, at 8300 m the majority of the tracer is contained
between q/Q=0.40 to 0.70. Using the geometric parameters and the dimensionless
transverse mixing coefficient input into to the model it is possible to calculate the diffusion
factor which is applicable to the central region of the channel. The results of these
calculations for the four central streamtubes, between 0 and 8300 m, are shown in
Table 5.13. The overall average diffusion factor of 2.62 for this region compares very
well with the value of 2.49 determined by the analytical procedure. Downstream of
8300 m the plume fills most of the channel, therefore the product B from the analytical
analysis should be reasonably comparable to B from the numerical approach. This
comparison is shown in Table 5.14.
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Table 5.13 Peace River , initial subreach diffusion factor calculations.

Diffusion Factor d, ('/s’)

Distance Tube 6 Tube 7 Tube 8 Tube 9
(m) q/Q =0.45 -0.50 q/Q =0.50 -0.55 g/Q =0.55 -0.60 - q/Q =0.65 -0.70
0 1.57 1.59 1.52 1.33
1200 2.76 3.46 2.51 2.07
8300 2.76 3.46 2.51 2.07
Weighted Avg. 2.67 3.33 2.45 2.02
Overall Avg. 2.62

Table 5.14 Peace River, dimensionless transverse mixing parameters.

Subreach Numerical Model Analytical Model
(local values) (subreach average)'
B wp
8300 - 24800 m 0.15 0.16
24800 m - 42400 m 0.18 0.13

! based upon effective width as defined in the NRBS report

In summary, both approaches use similar values of the diffusion factor. However
they are producing different values for the dimensionless coefficient due to the different
choice in length and velocity scales and the use of the shape factor to compensate for not
using local values.
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5.4.4 Slave River downstream Fort Smith
5.4.4.1 Background

In July 1980 the Environmental Engineering and Science Program of the
University of Alberta conducted a slug and a continuous injection tracer test on the Slave
River downstream of Fort Smith. The study was conducted for the Northwest Territories
Department of Local Government. The results of the continuous injection test were
reported by Putz (1983) and Gerard et al. (1985).

The 57 km study reach was characterized by twelve cross-sections surveyed at the
time of the tests. The continuous tracer test defined the transverse mixing characteristics
of the Slave River at this location. It also demonstrated that the entire study reach was
within the two-dimensional mixing zone. The tracer was continuously injected near the

left bank and the edge of the resulting plume only spread to approximately half way across
the channel by the end of the study reach.

During the slug test, C-t measurements were collected at transverse locations
across six sections covering the first 29.1 km of the study reach. Although the samples
were analyzed and the results compiled shortly after the test, no attempt was made to
model the two-dimensional transient mixing in this portion of the reach. The modeling
work presented here uses the slug test data from the first 29.1 kms of the study reach.

5.4.4.2 Hydrometric data

A plan view of the slug injection study reach is shown in Figure 5.24. A more
detailed explanation of the collection of hydrometric data st these cross-sections is
presented by Putz (1983). The cross-section surveys were referenced to temporary
benchmarks established for the duration of the field study. Water surface elevations were
then referenced to these temporary benchmarks on the day of the slug test. The average
slope of the Slave River through the study reach was taken to be 0.00005 as reported by
Northwest Fiydraulic Consultants Ltd. (1980) and Shawinigas: Stanely (1982). The total
streamflow was taken as that measured upstream at Fort Fitzgerald by the Water Survey
of Canada gauging station, but accounting for the time of travel to the study reach.
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Figure 5.24 Plan of the Slave River study reach.
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Velocity and cumulative flow distributions for the sampled cross sections were
estimated by one of two procedures depending upon the survey data that was collected.
The survey consisted of either :

1) cross-section geometry and water level only, or

2) cross-section geometry, water level and velocity measurements in the expected plume
region.

Where only the section geometry and water level was available the mean depth and
velocity was determined, then the local velocities and flow distribution were estimated
using a resistance equation approach. Where velocity measurements were available the
measured region was divided into transverse intervals, each represented by a measured
vertical, and then the flow increment within the interval was calculated. Flow beyond the

last measured interval was distributed in the rest of the section using a resistance equation
approach.

A tabulation of the calculations for each section, cross-section plots and flow
distributions are presented in Appendix D

5.4.4.3 Model input and results

A total of 50 kg of 20% Rhodamine WT (by weight) tracer was injected into the
river near the Fort Smith sewage lagoon outfall (see Figure 5.24).

The river channel was dswided into 15 streamtubes with the following boundaries:
¢/Q= 0.0014, 0.004, 0.008, 0.014, 0.025, 0.040, 0.060, 0.080, 0.100, 0.176, 0.300,
0.3632, 0.600, 0.800 and 1.00. Note that more streamtubes were placed in the near left
bank region of the river were the plume was expected to be observed. The tube
boundaries were also chosen to correspond to the location of major islands within the
reach. This would allow the ‘no flux’ boundaries of the islands to be accounted for. A
time step of 60 seconds was chosen on the basis of the criteria outlined previously, and the

streamtube geometric parameters and initial estimates of B assembled into the GRIDGEN
parameter file.
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In the ixitial ac:empts to model the mixing the mass was distributed in streamtube
No.3 {ie. 0.040 to 0.0S9 ) over the iitial time step. As was observed for the North
Saskatchewan River simmlation, problems were evident in the near-bank region as a result
of dead zone effects. For this reach the situation is even worse in that a very complicated
flow situstion was located on the left bank approximately 1800 m downstream of the
injection point. At this location the flow near the left bank enters a dead zone area at the
upstream end of an island.. The tracer mass was temporarily trapped in this area and the
flow distribution distorted (see Figure 5.25). The flow was diverted from the dead zone
to either a back channel on the left side of the island, over a large sand bar situated on the
right side of the island or to the main channel which is located some distance off the right
side of the island

In order to attempt to account for the delay in mass release from the backwater
area the input to the model was extended over a short time period, rather than considering
it as an instantaneous slug. A period of 8 minutes was found to give the best match to the
time base of the measured data.

The dosage Aistributions measured at sections where there was sufficient definition
of the tracer plume to calculate a mass recovery are shown in Figure 5.26 plot a), c) €)
and f). The calculated mass recoveries for these sections and for the section at 5500 m are
given in Table 5.15. The recovery at 5500 m was very low indicating the entire tracer
cloud was probably not sampled. Considering this, the calculated mass recovery at 5500m
was not used for normalization purposes. At 5500 m and at 14200 m, where there was
obviously incomplete sampling, the C-t curves were normalized using an interpolated
recovery between the well sampled sections. The mass recoveries for S500 m and 14200
m were estimated to be 0.84 and 0.59 respectively. At these locations the dosage
distributions were estimated using the results of the steady-state test reported by
Putz (1983). These distributions are shown in Figure 5.26 plot b) and d).
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Figure 5.26 Slave River dosage distributions, extended slug input
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Table 5.15 Slave River tracer mass recoveries.

Cross-Section Mass by Integration Mass Recovered
(m) (kg) Specified Mass In
downstream

2000 10.01 1.001
5500 3.58 0.358
12000 6.01 0.601
15800 5.81 0.581
29100 3.71 0.371

Several computer simulations were run varying the magnitude of 8. Unlike the two
studies described previously, B was set at each section’ and linearly interpolated between
sections. Final values for B were selected by visual comparison of the model output to the
normalized measured dosages and the normalized measured C-t distributions at each
sampling location. The normalized measured C-t curves and those generated by the model

sre shown in Figure 5.27 to Figure 5.32. The dosage curves generated by the model are
shown in Figure 5.26.

The match between the normalized measured dosage curves and the simmlated
curves is good considering the complex flow situation present before the first sampled
section. However, the effects of the complex flow situation are very evident in the C-t
curves at the first two sections. At 2000 m the model over-estimates the peak
concentrations. At 5500 m the model seriously over-estimates the peak concentrations.

As shown above a large portion of the mass a: 500 m is unaccounted for because
the calculated mass is unreasonable low. The only feasible explanation seems to be that a
large portion of the mass has traveled along the bank via the left side of island backchannel
and/or ovet the sand bar on the right side of the island. Evidently this slowly moving mass
of tracer was not sampled. This is in fact predicted by the model (see Figure 5.28a),
however it seems the tracer is even more skewed to the left than predicted. This may also

5 This approach was used because estimates of 3 from a steady state test were available

at each defined cross section. In the previous studies described only subreach
estimates of B were available which encompassed several defined cross sections.
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Figure 5.27 Slave River, C-t curves at 2000 m, extended slug input to the model.
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Figure 5.28 Slave River, C-t curves at 5500 m, extended slug input to the model.
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Figure 5.30 Slave River, C-t curves at 14200 m, extended slug input to the model.
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Figure 5.31 Slave River, C-t curves at 15800 m, extended slug input to the model.
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Figure 5.32 Slave River, C-t curves at 29100 m, extended slug input to the model.
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explain why the simulated dosage curve agrees reasonable well with the steady-state test
curve. In the steady test the near-bank concentrations were sampled, whereas in the slug
test the near-bank concentrations were missed.

Beyond 5500 m the model performs very well. The match between the normalized
measured and the simulated curves at 12000, 15000 and 29100 m are all very good. This
is particularly encouraging when it is considered that the ‘no flux’ effects of several islands

have been accounted for in the model.

The dimensionless transverse mixing coefficients used in the model are given in
Table 5.16. Also shown in Table 5.16 are the dimensionless mixing coefficients reported
for the reach for the steady state tracer test (Putz, 1983). The steady-state mixing analysis
was completed using the numerical model TRSMIX (Putz, 1984).

Table 5.16 Slave River, dimensionless transverse mixing coefficients.

Unsteady Model Transient Steady-State Steady-State
Cross-Section Model Model Subreach Model
_(m) B (m) B

0 0.10
1700 0.10
1800 0.10 500 to 900 0.236
2000 5.00 900 to 2000 11.34
2200 9.60 2000 to 2300 9.45
4800 24S 2300 to 4850 2.45
5500 1.29 4850 to 7800 1.29
8600 1.29 7800t0 10400 _  0.66
12000 1.25 10400 t0 12606  1.25
12600 0.64 12600 to 14200  0.64
14200 0.64 14200 to 15600 166
15800 4.58 15600 to 20000 6.58
20000 4.00 20000 to 27500 7.65
27500 1.00 27500 to 29100 1.99
29100 1.00

The reported values are similar, but not identical. The difference is likely due to
the method by which 2DMIX, the transient model, and TRSMIX, the steady state model,

handle the dimensionless mixing coefficient and the channel geometric parameters. In the
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TRSMIX model the channel is prismatic within each subreach and B is constant. In the
transient model the channel parameters and [ are linearly interpolated between defined

sections. Considering this difference in handling the parameters the results are quite
comparable.

5.5 Discussion of Field Verification Results

The three field verification studies discussed in this chapter demonstrate that the
AOG method can be applied to two-dimensional, unsteady source mixing problems in
natural streams with satisfactory results. At most of the locations examined the model
produced representative C-t distributions comparable to the normalized field
measurements. The measured transverse dosage distributions were consistently
reproduced by the model. In addition the transverse mixing coefficients used in the
modeling procedures were of similar magnitude to those previously determined by

analytical means on the basis of reach or section-averaged parameters.

Poor prediction of C-t distributions most often occurred near the stream banks
where the influence of dead zones or backwater areas would be the most pronounced.
However these occurrences are not a drawback specific to the AOG method. All
modelling schemes are susceptible to problems created by these complicated flow fields.

The verification studies effectively demonstrated that there is a very large
requirement for representative hydrometric data for two-dimensional unsteady source
modelling. This requirement is more critical than for steady state modelling. Without an
adequate number of cross sections to define the characteristics of the reach, problems will
be experienced in modelling the time of travel and longitudinal distribution of mass. Again
this is not a specific drawback of the AOG method but rather a requirement for all
two-dimensional unsteady source modelling approaches.

On the basis of the study results presented above the AOG model can e
considered adequately verified for a conservative tracer and natural stream conditions.
Modification of the AOG model and its application to non-conservative water quality
parameters is described in the next chapter.
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6. Modelling Non-Conservative Substances
6.1 Adsptation of the AOG Method for Non-Conser:ative Substances

Chapters3to$hxveprhmﬁlydealtwiththemode]lingofconsetvaﬁve substances
(ie. the reaction term in Tquation [22] was assumed equal to zero). Most effluent
substances are non-conmservative due to environments! rcactions such as oxidation,
volatilization, adsorption, hydrolysis and photodecomposition. In order to model
non-conservative substances appropriate reaction terms describing the attemuating
mechanism(s) nmst be incorporated into the governing mass balance equation.

Many comprehensive one-dimensional steady state mixing models have been
developed for non-conservative water quality parameters. McCutcheon (1989) presents a
seview and evaluation of a number of these models. One example is QUAL2E which can
bandle fourteen water quality parameters and their associsted reaction mechanisms.
Despite the sophistication of models such as QUALZE, they are inappropriate for
unsteady sources and simmlations within the two-dimensional mixing zome.
One-dimensional unsteady models have also been developed for selected non-conservative
water quality parameters. Examples are Bedford et al (1983), McBride and Rutherford
(1983), Schoellhamer (1988), Koussis et al. (1990) and Rutherford et al. (1991). While
these are improvements over the one-dimensional steady stste models in terms of handling
unsteady sources they are still not applicable within the transverse mixing zone.

Several field investigation and modelling studies have been reported which deal
with non-conservative substances in the transverse mixing zone for steady source
conditions. Examples are Putz (1983), Milne (1991) and Smith and Putz (1993).
However the model used in these studies can not handle slug, intermittent or variable input
conditions. In these situations a model with two-dimensional, time-dependent input
capability is required for simulation of water quality parameters in the transverse mixing
zone. The adaptation and verificstion of the AOG method for non-conservative
substances represents a major step toward the development of a modelling tool for general
application to time-dependent discharges and mixing in the two-dimensional mixing zone.
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The fractional time step approach emploved by the AOG method is well suited to
the incorporation of reaction terms. The mathematiczl descriptions of the reaction kinetics
are handled as an additional substep. During the reaction substep each element is
modelled as a completely-mixed batch reactor. Coefficients used in the description of the
reaction kinetics are input into the model in similar fashion to the transverse mixing
coefficient.

Adaptations of the AOG model to predict biochemical oxygen demand and
dissolved oxygen concentrations downstream of a wastewater outfall, and to investigate

adsorption of an organic compound to sediments will be demonstrated in the following
sections.

6.2 BOD and Dissolved Oxygen Modelling
6.2.1 Background

Organic matter discharged to a water body acts as substrate fbr bacteria and other
microbial populations. Utilization of the organic matter by the microbial population
results in the break-down and degradation of these materisls. Degradation can occur
under aerobic or anaerobic conditions. Aerobic microbes require oxygen in the
degradation process, thus an oxygen demand is exerted as the process proceeds. In the
absence of oxygen, anaerobic bacteria utilize the organic material and break it down into
less complex reduced compounds. Often these reduced compounds are subsequently
released to the aerobic environment where they can be utilized by aerobic microbes. The

oxygen requirement for the aerobic microbial process is known as biochemical oxygen
demand or BOD.

Dissolved oxygen (DO) content is critical for the maintenance of a healthy aquatic
environment which is characterized by the presence of a wide diversity of organisms and
species. A dissolved oxygen content of at least 4 to 5 mg/L is required to support high
order species such as trout and other game fish. Recognizing this, most surface water
quality regulations stipulate that DO levels should not fall to below 4 to 5 mg/L as a result
of the discharge of effluent containing BOD-causing materials.
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ganic matter + O, + trace elements —ZooBis
), + H,0 +new celis + trace materials + energy [115]

ficult to identify and quantify the wide array of organic compounds present in a
ater which contribute to the CBOD. Alternatively the amount of oxygen required
degradation and conversion of the compounds is measured in a standard bottle test
, 1985). Tir saygen consumed (the CBOD exerted) in a standard bottle test is
characti: - “he strength (the organic content) of the waste. The total amount of
required to complete the reaction is called the ultimate CBOD or CBODu.

The degradation process is not instantaneous, rather it proceeds over time.
us complex kinetic relationships would be required to precisely represent the
~-mediated breakdown of the various compounds by the mixed population of
:s. This type of approach is impractical for wastewater engineering purposes.
it has been found through experimentation that the following first order empirical
ship adequately represents the CBOD removal kinetics:

t=-K,L
: [116]

ere: L isthe CBOD concentration remaining (mg O /L), and

K; is the first order rate constant for CBOD exertion in a standard bottle
test (/day or /s).

r to determine K, the CBOD exerted must be monitored over time. The expression
OD exerted is:

. =L°(l—e-x‘t) [117)

iere: L = Lo - L is the CBOD exerted (mg O. /L),

Lo is the ultimate CBOD concentration (mg O /L),

K, is the first order rate constant for CBOD exertion in a standard bottle
test. (/day or /s).
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Scve: -1 methods are available to determine K, and Lo using a set of y vs. t data
from bottie tests (Reed and Theriaul, 1931; Moore et al., 1950; Thomas, 1950; Fujimoto,
1964). In general the exertion of CBOD within the receiving stream is greater than in the
bottle test due to turbulence and the presence of attached biofilms (Thomann and
Maueller, 1987). The “in-stream’ reaction kinetics are still assumed to be first order but the
rate coefficient is designated Ki to distinguish it from the bottle test rate coefficient.

Wright and McDomnell (1979) found that for larger streams (Q > 23 m®/s) Kq approaches
K; from bottle tesis.

Nitrogenous BOD or NBOD results from the nitrification of ammonia released
from organic matter or present directly in the wastewater. The ammonia is converted to
pitrite and then nitrate as shown in the following equations provided an adequate
population of nitrifying bacteria are present:

NH} + 150, —Miwsomonas o 5g* + H,0+NO;
NO; +0.50, by, NO;

[118]

. In a standard bottle test the initiation of the NBOD exertion may lag bchind the
initiation of the CBOD exertion by several days depending on the amount of CBOD 214
the nitrifying bacteria present in the sample. In order to quantify the CBOD effect slone
the NBOD reactions are often purposely inhibited (APHA, 1985). In order to quantify the
NBOD progression two bottle tests must be run, one with NBOD inhibition and one
without. The NBOD curve can then be determined by subtraction.

In the natural environment downstream of a continuous wastewater discharge a
standing population of acclimated nitrifying bacteria is generally present in attached
biofilms. The presence of these microorganisms allows immediate action upon organic
nitrogen wastes (Velz, 1984). In such situations a time lag as experienced in the bottle
test will not o before the initiation of the nitrification process.

A series of first crder kinetic relationships has been used to describe each step of
the organic nitrogen to nitrate degradation process (Thomann et al,, 1992). However, for
engineering applications a more simplified empirical approach is generally applied. Similar
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to CBOD it has been found through experimentation that the follow.:;z empirical
relationship adequately represents the ‘in-stream’ NBOD reaction kinetics:

by __ kL
dt = [119]

where: Ly is the NBOD concentration remaining (mg O /L), and
K. is a first order rate constant for NBOD exertion (/day or /s).
Unlike CBOD, stoichiometric relationships can be used to reliably predict the NBOD.
Stoichiometric calculations indicate NBOD is 4.57 times the total Kjeldahl nitrogen
(TKN) content of the wastewater. TKN is a measure of the total organic and ammonia
nitrogen of the water (see APHA, 1985). Therefore, NBOD removal kinetics may also be
represented by:

(11.9%8
=-K, L, =-457K_(TKN
dt ) ) [120]
where: TKN is the total Kjeldahl nitrogen concentration (mg N/L).

CBOD and NBOD are the primary dissolved oxygen sinks resulting from a
wastewater discharge. Additional sinks include oxygen demand resulting from
biochemical processes occurring in the bottom sediments of the receiving stream and the
respiration requirements of aquatic plants and algae. These additional sinks may or may
not be significant depending upon the characteristics of the discharged effluent. If the
effluent contains large quantities of organic solids, this material will settle and accumulate
in the bottom sediments of the river. Within the sediments the organic solids will be
subject to the combined action of anaerobic and aerobic processes as mentioned above.
This creates a benthic or sediment oxygen demand (SOD).

If the effluent contains significant nitrogen and phosphorus content the receiving
stream may become nutrient enriched causing a large secasonal growth of aquatic plants to
occur. Although the aquatic plants produce oxygen by photosynthesis during daylight
hours, they also continuously consume coxygen due to respiration. During daylight hours
the net result is an oxygen source. During darkness respiration is an oxygen sink. In
addition to the photosynthesis-respiration effects, the large biomass produced during the
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growing season dies over the winter in northern locations. This contributes additional
organic solids to the bottom sediments of the stream and increases the SOD. SOD and
respiration will be further discussed in Sections 6.2.3.4.3 and 6.2.3.4.4 of this Chapter.

The oxygen sinks created by a wastewater discharge to a stream are opposed by
oxygen sources. Sources include atmospheric oxygen input and photosynthetic oxygen
production by aquatic plants. ’

The time rate of exchange of a gas between a water body and the atmosphere is
described by ‘two-film’ theory (see McCutcheon, 1989). The gas must move through a
gas film and a liquid film at the gas-liquid interface. For oxygen, the liquid film controls

the exchange, and the rate of exchange is given by the following expression (Thomanu and
Mueller, 1987):

v%? =K, A(C, -C) (121]
where: C isthe dissolved oxygen concentration in the water (mg/L or g/m’),
C. isthe dissolved oxygen saturation concentration (mg/L or g/m’),
¥ is the volume of the water body (m®),
A is the surface area through which the exchange occurs (m?), and
K. is the oxygen transfer coefficient (mv/s).

Equation [121] assumes there is complete mixing of the oxygen within the volume
of water. The dissolved oxygen saturation concentration is a function of the water
temperature, salinity and atmospheric pressure (although for fresh water, salinity effects
are minor). The saturation concentration can be determined using Henry’s Law which is
derived from thermodynamic principles (see Snoeyink and Jenkins, 1980). Altematively,
C, may be determined using equations fit to the results of the thermodynamic equilibrium
calculations (this method is used in Section 6.2.3.4.2).

The geometric parameters and the transfer coefficient of Equation [121] are
generally combined to give:
€ _x.(c.-0)
dt [122]
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where: K. is called the volumetric reaeration coefficient (despite the fact it
describes oxygen transfer) (1/day or 1/s).

The term (C~C) is called the oxygen deficit. Analytical oxygen transfer calculations are
frequently conducted in terms of the oxygen deficit rather than oxygen concentrations in
order to simplify the mathematics. The oxygen deficit term controls the direction of
transfer. Under deficit conditions oxygen is transferred to the water columm. If the water
is supersaturated (e.g. by photosynthetic production) then oxygen will be released to the
atmosphere.

The reaeration coefficient is a measure of the geometric and flow conditions which
influence the rate at which the water column approaches equilibrium condiisns with the
atmosphere. Shallow turbulent water will have a much higher exchange rate than deep
quiescent water due to the smaller volume and larger surface area invebred in the
exchange. Numerous equations (over thirty) have been derived to predict the magnitude
of K, as a function of easily measured stream flow parameters. Major reviews of the K,
equations are presented by McCutcheon (1989) and Lau (1972).

McCutcheon (1989) concluded that the best available guidance for selecting a
predictive equation for K, is given by Covar (1976). Covar’s method classifies receiving
streams into three regimes: shallow, deep with low velocity, and deep with high velocity.
According to Covar each of the regimes is best represented by following predictive
equations:

Owen’s equation tor shallow flows, d <0.61 m
. = ——35— uinm/s;din m;K, /day,20°C
d [123]
Churchill’s equation for deep rivers with high velocity,
d 20.61 m and log(d) < 2.77log(u) + 0.65

5.0 0.969
K, =228 yinm/sdinmK, /day,20°C
d [124]
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O’Connor Dobbins equation for deep rivers with low velocity
d 2 0.61 m and log(d) = 2.77log(u) + 0.65

3.90 uo.so

K‘ --'—-a—lso—'— uinm/s;dinm;K, /day,20‘C

[125)

Algae and aquatic plants which contain chlorophyll capture radiant Lght energy in
order to produce stored enmergy (sugars) from carbon dioxide and water. Oxygen is a
byproduct of the photosynthetic reaction as shown below:

. Glucose
6CO, + 6H,Q —Rediant Fomy :od oropid 5, C, H,, 0+ 60, [126]

Photosynthetic oxygen production varies depending upon a number of factors
which include the amount of incoming radiant energy, water depth, water turbidity, water
temperature, nutrient levels and plant species (Di Torro 1992). Production only occurs
during daylight hours and typically reaches a peak in mid-aftemoon. A plut of oxygen
production rate vs. time will generally follow a parabolic shape. If production is
significant, dissolved oxygen levels in the receiving water can easily become
supersaturated during the day. However, throughout the day the reverse reaction to
Equation [126] occurs in order to utilize the stored energy. During daylight the net result
is oxygen production. During darkness oxygen is consumed and dissolved oxygen
concentrations within the water column can be greatly reduced during the predawn hours.

Methods for predicting the instantaneous photosynthetic oxygen production rate
are presented in Section 6.2.3.4.3 of this Chapter.

The rate expressions for sources and sinks of dissolved oxygen discussed above
can be combined with advective and diffusive transport terms to formulate a mass balance
equation for dissolved oxygen. Based upon the one-dimensional formulation of O’Connor
and Di Torro (1970, the goveming two -dimensional mass balance equation for dissolved
oxygen downstream of a wastewater discharge is:
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—_ - - _ L ’
ot ox oz az) +KI(CI C) KdL(x,z,t) Kn N(x z’t)

+P(x,2,t) - R(x,2) — 8§(x,2) [127]

in which C is the dissolved oxygen concentration; C, is the saturated dissolved oxygen
concentration; K, is the reaeration coefficient; L(x,z;t) is the distribution of carbonaceous
BNN; K, is a rate constant for CBOD exertion in the river; La(x,zt) is the distribution of
nitrogenous BOD; K, is a rate constant for NBOD exertion in the river; P(x,zt) is
photosynthetic oxygen production rate resulting from algae and aquatic plants; R(x,z) is
respiration rate by algae and aquatic plants; and S(x,z) is the rate of sediment oxygen
demand.

Another significant consideration for solving Equation [127] is that the
instantaneous concentration distributions of L and Ly (or TKN) must be known in time
and space. Therefore the mass balance equations for L and Ly (or TKN) as shown below
have to be solved before or at the same time as the dissolved oxygen equation.

oL . oL 8. &L
L L T N '
ot T Vox  “a\Ba) K [128]
aL oL 8. aL
LY s = o2 (g, Sy KL
ot " ox “az(E az) e [129]

Note that in general K, and K, , the ‘in-stream’ reaction rate constants, do not
completely quantify the removal of L and Ly from the receiving stream water. Additional
factors such as sedimentation and adsorption to sediments and the bed materials tend to
increase the rate of removal. If these additional removal mechanisms are significant they
must be considered in the mass balance equations for L and Ly. Typically all the removal
mechanisms are considered to be first order and lumped together in one overall rate
coefficient (for example K,y would be replaced by K, in Equation [128] , where K, > Ky).

Finally it is important to note that the P, R and S expressions as formulated in
Equation [127] are independent of DO and BOD in the water column (i.e. they are zero

order). Therefore, the parameters controlling these rate expressions can be determined as
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part of the preprocessing routines and the values mapped onto the calculation grid similar
to the procedure for the transverse mixing coefficient.

A subroutine describing the BOD-DO reaction kinetics was added to the AOG
mixing model as an additional substep. The reaction terms were expressed as explicit
finite difference expressions for the change in concentration which occurs in each eiement
during each time step. The expressions are as follows:

C** =C' - K, L' At- 457K, (TKN) ‘At - (Ei-"—) At- (§§“_) At

' Pures
+K,(Ct - C')At +(T)At

[130]
where:  Parcs, Rures; Sarca 2r€ areal rates (g/(mday)), and
h is the element average depth (m).
L** =L -K,L At [131)
(TKN)" = (TKN)' -4.57K (TKN)' At [132]

Verification of the reaction substep BOD-DO kinetic equations are presented in
the next two sections of this chapter.

6.2.2 Analytical verification

As a first step in the verification process the BOD-DO mixing and reaction model
was tested against a steady state and an unsteady analytical solution to the
one-dimensional versions of the DO, and CBOD mass balance equations.

The steady state one-dimensional mass balance equation for DO considering only
carbonaceous BOD and atmospheric reaeration is:

ac
UZ = K,(C,-0)-K,
= = K,(C.-O)-K,L(x) (193]

where U is the section-averaged velocity and C, C, and L are section-averaged
concentrations. The steady state one-dimensional mass balance equation for CBOD is:
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v - xLx) [134]
ox

where K, is the in-stream removal rate coefficient.

The analytical solution to Equation [133] is the classic dissolved oxygen sag curve
first formulated by Streeter and Phelps (1925). The solution is customarily given in terms
of saturation deficit. In terms of dissolved oxygen the solution is (Thomann and
Mueller, 1987):

SR S R

where Co and Lo are the initial concentrations of DO and CBOD at time zero. The initial

concentrations are determined by a mass balance calculation at the outfall assuming

[135]

instantaneous complete mixing. For example Co is given by:

C = Cle' + CGQG
" QHQ, [136]

where Q; and C; are upstream river flow and concentratior. snd Q. and C. are effluent flow

and concentration.

The flow conditions, effluent input and kinetic parameters used in the verification
calculations are shown in Table 6.1. For modelling purposes the hypothetical river
channel was divided into three identical streamtubes (with respect to flow velocity, width
and depth) in order to properly handle the left and right bank boundary conditions. A time
step of 120 seconds was selected for the simulation and the model run for approximately
2500 time steps. The fully mixed DO and CBOD concentrations were continuously
placed into the first element of each streamtube to simmlate the steady state conditions.
The results of the numerical and analytical calculations are shown in Figure 6.1. They
indicate there is negligible error associated with the reaction subroutine after the 2500
time steps.

Li (1972) developed an analytical solution for the time dependent DO sag curve
resulting from a sinusoidal input of carbonaceous BOD to a channel with known mean
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depth, velocity and total flow. Koussis et al. (1990) used Li’s solution to test a
one-dimensional unsteady substance source mixing and reaction model for BOD and DO.
A similar comparison is used here to test the AOG model adapted for BOD-DO kinetics.

Table 6.1 Parameters for model verification against Streeter-Phelps solution.

Parameter River - Effluent Fully Mixed
Q (m/s) 39 1 20
L (g/m*) 0.0 200 5
C (g/m®) 8.6 2.0 8.44
C(g/m’) - - 8.6
H (m) - - 1
U (m/s) - - 1
K, (/day) - - 0.3
K, (/day) - - 0.3
K. (/day) - - 0.7
DO Sag Curve
10 00
4 0.2
: ! b 0.4
_ * Tl {08
o |
E i 5 ] 08 g‘_
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Figure 6.1 Comparison of model output and Streeter-Phelps analysis.
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The periodic input of carbonaceous BOD used by Li is given by:

. (2=t
L(x-O,t) = LA[I +A, Sln(—'—r—)]

[137]
where: Loy is the fully mixed CBOD at the discharge point at time t,
L is the mean fully mixed CBOD over one cycle at the source,
A, is amplitude, and
T is the period.
Li’s solution for BOD and the DO deficit downstream of the input are given by:
L..... , T— 2,71
) exp(—Kd .x’). 1+A8 .sin(n ._(t_il) .(I_E_x_ﬁ)
L, 2 4
[138]
and
D(x’.t') Kd ’
L, K, -K, [exp(-Kd X )— exp("'l(a p 4 )]
sl £59) - 259)
2 4 [139]

where: L is the CBOD concentration,
D¢y is the dissolved oxygen deficit = (Ci-Cex 1),
C. is the saturation dissolved oxygen concentration,
Cx sy is the dissolved oxygen concentration,
t is normalized time = (4t)/T,
x’ is normalized distance = (4x)/(UT),
Ky is CBOD exertion rate coefficient,
K. isthe reaeration rate coefficient,
4 isthe normalized CBOD exertion rate coefficient = (KaT)/4,

is the normalized reaeration coefficient = (K. T)/4,
= (4E)/(U°T), and
Ex is the lomgitudinal mixing coefficient.
A plot of normalized CBOD concentrations (based upon Li’s solution) resulting

from a continuous sinusoidal input with A, = 1 for 6 and 12 hour periods is shown in

155



Figure 6.2. The kinetic parameters and flow characteristics used in the solution are shown
in Table 5.1, The Streeter-Phelps solutions which do not account for dispersion are alsc
shown in Figure 6.2. The attenuation of the maximum and minimum BOD concentrations
by dispersion effects can be seen in Li’s solution in comparison to the Streeter-Phelps
solution. It can also be seen that the dispersion effect is more pronounced for the shorter
wavelength (input cycle period).

Periodic BOD Profile
L=Lo at t=0,x=0

L/Lo

20 25 30 35 40
Distance (km)

[;— Streeter-Phelps ----Li's Pertubatioﬂ

Figure 6.2 Comparison of periodic BOD profiles computed using Li’s solution and
the Streeter-Phelps model - modified from Koussis et al. (1990).

Table 6.2 Parameters used for periodic BOD calculations.

Parameter

Amplitude at the source, A, 1.0
Mean flow velocity, U (m/s) 1.0
Longitudinal mixing coefficient, E, (m%/s) 50
CBOD rate constant, Ky ( /day) 0.2
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Both the AOG method and Li’s analytical solution account for longitudinal
dispersion. However, it is difficult to make a direct comparison between the results of the
two methods due to the manner in which each handles the longitudinal dispersion. The Li
solution relies solely on a longitudinal mixing coefficient because it is one-dimensional and
can not account for any differential advection. The AOG method assumes longitudinal
diffusion is small and relies solely on differential advection t0 account for longitudinal
dispersion.

In order to compare the two methods the varying trapezoidal channel shown in
Figure 6.3 was selected for use wiia the AOG model. The channei geometry was intended
to simmulate a sinusoidal meander sequence. The flow and streamtube boundaries were
chosen so the velocity through each streamtube, over one meander sequence, would be
approximately 1.0 ov/s. BOD was imput to the model as a line source across the channel at
x=0 according to Equation [137]. The kinetic coefficients and other pertinent parameters
used in the simulation are listed in Table 6.3. Li’s analytical solution was calculated for
comparison using the same kinetic parameters and the mean chamnel velocity from the
numerical simulation (1.0 m/s).

Table 6.3 Parameters used in the AOG model, Li’s solution BOD-DO deficit

comparisons.

Parameter

Anplitude at the source, A, 1.0
Period, T (hrs) 12

Mean flow velocity, U (m/s) 1.0
Longitudinal mixing coefficient, E, (m’/s}) 50

Dimensionless transverse mixing coefficient, 8 0.3

CBOD rate constant, K, ( /day) 0.2
Reaseration rate constant, K, ( /day) 0.7
Time step in numerical solution (secs) 100
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Q= 318.15cms
Streamtube boundaries at ¢/Q= 0.2, 0.37, 0.50, 0.63, 0.80,1.0

v
= om Tube! Tube2 Tubed Tubed TubeS TubeS
u(nve) 1278 1207 133 1088 0861 08R2
h(m 3ss 328 297 27 230 120
az(m 140 138 1222 143 24.4 72
v
= ] 200m Tube1 Tube2 Tube3 Tubed TubeS Tube®
u (mi) 1219 1158 1097 102 0843 0759
h(m 308 281 280 237 207 147
daz(m 17.9 188 145 189 277 s7.1
AV
[ = J $000 m Tube! Tube2 Tube3 Tubed TubeS Tube®
u (mvs) 4000 1001 100t 1001 1008 1000
h(m 2142 212 212 212 242 212
dz(m sa0 258 195 198 2538 300
v
| = 7500 m Tube1 Tube2 Tube3 Tubes TubeS Tube®
. ©(ms) 0759 0843 1032 1097 1458 121
h(m 147 207 237 280 281 308
dz(m) 57.4 217 189 148 188 17.4

10000 m Tube1 Tube2 Tube3 Tubed TubeS TubeS

|

u (nve) o882 0.961 1088 1.420 1207 1278
h(m 120 230 27 297 326 358
dz(m) 712 24.4 143 122 138 14.0

then repeat in the other direction back to original section shape

Figure 6.3 Trapezoidal channel sequence used for comparison to Li’s solution.
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The channel shape and flow characteristics used in the numerical model are
reasonably representative of field conditions. Therefore, for the model output to be
comparable to Li’s solution, the value of the longitudinal mixing coefficient used in Li’s
solution should fall within the range of coefficients typical for matural streams. A
compilation of measured longitudinal dispersion coefficients given by Rutherford (1994)
indicates a range of approximately 10 to 100 m*/s is typical

The results of the model simulation using B = 0.3 for the dimensionless transverse
mixing coefficient are shown in Figure 6.4 and Figure 6.5 in comparisox to Li’s solution
using E, = 50 m*/s. The match between the model mean results and the analytical solution
is very good. Some discrepancy in time of travel is evident between the analytical solution
and the simulation for tubes 1 and 6 due to the reduced velocity near the boundary. An
indication of the sensitivity of the analytical solution to the value selected for E, is shown
in Figure 6.6. It appears that reasonable agreement is obtained for any value of E; within
the typical range for natural streams.

Although these comparisor:s of tie model to analytical solutions are not conchisive
evidence that the AOG method can be used to simulate unsteady BOD-DO kinetics in the
transverse mixing zone, they are certainly very encouraging. They demonstrate that the
BOD-DO kinetics are easily incorporated into the model and are accurate over several
thousand time steps. The next step in the verification process is to attempt to use the
model to simulate measured DO and BOD levels in the transverse mixing zone
downstream of an actual wastewater discharge.
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Figure 6.4
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Figure 6.5 Dissolved oxygen deficit simulations vs. Li analytical solution, B =0.30
for the numerical model, E, = 50 m*/s for the analytical model.
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Figure 6.6 BOD and DO analytical rolutions for E, = 10 to 100 m?*/s vs. numerical
solution for §§ = 0.3.
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6.2.3 Field verification - South Saskatchewan River downstream of Saskatoon
6.2.3.1 Background

The City of Saskatoon (COS) has a population of approximately 190,000 and is
located on the South Saskatchewan River. Domestic wastewater is collected at the City’s
pollution control plant and treated to primary standards before it is discharged to the
Soi:th ‘Saskatchewan River. The pollution control plant is currently being upgraded to
secondary treatmient, but before initiating this upgrade the COS conducted a
comprehensive study of the river downstream of the plant (City of Saskatoon, 1984, 1985)

During the study period water quality and hydrometric data were collected at
several cross sections within the transverse mixing zone downstream of the plant. As part
of the study, detailed measurements of DO and BOD variations were taken across several
transects over a 48 hour period. This data set, together with the river hydrometric surveys
and the plant effluzat characteristics and flow, provide an opportunity for further
verification of the AOG m:ethod adapted for BOD-DO kinetics.
6.2.3.2 Hydrometric dsa

The relevan: posvion of e overall COS study reach is shown in Figure 6.7
Transects 5 to 8 are in.citevi & e transverse mixing zone. Hydrometric surveys of these
gaxsiaas were conducted in June and July, 1984 approximately one tc two months before
s 48 hour BOD-DO water quality measurements. However, because the river flow
izoagh the Saskatoon is regulated by Gardiner Dam no stage adjustment was required for
e sactions during the water quality survey. Tota! river flow during both periods was
spproximately 50 m’/s. Standard cross section plots, velocity and flow distributions for
each of the transects is given in Appendix D.

The £y distributions and channel geometry shown in the Appendix D were scaled
from the COS report (City of Saskatoon, 1985). The flow distributions wer:: derived from
velocity measurements taker by the COS at each section. The velocity distributions
shcwn in the Appendix D were derived by the author using the COS flow distributions and
the channel geometry. The slope of the river downstream of the treatment plant was taken
to be 0.0004 on the basis of information presented by Smith and Wigham (1989).
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6.2.3.3 Transverse mixing

The transverse mixing characteristics of the river reach downstream of the
pollution control plant were determined using the chloride content of the effluent as a
tracer. Detailed measurements of chloride concentration were taken across each transect
and modelled assuming steady state input (City of Saskatoon, 1985). The same approach
was used in the present study to determine appropriate values for the transverse mixing
coefficient to be used in the BOD-DO mixing and reaction model. The optimum values of
B were determined by comparing the predicted chloride distribution to the measured
distribution at each transect.

Effluent and river flows, and chloride concentrations, are shown in Figure 6.8 and
Figure 6.9. The effluent chloride mass flow is shown in Figure 6.10. Unfortunately the
detsiled chloride measurements at each transect were not conducted on the same dates as
the effluent measurements. However, flow conditions at the plant are reasonably
consistent from day to day so the mass flow shown in Figure 6.10 is considered
representative. Consequently an average chloride mass flow rate of 94.0 g/s was input
into the model. The model results were then scaled in order to compensate for deviations
from this average rate due to diumnal variation. The scaling factor used was the ratio of
the measured chloride mass flow at each transect over the combinaticu of the assumed

iicput rate and background levels (see Table 6.4).

The river channel was divided into 16 streamtubes with the following boundaries:
q/Q= 0.08, 0.14, 0.20, 0.26, 0.32, 0.36, 0.39, 0.44, 0.50, 0.56, 0.62, 0.68, 0.76, 0.86, 0.94
and 1.00. Streamtubes were concentrated in the region of the river containing the effluent
plume. The average chloride mass flow was continucusly placed into streamtube 7
(9/Q = 0.36 to 0.39) to simulate the discharge from the plant’s submerged outfall. A time
step of 60 seconds was chosen on the basis of the criteria outlined previously. All the
streamtube geometric parameters, the initial estimates of 8, the channel slope aud the time
step were assembled into the GRIDGEN parameter file in order run the model.
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Diurnal Variation in Flow
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Figure 6.8 Diurnal variations in flow, Saskatoon Pollution Cont:o1 Plant and South
Saskatchewan River.

Diurnal Variation in Chloride Concentrations
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Figure 6.9 Diurnal variations in chloride concentrations, Saskatoon Pollution
Control Plant and South Saskatchewan River.
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Diurnal Variation in Effluent Chloride Mass Flow
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Figure 6.10 Effluent chloride mass flow, Saskatoon Pollution Control Plant.

Table 6.4 South Saskatchewan River chloride mass recovery ratios.

Section Avg. Chloride Meas. Chloride Ratio
Mass Flow' Mass Flow
g/m’s g/m’s
Transect 5 391.0 388.7 0.99
Transect 6 391.0 459.9 1.18
Transect 7 391.0 475.3 1.22
Transect 8 391.0 477.9 1.22

' Includes chloride input and background readings

The resuilts of the mixing simulations are shown in Figure G.11. The output
distributions give a reasonable representation of the measured concentrations. The
distribution at Transect 7 is slightly skewed to the left ia comparison to the measured
values. It is speculated this shift is the result of the severe bend located just upstream of
the section. By Transect 8 the effluent is almost completely mixed across the channel and
the distribution is well predicted by the model. The final values selected for B are listed in
Table 6.5.
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Figure 6.11 Chloride ¢ - sation measurencents and simulations, South
Saskatchewan River downstream of the Saskatoon Pollution Control
Plant, input @ q/Q = 0.36 to 0.39.
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Table 6.5 South Saskatchewan River dimensionliess mixing coefficients.

Section Location B
(m)

Transect S 146 0.10

Transect 6 1130 1.00

Transect 7 4000 2.00

Transect 8 13000 2.00

6.2.3.4 Model input

6.2.3.4.1 CBOD and NBOD

The primary effluent discharged to the river contains significant concentrations of
CBOD and NBOD. The effluent ard river background concen:rations ef CBOD and TKN
were measured every four hours during the 48 hour dissolved oxygen survey (City of
Saskatoon, 1984). The results of these measurements are shcwn in Figure 6.12. The
effluent mass flow of CBOD and TKN is shown in Figure 6.13. The CBOD
measurements were 20 day standard bottle tests with NBOD inhibition. The 20 day tests

were assumed to be a reasonable estimate of the ultimate CBOD of the waste.

The time series of input concentrations was entered inte the model from a data file.
Each line of the file contained the appropriaste CBOD and TKN backgrous:d
concentrations for the first element in streamtubes 1 to 6, and 8 to 16; and the initial
CBOD and TKN concentration in streamtube 7. The initial concentration in streamtube 7
was determined assuming :he effizeni snd background mass flow was completely mixed
within the first elemen:. The mass flow rates and background levels for each time step

were interpolated between the measurement times.
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Diumat Variation in CBOD and TKN Concentrations
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Figure 6.12 Diurnal variation in CBOD and TKN concentration, Saskatoon
Pollution Control Plant and South Saskatchewan River.

Diurnal Variation in CBOD and TKN Effluent Mass Flow
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Figure 6.13 Diurnal variation in CBOD and TKN mass flow, Saskatoon Pollution
Control Plant.
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6.2.3.4.2 Dissolved Oxygen

Background DO concentrations in the river were near saturation values throughout
the monitoring period. Measurements taken at Transect 4 (upstream of the outfall) are
shown in Figure 6.14 compared to the estimated saturation value. Fresh water saturation
concentrations were calculated using the following relationship given by APHA (1985):
1575701x10° _ 6.642308x10’

Ty Ty
1243800x1u"° 8.621949x10"
+ 3 -
T Ty
where:  C,i1um isthe saturation concentration (mg/L at 1 atm), and
Tk is the temperature in °K.

In(C, ... ) = —139.34411+

[140]

The saturation concentration is corrected for elevation according to the following
approximation given by Zison et al. (1978):

100—0.0115Y
C.= C'-"""( 100 )

[141]
where: Y is the height above sea level in metres.

The saturation concentration varies as a function of the diurnal water temperature
cycle of the river. Because the reaeration rate is a function of the saturation deficit it is
important to be able to predict the saturation value at any time during the day. A
composite plot of water temperature vs. time of dey measured at all monitoring locations
is shown in Figure 6.15. A sinusoidal curve was fit to the data giving the following water
temperature vs. time relationship:

t—t
T, ='rc,,{1+'rc, sin(Zu[——T‘fﬁl)} T, =007 for 0<t<720

T, =010 for 720 <t < 1440 (142]

where: Tc i the water tempzratare in °C,
Tcm is the base water temperature in °C,
Tc, is the temperature offset in °C,
t is the time in minutes ranging from 0 to 1440,
tofct 1S 720 minutes, and
T is 1440 minutes (1day).
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Equations [140], [141] and [142] can be used to approximate the dissolved oxygen
saturation concentration as a function of time during the survey period.

Dissolved oxygen levels in the effluent are shown in Figure 6.14. The time series
of effluent concentrations and the background levels were input to the model from a data
file. A mass balance calculation similar te that described form CBOD and TKN was
required to determine the initial dissolved oxygen in streamtube 7 for each timestep. The
mass flow rates and background levels for each time step were interpolated between the

measurement times.

6.2.3.4.3 Photosynthetic oxygen production and respiration rates

A large population of submerged aquatic plants develops downstream of the plant
outfall each summes as a result of the nutrient content (nitrogen and phosphorus) of the
primary effluent (Landine 1970, City of Saskatoon, 1985). Visual surveys indicated
approximately 50 % of the river bottom for the first 20 km downstream of the effluent
discharge was covered by the aquatic plants (City of Saskatoon, 1985). The weed
growths are so extensive they influenced the velocity distributions in the river. In addition
to their physical influence on the river the aquatic plants also produce large quantities of
oxygen via photosynthesis during daylight hours. Oxygen is also continuously consumed
by the aquatic plants due to respiration. In many river situations photosynthesis and
respiration effects are small and can often be ignored. However, in this situation effects
are very significant and can not be ignored.

The 48 hour dissolved oxygen surveys conducted on the river provide an
opportunity to quantify the level of photosynthetic oxygen production. A typical diurnal
cycle is shown schematically in Figure 6.16. Several methods are available to determine P,
the rate of photosynthetic oxygen production, over a river reach given diurnal curves
similar to Figure 6.16 for the upstream and downstream boundaries (Odum, 1956;
Marzolf et al., 1994). These methods produce reach averages between sections and are
more suited to cross sectional averaged curves. For two-dimensional mixing analysis a
method of quantifying P at a specific point in the river is required.
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Figure 6.16 Typical diurnal cycle of photosynthetic oxygen production by aquatic
plants-modified from Thomann and Mueller (1987).

Di Torro (1992) describes a method well suited for use in mixing analysis. His
method estimates P, on the basis of the difference between the maximum and minimum
oxygen concentration measured over a diurmal cycle at a particular location. The
relationship for P,., is given as follows:

A 1- e—x.f‘rxl _ e—K.T(l—f))

P K, (1-e7%7)

[143]

where: A s the difference between the maximum and minimum dissolved oxyge:z:
concentration over one diurnal cycle (mg/L or g/:=°),

P,.; is 24 hour average photosynthetic oxygen praduction (mg/L day),
T isone day,

f isthe fraction of the day between sunrise and sunset (day), and
K. is the reaeration coefficient (/day).

Dissolved oxygen measurements were taken at transects 5 to 8, at transverse
locations corresponding to ¢/Q = 0.2, 0.4, 0.5, 0.6, 0.8, over a 48 hour period (City of
Saskatoon, 1984). The average A value over the two diurnal cycles measured, hydraulic
parameters and estimated K, using the O’Connor Dobbins formula, and the estimated
volumetric sad areal P,,, for each monitoring point are shown in Table 6.6. Plots of the

average areal rates of oxygen production across each transeci are shown in Figure 6.17.

174



Table 6.6 Average photosynthetic oxygen production rates, South Saskatchewan
River downstream of Saskatoon.

Location avg. est. est. est. est. est.
delta depth  velocity K. vol. Py areal P,
(mg/L) (m) (n/s)  (/day)  (mg/l/day) (g/m’/day)
140 m d/s
q/Q=0.2 0.82 1.75 0.35 0.98 2.796 4.882
q/Q=0.4 0.95 1.62 0.37 1.12 3.236 5.227
q/Q=0.5 0.90 0.89 0.35 2.67 3.360 2.990
q/Q=0.6 0.90 0.35 0.28 9.85 6.551 2.280
q/Q=0.8 1.18 1.09 0.26 1.72 4.115 4.492
113012 4’s
q/Q=0.2 1.05 0.57 0.34 5.17 4,928 2.803
q/Q=0.4 0.93 0.65 0.38 4.53 4.077 2.636
q/Q=0.5 1.03 0.80 0.30 2.92 3.903 3.131
q/Q=0.6 0.88 0.95 0.43 2.73 3.281 3.102
q/Q=0.8 1.20 1.08 0.47 2.32 4.364 4713
4000 m d/s
q/Q=0.2 3.05 1.02 - 0.30 2.02 10.874 11.128
q/Q=0.4 3.15 0.64 0.16 3.03 12.099 7.713
q/Q=0.5 3.60 0.83 0.29 2.69 13.459 11.216
q/Q=0.6 2.85 1.00 0.28 2.00 10.149 10.149
q/Q=0.8 1.55 1.26 0.37 1.64 5.407 6.829
13000 m d/s
q/Q=0.2 10.00 0.86 0.26 2.44 36.699 31.661
q/Q=0.4 9.30 1.04 0.32 2.03 33.185 34.512
q/Q=0.5 9.45 1.04 0.37 2.17 34.031 35.392
q/Q=0.6 9.15 0.89 0.34 2.64 34.059 30.405
q/Q=0.8 7.60 0.85 0.30 2.66 28.335 24.204
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Average 24 hr. Photosynthetic Rate vs. 8tream Location
calculated using DI Toro's Method
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" Figure 6.17 Average photosynthetic oxygen areal production rates, South
Saskatchewan River downstream of Saskatoon.

P,y values are satisfactory for long term modeling of DO with time increments of
one day or more. However for short term simulations Py must be predicted throughout
the diurnal cycle. The daily photosynthetic cycle is often idealized as a half sine wave or
parabolic shape during the photoperiod (sunrise to sunset). During the remainder of the
day P=0. Di Torro represented this idealization of the photosynthetic cycle using the

following Fourier series equation:

Ro = Punf 1+ 2 b, cof 222t I |}

n=]

4T

nn
b, =co (Tf) 2f

(2 -@may

[144]
Equation [144] was used in an analytical solution for the one-dimensional steady state
oxygen mass balance equation (O’Connor and Di Torro, 1970). The equation allows

direct estimation of P, from clocktime, however it is somewhat cumbersome to program.
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Rutherford (1977) used the following parabolic equation to estiinate Py,

6T(t, —t)t-t,)
f(t2 —tl)z ’
P., =0, for t<t, or t>t,

Pyy =Py for t,<t<t,

[145])
where: t, is the sunrise time,
t. is the sunset time.
Rutherford used equation [145] in a one-dimensional numerical solution to the oxygen
mass balance equation. The relationship requires a logical operation to test for t,<t<t; but
is much easier to program than Di Torro’s method. For this reason Rutherford’s method

was used in the current model.

A comparison of the two methods is shown in Figure 6.18. The curve shapes are
very similar. Note also that Rutherford defines P, as the mean during the photoperiod

rather than over 24 hours, therefore:

T
Pavgf =P r [146]
With Rutherford’s equation Py can be predicted provided P,.; is know over the
entire grid (t is simply the initial clocktime plus the accumulation of time steps; t; and t;
for a particular date and global position are well documented). The distribution of P, is
known at each of the measured sections (see Figure 6.17 and Table 6.6). P, is then

determined for each element in the grid by interpolation between sections in similar fashion
as the hydraulic and mixing parameters.

The respiration rate of photosynthetic plants is generally assumed to be a constant

proportion of P,,,. Therefore, at any location the respiration rate is given by:
R=KP,, [147]

where: R is the respiration rate of dissolved oxygen consumption,
K is a constant.

K=0.6 was used in the simulation on the basis of information presented by
Rutherford (1977) and Sculthorpe (1967).
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Simulation of Diurnal Photosynthesis

Py mg/L hr

12 18
Time of day (hrs)

Figure 6.18 Simulation of diurnal photosynthetic oxygen production.

6.2.3.4.4 Sediment Oxygen Demand

No information was available in the COS report regarding sediment oxygen
demand. However, the effluent does contain volatile suspended soiids {average volatile
suspended solids content of the effluent was 43 mg/L with a range of 25 to 59 mg/L).
Therefore some of these solids must settle and end up on the bottom of the river. In
addition, the large biomass of aquatic plants produced each season dres over the winter
providing an additional source of organic solids. Solids from both sources are subject to
the degradation processes discussed earlier and therefore will eventually exert some
sediment oxygzn demand. This demand is generally considered to be zero order, ie.

independent of the BOD concentration in the overlaying water columm.

The following approach was utilized to quantify the SOD is the South
Saskatchewan River simviation. The model was first run using optimized rate coefficients
for CBOD and NBOD and assuming SOD to be zero. The dissolved oxygen results were
then compared to the measured dissolved oxygen values and adjustments made to the
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SOD rate in order to obtain the best visible match. Finally, the SOD rates were coopared

to recently published measurements of SOD on other rivers to easure the rates chosen
were not unreasonable.

The SOD rates were entered into the model using the same approach as for the
P.g values. Estimates across each section were entered into the parameter file for a
modified versior of the grid preprocessing program. The modified version of GRIDGEN

then interpolates between sections and determines an appropriate estimate for SOD for
each element in the grid.

6.2.3.5 Model results for CBOD

Soluble CBOD compounds exert a first order, time-dependent oxygen demand
within the river. As noted aitove particulate organic matter is also present and will settle
to the bottom and exevt a sediment oxygen demand. Unfortunately insufficient
information wwas avaiakls to assess the removal rate of organic particulates via settling
within the river. Nor vas information avsileble 1o #20€%; what fraction of the CBOD was
the result of soluble compounds and what fraction was the result of particulates.
Consequently, it had to be assumed the influence of CBOD removal by settling in the river
was small and that CBCD removal could be characterized using first order kinetics and a
single rate coefficient Ky for CBOD cxertion.

Composite CBOD samples had been taken at each transect during the dissolved
oxygen survey (City of Saskatoon, 1984). Identical volumes were taken from each
transverse location (ie. q/Q=0.2, 0.4, 0.5, 0.6, 0.8) and combined into an overall

composite sample for analysis. Presumably insufficient BOD bottles had been available for
individual analysis at each location.

‘The model was run to simulate the mixing and reaction of CBOD only according
to Equation [128]. The model output for an assumed value of K4 was compared to the
CBOD measurements. The averaged results at the five transverse sampling locations at
each transect were used to simulate the composite sample. Several runs were conducted
for a range of K4 values. The results of this process are shown in Figure 6.19.
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Figure 6.19 CBOD composite concentration measurements and simulations, South
Saskatchewan River downstream of the Saskatoon Pollution Control

Plant.
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There is considerable discrepancy between the model simulations and the measured
composite samples however the same general trends are discernible in the plots. This is
not unexpected as the results of CBOD bottle tests can be quite variable. Ideally replicate
samples should have been taken and analysed rather than relying on the results of a single

sample. Despite this problem it appears that a value of Kq = 1.0 gives a reasonable fit to
the data. ’

6.2.3.6 Model results for NBOD

As described previously NBOD is determined using the TKN concentration. The
comments above regarding soluble and particulate CBOD also apply to the NBOD. In

addition, the composite sampling procedure used by the City of Saskatoon was identical to
that described for CBOD.

Model runs were conducted to simulate the mixing and decay of TKN according to
Equation [129]. The model output for assumed values of K, was compared to the TKN
measurements. The averaged results at the five transverse sampling locations at each

transect were used to simulate the composite samples. The results of these simulations are
shown in Figure 6.20.

Similar general trends are evident in the measured and simulated curves at
Transects 5 and 8, but there is a very large discrepancy between the model results and the
measured curves at Transects 6 and 7. It is unlikely this discrepancy is solely the result of
experimental error or poor sampling techniques. The curve labeled ‘maximum
concentration’ in the plots for Transects 6 and 7 represents the peak concentrations
predicted by the model at each section with K, set equal to zero. In other words, this it
the maximum concentration that would occur at the section for only mixing and transport.
Curiously at both transects the diluted composite samples, which presumably have also
undergone some degradation in TKN, greatly exceed the predicted maximums. A
plausible explanation for this curious finding is that NH,, which is measured as a portion

of the TKN, is being produced locally as a result of degradation processes in the bottom
sediments.
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Figure 6.20 TKN composite concentration measurements and simulations, South
Saskatchewan River downstream of the Saskatoon Pollution Control

Plant.
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Di Towro et al. (1990) present a detailed mathematical model describing the
conversion of settled organic particulates to NH," and CH, in the anaerobic layers of the
bottom sediments. The model is shown schematically in Figure 6.21. The NH," and CH,
released to the overlying aerobic layers in the sediment produce an oxygen demand
(ie. SOD). However, not all the NH,;" and CH, produced is necessarily oxidized in the
aerobic layer. A portion is released to the overlying water columm in soluble and gaseous
form. This source of soluble NH," could account for the increase in TKN content of the
composite samples. The CH, is only sparingly soluble so the majority escaping to the
water colummn would be in gaseous form. The gaseous CH, and NH," would travel to the
surface and be released to the atmosphere. Unfortunately there is insufficient data
available to attempt to incorporate Di Torro’s SOD model into the overall mixing model.

WATER COLUMN PARTICULATE
ORGANIC MATTER
POM
diffusion seftling diffusion
AEROBIC LAYER sSoD v SOD

n NO, «— NH,’ POM CH,—» CO,
L= 4 4
r | burial
5 | ANAEROBIC LAYER  giusion ¢ diffusion
L
@ NH,' <— pPOoM —» CH,

Figure 6.21 Schematic representation of ammonia and methzsie generatioa in
bottom sediments - modified from Di Torro et al. (1990).
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The approach used io model the TKN, and ultimately the NBOD in the dissolved
oxygen simulations, was to choose a K, value consistent with the results at Transect 8. A
value of K, = 0.5/day was chosen. The excess TKN at Transects 6 and 7 was accounted
for as SOD in this region of the reach. Initially attempts were made to incorporate an
NH,'* flux into the model in this region creating a non-point source of NBOD. However,
the results of these efforts always produced an enormous oxygen demand much further
downstream due to the first order kinetics. It appeared the oxygen demand was more
immediate and local and therefore the SOD zero order kinetics approach proved to be
much more successful in sinmlating the dissolved oxygen profiles at Transects 6 and 7.

6.2.3.7 Model results for Dissolved Oxygen

The mixing and reaction of dissolved oxygen is described by Equation [127]. The
followings points summarize the key aspects of rumning the model for the dissolved
oxygen simulations:

1. Simultaneous simmlations of DO, CBOD and TKN were required for the DO
modelling. Therefore, three sets of element concentrations had to be accounted for
during the model run. Mass input of CBOD, TKN and DO were all handled as
outlined above. :‘

2. The values for Ks and K, determined from the CBOD and TKN simmlations were used
along with CBOD and TKN concentrations to predicted the DO consumption dur%ng
each time step.

3. The average photosynthetic oxygen production was mapped on the calculation grid
and Equation [145] was used to predict instantaneous rates at any element as a
function of ci_écktime.

4. The local respiration rate was determined as a proportion of the local average
photosynthetic oxygen production rate using Equation [147].

5. The reaeration term was evaliated for each element at each time step using the local
value of K, and the saturation dissolved oxygen concentration. The local value of K,
was determined using the O’Connor Dobbins equation using the element depth and
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flow velocity. The saturation dissolved oxygen concentration was estimated as a
function of clocktime using Equations [140], [141] and [142].

6. Estimated local rates of SOD were mapped on the calcalation grid using assumed
distributions across each of the transects. The SOD was & %ined 5+ he concentrated
in the region of Transects 6 to 7.

As noted earlier dissolved oxygen measurements were taken at Transects 5 to 8,
and at transverse locations corresponding to ¢/Q = 0.2, 0.4, 0.5, 0.6, 0.8, over a 48 hour
period (City of Saskatoon, 1984). The measurements were taken with dissolved oxygen
sensors and meters which had been calibrated against solutions of know DO determined
using the Winkler titrimetric method. APHA (19%5).

The model was run for initial estimates of SOD rates in the plume region. These
estimates were then revised to obtain the best visual fit possible to the measured C-t
curves at each of the transects. The dissolved oxygen measurements and the results of the
model simmlations are shown in Figure 6.22 to Figure 6.25.

The results of the modelling exercise are quite remarkable considering the number
of parameters involved and some of the assumptions that were necessary. The diurnal
cycles of oxygen production and the plume influence are well predicted except near the
right bank at Transect 7 and at q/Q= 0.4 at Transect 5 which is directly downstream of the
effluent outlet. The sample results at g/Q=0.4 at Transect 5 appear to represent the
background fluctuations only (as indicated by the model results shown for adjacent
streamtubes (q/Q= 0.29 and 0.47). It is possible complete vertical mixing may not have
been fully established at Transect 5 and therefore DO readings near the surface would not
be influenced by the effluent. Another possibility is the transverse location sampled may
have been inaccurate. The plume at Transect 5 is quite narrow and therefore any error in
transverse location could cause the sample to taken in a rsgion unaffected by the effluent.

Near the right bank between Transect 6 to 7 the photosynthetic oxygen production
may have been mmch larger that predicted, which would account for the huge
supersaturation results recorded. during daylight hours.
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Figure 6.22 Dissolved oxygen measurements and simulations, South Saskatchewan



- DOsst ~o—- Mol —— Masm |

[~ DOt —~— Mol —— Nama]

< - DOt —— Woddl —— Meas.|

»-.. \
0] P
g
.._ME_ c&»uao o!.onho

1130 m downstream of the Saskatoon Pollution

ed oxygen mesuvements and simulations, South Saskatchewan

er, Transect 6,

Control Plant.

e 6.23 Dissolv
Riv

Figur

187



T‘l— -w H 1 ““
\ G88 | a3 ,
CINEE T I
... \J mm m .\&\M ...... i mmm.m_
Ke R N L
AN
RApZann - b =
AimErs no B I
W - ’... M‘ ~ [ -] -] - 3““ «qul.lrfﬂ 9. © ™~ o [ -] L4 smm
VBW) usbixp penjossia VO w) usbAxo pmiossia
L ‘ — 4
_..M..mm Wm Wmo L
- 29 ({48 mnm g N mm Sve [ mm
T ke wm 2] 1TSS i g /// s
SRELEEIATES sy Dl
| LA m t s um * LA i
@RI G AJ/ i
| /uw il - N m . /y ol
7 fa " - L —T R L
@ - B R A @ A AmET
n..\ N rﬂr_ N J \ g ...\\\
Wﬂoareadamm ﬂwaa70543mm ..mwoa.:eaas“m
Vo) WBAX paNoEHO VOu) UsBAXQ pentossi UBw) uetiso pwoesi

188

River, Transect 7, 4000 m downstream of the Saskatoon Pollution
Control Plant.

Figure 6.24 Dissolved oxygen measurements and simulations, South Saskatchewan
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Figure 6.25 Dissolved oxygen measurements and simulations, South Saskatchewan
River, Transect 8, 13000 m downstream of the Saskatoon Pollutior:
Control Plant.
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6.2.3.8 Model results for Sediment Oxygen Demand

As noted above the SOD estimates were conceatrated in the effluent plume region.
The final SOD estimates are shown in Table 6.7. Note that an extra section identical to
Transect 7 was placed at 5000 m in order to terminate the SOD estimates. Without this
extra section values would have been interpolated all the way down to Transect 8 at
13,000 m. With this extra section the modified GRIDGEN preprocessor interpolated
values of SOD for elements located in the plume region between Transect 4 (140 m ) and
5000 m downstream.

Table 6.7 Sediment oxygen deniand estimates.

Sediment Oxygen Demand (g/m’-d)

Streamtube Distance downstream (m)
0 140 1130 4000 5000
2 0 o 0 0 0
3 0 0 0 25 0
4 0 0 0 25 0
5 0 0 0 30 0
6 0 0 0 30 0
7 0 0 0 35 0
8 0 0 0 35 0
9 0 0 25 40 0
10 0 0 25 40 0
11 0 0 25 40 0
12 0 0 0 0 0

Note: all positions not indicated have SOD = 0

Values used for the SOD rates range from 0 to 40 g/m*-d. The maximum values
seem quite high in comparison to some previously published estimates of SOD. For
example, SOD resulting from municipal sewage siudge in the vicinity of an outfall was
reported to be in the range of 2 to 10 g/m’*.d (Thomsnn and Mueller, 1987). A
compilation of SOD values given by Novotny and Olem (1994) ave in a rauge of about 0.3
to 7 g/m*d. However, SOD is difficult to measure accurately.

The standard measurement procedure for SOD consists of placing a chamber over
the sediment layer on the river bed and monitoring changes in the dissolved oxygen over
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time. This procedure does not account for any hydrodynamic effects of water flow over
the bed surface. An improved measurement method was used by Ruthirford et al. (1991)
to determine the SOD of the bottom sediments of a mobile bed river in New Zealand
downstream of a combined pulp mill and municipal wastewater discharge. The method
uses a recirculating chamber with velocity through the chamber matched to actual flow
conditions in the river. Using this technique and replicate measurements SOD rates in the
range of 152 to 32+16 g/m’>-d were observed. These measurements are in much closer
agreement with the estimates for the South Saskatchewan River. The study reaches also
have somewhat similar characteristics as shown in Table 6.8.

Table 6.8 Comparison of study reach characteristics

Parameter Tawawera River South Sask. River
New Zealand downstream of Saskatoon
Slope 0.0006 to 0.0007 est. 0.0004
Width (m) 21to 25 180 to 225
Typical summer flow (m’/s) 28 50
Mean Velocity (m/s) 0.66 to 0.76 0.28 to 0.37
Mean Depth (m) 1.3t0 1.6 0.7t0 0.8
Bed Material granular, 0.5 to 1 mm sandy
Note: the figures shown represent the range of values measured within the study
reach

6.2.4 Discussion

Despite some uncertainty in rate coefficients and the SOD rates the AOG model
adapted for DO-BOD kinetics was able to very acceptably reproduce the measured DO
concentrations vs. time. A more comprehensive data set would allow further verification
and development of the model. For instance detsiled measurements of suspended solids,
CBOD and TKN across each section, similar t0 the DO measurements on the South
Saskatchewan study, would allow better definition of the rate coefficients and allow a
consideration of particulate BOD removal by sedimentation.

It would also be preferable to have SOD measurements similar to those described
by Rutherford et al. (1991) in order to verify the model. SOD estimates based upon
iaterpolations between measurements could then be directly entered into the model. This
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method would involve far less uncertainty and would be preferable to using the curve
fitting approach utilized for the South Saskatchewan River data.

Attempts have been made to model aquatic plant biomass as a function of nutrient
and solar radiation input (Walker et al. , 1982). This model was reasonably successful but
was one-dimensional and involved simulations over an entire growing season. The
biomass of aquatic plants and therefore the photosynthetic oxygen production is not
simply an immediate response to ambient nutrient levels in the water columm. Rather it is
a function of nutrient availability from that stored in the bottom sediments and in the plant
tissues themselves. Unfortunately the two-dimensional model is not well suited to this
type of long term simulation.

For two dimensional modelling the diurnal measurement method of quantifying the
photosynthetic oxygen production, as developed by Di Torro (1992), seems more
appropriate. Several sets of measurements could be taken over the growing season to
determine the worst case scenario to be used in a summer minimum flow situation. This
type of measurement would be far easier to obtain than the detailed biomass and nutrient

data required to calibrate a biomass production model.

The verification studies with DO-BOD kinetics demonstrates the ease with which
the AOG mixing model can be adapted to handle a variety of kinetic calculations.
Algorithms previously developed for one-dimensional models and/or continuously mixed
batch reactors can be directly utilized in the reaction substep of the AOG model. The time
steps requirements for the mixing model appear to be sufficiently small tha: explicit
forward difference expressions can be used for the reaction algorithms without introducing
significant error.
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6.3 Modelling Methoxychlor-Sediment Interactions

6.3.1 Methoxychlor

Methoxychlor is an organic insecticide that was commonly used as a substitute for
DDT after the latter’s use was restricted in 1969. Structurally methoxychlor is an
analogue of DDT but it is biodegradable and less persistent in aquatic environments.

Extensive reviews of methoxychlor chemistry and toxicity are given by Gardner and Bailey
(1975) and NRCC (1983).

Methoxychlor was commonly used to control populations of black flies (biting
flies) in Westem and Northern Canada in the 1970’s. The insecticide was generally
applied to streams where the flies lay their eggs and the larvae would hatch. The objective
was to kill the flies at the larval stage before they emerge as adults. The methoxychlor
was generally supplied in a concentrated liquid emulsion of 21 to 25% active ingredient
and a petroleum emulsifier. An application would consist of a delivery system to cause the
emulsion to mix within the stream to obtain a concentration in the range of 10 to 300 ppb
methoxychlor (Gardner and Bailey, 1975).

Several attenuation mechanisms for methoxychlor in aquatic environments are
reviewed by Gardner ard Bailey (1975). These include photolysis, biological degradation,
and adsorption to sediments. The review by the NRCC (1983) states that adsorption to
suspended sediments and subsequent deposition is the major removal mechanism.

Following deposition, degradation and breakdown of the methoxychlor occurs in the
bottom sediments of the water body.

6.3.2 Field Verification Athabasca River downstream of Athabasca

6.3.2.1 Background

Agriculture Canada and the Alberta Research Council (ARC) conducted slug
methoxychlor treatment studies of the Athabasca River downstream of Athabasca in the
spring of 1974, 1975 and 1976. The results of the associated toxicological and

environmental persistence studies, and an analytical analysis of the one-dimensional mixing
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and decline of the methoxychlor in this reach of the Athabasca River were reported by
Haufe and Croome (1980). The study reach extended from above Athabasca to Fort
McMurray and was characterized by approximately forty cross-sections surveyed at
various times during the three year program. In 1975 methoxychlor concentrations vs.
time were measured at several transverse locations across five of the sections in the first
21.5 km of the study reach (Chametski et al, 1980). Beyond 21.5 km only a single
transverse location was sampled on the assumption that the methoxychlor was uniformly
mixed across the channel. The measurem:nts taken in the first 21.5 km will be used for
the verification study presented herein.

The ARC also conducted an independent transverse mixing study on the Athabasca
River downstream of Athabasca in the fall of 1974 (Beltaos, 1978). The mixing test was
not conducted during the period of pesticide treatment as it was feared the fluorescent
tracer could influence the ~ffectiveness of the methoxychlor. A two-dimensional analytical
analysis of the tracer test was completed to determine the reach-averaged transverse
mixing coefficient for the 17 km reach downstream of Athabasca. A one-dimensional
analytical analysis of the mwethoxychlor mixing was also conducted to determine the
longitudinal dispersion characteristics of the extended reach all the way down to Fort
McMurray (Beltaos and Charnetski, 1980).

6.3.2.2 Hydrometric data

The cross section information available in the blackfies project report (Haufe and
Croome, 1980) was supplemented with additional cross-section information obtained from
archived records of the Surface Water Engineering Division, Alberta Research Council
(ARC, 1975). In total, eighteen cross sections were available from the two sources for the
reach of interest. A plan view of the reach and the cross-section locations are shown in
Figure 6.26. All the distances shown are from the highway bridge at Athabasca.!

The distance designations are based upon the ARC unpublished notes which differ
slightly from those shown in Haufe and Croome (1980).
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Figure 6.26 Plan view of the Athabasca River study reach.



Unfortunately, none of the sections had been tied to geodetic elevation during
surveys and most had not been surveyed on the date of the pesticide injection. In order to
use the cross sections the assumed water surface elevation at each location had to be
estimated for the date of the injection (June 4, 1975). River discharge records and a
gauge discharge relationship were available for the bridge location at Athabasca
(Beltaos, 1980c).

As a first estimate, the assumed water surface elevation at each section was
adjusted on the basis of the gauging station relationship and the recorded flow for the date
of the survey and the date of injection (484 m’/s). This approach was only effective for
the sections in the immediate vicinity of the bridge. For the other sections the time of
travel indicated by the methoxychlor C-t curves was much shorter than that which was
predicted using velocities determined on the basis of the gauge correction. Consequently,
the water surface elevations at the other sections was adjusted downward until a
reasonable time of travel match was obtained at ¢cach section. The flow and date of survey
at each of the cross sections together with the final assumed elevation corrections are

given in Table 6.9.

Once the water surface elevation at each section was set the mean depth and
velocity could be determined. The local velocities and flow distribution were then
estimated using a resistance equation relationship. A tabulation of these calculations, a
cross section plot, and the estimated flow distribution for each section are presented in
Appendix D.

No surveys of the water surface slope through the reach were conducted during
the blackfly preject or during the ARC tracer study. Instead, Beltaos (1980c) used an
average slope of 0.00026 between Athabasca and 91 km downstream which was taken
from Kellerhals et al. (1972).
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Table 6.9 Athabasca River cross sectiovs.

Location Date Survey flow Gauge height water total water level
(km) surveyed (m’/s)  level adjustment to  adjustment to
downstream ' June 4, 1975 (m) June 4, 1975 (m)
0.06 28/05/74 1048 -1.06 -1.06
0.28 28/05/74 1048 -1.06 -1.06
0.69 28/05/74 1048 -1.06 -1.06
1.76 12/09/75 430 +0.13 +0.13
2.74 17/09/74 521 -0.09 -0.33
3.74 11/09/75 448 +0.09 -0.15
5.54 17/09/74 521 -0.09 -0.33
6.92 17/09/74 521 -0.09 -0.33
8.53 17/09/74 521 -0.09 -0.33
8.65 28/05/74 1048 -1.06 -1.30
8.77 12/09/75 430 +0.13 -0.11
10.08 5/06/74 722 -0.50 -0.74
12,57 17/09/74 521 -0.09 -0.33
16.67 16/09/75 360 +0.13 -0.11
17.11 16/09/75 360 +0.13 -0.11
18.46 16/09/75 360 +0.13 -0.11
19.06 28/05/74 1048 -1.06 -1.30
21.47 11/09/75 448 +0.09 -0.15

Note: the flow on June 4, 1974 was 484 m*/s
6.3.2.3 Mass conservative mixing simulation

Methoxychlor is believed to be a non-conservative parameter due to the potential
environmental reactions mentioned above. The principle attenuation mechanism is
believed to be adsorption to sediments on the river bed and sediments in suspension.
Dissolved methoxychlor and methoxychlor adsorbed to suspended sediments are both
toxic to aquatic organisms. Therefore, total water column methoxychlor concentrations
(Cy) are reported by Chametski et al. (1980) which includes both the dissolved (C.) and
the washload ( C,, that adsorbed to the suspended sediment load) components.

Before proceeding to a non-conservative modelling approach to account for
adsorption, the standard 2DMIX mass conservative model was run for the methoxychlor
input conditions. The results of the conservative model run were intended to be a

benchmark against which the attenuation of the methoxychlor could be judged.
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Chametski et al. (1980) reported that 291 L of 21% methoxychlor solution was
injected into the river about 100 m downstream from the highway bridge at Athabasca.
The injection method involved three boats, each traversing a portion of the river width
three times over a period of 7.5 minutes, as described by Depner et al. (1980). Each boat
continuously discharged a total volume of methoxychlor solution proportional the flow
which they traversed. The theoretical fully mixed line concentration resulting from the
injection was 300 ppb over the 7.5 minute injection period..

Methoxychlor samples were collected at 1.76, 3.74, 8.77, 16.67, and 21.47 kms
downstream At 1.76, 3.74 and 21.47 kms samples were taken at transverse locations
corresponding to w/W= 0.25, 0.50 and 0.75 (where w is the distance from the left bank
looking downstream, W is the total width of the stream). At 8.777 and 16.67 kms
samples were taken at transverse locations corresponding to w/W= =0.05, 0.25, 0.50, 0.75
and =0.95. The methoxychlor C-t distributions measured at each of the sampled sections
is shown in Figure 6.27 to Figure 6.31

The river channel was divided into ten streamtubes in order to run the computer
model. The strr-amtube boundaries were spaced evenly across the channel in terms of
cumalative flow, i.e. ¢/Q=0.100, 0.200, 0.300, 0.400, 0.500, 0.600, 0.700, 0.800, 0.900,
and 1.00. A time step of 75 seconds was chosen for the simulation on the basis of the
criteria outlined previously. Values for the streamtube local depths, widths, slope, and B
were assembled inte the GRIDGEN input file and the program run to generate the
computational grid for the mixing program. The reach-averaged value of § = 0.41 from
the ARC tracer test (Beltaos, 1978) and the average slope of 0.00026 from Kellerhals
et al. (1972) was used for each section.

The methoxychlor mass input to the 2DMIX program was distributed to the first
element of selected streamtubes in a zigzag pattemn. This approach was intended to
simulate the movement of the injection boats and was considered far more representative
than using a uniform Fne source across the channel. The C-t curves generated by the mass
conservative model are shown in Figure 6.27 to Figure 6.31.
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Figure 6.27 Athabasca River, Methoxychlor C-t curves at 1760 m.
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a) Concentration vs Time at w/W ~ 0.26
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Figure 6.28 Athabasca River, Methoxychlor C-t curves at 3740 m.
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6.3.2.4 Adsorption and mixing simulation

Beltaos (1980c) presents an analysis of the mass recovery of methoxychlor for the
three blackfly treatment studies. His analysis is based upon one-dimensional C-t curves
and is strongly influenced by measurements taken beyond the 21.5 km reach discussed
above. The results of the zmalysis indicate a progressive lose of methoxychlor with
distance for all three treatments. The loss within the first 21.5 km was in the order of
30%. As mentioned above the major loss mechanism was expected to be adsorption to
the bed material. This was the view of the Agriculture Canada scientists involved in the
project which was supported by opinions presented by Gardner and Bailey (1975).

Beltaos determined from the shape of the mass recovery vs. distance curve that the
attenuation of the methoxychlor concentrations was not simply a first order relationship.
This ruled out the possibility of modeling the adsorption loss rate to the bed as
proportional to the total methoxychlor concentration in the water column (dissolved and
adsorbed to suspended sediment). Rather Beltaos proposed the following loss

mechanism:

1. The areal rate of methoxychlor adsorption to the bed was assumed to be proportional
the dissolved methoxychlor concentration in the water columm. The rate is given by
the following expression:

1dM,
=% ok, C,
r dt b [148]

where: M, is the methoxychlor mass adsorbed to a bed surface area (g),
I' is the surface area (m®),

C.. is the methoxychlor concentration dissolved within the water column
above the bed surface (g/m*), and

K, is the adsorption rate coefficient between the water columm and the
bed (1/day).

Therefore the rate of loss to the bed is influenced by the exchange of methoxychlor

between the dissolved component and that adsorbed to suspended solids in the water
column.
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2. The rate of adsorption-desorption exchange between the suspended solids and the
dissoclved phase in the water column in given by the following expression:

1dM,, dC
~ s _s g . C.-K.C
¥V dt dt KuCo ~KuCor [149]

where: M, is the methoxychlor mass adsorbed to the suspended solids within a
given volume of water (g)

M is the volume of water (m®)

C, is the methoxychlor concentration in sorption on the suspended
sediment within a given volume of water (g/m®)

C.. is the methoxychlor concentration dissolved within a given volume of
water (g/m’)

K,, isthe adsorption rate coefficient (1/day)

K. is the desorption rate coefficient (1/day)
The proposed mechanism assumes there is negligible deposition of suspended solids on the
bottom and that there is no desorption of the methoxychlor from the bed after the
treatment slug passes.

Beltaos (1980c) determined the values of the three rate coefficients used in
Equations [148] and [149] using a best fit approach to the mass recovery data for the

three treatment studies. The resulting rate coefficients from of his analysis are shown in
Table 6.10.

Table 6.10 Summary of methoxychlor sorption xnd desorption rate coefficients.

Coefficient
River Reach Kw Ka K
(1/day) (1/day) (m/day)
Athabasca to
Fort McMurray 0.55 0.20 4.5
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Equations [148] and [149] were incorporated into the mixing model as a reaction
substep using the folowing finite difference expressions:

Cu* = C,, ~K,CuAt—K,Cy At +K,C At [150]

m — -—
CU4 = C., - K, C\ At [151]

The model was then rerun using the rate coefficients shown in Table 6.10 and the
same input conditions used for the mass conservative run. Note that at time zero all
methoxychlor is dissolved therefore C., = the input concentration and C. = 0. Both C,,
and C.. are carried along in the calculations. The total concentration in the water column

is the sum of the two component concentrations, i.e.
C=C.+Cs [152]

The result of the adsorption modelling are shown in Figure 6.27 to Figure 6.31
together with the conservative model curves and the total methoxychlor concentration

measurements.

6.3.3 Discussion

Comparison of the measured total methoxychlor concentrations and the simmlated
mass conservative C-t curves indicates there is very good agreement in the time base and
the peak concentrations of the waveforms. This result is somewhat surprising because it
was expected that bed adsorption would have caused a progressive attenuation of the peak
concentrations. The curves produced by the proposed adsorption model clearly indicate a
reduction in peak concentrations, however this loss is not confirmed by the measurement
data. In effect, the two-dimensional mixing analysis indicates the methoxychlor in the
water colummn during the 1975 treatment is conservative over the first 21.5 km of the study
reach.

Beltaos’s one-dimensional analysis of the adsorption and mixing was based upon
section-averaged C-t curves in the first 21.5 km of the reach and single location
measurements further downstream. Despite the effort to introduce the methoxychlor as a
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uniform line source there are still two-dimensional effects in the river which can not be
accounted for in the one-dimensional model. These effects are evident in the
measurements taken at 8.8 and 16.9 km where the near-shore peak concentrations are
significantly lower than the mid-channel concentrations. These effects and the subsequent
averaging of the curves may contribute to a perceived loss. At the sections sampled
between 21.5 km and Fort McMurray samples were taken using a pumping apparatus
setup on shore (Chametski et al., 1980). At these locations the single near-shore sample
may not have been representative ¢f the channel as a whole which again would influence
the one-dimensional analysis. Sampling locations near mid-stream which would be more

representative of section averages would have been prefcrable at these locations.

With the data set available it is impossible to ascertain how much of the
methoxychlor loss over the entire 400 km study reach may be perceived due to non
representative sampling and how much is real. Undoubtedly real loss has occurred
because estimated recoveries at Fort McMurray were only in the order of 10% to 20% of
that injected. How much of the actual loss that is attributable to bed adsorption and how

much to other mechanisms is also unknown.

Based upon the results of the two-dimensional mixing analysis it reasonable to
question whether there was indeed any significant loss of methoxychlor in the first
21.5 km of the reach. The model results clearly demonstrate the importance of using a

two-dimensional mixing analysis before atternpting to assess the effects of environmental

reactions.
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7. Conclusions and Recommendations

The following conclusions and recommendations are presented on the basis of the

studies presented herein:

1.

Methods for one-dimensional water quality modelling are well established. However,
because the one-dimensional zone is cfien 10's of kilometres downstream of an outfall
or a spill site the value of these models for water quality predictions close to the

source are limited.

Methods for two-dimensional steady state water quality modelling are also well
established. There is uncertainty regarding the prediction of transverse mixing

coefficients for use in the existing models.

At present the prediction of transverse mixing coefficients using empirical equations
is only satisfactory for preliminary mixing calculations. The actual value of the
transverse mixing coefficient at any location and flow condition must be verified with
a tracer test to reduce this uncertainty. Additional research is required to reliably and
accurately predict the transverse mixing coefficient on the basis of easily measured

channel geometry and flow parameters.

Several models are described in the engineering literature for the simulation of two-
dimensional mixing with an unsteady substance source. The explicit method
proposed by Fischer (1968) and further developed by Beltaos (1978, which employs
an advection optimized grid (AOG), effectively eliminates numerical dispersion and
dissipation problems associated with the advective term.

Very limited field verifications had been reported for two-dimensional unsteady
source mixing models. The microcomputer based AOG model developed for this
study was successfully used to simulate unsteady source tracer mixing in three major
rivers. On this basis the AOG method is considered verified for the simulation of

mixing and transport in natural streams.
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10.

11.

The effects of dead zones and backwater areas upon mixing are not well represented
by the AOG model. Therefore, simulation inaccuracies can occur in the near-shore

region if significant dead zone areas are present.

The collection of sufficient hydrometric data to fully represent the study reach is

critical to the success of a two-dimensional, unsteady mass input modelling exercise.

The AOG based modelling procedure can be easily adapted to account for
environmental reactions for non-conservative water quality parameters. Simulation of
the mixing and reactions kinetics of BOD and DO downstream of an unsteady
wastewater discharge was presented as an example of a practical engineering
application of the model. The adapted AOG model was successfully used to simulate
the combined effects of mixingg BOD exertion, atmospheric reaeration,
photosynthetic oxygen production, aquatic plant respiration and sediment oxygen
demand upon DO levels downstream of a primary wastewater treatment plant.

Caution should be exercised in interpreting the results of environmental fate studies in
rivers and streams without completing a two-dimensional mixing analysis. The
methoxychlor mixing simulations presented in this study demonstrate the importance
of this consideration.

The adapted AOG model for BOD-DO kinetics should be further verified with a more
comprehensive data set. The data set should include measurements of sediment
oxygen demand. The BOD-DO kinetic subroutine should be further developed to
include temperature dependence for rate coefficients and the selection of an

atmospheric reaeration relationship based upon Covar’s method.

Efforts should be made to encourage the use of two-dimensional mixing models as a

routine engineering tool to provide information for informed management of

wastewater discharges to rivers and streams.
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Appendix A. Interpolation Procedure for Determining Element Lengths

The streamtube width Az at a distance x located between sections with defined properties
at distances x, and x4 can be estimated by linear interpolation as follows:

2= 8o, +{82, - b2} E 2]

Az= Az, +a,(x-x,) [A-1]
Az=a, +o,x

where: a; = (Az+Az)/(Xs-X0u)
o2 = (Az-01Xy)
Similarly the streamtube depth h at a distance x located between sections with defined
properties at distances x, and x4 can be estimated by linear interpolation as follows:

h=h,+(h, —hu)ﬁ‘:—ﬁ)—

(xd - x,,)
h=h,+B,(x—x,) [A-2]
h=8, +B,x

where: 81 = (ha-ho )/(xa-xu)
B2 = (hu-P1x.)

The volume of a length of streamtube extending between distance x and a defined

down stream section at distance x, is determined by integration as follows:

Volume = IAz-h~dx
x,

& Gt ey

(a; +a,x)(B, +B,x)dx
[A-3]

|

! (azpz +a,Byx+ao,Bx + allez) dx

x? T
o,fB,x+ (asz +a1Bz)—2—' +a,B, —5‘]
xu

i
—
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The cumulative volume along the streamtube is the summation of interval volumes
between defined sections.

cumulative volume to positionm = Y Vol,, [A-4]

n=l

where: Vol, are interval volumes calculated using Equation A-3, with the upstream

and downstream limits set to defined sections and x set equal to xy,
and

m is the number of intervals.

The distance x to the downstream boundary of the ith element in a streamtube is
determined as follows:

1. DSetermy : the cumulative volume to each defined section, down streamtube j, using
the method outlined above.

2. Determine the cumulative volume to the downstream boundary of the ith element of
streamtube j as follows:

cumulative volume = (Aq)(dt)(i)
where Aq is the streamtube flow, dt is the time step.

3. Solve Equation [A-3] by successive substitution to determine x which gives the

appropriate cumulative volume within an acceptable tolerance.

4. Use the calculated x position for the element downstream boundary to determine the
streamtube mean depth, right boundary depth, width, and mixing coefficient by linear
interpolation between the appropriate upstream and downstream defined sections.

5. Average the upstream and downstream boundary properties for the element to
determine the mean properties at the element centroid. Note the downstream

boundary properties are known from the previous element calculations.
6. Proceed to each successive element in the streamtube and repeat steps 2 to 5.

7. Proceed to each successive streamtube and repeat steps 1 to 6.

219



Appendix B. AOG Methed Error Analysis
Appendix B.1 Advective Substep

The advective substep governing mass balance equation is:

dc dc
—— —u._—
ot ox

[B-1]
The AOG method utilizes the following forward tine, backward space, explicit finite

difference approximation for Equation B-1:

(e —et) __ (i -cin)

=-u
At Ax
or

e;” =of +C[eb -] B-2]
where Courant No., C,, is defined as:

C‘ = u.é_t_.

Ax [B-3]

Appendix B.1.1 Truncation error analysis:

Expressing the node concentrations of Equation B-2 as Taylor series expansions about C
gives:

C; =C

dc o*c At*  dc AP

ol = cf +—At+ + +---
O =aTHT T 2 e 6

o . Oc &*c Ax* 0d’c AxX®
SRl e

[B-4]
Substituting Equation B-4 into Equation B-2 gives:
© O e _c o B  FehAx o .
At &t ot 2 At

at x | o

o __ % [Fcar SeAx
a2 ox: 2

[B-5]

from which it can be seen the original differential equation is recovered and that the error
of the approximation is in the order of At and Ax..
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Appendix B.1.2 Stability analysis:
The amplification ratio for analytical solution of Equation B-1 is given by:

_iZauAt _i23c,

Ya — € NAx = € N

[B-6]
from which it can be seen that the amplitude ratio A,, and the phase angle error 6,, for the
analytical solution are respectively:

An=1 B-7]
_2%C

O = N

[B-8]
For the numerical solution to Equation B-1 using Equation B-2 as an approximation, the

concentration at each node can be given by:

C: = A" ei QKA x
c:-o-l = An+l ei QKA x
c:-x = A®° ei Q(k-1)A x

[B-9]
where: Q =2xn/A, and
A is the amplitude at a particular time step.
Substituting Equation B-9 into B-2 gives the following expression for the amplification
ratio for the numerical solution:

A Gifksx AR eiQkAx_'_C'[An e k-DAX _ A® eink.Ax]
oM )
&_=1+C,[e7*-1]

ck (B-10]
¥ o = 1+ C, [c05(QAX) ~ i sin(QAx) - 1]

¥ = 1—C, +C, cos(QAx) —iC, sin(QAx)
Further, defining N as the number of nodes per wavelength:

= M
Ax [B-11)
and substituting Equation B-11 into Equation B-10 gives:
You=1-C, +C, cos(z—") -iC, sin(z’i) = a+ib
N N B-1:
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From which the phase angle error can be determined to be:

calz) | [ eslz)
cua®) | [ -csl®

afb a
Ouen = tan _(—)=tan 2y | o n
2 1- C, + c,cos(——) 1- ze,sin’(—)
N N [B-13]
The ratio of the numerical and the analytical phase angle error is then given by:
o(2) o(3)
) C. sxn( N . C.sin| T
tan 2n tan T
- crcofy)|  12ca(D)
O _ C C.co N/ | C.sin N
Oun 2nC, B 2nC,

N N [B-14]

From which it can be seen that for C, = 1 and any value of N (greater than the minimum

grid resolution), Osum = 6., and the numerical scheme produces an exact solution.

The numerical solution amplitude ratio can be determined from B-12 as:

Ame =(a? +b7):

1

= ([1 -C.+C, 005(%) ]2 + [‘ C smx(Z-NE') D 5
- (1 +2¢ (1- C')[°°{2¥u) B IDE

[B-15]
The ratio of the numerical over the analytical amplitude ratio is then given by:
1
2n 2
1+ 2¢C, (1-C: cos(—)—i
y —— ( ¢ (-c )[ N D
A 1 [B-16]

From which it can be seen that for C, = 1 and any value of N, Apm = Asn =1 and the

pumerical scheme produces an exact solution with no numerical dissipation.
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Appendix B.2 Diffusive Substep

The advective substep govemning mass balance equation is:

dc &c
= = E, %=
ot oz [B-17)
The AOG method utilizes the following forward time, centred space, explicit finite

difference approximation for Equation B-17:

g1-a _ p h-2d+ )
At z AZ?
or
G =l +r(ch-2c] +cha) [B-18]
where 1; is defined as:
1. = E,AUAZ [B-19]

Appendix B.2.1 Truncation Error Analysis

Expressing the node concentrations of Equation B-18 as Taylor series expansions about

¢} gives:
c; = ¢C
dc FcAt?  dcAP
o+l — B4 Attt + 4+ ...
“ %7 Bt 3¢ 2 o 6
dc FcAZ dcAZ dcAZ
B = a0 . ——AZ+ - + +
G T T 5027 FAT T a7 6 | 07 12
2 3 4
c;1=c?+—a—cAz+ d’cAz + a’cAz_*_a"cAz + o
oz 07 2 oz 6 0z' 12 [B-20]

Substituting Equation B-20 into Equation B-18 gives:

0 _ 2o [2oat pgoss, ]

Bt a2 |o¢ 2 0 e 6

[B-21]

from which it can be seen the original differential equation is recovered and that the error
of the approximation is in the order of At and AZ.
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Appendix B.2.2 Stability Analysis

For the numerical solution to Equation B-17 using Equation B-18 as an approximation,

the concentration at each node is given by:

c; = A® eif¥ar
c;-o-l —_ AM-] einAz
¢, = A® oiRl-DA
Ch = AP iRtz

[B-22]
where: € =2xn/A, and
A is the amplitude at a particular time step
Substituting Equation B-22 into B-18 gives the following expression for the amplification
ratio for the numerical solution:
APH 038z AR (iQiAz | o [ AP gi(DAz_ AT iQiAz 4 AT 0 j+l)Az]
Rk , .
A - l+r,[e“°“- 2 +erAz]
c°
]
¥ pum = 1+ 1, [2c0s(QAZ) - 2]
¥ g = 1+ 21, [c0s(QAZ) - 1]

[B-23]
From which it can be seen that the phase error is zero (i.e. there is no imaginary portion).
To ensure stability |Youm| <1. For the smallest resolvable wavelength QAz= 7, therefore

|1-4r,] <1 and r, < ¥%2. For longer wavelengths the requirement for r; is less restrictive,

therefore 1, < ¥ governs.
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Appendix C. Program Listings

Appendix C.1 STRMTUBE Program Listing

L2 X2 T X222 22 222X Ssd a2t i a2 X 22 X2 X 22X 2 XX 22222 RX 22222222t 22t is 2R ds
PROGRAM STRMTUBE
Utility program to interpolrte cross—section properties
* given the section flow and geometry.
I2 XXX 22222 X 222222222 X222 22X 222 22 X2 2222 a2 2222 222X22 2R 22 laiRAlE LR XS
*hkdk Variable declarations*****************************t********iﬁi**iﬁ***tt
INTEGER NPOINTS Number of elev,dist,q/Q points
INTEGER I,N Counter(s)
INTEGER NTUBES Number of stream tubes for analysis
INTEGER IOCHECK Error status variable

*

'

!

!

!
REAL*4 TOTALQ ! Total river discharge
REAL*4 SECT ! Section no., real to accomodate decmals
REAL*4 LINTERP ! Linear interpolation function
REAL*4 BETA ! Dimensionless mixing coef. for a subreach
REAL*4 SLOPE ! Slope of the subreach
REAL*4 DT ! Proposed time step
REAL*4 EXPONENT ! Exponent for the curve fit near the banks
REAL*4 SDPTH(0:100) ! X-section survey elevations
REAL*4 SSTAT(0:100) ! X-section survey distances
REAL*4 SAREA (0:100) ! X-section survey areas
REAL*4 SQovQ(0:100) ! X-section survey cumulative flow
REAL*4 IDPTH(0:100) ! X-section interpolated elevations
REAL*4 ISTAT(0:100) ! X-section interpolated distances
REAL*4 TAREA (0:100) ! X-section interpolated areas
REAL*4 TWDTH(0:100) ! streamtube width
REAL*4 TVELC (0:100) ! average streamtube velocity
REAL*4 TDPTH(0:100) ! average streamtube depth
REAL*4 ETA(0:100) ! streamtube eta boundaries

e R R R TR L T R R R e e 22 2T L R Ry R
PARAMETER (EXFONENT=0.5)
OPEN (UNIT=1, FILE=' ', TJOSTAT=IOCHECK, STATUS='0OLD’)
OPEN (UN1T=2, FILE=' ', STATUS='UNKNOWN *)
OPEN (UNIT=3,FILE=' ', STATUS='UNKNOWN')

IF (IOCHECK.GE.O) THEN
READ(1,*) NTUBES, DT
WRITE(3,*) ' NO. OF STREAMTUBES = !,NTUBES
READ(1, *) (ETA(I), I=0,NTUBES-1)
WRITE{(3,*) (ETA(I), I=0, NTUBES-1)
WRITE (2,2) (ETA(I ), I=1,NTUBES-1)
2 FORMAT (8 (1X,F8.5))
ELSE
WRITE(3,*) 'FILE IS EMPTY'
STOP
ENDIF

READ ({1, *, IOSTAT=I0CHECK) SECT, TOTALQ,NPOINTS, BETA, SLOPE
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10

15

20

25
30

DOWHILE (IOCHECK.GE. D)

WRITE(3,5) SECT, TOTALQ, NPOINTS
FORK™. (5X,F8.2,F10.1,1I5)
DC I=0, NPOINTS-1
READ(1,*) SSTAT(I),SDPTH{I),SQOVQ(I)
ENDDO
SAREA (0)=0.0
DO I=1,NPOINTS-1
SAREA (I)=(SDPTH(I)+SDPTH(I-1))/2.0* (SSTAT (I)-SSTAT (I-1))
+ SAREA(I-1)
ENDDO

WRITE(3,10)
FORMAT (5X, 'STATION', T15, 'DEPTH', T30, 'q/Q")
DO I=0,NPOINTS-1
WRITE (3,15) SSTAT(I),SDPTH(I),SQOVQ(I),SAREA(I)
FORMAT (5X,F8.1,T15,F8.2,T730,F10.6,T45,F8.1)
ENDDO

ISTAT (0)=SSTAT (0)
IDPTH(0)=SDPTH(0)
DO N=1,NTUBES-1
I=1
DOWHILE (SQOVQ(I) .LT.ETA(N) .AND.I.LE.NPOINTS-1)
I=I+1
ENDDO
IF(I.GT.NPOINTS) THEN
WRITE(3,*) °INTERPOLATION ERROR'
ELSEIF(I.EQ.l1) THEN
ISTAT (N) =SSTAT (I-1) + (SSTAT (I)-SSTAT (I-1))*
(ETA (N) /SQOVQ (I) ) **EXPONENT
ELSEIF (I.EQ.NPOINTS-1) THEN
ISTAT (N) =SSTAT (I)- (SSTAT (I)~-SSTAT (I-1))*
((1L.0-ETA(N))/(ETA(N)-ETA(N-1) ) ) **EXPONENT
ELSE
ISTAT (N) =LINTERP (SSTAT, SQOVQ, I, ETA(N))
ENDIF
IDPTH (N)=LINTERP (SDPTH, SQOVQ, I, ETA(N))
IAREA (N)=LINTERP (SAREA, SQOVQ, I, ETA(N))
TWDTH (N)=ISTAT (N) -ISTAT (N-1)
TDPTH (N)=(IAREA (N) -IAREA (N-1) ) /TWDTH (N)
TVELC (N)= (ETA(N)-ETA (N-1) ) *TOTALQ/
(IAREA (N) -IAREA(N~1))

ENDDO

WRITE (3, 20)

FORMAT (5X, 'TUBE MVEL.',T17, *RB DEPTH', T30, 'TUBE WIDTH')
WRITE(2,*) °* 0.0 0.0 0.0°

DO I=1,NTUBES-1
WRITE(3,25) TVELC(I),IDPTH(I),TWDTH(I),ETA(I),
TVELC (I) *DT/TWDTH(I), IAREA(I), ISTAT (I)
WRITE (2,30) TDPTH(I),TWDTH(I), IDPTH(I)

FORMAT (5X,F8.3,T17,F8.2,7T30,F8.1,T45,F10.6,T60,F6.1,1X,2F8.2)

FORMAT {5X,T17,F8.2,T30,F8.1,T45,F8.2)
ENDDO
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DO I=1,NTUBES-1
WRITE (2,31 SECT,BETA,SLCOPE
31 FORMAT (1X,F10.1,1X,F10.3,1X,F10.6)
ENDDO

READ (1, *, JOSTAT=IOCHECK) SECT, TOTALQ, NPOINTS, BETA, SLOPE
ENDDO

STOP
END

PEPTELTTTILT L SR LII S 22 222 22 2 22 2 2 2 2 A2 2 2 d il sl ARl sl Al sl

REAT, FUNCTION LINTERP(X,Y,I,2)
INTEGER I
REAL*4 X(0:100),¥(0:100),2

LINTERP=X(I)—(Y(I)-2) /(Y (I)-Y(I-1))*({X(I)-X(I-1))
RETURN

END

PR R R I T2 222 2222222 AL AL 2 A 22 X2 X 2 s a2l s Al Al Al ldRdd
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Appendix C.2 GRIDGEN Program Listing

PR P2 YT I XTI L LRI LR L L L L L L S L S gL ALl L LAl L ALl sl R h b

PROGRAM GRID::: N
* Preprocessing program to generate the advection optimized grid
* given the streamtube flow and geometry at each cross—section.

*t*tt*ﬁ*t*tﬁ*****ﬁ*****f*ttt***t********t*****************************t******

L 2 £ 4 2 Variable decluatimtt***ttf**'t**tt**t#ﬁ-&*t*****************t*i******

IMPLICIT NONE

INTEGER nsect

INTEGER ntubes

INTEGER nts

INTEGER csect

INTEGER i, 3, n

INTEGER maxts

INTEGER mints

INTEGER lasti(25)

real*8 dvol

real*8 xus

real*8 xds

real*s8 dx

real*8 interp

real*8 elex

real*8 volume

real*8 gtotal

real*s8 dt,cvol,vol

real*8 eta(0:25),deta(0:25)
real*8 sub_x[HUGE] (0:50,0:25)
real*8 beta[HUGE] (0:50,0:25)
real*8 slp[HUGE] (0:50,0:25)
real*8 sub_dh{HUGE] (0:50,0:25)
real*8 sub_dr [HUGE] (0:50,0:25)
real*8 sub_z{HUGE) (0:50,0:25)
real*8 cumvol[HUGE] (0:50,0:25)
real*8 ele_dr[HUGE] (0:2048,0:25)
real*8 ele w[HUGE] (0:2048,0:25)
real*8 ele_ez[HUGE] (0:2048,0:25)
real*8 ele_dh[HUGE] (0:2048,0:25)
real*8 ele_x[HUGE] (0:2048,0:25)
real*8 dr[HUGE] (0:2048,0:25)
real*8 w[HUGE] (0:2048,0:25)
real*8 ez[HUGE] (0:2048,0:25)
real*s8s dh{HUGE) (0:2048,0:25)

Y222 2222222222222 XX 20222 2 222 X2 2 22 222 22 R 2 2 a2t ittt isdad sl sds dllddddd

C Input of subreach characteristics

OPEN (unit=1, file='parm.dat', status='cold')

OPEN (unit=2, file='rchchar.out’,

+ status='unknown')

OPEN{unit=3, file='simdims.out’,

+ status='unknown®', ACCESS='direct®'’, RECL=140, FORM='formatted')

READ(1, *) nsect,ntubes,dt,qgtotal
READ(1,*) (eta(i),i=1,ntubes)
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eta (0)=0.0d+00
DO i=1,ntubes

deta (i)=eta(i)-eta(i-l)

ENDDO
nts=0

DO i=0,nsect

DO j3=0,ntubes

READ(1,*) sub_dh(i,j),sub_z(i,j),sub_dr(i,])
END DO
DO j=1,ntubes

READ(1, *) Sub_x(ilj)lbeta(irj)tslp(i:j’
ENDDO

END DO
CLOSE (1)
WRITE (*,*) "completed read section”

Assigr the element characteristics

DO j=1,ntubes

+

ele_dr (0,3)=sub_dr(0,3)
ele_w{0,j)=sub_z(0,3)
ele_dh(0,j)=sub_dh(0,])
ele_ez(0,j)=beta(0,j)*ele_dh(0,3)

*sqrt (9.81*s1p(0,j)*ele_dh(0,]))
ele_x(0,3j)=sub_x(0,3])

END DO
DO j=1,ntubes

cumvol (0,3)=0.0d+00
DO i=1l,nsect
cumvol (i, j)=cumvol(i~-1,3j)+VOLUME (sub_x(i-1,j),sub_x(i,Jj),
sub_z(i~1,j),sub_z(i,j),sub_dh(i-1,3),sub_dh(i,J))
cvol=cumvel (i, j)
WRITE(*,*) i,j,cvol
ENDDO

ENDDO

DO j=1,ntubes

+

i=1
csect=1
vol=0.0d+00
dvol=deta(j) *gtotal*dt
DOWHILE (csect.LE.nsect)
volw=vol+dvol
IF (vol.LT.cumvol{(csect,j)) THEN
CALL findx(elex,sub_x(csect-1,3),sub_x(csect,j},
sub_z (csect-1,3),sub_z(csect, j),
sub_dh (csect-1,3j),sub_dh(csect, ),
0.001d+00, vol-cumvol (csect-1,3))
ele_x(I,J)=elex
cvol=cumvol (csect-1,3)
ele_ﬂr(i,j)-INTBRP(ele_x(i,j),sub_x(csect-l,j),
sub_x(csect,j),sub_@r(csect-l,j),sub_dz(csoct,j))
ele_dh{i,j)=INTERP(ele_x(i,j),sub_x(csect-1,]),
sub_x(csect,j),sub_dh(csect-1,]j),sub_dh(csect,]))
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+

ele_ez(i,j)=beta(csect,j)*ele_dh(i,j)*

sqgrt (9.81*slp(csect,j)*ele_dh(i,j))
dr(i,j)=(ele_dr(i,j)+ele_dr(i-1,3j))/2.0d+00
dh(i,j)=(ele_dh(i,j)+ele_dh(i-1,3))/2.0d+00
w(i,j)=dvol/ (ele_x(i,j)-ele x(i-1,3))/dh(i,])
ez (i,j)=(ele_ez(i,j)+ele_ez(i-1,3j))/2.0d+00

IF(ez(i,j)*dt/ (ele_x(i,j)-ele_x(i-1,j))**2.GT.0.17) THEN
WRITE(*,*) i,3,"Diffussion criteria exceeded”
ENDIF

i=i+l

BLSE IF (csect.LT.nsect) THEN
csect=csect+l
CALL findx(elex, sub_x(csect-1l,3j),sub_x(csect,]),
sub_z (csect-1,]j), sub_z(csect,j),
sub_dh(csect-l,j),sub_dh(csect,j),
0.001d4+00, vol-cumvol (csect-1,3))
ele_x(I,J)=elex
cvolscumvol (CSECT-1,3)
xus=sub_x(csect-1,j)-ele_x(i-1,3)
xds=ele x(i,j)-sub_x(csect-1,])
dx=xds+xus
ele_dr(i,j)-INTERP(ele_x(i,j),sub_x(csect-l,j),
sub_x(csect,j),sub_d:(csect-l,j),sub_dr(csect,j))
ele_dh(i,j)-INTERP(ele_x(i,j),sub_x(csect-l,j),
sub_x(csect,j),sub_dh(csect-l,j),sub_dh(csect,j))
ele_ez(i,j)=beta(csect,j)*ele_dh(i,j)*
sqgrt (9.81*slp(csect, j)*ele_dh(i,Jj))
dr(i,j)=((ele_dr(i-1,3j)+sub_dr(csect~-1,]j)) *xus+
(ele_dr(i,j)+sub_dr(csect-1,3j))*xds)/2.04+00/dx
dh(i,j)=((ele_dh(i-1,j)+sub_dh(csect-1,j)) *xus+
(ele_dh(i,j)+sub_dh(csect-1,j))*xds)/2.0d+00/dx
w(i,j)=dvol/ (ele_x(i,j)-ele_x{i-1,]j))/dh(i,])
ez (i, j)=(beta(csect-1,])*sqrt(9.81*slp(csect-1,]j)) *xus
+beta (csect,j) *sqrt (9.81*slp(csect,j) ) *xds)/dx
*dh(i,j) *sqgrt(dh(i, j}:

IF(ez(i,j)*dat/ (ele_x(i,j)-ele_x(i-1,3))**2.GT.0.17) THEN
WRITE(*,*) i,3j,"Diffussion criteria exceeded”
ENDIF

=i+l

ELSE IF (csect.EQ.nsect) THEN
ele_x(i,j)=sub_x(csect,j)
ele_dr (i, j)=sub_dr (csect, j)
ele_dh (i, j)=sub_dh(csect, j)
ele_w(i,j)=sub_z(csect,])
ele_ez (i, j)=(beta(csect,j)*ele_dh(i, ])
*sgrt (9.81*slp (csect,j) *ele_dh(i,j)))
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[PV

dr(i,j)=(ele_dr(i,j)+ele_dr(i-1,3))/2.0d+00
dh{i,j)=(ele_dh(i,j)+ele_dh(i-1,3))/2.0d+00
w(i,j)=(ele_w(i,j)+ele_w(i-1,3))/2.0d+00

ez(i,j)=(ele_ez(i,j)+ele_ez(i-1,j))/2.0d+00

IF(ez(i,j)*dt/(ele_x(i,j)-ele_x(i-1,3j))**2.GT.0.17) THEN
WRITE(*,*) i,3j,"Diffussion criteria exceeded"
ENDIF

csect=csect+l
END IF
END DO

lasti(j)=i

IF (3.EQ.l1l) maxts=lasti(j)

IF (j.EQ.l) mints=lasti(j)

IF (lasti(j).GT.maxts) maxts=lasti(])

IF (lasti(j).LT.mints) mints=lasti(3j)
END DO

output the assymetrical grid characteristics

WRITE(2, 3) nsect,ntubes,maxts,mints,dt
DO j=1,ntubes

WRITE (2,1) lasti(j),deta(j)*gtotal*dt
END DO
CLOSE (2)

n=1
DO j=1,ntubes
DO i=1,lasti(j)
WRITE(3,2,REC=n) i,j,ele_x(i,J),w{i,j),dh(4i,]),

+ ez(i,j), dr(i,3)

n=n+1

END DO
END DO
CLOSE (3)
WRITE(*,*) 'Grid Completed!'’
FORMAT (5X,1I5,E14.7)
FORMAT (5X, 215, 5E14.7)
FORMAT (5X, 415, 2F12.3)
STOP
END

******************************i**é‘Q******i*ﬁtﬁi*ﬁﬁtiititt*itﬁﬁtiﬁ&*tﬁt*tﬁ&tttt

REAL*8 FUNCTION VOLUME (xus, xds, zus, zds, dhus, dhds)

real*8 xus, xds, zus, zds, dhus, dhds
real*s8 a,b,c,xl,x2,dx,alphal,alpha2, betal,beta2

x1=0.0d+00 ! xus-xus
x2=xds-xus
dx=xds-xus
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alphal=(zds~-zus)/dx
alpha2=zus—alphal*xl
betal=(dhds-dhus) /dx
beta2=dhus-betal*xl

a=(alpha2*beta2)
b=(alpha2*betal+alphal*beta2)/2.0d+00
c=alphal*betal/3.0d+00

VOLUME=a*x2+b*xX2**2+Cc*x2*+3

RETURN
END

Parararereer e P eI TR ITRIIIT LRI I AL 22 2 L 2 2 A X 2 2 s R R gl d sl A gl Rt s

SUBROUTINE findx(ele_x, xus, xds, zus, zds, dhus, dhds,
+ toler,vol)

real*s f£1,f£f2,£3, funcx

real*8 vol, ele_x, xus, xds, zus, zds, dhus, dhds
real*8 a,b,c,xl,x2,x3,dx,alphal,alpha2,betal,beta2
real*8 toler

x1=0.0d+00 !xus-xus
Xx2=xds—-xus

dx=xds-xus
alphal=(zds-zus)/dx
alpha2=zus—-alphal*xl
betal=(dhds-dhus) /dx
beta2=dhus-betal*xl
a=(alpha2*beta2)
b={alpha2*betal+alphal*beta2)/2.0d+00
c=alphal*betal/3.0d+00
f3=toler

DOWHILE (ABS(£3).GE.toler)
f2=funcx(a,b,c,vol, x2)
fils=funcx(a,b,c,vol, x1)
X3=x2-£2*% (x2-x1)/ (£2-£1)
£f3=funcx(a,b,c,vol, x3)
IF(£3.LT.C.AND.f1.GE.0.OR.£3.GE.0.AND.£f1.LT.0) THEN

X2=x3
ELSE
X1=x3
ENDIF

ENDDO

ele_x=x3+xus

RETURN

END

I Y 2222222222222 2222 22 X222 2 X 22X 2 2 X 2 2 X 2 2 2 222 2 2222 d 322X 22 a2t 22 dadXdl s sty sl
real*8 FUNCTION funcx(a,b,c,qd,x)

real*s8 a,b,c,d,x

funcx=a*x+b*x**2+c*x**3-d

232



RETURN
END

FT L2222 22 22X 2222222222222 23 223X 2 X222 2 RX2 2Rt Rl Rl dl i asddds sy

REAL*8 FUNCTION INTERP (X,x1,x2,yl,y2)
REAL*8 x,xl1,x2,yl,y2
INTERP=yl+ (x-x1)/ (x2-x1)*(y2-yl)

RETURN
END

PRI RITEE R S X TR T LA L A2 XL R R S22 22X 2 X 2R A2 X A2 R R Al ARl A R R ] ]
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Appendix C.3 2DMIX Program Listing

tttttttﬁ*ﬁﬁttt*ﬁﬁ**tttﬁfi‘t*****ﬁﬁ***tﬁt*fttﬁ*****i**’-************************

PROGRAM 2DMIX
* Main mixing program.

ttttttttttttﬁ&iﬁtttl‘t*tﬁttt**ittttt*****ttt*t**t***t**tt*tt**************Q***
P e P Ir Y222 L 22X 222 2 2 2 X X2 2L L ] Begin minlj_rle Program drdedkdehidd
L 2 2.4 X 4 v‘:i.ble decla:ationstt*******i*t****t*t'k**t*****t***t*****************

IMPLICIT NONE

INTEGER ns

INTEGER ntubes

INTEGER nts

INTEGER maxts

INTEGER mints

INTEGER csect

INTEGER i

INTEGER 3

INTEGER jl

INTREGER jr

INTEGER k

INTEGER n

INTEGER

INTEGER maxi

INTEGER lasti(20)

INTEGER limiti (20)

INTEGER nolines(0:2048, 20)

REAL*4 x
REAL*4 Ww
REAL*4 d
REAL*4 ez
REAL*4 bd
REAL*4 dt

REAL*4 deltac

REAL*4 initialx

REAL*4 etime

REAL*4 dvol(20),maxx (20)

STRUCTURE/ptable/

INTEGER ip

INTEGER 3jp

END STRUCTURE
RECORD/ptable/pt (0:2048,20,8)

1

STRUCTURE/ftable/

REAL*4 avgd

REAL*4{ avgez

REAL*4 avgw

REAL*4 avgl
END STRUCTURE
RECORD/ftable/ft (0:2048,20,8)

STRUCTURE/eleldata/
REAL*4 x
REAL*4 4
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END STRUCTURE
RECORD/eleldata/elel (0:2048,20)

STRUCTURE/ele2data/

REAL*4 ez

REAL*4 bd
END STRUCTURE
RECORD/ele2data/ele2(0:2048,20)

STRUCTURE/ele3data/

REAL*4 w
END STRUCTURE
RECORD/ele3data/ele3(0:2048,20)

STRUCTURE/concdata/

REAL*4 cl

REAL*4 c2
END STRUCTURE
RECORD/concdata/elec (0:2048, 20)

COMMON ns,ntubes,nts,maxts,csect,i,j,k,dt,deltac, maxi
XTI ETET LT LIRS I LR EL R 222 2L LTSS LSS S22 A X2 2 22 X2 X 22 X2 2 2 X 2 X 2 2 22 % X 3

C
OPEN (UNIT=1, FILE="'rchchar.out', STATUS='0ld")
OPEN (UNIT=2, FILE="conc.txt ', STATUS="'0ld"')
OPEN (UNIT=7, FILE="'simdims.out ', STATUS='0cld’,
4+ ACCESS='DIRECT', RECL=140, FORM='FORMATTED')
OPEN (UNIT=3, FILE="'timeconc.dat’,
+ ACCESS='DIRECT', RECL=4, FORM='UNFORMATTED')

READ (1, *) ns,ntubes,maxts,mints,dt,nts,initialx
READ(1l,*) lasti(l),dvol(l)
limiti(1)=0
maxi=lasti(l)
DO k=2,ntubes
READ(1,*) lasti(k),dvol (k)
limiti (k)=0
IF(lasti(k).GT.maxi) maxi=lasti (k)
ENDDO
CLOSE (1)

DO i=0,maxts
DO j=1,ntubes
elec(i,j).cl=0.0d4+00
elec(i,j) .c2=0.0d+00
ENDDO
ENDDO

k=1

DO WHILE (.NOT.EOF(7))
READ(7,10,REC=k)i,J,x,w,d, ez, bd
elel(i,j) .x=x
elel(i,j).d=d
ele3(i,j) .w=w
ele2(i,j).ez=ez
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ele2(i,j) .bd=bd

k=k+1

ENDDO

FORMAT (5X,2I5,5D14.7)

CLOSE(7)

DO j=1,ntubes
elel (0,]3) . .x=initialx
elel (0,3).d=elel(l,j).d
ele3(0,3) .w=ele3(1,3).w
ele2(0,5).ez=ele2(1,]j).ez
ele2(0,3j) .bd=ele2(1,j) .bd

ENDDO

DO j=1,ntubes
IF (j.GT.1.AND.j.LT.ntubes) THEN
DO i=1,lasti(])

r=l

j1=3-1

CALL FILLTABLE (elel,ele2, ele3, ft,pt,lasti,jl, r)
Jr=3+1

CALL FILLTABLE (elel,ele2,ele3, ft,pt, lasti,jr,r)
nolines (i, j)=r-1

IF(r.gt.8) STOP 'Flux table row limit exceeded'

END DO
ELSEIF (j.EQ.l) THEN
DO i=1,lasti(3)

r=]

Jr=j+1

CALL FILLTABLE (elel,ele2,ele3, ft,pt, lasti,jr,r)
nolines{i,j)=r-1

IF(r.gt.8) STOP 'Flux table row limit exceeded’

END DO

ELSE

DO i=1,lasti(])

r=1

Jil=j-1

CALL FILLTABLE (elel,ele2,ele3, ft,pt,lasti,jl,r)
nolines(i,j)=r-1

IF(r.gt.8) STOP 'Flux table row limit exceeded’

END DO

ENDIF
ENDDO

n=1

! Initilize the record counter

DO k=1,nts

IF(.NOT.EOF(2)) THEN

READ(2, *)etime, (elec(0,j) .cl,j=1,ntubes)

ELSE

DO j=1,ntubes
elec{0,3j).cl=0.0
ENDDO

ENDIF
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CALL LIMIT(elel,limiti,lasti,maxx)
CALL ADVECTION(elec,limiti)
CALL DIFFUSION (nolines,elec, £ft,pt, limiti, dvol)
CALL WRTTSTP(n, elec,lasti)
ENDDO

WRITE(*,*) 'Run Complete! °*

STOP

END
c***********************t************* End Mainline Progrm L2222 22 %22}
c***************************t*tﬁ****** Begin subroutine Fillt‘ble i drdr o

SUBROUTINE FILLTABLE (elel,ele2, ele3, ft,pt,lasti,l,r)

IMPLICIT NONE

INTEGER ns,ntubes,nts,maxts,csect,i, j,k,1,m, r,maxi

INTEGER lasti (20)

REAL*4 dt,deltac,back, front

STRUCTURE/ptable/

INTEGER ip

INTEGER jp

END STRUCTURE
RECORD/ptable/pt (0:2048,20,8)

STRUCTURE/ftable/

REAL*4 avgd

REAL*4 avgez

REAL*4 avgw

REAL*4 avgl
END STRUCTURE
RECORD/ftable/ft (0:2048,20,8)

STRUCTURE/eleldata/

REAL*4 x

REAL*4 d
END STRUCTURE
RECORD/eleldata/elel (0:2048,20)

STRUCTURE/ele2data/

REAL*4 ez

REAL*4 bd
END STRUCTURE
RECORD/ele2data/ele2 (0:2048,20)

STRUCTURE/ele3data/
REAL*4 w
END STRUCTURE
RECORD/ele3data/ele3 (0:2048,20)
COMMON ns, ntubes,nts,maxts, csect, i, j, k,dt,deltac, maxi

m=INT ( (REAL (i) /REAL(lasti(j)))*lasti(l)) 1Start position for search
IF(m.EQ.0) m=1
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IF (elel(m,l).x.LT.elel(i~1,j).x) THEN 1Is the position<x current?
DOWHILE (elel(m,l).xX.LT.elel(i-1,3).x)
mem+1 fIncrement up
END DO
ELSE
IF (elel(m~-1,1).x.GT.elel(i-1,3j).x) THEN !Is the position<x current?
DO WHILE (elel(m-1,1).x%.GT.elel(i~1,3j).x)
mem—1 !Increment down
END DO
ENDIF
ENDIF

IF (elel{m,l).x.GE.elel(i,j).x.AND.elel (m~1,1).x.LE.elel (i-1,]) .x)
+ THEN
if(j.1t.1l) ft(i,3,r).avgd=ele2(i,]j).bd
if(j.gt.1) f£ft(i,j,r).avgd=ele2(m,1) .k
pt(i,),r).ip=m
pt(i,)d,x).jp=1
ft(i,J,r).avgw=(ele3(i, j) .wtele3 (m, 1) .w)/2.0d+00
ft(i,j,r).avgez=(ele2(i,j).ez+ele2(m,l).ez)/2.0d4+00
ft(i,j,r).avgl=elel(i,j).x-elel(i-1,3}).x
r=x+l
RETURN
ELSE
back=elel (i-1,3).x
IF (elel(m,l).x.LT.elel(i,j).x) THEN
front=elel (m,1).x
DO WHILE (m.LE.maxts)
if(j.1t.1) ft(i,j,r).avgd=ele2(i,j).bd
if(j.gt.l) ft(i,3j,r).avgd=ele2(m,1l).bd
pt(i,j,r).ip=m
pt(i,j,xr).Jp=1
ft(i,j,r).avgw=(ele3(i,j).w+ele3(m, 1) .w)/2.0d4+00
ft(i,j,x).avgez=(ele2(i,j).ez+ele2(m,1).ez)/2.0d+00
ft(i,]j,r).avgl=front-back
memdl
back=front
rwyr+l
IF (elel(m,1).x.GE.elel !%; $}.X) THEN
if(3.1t.1) ft(i,5,r:. *vgd=ele2(i,j).bd
if(j.gt.1l) f£t(i,j,r).evgd=ele2(m,1) .bd
pt(i,j,r).ip=m
pt(i,j,r).jp=1
ft(i,3j,r).avgw=(ele3(i,j) .w+ele3(m, 1) .w)/2.0d+00
ft(i,j,r).avgez=(ele2(i,j).ez+ele2(m,1l).ez)/2.0d+00
ft (i, j,r).avgl=elel (i, j).x~back
r=r+l
RETURN
ELSE
front=elel (m, 1) .x
ENDIF
END DO
WRITE(*,*)i,j,"' Error! dropped out of the search loop.'
ELSE
WRITE(*,*)i,3j,"' Error! redundant portion executed®
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RETURN
ENDIF
ENDIF
21 FORMAT(10X,3I5,F10.5)
RETURN
END
c************************************* End Subroutine !‘illtable L2 22 2 2 2 2 X
c*****t*ﬂk**************************t** Begin Subxoutine Lmit e %W
SUBROUTINE LIMIT (elel,limiti,lasti,maxx)
IMPLICIT NONE
INTEGER ns,ntubes,nts,maxts, csect, i, j, k,maxi
INTEGER limiti(20),lasti(20)
REAL*4 dt,deltac,maxx(20)

STRUCTURE/eleldata/

REAL*4 x

Ri:AL*4 d
END STRUCTURE
RECORD/eleldata/elel (0:2048,20)

COMMON ns,ntubes,nts,maxts,csect, i, j, k,dt,deltac, maxi

DO j=1,ntubes
IF(j.EQ.1l) THEN
IF (limiti(j).LT.lasti(j) .AND.limiti(j+1).LT.lasti(j+1))THEN
maxx{j)=MAX (elel (limiti(j+1)+1,3+1).x,
+ elel (limiti (§)+1,3) .%)
ELSE
maxx(j)=elel (lasti(j),J).x
ENDIF
ELSEIF(j.EQ.ntubes) THEN
IF(limiti(j).LT.lasti(j).AND.limiti(j-1).LT.lasti(j~1))THEN
maxx(j)=MAX (elel (limiti(j)+1,3).x,
+ elel (limiti(j=-1)+1,35-1).x)
ELSE
maxx(j)=elel(lasti(j),3j)-x
ENDIF
ELSE
IF(limiti(j).LT.lasti(j).AND.limiti (j+1).LT.lasti(j+1)
+ .AND.limiti(j-1).LT.lasti(j~1))THEN
maxx(j)=MAX (elel (limiti(§-1)+1,3-1).x,
+ elel (1imiti(j)+1,3).%x,elel (1imiti(jJ+1)+1,5+1).x)
ELSE
maxx(j)=elel (lasti(3),d).x
ENDIF
ENDIF
ENDDO

DO j=1,ntubes
i=limiti (3)
DOWHILE (elei{i,j).x.LT.maxx(j))
=i+l
ENDDO
limiti (J)=i
Lol WRITE (*,*)1limiti(j)
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ENDDO

RETURN

END
ctt.ttttttt’bittttttttt**ttttttitt**t** Bnd Subroutine Lhit s dr de ke Ik
c’ttQ'tttt*t'ttttﬁittt**ﬁtﬁ**tt*i**t** Begin s«ubroutine Advection o dr k4

SUBROUTINE ADVECTION (elec,limiti)

IMPLICIT NONE

INTEGER ns,rtubes,nts, maxts,csect,i,j, k,maxi

INTEGER limiti (20)

REAL*4 di:,deltac

STRUCTURE/concdata/

REAL*4 cl

REAL*4 c2
END STRUCTURE
RECORD/concdata/elec(0:2048,20)

COMMON ns,ntubes,nts,maxts, csect, i, j, k,dt,deltac, maxi

DO j=1,ntubes
DO i=limiti(j),1,-1
elec(i,j).ci=elec(i~1,j).cl
ENDDO
ENDDO
RETURN
END
cQtt**tt**ii’*t*****i****************** End s“.broutine Avection s 7 de dr ko
c*tit**t*ttti******t*****t*ti**fii**** Begj_n Subroutine Diffusion * oA i
SUBROUTINE DIFFUSION({nolines,elec, ft,pt,limiti,dvol)
IMPLICIT NONE
INTEGER ns, ntubes,nts,maxts,csect,i,j,k,maxi,r
INTEGER limiti (20)
INTEGER nolines(0:2048, 20)
REAL*4 dt,deltac, sum, dsum, tsum
REAL*4 DVOL({20)
STRUCTURE/ptable/
INTEGER ip
INTEGER jp
END STRUCTURE
RECORD/ptable/pt (0:2048, 20, 8)

STRUCTURE/ftable/

REAL*4 avgd

REAL*4 avgez

REAL*4 avgw

REAL*4 avgl
END STRUCTURE
RECORD/ftable/ft (0:2048,20,8)

STRUCTURE/concdata/

REAL*4 cl

REAL*4 c2
END STRUCTURE
RECORD/concdata/elec(0:2048,20)
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COMMON ns, ntubes,nts,maxts, csect, i, j, k,dt,deltac, maxi

tsum=0.0
DO j=1,ntubes
DO i=1,limiti(3})
sum=0.0d+00
DO r=1,nolines{i,J)
deltac=elec(pt{i,j,r;.ip,pt(i,j,xr).3p).cl
+ -elec(i,j).cl
IF (ABS (deltac).GT.0.000001) THEN
dsum=ft (i, j, r).avgl*ft(i,j, r).avgd

+ *deltac*ft (i,j,r) .avgez
+ /£t (i,3,r) .avgw
sum=sum+dsum
ENDIF
END DO

elec(i,j).c2=elec(i,j).cl+sum/dvol (j)*dt
IF (elec(i,j).c2.1t.0.0) elec(i,j).c2=0.0
ENDDO
ENDDO

20 FORMAT(1x, 3i5)
21 FORMAT(10X,3I5,1x,E18.11)
22 FORMAT(10X,E14.7)
RETURN
END
c***************t******************tti End Subroutine Diffusion L 2 2 2 2 X 4
c*********-ﬁ***********************i*** Begin subroutine wrtttsp drdede i
SUBROUTINE WRTTSTP (n,elec,lasti)
IMPLICIT NONE
INTEGER ns,ntubes,nts,maxts, csect,i,j, k,n,maxi
INTEGER lasti(20)
REAL*4 dt,deltac,mass

STRUCTURE/concdata/

REAL*4 cl

REAL*4 c2
END STRUCTURE
RECORD/concdata/elec (0:2048, 20)

COMMON ns, ntubes,nts,maxts, csect, i, j, k,dt,deltac, maxi

WRITE(*,10) k, nts
mass=0.0
DO j=1,ntubes
DO i=1,lasti(3)
elec (i, ) .cl=elec(i,j).c2
WRITE (3,REC=n) elec(i,j).cl
n=n+l
ENDDO
ENDDO
10 FORMAT (' ',10X, 'Writing time step ',I4,' of ',I4)
RETURN
END
c******t**Wt****ttit***ﬁ******i****tﬁ# End swroutine wtttstp it

241



Appendix C.4 XSLICE Program Listing

222222222222 X2 22 2 2 X2 2 2 2 2 2 22 X 22X d s sl 2d T2 2222 S A 2 2 2 el sl sl s g

PROGRAM XSLICE
* Post processing program to interpolate concentrations vs. time in each

* streamtube at a requested distance downstream .
PR L2 2222222222222 X222 2 2 2 2 2 2 2 X 2 2 2 ¢ 2 L 4 Begjn Mainlme program Jr i ¥ dr e & e drdr I e A de fe ke &k

L2 2 2 X v‘ri‘ble decluaticnaﬁtt***tﬁﬁ****t********t*t******.*******i*t********

INTEGER*4 ns
INTEGER*4 ntubes
INTEGER*4 nts
INTEGER*4 maxts
INTEGER*4 mints
INTEGER*4 recpl

tstep

cpt

stn

pt
INTEGER lasti (50)
REAL*4 dt
REAL*4 x

REAL*4 toffset
REAL*4 initialx
REAL*4 sum
REAL*4 xlo
REAL*4 xhi
REAL*4 tempc
REAL*4 farc
REAL*4 interp
REAL*4 t(4096)
REAL*4 dvol(50)
REAL*4 ¢ (50,4096)
LOGICAL loflag

P S R SR R o L (o O R R g g TR A e 2 s a2 2 2 2 22 X 222 22 22 222 222 a ittt dsdtddsd

COMMON lasti,initialx

C
OPEN(UNIT=1, FILE='rchchar.out', STATUS='cld"')
OPEN (UNIT=2, FILE='simdims.out', STATUS="'old’',
+ ACCESS='DIRECT', RECL=140, FORM='FORMATTED')
OPEN(UNIT=3, FILE='timeconc.dat',STATUS='0ld’,
+ ACCESS='DIRECT', RECL=4, FORM='UNFORMATTED')
OPEN (UNIT=4,FILE="'lslice.dat', STATUS='unknown')
[ »]
READ{1,*) ns, ntubes, maxts,mints,dt,nts,initialx, toffset
DO k=1,ntubes
READ(1,*) lasti(k),dvol (k)
ENDDO
CLOSE (1)
recpl=0
DO j=1,ntubes
recpl=recpl+lasti(j)
ENDDO
C

WRITE(*,*) 'ENTER the distance downstream'
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=“EAD(*,*) x
DO stn=1,ntubes
CALL XSEARCH(x, stn, pt, xlo,xhi, loflag)

DO istep=l,nts
cpt=recpl* (tstep-1)+pt
READ (3, rec=cpt) tempc
IF(loflag) THEN
READ (3, rec=cpt-~1) farc
c(stn,tstep)=INTERP (X, xlo, xhi, farc, tempc)
ELSE
READ (3, rec=cpt+l1l) farc
c(stn, tstep)=INTERP (X, xlo, xhi, tempc, farc)
ENDIF
ENDDO
ENDDO
sum=0.0
DO tstep=l,nts
t (tstep)=real (tstep) *dt+toffset
WRITE(*,15) t(tstep), (c(stn,tstep), stn=1l,ntubes)
WRITE(4,15) t(tstep), (c(stn,tstep),stn=l,ntubes)
DO stn=]1,ntubes
sum=sum+c (stn, tstep) *dvol (stn)
ENDDO
WRITE(*,*) sum*1000.0
ENDDO

15 FORMAT (F12.1,',',50(E12.5,°',"'))
STOP
END
c******************t****ﬁ***t*#****tt****t*t*#tgegin subroutine xsmcﬂt
SUBROUTINE XSEARCH (x, stn,pt, xlo,xhi,loflag)
INTEGER*4 i, k,n, int, fin, stn,pt
INTEGER lasti(50)
REAL*4 x,dsx,usX, xlo, xhi,meanx, farx
LOGICAL loflag
COMMON lasti,initialx

k=0

DO n=1, stn
k=k+lasti(n)

ENDDO

fin=k

int=k-lasti (stn)

pt=(int+£fin)/2

K&l (2,5, rec=pt} i,n,dsx
IF (pt.EQ.k-lasti(stn)) THEN
usx=initialx
ELSE
READ (2,5, rec~pt-l) i,n,usx
ENDIF
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DOWHILE { .NOT. (dsx.GE.X.AND.usx.LT.X))
IF (dsx.GT.x) THEN
fin=pt
ELSE
int=pt
ENDIF
pt=(fin+int)/2
READ(2,5,recspt) i,n,dsx
IF (pt.EQ.k-lasti(stn)) THEN
usx=initialx
ELSE
READ(2,5, rec=spt-1) i,n,usx
ENDIF
ENDDO
meanx={ (dsx+usx)/2.0d4d+00)
IF (x.GT.meanx) THEN
xlo=meanx
READ (2, 5, rec=pt+l) i,n,farx
xhi= (dsx+farx)/2.0d4+00
loflag=.FALSE.
ELSE
READ({2,5, rec=pt-2) i,n,farx
xlo=(farx+usx)/2.0d+00
xhi=meanx
loflag=.TRUE.
ENDIF
RETURN
5 FORMAT (5X, 215, 5E14.7)
END

**ttt*i*tit****t***t****i**t****************Q***md Subroutine xSearch***
t*'ﬁ*****ﬁ*t*******************t*****************Begin Function Interp o ¥

REAL*4 FUNCTION INTERP (x,xl,x2,yl,y2)
REAL*4 X,x1,x2,yl,y2

INTERP=yl+ (x~x1)/ (x2-x1) * (y2-yl)

RETURN
END

ﬁtﬁ*t*ti«h.t****t*&***t*&*t******i*t*****t********md E‘unction Interp % o & &
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Appendix D. Cross Sections

Appendix D.1 North Saskatchewan River

Appendix D.2 Peace River

Appendix D.3 Slave River

Appendix D.4 South Saskatchewan River

Appendix D.5 Athabasca River
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 813.10 km (ARC Section 0) Section from Alberta Ressarch Council Report
DATE October 18, 1977
DISCHARGE m™s 142 Assumed Water Surface 27 m
WIDTH m 107 Est WS E 1018/77 80783 m
HMEAN m 124 Correction to Geodatic 514828 m
AREA m? 2436 Corrsction to Station 6 m
U MEAN m/s Q.5683
Water's Edge Ascumed Elev Est Sta. Est Geod. h wWw u dqest nom. g/Q Area
m m m m m mfa m® m?
3 Q.70 (<] 807.5 0.00 0.000 0.000 0.00 0.00000 0.0
2 91.10 83 805.9 1.60 0.102 0882 5.54 0.03745 18.0
20 91.30 89 ©08.1 1.40 0.132 0633 5688 OGYFE 25.0
44 90.80 104 056 1.90 0.208 0778 17.44 Q19573 498
50 91.10 119 605.% 1.80 0.284 o.6a2 19.27 0.52308 78.0
78 91.30 138 008.1 1.40 0.371 0.633 18.90 R.EA033 1015
90 91.60 150 008.4 .10 0.442 0.538 10.268 0.58974 119.0
108 91.50 108 808.3 1.20 0523 0571 10.2 ’Pém 1374
1221 90.80 181 8058 1.80 0.599 0.776 15.87 CBBATT 160.7
133 91.00 193 6058 1.70 0.680 0.721 18.17 0. 70411 1823
167 §2.00 27 608.8 0.70 0.832 0.389 284 0.“856 223.1
182 210 242 6089 0.80 0.909 0.280 3.70 097357 2328
197 §2.00 257 608.8 0.70 0.885 0.389 3.70 0.998\8 2426
200 82.70 260 8075 0.00 1.000 0.000 0.21 1.008520 2436
3 92.70 a3 607.5
Est Tota! 147.88
N. Sask. River, 813.10 km (ARC Section 0)
m'o . . . .
0080 4-------- i
§ 6070 §ooneee.- N\ e : :J
§ S \x\ /_.—~ ..........
2% 300
STATION (m)
—— ARC
r—t- u —o-h ~o quJ
80 . 00— 1.0
4.0 $ocecconiocicnones fresecosnrcececacoas v 7 [ X ]
E 3.0 4-4nccee edaee o8
. / e
/ -4
PY'P SO L’/\\. 0.4
E e d * /\’/ -~ \\_ﬂ__ 02
0.0 ~+ W & 0.0
° 0 100 160 200 2%0 300
STATION (m)
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 812.80 km +: 7102 Section from Alta Env. Prot.
DATE October 18, 1877
DISCHARGE m’/s 142.00
WIDTH m 172 Est Water Sutface Elev. 807.45 m
MEAN DEPTH m 0.78 L8 4053 80745 m
AREA m? 139.85 rE 2324 ©0745m
NEEAN VELOCITY m/s 1.018
Sta. Elev. h wW u dqest nom. g Area adjusted u
m m m mhs m3 m? mh
4053 607.45 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
4287 607.01 0.44 0.012 0.703 0.18 0.00119 0s 0.720
41430 ©608.40 1.05 0.404 1257 5220 0.37758 §3.7 1.287
15240 60824 121 06812 1.382 58.74 0.78870 0e.7 1.415
22324 60745 0.00 1.000 ©0.000 20.58 1.00000 1396 0.000

Est Total 138.70

N. Sask. River, 812.89 km
810.0 - .
©00.0 - - S it e m e eem e meennnd
T 8080 f-eeemcioniaoeen 5 I SRR S Rr L Aracesernneacanindenreniociancanad
.g_ : H
E : R
]
80 , . ——— 10
X 1 RN PR deimmmeen o L e eeeecsenrestacisonnsecseoranterseromtsnsearend L 0.8
E 3.0 d-cmcnmie e KPRy o SRR SO feereeccannanene 08
s
B 20 ——ee : B et 0.4
3 :

STATION {(m)
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Appendix D.1 North Saskatchewan River

X-8ECTION N. Sask River, 812.54 km HEC2 Section from Alberta Env.
DATE October 18, 1977
DISCHARGE m'/s 142.00
WIDTHm 20.38 Est Water Surface Blev. 607.32
MEAN DEPTH m 0.84 LB 70.68 807.32
AREA m? 200.32 Rr8 31005 807.32
MEAN VELOCITY m/s 0.709
Ota. Elov. h ww U dgest nom. gQ Area adjusted u
m m m m m® m? m/s
70.68 607.32 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
73.18 008,64 0.38 0.010 0.416 0.10 0.00088 [+ X 0.410
111.28 608.55 0.77 0.170 0.089 11.80 0.08208 22 0.659
118.88 008.85 0.47 0201 0.480 2.70 0.10140 289 0.473
183.83 605.94 1.38 0.348 0.888 23.70 0.20801 50.2 0.974
173.74 808.55 0.77 0.431 0.089 17.58 0.38809 80.5 0.6859
272.80 608.18 1.14 0.844 0.889 72.47 0.89140 174.7 0.857
307.85 607.01 0.31 0.991 0.363 15.58 0.99958 200.0 0.358
310.05 607.32 0.00 1.000 0.000 0.08 1.00000 200.3 0.000
Est. Total 143.98
N. Sask. River, 812.54 km
610.0 .
000.0 J.uecoeernnnnnnnns feee - i _—
E
E B08.0 $--ccmraiorinarana .; ................ frecevcavecctsacna eemscsnianemsocem cen PR
§ 007.0 - :

STATION

(m)

[—~—u -o-h ——gQ|

1.0

08

0.4

02

STATION (m)

0.0

q/Q
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 812.14 km HEC2 Section from Alberts Env.
DATE October 18, 1877
DISCHARGE ms 14200
WIDTH m 234.93 Est. Water Surface Elev.  807.17
MEAN DEPTH M 0.89 L8 007.81 807.17
AREA m? 200.84 RB 84274 80717
MEAN VELOCITY m/s 0.677
Sta. EBlev. h ww u dgest nom. gQ Arsa adjusted u
m m m mis m> m? ms
607.81 807.17 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
811.13 608.55 0.62 0.014 0.528 027 0.00192 1.0 0.533
878.08 608.18 0.99 0283 0.722 3278 0.23508 838 .730
751.34 S08.48 0.71 0.611 0.578 41.04 0.52898 1188 0.584
816.87 605.63 1.54 0.880 0.971 58.88 0.83142 180.0 0.881
842.74 807.17 0.00 1.000 0.000 964 1.00000 209.8 0.000
Est Total 140.59
N. Sask. River, 812.14 km
610.0 - . .
S = S SO S S S
E
F "7 Y Y PSRN SRS, SO - cetbemamreriaisoenne
(=]
=
[
a
STATION {m)
[ —tr—f =O=-h ——o— qIQJ
8.0 v O t.0
B0 Fecevmecrracnrsraforcscrcccrrassssdeisnrrcccconione Js .................................. :! ---------------- o8
E Y Y SRR SUUUSUORVINE S .............................. . ............... 4 00
= :
B 204 ceeordenann B SRR 0.4
-1 / §
104 ccemciiaaen /‘:A _______ ; ................ L 02
00 ..E i : ; i- 00
00 850 700 750 800 850 200
STATION (m)
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 811.81 km HEC2 Section from Alberta Env.
DATE October 18, 1877
DISCHARGE m>/s 142.00
WIDTHm 1904.10 Est. Water Surface Elev. 607.04
MEAN DEPTH m 148 L8 90763 607.04
AREA m? 208.38 [} 1101.78 607.04
MEAN VELOCITY m/s 0.408
Ota. Elev. h ww u dgest nomm. gQ Area adjusted u
m m m mis m* m? m/s
907.68 807.04 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
811.35 00827 0.77 0.019 0.321 0.3 0.00158 14 0.314
83573 60472 232 0.145 0.671 18.68 0.13019 39.1 0.855
947.93  805.39 185 0.207 0.534 1459 0.23082 833 0.522
97888 805.02 202 0.357 0.612 30.44 0.44012 1185 0.598
103022 60573 1.31 0.631 0.458 47.51 0.76707  205.3 0.448
1098.80 608.03 1.01 0.985 0.385 3358 0.98800 284.9 0.378
1101.78  607.04 0.00 1.000 0.000 0.29 1.00000 288.4 0.000

Est Total  145.32

N. Sask. River, 811.81 km

0070 4-cccecacn..

o \ :

£08.0 4--cnescemennns \ /\//"'——-"“‘f

ELEVATION (m)

N/ <
004.0 3onceaeernciaans i ceemrebacsoncnnnvann
0030 . H
850 900 880 1000 1050 1100 1150
STATION (m)
L“" U —~O—h —o— qlal
5.0 . 10
Y I SOU e SO . - : . 0.8
£ y
H 304 feranen ceefrrcmemcaracncisnfeasanarenacacacsd 08 o
[
E F Y ) PO SO /. VL AP .- - 0.4
3 \_
L 7 SRR A Prre -4 02
0.0 _ 0.0
850 900 950 1000 1080 1100 150
STATION (m)




Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 811.40 km HEC2 Section from Alberta Env.
DATE October 18, 1977
DISCHARGE m/s 142.00
WIDTHm 21285 Est Water Surface Elev.  608.89
MEAN DEPTH m 1.37 Ls w202 608.89
AREA m? 201.20 RB 119656  ©08.39
MEAN VELOCITY mie 0.488
Sta. Elev. h wiv u dqest. nom. gl Ares acjusted u
m m m mws m® m? m/s
982,92 608.89 0.00 0.000 0.000 0.00 0.00000 0.0 0.€90
984.51 808.681 028 0.007 0.187 0.02 0.00013 02 0.185
1038.32 604.72 217 0.251 o0.e82 28.22 0.182682 s 0.654
1043.94 604.99 1.90 0.287 0.608 9.81 0.25087 e 0.500
1080.71 605.05 1.84 0.388 0.593 18.75 0.38135 1102 0.588
1082.04 605.18 1.7 o0.408 0.585 21.85 0.53345 148.0 0.558
1155.20 605.78 1.13 0.810 0.428 51.38 0.89105 2515 0.423
1191.77 605.94 0.85 0.982 0.381 15.91 0 "e782 280.4 0.378
1195.58 608.89 0.00 1.000 0.000 0.34 1..J000 201.2 0.000

Est Total  143.69

N. Sask. River, 811.40 km
608.0

607.0 4

6035.0 4

ELEVATION (m)

604.0 4

603.0

u(nve), him

STATION (m)
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 811.08 km HEC2 Section from Alberta Env.
DATE October 18, 1977
DISCHARGE m*/a 142.00
WIDTHm 188.17 Est Water Surface Elev. 608,78
MEAN DEPTHmM 2.19 s 109848 ©08.78
AREA ¢ 3e8.78 RB 1288685 608.7¢
MEAN VELOCTTY m/s 0.385
Sta. Blev. h w\W u dgeast nomn.gQ Area adjusted u
m m m mis m> m? mis
100848 608.78 0.00 0.000  0.000 0.00 0.00000 0.0 0.000
1101.85  608.00 087 0020 0175 0.10 0.00087 1.1 0.187
111252 80533 1.43 0.084 0.200 262 0.01825 124 0277
115824 604.83 183 0355 0342 2382 0.17878 87.1 0.328
121005 60381 295 0.083 0470 §0.35 0.51470 2112 0.448
122087 ©604.11 285 0.781 0437 2521 0.68354 20838 0.417
123598 80359 3.17 0818 0493 828 0.73935 284.5 0.470
1248.15  603.41 335 0880 0511 19.98 0.87345 324.3 0.487
128035 604.17 259 0963 0431 17.09 0.98819 3808 0.411
120865 60878 0.00 1.000  0.000 1.78 1.00000 3838 0.000

Est Total 148.98

N. Sask. River, 811.08 km

ELEVATION (m)

STATION (m)

[=-u —=-h —-qq]

uim/s), him

STATION (m)
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask. River, 8310.68 km HEC2 Section from Alberta Env.
DATE Qctober 18, 1077
DISCHARSE m%/s 142.00
WIDTHm 154.38 Est Water Burfacs Blgv. 608082
MEAN DEPTH mM 242 Lo 1088.54 608.62
AREA 3352 re 124292 eose2
MEAN VELOCITY m/s 0.330
Sta. Elov. h w\W u dqest nom. g Aroa adjustad u
m m m m m® m? mis
1088.54 608.e2 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
1091.18 608.09 0.53 0.017 0.138 0.05 0.00030 0.7 0.124
1127.78 605.33 120 0.254 0.250 8.42 0.04124 ane 0.228
1171.85 603.50 312 0.540 0.450 34,05 0.25819 131.2 0.407
1191.78 603.04 3.58 0.089% 0.493 3128 0.45754 1975 0.448
1239.01 603.04 3.58 0.975 0.483 83.40 0.88000 308.5 0.448
1242.92 608.62 0.00 1.000 0.000 1.73 1.00000 IS 0.000
Est Total 158.93
N. Sask. River, 810.60 km
807.0 . . . .
FRPY DRSO SRR Y\ : : I S
E
5 605.0 J eedoractanoccacncan
[
E 604.0 4 cedrractnanstaconasn
o .
603.0 4 : O RS
6020 H i
1000 1050 1100 150 1200 1250 1300
STATION (m)
L—a— U ~O-h ~o- qﬂ
. 1.0
eveae. -........é. .............. 408
E - S— dos
s ; -4
E AR A ..f.. .............. dos
=
SO, U S do2
b———""—_"_ é
+ 0.0
12% 1300

STATION (m)
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sssk River, 810.37 km HEC2 Section from Atberts Env.
Qctober 18, 1877
DISCHARGE m™/s 142.00
WIDTH m 178.00 Est. Water Surface Blev. 808.50
MEAN DEPTH m 202 LB 38208 808.50
AREA o 38021 RB 1042.18  608.50
MEAN VELOCITY m/s C394
Ste. Sev. h A # dagest nom. g Areoa adjusted u
m m m mis m’ m? mis
882.90 808.50 0.00 0.000 0.000 0.60 0.00000 0.0 0.000
80563 00579 0.7 0.020 0.185 0.12 ©0.00080 1.3 0.182
883.08 805.57 0.93 0.174 0.234 481 0.03235 236 0.218
947.63 804.05 245 0.482 O.448 31.54 023928 1182 0.417
90365 288 352 0.738 0570 68.35 096427 2525 0531
1038.32 805.09 1.41 0978 0.309 40.18 0.99725 3575 0.288
1040.18 808.50 0.00 1.000 0.000 042 1.00000 02 0.000
Est. Total 15242
N. Sask. River, 810.37 km
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask. River, 809.84 kn (ARC Section 1)

Section from Alberta Ressarch Councl Report

DATE October 18, 1977
DISCHARGE m’/s 142 Assumed Watar Suiface 4.9
WIDTHm 177 Est WS.E. 100877 808.33
MEAN DEPTH m 1.65 Correction to Geodetic 511.43
AREA oV 3444 Camrection o Ststion 801
MEAN VELOCITY m/s 0.412
Water's Edge Assumed Elev  Ext. Sta. Eet. Geod. [ ) AN 4 dgest nom gAQ Assa o u
m m m m m m/s m® m? ma
o 04.9 801 808.33 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
5 84.4 808 805.83 0.50 0.028 0.187 0.10 0.00088 1.3 0.148
49 93.7 844 805.13 120 0243 0.209 7.51 0.04811 333 0.288
76 8286 877 804.03 230 0.429 0.481 21.94 0.18084 1.3 0.413
104 820 905 €03.43 280 0.588 0.538 368.38 0.41029 164.1 0.483
120 820 21 e03.43 290 [+ X1/ ) 0.538 2497 0.57388 2108 0.483
133 818 934 603.03 3.30 0.751 0.588 2088 0.71708 250.8 0.82¢
152 2 853 803.63 2.70 0.039 0.513 31.34 0.61494 307.8 0.480
168 93.7 969 805.13 1.20 0.949 0.2689 12.88 0.89491 330.0 0.288
177 84.9 978 6068.33 0.00 1.000 0.000 0.81 1.00000 344.4 0.000
801 608.33
158.35
N. Sask. Rivar, 809.04 km (ARC Saction 1)
w 3 . .
_ e :. : o—
§ s deezzeeees Beverocriennanees :
&€ ang doeeeeee. ‘ ................... :. ......... e,
= :
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 806.83 km HEC2 Section from Alberta Env.
DATE October 18, 1977
DISCHARGE m™fs 142.00
WIDTHm 181.21 Est Water Surface Elev.  608.33
MEAN DEPTH m 1.87 L8 80082 60833
AREA m? 339.08 RSB $8212 60833
MEAN VELOCITY mfs 0419
Sta Elav. h ww u dgest nom. g Area adjusted u
m m m mis m® n mis
80082 ©08.33 0.0a 0.000 0.000 0.00 0.00000 0.0 0.000
803.15 605.7¢ 0.57 0.013 0.190 0.08 0.00042 0.7 0.181
81830 805.15 1.18 0.087 0.308 x 0.02278 140 0285
851.91 805.02 1.31 0.282 0.330 1.3 0.11244 85.7 0.318
931.18 €02.95 338 0.719 [ 1. -] 88.45 0.70781 2416 0.584
984098 804.698 1.37 0.904 0.340 38.30 0.98575 12 0.325
97983 60548 0.85 0.888 0248 497 0.98922 338.1 0237
982.12 €333 0.00 1.000 0.000 0.12 1.00000 339.1 0.000
Est Tota! 148.53
N. Sask. River, 806.93 km
©07.0 - -
[~ Y - ""-i"-
E
§ 0080 +-...—-.
<
& %0 {
o : :
0030 J-oeemmninenae. COR s ; :
6020 . —— ; H
780 800 %0 900 230 1000 1050
STATION (m)

STATION (m)
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Appendix D.1 North Saskatchewan River

X-SEETION N. Sask River, 800.84 km HEC2 Section from Alberta Env.
pAYE October 18, 1877
DISCHARGE m°/a 142.00
WIDTH m 100.31 Est Water Surface Blev. 608.22
MEAN DEPTH tn .82 L8 831.42 €082
AREA m? 308.41 [ 1.3 1000.73 6082
MEAN VELOCITY mis 0.460
Sta. Elov. h wN u dgest nom. gQ Area sdjusted u
m m m mis ms m? m/s
831.42 €082 0.00 0.000 0.000 0.00 ©0.00000 0.0 0.000
83362 60563 0.59 0.013 0218 0.07 0.00048 os 0.204
90068 ©604.11 211 0.409 0.507 2e3 021730 90.9 0.479
98164 80320 302 0.789 0.644 89.89 0.81456 247.0 0.603
82298 804.72 1.50 0.885 0.404 2523 0.68220 285.1 0.381
1000.73 6082 0.00 1.000 0.000 288 1.00000 308.4 0.000

Est Total  150.50

N. Sask. River, 800.64 km
8070 .
o080 Pt A . ..................... Gemmmmmamme e
= 5o > i S T A . R
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Appendiz D.1 North Saskatchewan River

X-SECTION N. Sask River, 80920 km HEC2 Section from Afberta Env.
DATE October 18, 1877
DISCHARGE m /s 142.00
WIDTH m 170.00 Est Water Surface Elev.  808.08
MEAN DEPTH m 162 L 88392 608.08
AREA n? 27517 RS 1033.82 608.08
MEAN VELOCITY m/s 0518
Sta. Blev. h wwW v dqest nom. gQ Area sdjusted u
m m m m/ m® m mis
88392 G08DS 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
88563 G05.8: 023 0.010 0.140 0.01 ©.00000 02 0.138
87477 0527 0.81 0.084 0.325 1.10 0.00784 49 0.317
94335 8050 249 0.487 0.687 57.19 0.40050 1178 0.871
95555 80423 1.85 0.539 0.584 1655 051418 144.4 0.550
98298 60381 227 0.700 0.648 34.15 0.74878 200.8 0.630
98365 60402 208 0.783 0.808 14.45 0.84800 2239 0.581
1031.75 60548 0.80 0.987 0.208 204 0.89841 2745 0259
103392 608.08 0.00 1.000 0.000 0.08 1.00000 2752 0.000
Est Total 14557
N. Sask. River, 800.29 km
007.0
008.0 ovevemeraccnst .
E 008.0 4-eeveene
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oY Y S — ;
200 880 900 1000 1050 1100
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask. River, 809.04 km HEC2 Section from Alberta Env.
DATE October 18, 1877
DISCHARGE m*/s 142.00
WIDTHm 226.97 Est Water Surface Eleov. 005908
MEAN DEPTH m 0.7% s 83402 60588
AREA m? 168.33 R 107098 60598
MEAN VELOCITY m/a 0.844
Sta. Elev. h ww u dqgest nom. g Ares adjusted u
m m m mis m’ m? mis
23402 80568 0.00 0.000 0.000 0.00 0.00000 0.0 ©0.000
83515 60578 ox 0.005 0.388 0.02 0.00016 0.1 0.374
85344 60527 0.71 0.082 0.843 s2 0.03588 86 0.819
874.77 60563 0.35 0.172 0.528 7.73 0.08872 19.9 0.511
93269 60533 0.85 0.416 0.785 19.10 0.219%8 488 0.772
$6621  ©04.96 1.02 0.558 1.073 2843 0.39808 768 1.043
99365 60533 065 0.674 0.785 2°.39 0.54438 $8.7 0.772
101803 604.78 1.20 0.777 1.188 244 0.89788 =3 1.182
1027.17 605.18 0.80 0.815 0.813 863 0.76378 1314 0.887
1037.84 80472 128 0.880 1.2%8 11.80 0.84449 142.4 1.200
1089.85 €05.63 0.35 0.995 0.528 268 0.99084 168.1 0.511
107088 60598 0.00 1.000 0.000 0.05 1.00000 188.3 0.000

Est Total 14620

N. Sask. River, 806.04 km
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 808.70 lon HEC2 Section from Alberta Env.
DATE October 18, 1977
DISCHARGE mfs 142.00
WIDTHm 240.72 Est Water Surface Elev.  805.85
MEAN DEPTH m 0.78 LS 831.16 605.85
ARBA m? 183,91 RB 1071.88  €05.85
MEAN VELOCITY m/s 0.772
Sts. Elov. h ww u dgest nomMm. gQ Arsa adjusted u
[ m m ms m® n ms
831.18 ©605.85 0.00 ©¢.000 0.000 0.00 0.00000 0.0 0.000
832.10 905.68% 0.18 0.004 0.287 0.01 0.00007 0.1 0.257
841.25 805.42 0.4 0.042 0.523 1.05 0.00717 27 0.502
874.77 ©05.33 0.52 0.181 0.584 a81 0.08873 185 0.570
893.08 ©05.02 0.83 0.257 0.813 883 0.12508 308 0.781
914.40 605.27 0.58 0.346 0.639 10.88 0.18849 45.7 0.614
926.59 004.72 1.13 0.308 1.000 8.50 0.25508 58.1 0.980
93289 80509 0.78 0.422 0.708 507 0.20022 818 0.738
954.02 60518 067 0.510 0.704 11.15 0.38559 770 0878
981684 60458 0.89 0.542 0.852 480 0.3508689 829 0.818
981.45 605.18 0.87 0.024 0.704 11.08 OAT7754 983 0.6878
1002.79 004.68 1.19 0.713 1.035 17.18 0.58370 1180 0.084
1028.70 604.08 1.19 0.821 1.035 31.80 0.80870 148.7 0.994
1089.24 805.33 0.52 0.989 0.594 28.09 0.98883 1332 0.570
1071.88 6r5.85 0.00 1.000 0.000 020 1.0G000 1839 0.000
Est Total 147.60
N. Sask. River, 808.70 km
005D v~ 3 T T
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 808.38 kon HEC2 Section from Alberta Env,
DATE October 18, 1877
DISCHARGE m’s 142.00
WIDTH m 200.53 Est. Water Suiface Blev. 805.71
MEAN DEPTH m 0.85 18 59744 ©S05.71
AREA m? 17753 RS 80868 80571
MEAN VELOCITY m/s 0.300
Sta. Elev. h wwW u dgest norm. gQ Area sdjusted u
m m m m/s m* m? mhs
597.44 605.71 0.00 0.000 0.000 c.co 0.00000 0.0 0.000
873.61 604.28 1.45 0.384 1.148 317 0.22501 §5.3 1.160
717.80 804.72 [+ 3] 0.574 0.888 54.91 0.81782 100.3 0.900
748.81 804.72 0.99 0.727 0.888 28.20 0.81884 1410 0.900
774.19 604.96 0.75 0.844 0.739 17.29 0.84218 162.3 0.748
804.67 605.48 0.23 0.989 0.337 808 0.99088 177.3 0.341
808.98 805.71 0.00 1.000 0.000 0.04 1.00000 177.8 0.000
Est. Total 140.17
N. Sask. Riv~_, 808.36 km
mo [ 1 . . .
607.0 d-coenmenmaaeen. {oemmnemesnnaeas Fermmeeeaaneas . ................ ................ , .................
2 6080 --ccceceanrnann U  eeccemaneacann deercccnencennas deieiemcennnconas P
g + : > >
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B 00850 o T e e R i doeeeroopalenn. feremmaneniociens
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 808.05 km

HEC2 Section from Alberta Env.

DATE October 18, 1977
DISCHARGE m”/s 142.00
WIDTH m 208.13 Est Water Surface Elev.  805.59
MEAN DEPTH m 0.91 L8 34428 805.59
AREA m? 21585 RB 58081 605.59
PSEAN VELOCITY mfs 0.658
Sta. Blov. h wWwW u dqest nom. Q Area sadjusted u
m m m m/is m® m? m/s
344.28 ©005.50 0.00 0.000 0.000 0.00 ©0.00000 0.0 0.000
344.42 80557 0.02 0.001 0.051 0.00 0.00000 0.0 0.043
38435 605.48 0.11 0.168 0.180 0.27 0.00181 23 0.135
391.67 605.42 017 0.201 0214 0.20 0.00279 3.6 0.181
435.88 #04.08 0.90 0.388 0.652 10.23 0.08358 273 0.550
44801 804,72 0.87 0.427 0.637 522 0.08455 354 0.537
498.35 03,07 1.78 0.652 1.028 $8.82 0.44388 108.0 0.887
574.55 04.87 1.02 0.975 0.709 92.59 0.89371 212.7 0.598
580.41 8U5.58 0.00 1.000 0.000 1.08 1.00000 215.7 0.000
Est. Tota) 168.39
N. Sask. River, 808.05 km
8020
B07.0 J-ccovcricoimaiedie.cmrtcrrmcvetadaricacsavosnpersfmrccarstacrocrechraccitaccnarcaas fecammermacanssad
§ 608.0 4 P SRR
«
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5
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300 380 400
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 807.78 km HEC2 Section from Alberta Env.
DATE October 18, 1977
DISCHARGE m/s 142.00
WIDTHm 15584 Est. Water Surface Elev.  005.48
MEAN DEPTH m 213 L8 1083.72 @05.48
AREA m* 331.89 nB 123938 605.48
MEAN VELOCITY m/s 0.428
Sta. Elev. h wWwW u dqeat nom. gQ Area adjusted u
m m m mis m° m? mie
1083.72 605.48 0.00 0.000 0.000 0.00 ©0.00000 0.0 0.000
1088.14 804.48 1.00 0.028 0.257 028 0.00192 22 0.249
1114.04 60381 1.87 0.185 0.383 10.69 0.07458 38.7 0.350
1148.05 602,89 2.59 0.400 0.487 28.89 027107 104.7 0.470
1187.20 601.88 3.50 0.0685 0.585 87.65 0.73111 220.8 0.574
123857 604.87 0.61 0.982 0.185 3048 0.99847 3310 0.178
1239.38 6805.48 0.00 1.000 0.000 0.08 1.00000 331.9 0.000
Est Total 147.08
N. Sask. River, 807.76 km
608.0 - .
808.0 oo e b e
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Appendix D.1 North Saskatchewan River

X-B8ECTION N. Sask River, 807.31 kon HEC2 8Section from Alberta Env.
DATE October 18, 1977
DISCHARGE m>s 142.00
WIDTHm 175.24 Est. Watsr Suiface Elev.  805.30
MEAN BEPTH m 239 Ls §88.10 €805.30
AREA P 418.23 RB 703.34 $05.30
MEAN VELOCITY m/s 0.340
Hta. Elev. h wiw u dgest norm. g/ Ares adjusted u
m m m mh m® n mis
588.10 605.30 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
582.64 603.71 1.59 0.027 0.259 0.49 0.00338 s 0.254
643.13 802.43 287 0.314 0.384 38.00 0.25215 1158 0377
a84.28 802.34 298 0.549 0.392 48.49 0.57340 235.7 0.384
708.08 602.85 235 0.888 0.338 23.54 0.73803 3004 0.330
723.90 602.59 2.71 0.775 0.389 13.59 0.82992 3389 0.362
744.94 603.29 2.01 0.895 0.303 16.67 0.84512 3885 0.207
762.08 602.89 2.41 0.840 0.342 563 0.88405 408.0 0.335
702.81 60521 0.09 0.908 0.038 2.31 1.00000 4182 0.037
763.34 605.30 0.00 1.000 0.000 0.00 1.00000 4182 0.000

Est Total  144.72

N. Sask. River, 807.31 km
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 808.80 km HEC2 Section from Alberta Env.
DATE October 18, 1977
DISCHARGE m°a 142.00
WIDTHm 179.97 Est Water Suface Blev.  605.14
MEAN DEPTH m 187 L8 3881 00514
AREA m? 301.18 1} 21658 ©05.14
MEAN VELOCITY mh 0472
Sta. Elev. h ww u dqest. nom.gQ Area adjusted u
m m m mis m® m® mis
3861 60514 000  0.000 0.000 0.00 0.00000 0.0 0.000
3983 60428 088  00:% 0308 0.20 0.00144 13 0.310
5644 80253 261 0.127 0634 182 0.1188¢ ass 0.840
7041 60365 149 o0.188 0428 11.08 0.20001 57.7 0.440
7.25 80365 149 0237 0428 5.82 0.24218 7.3 0.440
8535 603.44 170 02N 0478 4.43 0.27308 81.0 0.481
97.54 60365 1.49 0.33% 0.438 885 0.3%882 100.4 0.440
17069 60268 248  0.745 0,608 75.38 087300 2446 o818
218.41  805.12 002  0.99 0.02 17.84 1.00000 301.2 0.022
21858 805.14 0.00 1.000 0.000 0.00 1.00000  301.2 0.000

Bst Total  140.50

N. Sask. River, 808.90 km
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 808.57 ian HEC2 Section from Alberta Env.
DATE October 18, 1877
DISCHARGE m>/s 142.00
WIDTH m 195.860 Est Water Surface Blev.  605.01
MEAN OEPTH m 1.44 L8 122.77 605.01
AREA m? 280.87 RB 31838  605.01
MEAN VELOCITY mh 0.50n
Sta, Elev. h whWwW u do est. norm. g/Q Area adjusted u
m m m ms > m? m/s
12.77 60501 0.00 0.000 0.000 3.00 0.00000 0.0 0.000
123.45 804.87 0.14 0.003 0.105 0.00 0.00002 0.0 0.100
16764 S0365 1.38 0.229 0.487 9.77 0.08531 33.1 0.482
18603 80365 1.38 0.323 0.487 12.08 0.14803 5§7.9 0.482
210.32 603.04 1.97 0.448 0.624 251 0.20839 8.4 0.592
242.32 602.74 227 0.611 0.6%6 44,34 0.59204 108.1 0.650
265.18 603.59 1.42 0.728 0.501 24.8% 0.75955 208.2 0.475
204.14 603.13 1.88 0.878 0.604 28.3 0.83588 2559 0.573
317.00 604.72 0.28 0.893 0.173 9.81 0.99988 280.7 0.164
318.38 605.01 0.00 1.000 0.000 0.02 1.00000 280.9 0.000
EBst Total 149.88
N. Sask. River, 808.57 km
606.0 M . . .
s0s0 § i § S N
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 808.22 km HEC2 Section from Alberta Env.
DATE October 18, 1077
DISCHARGE m°a 142,00
WIDTH m 188.65 Est. Water Surface Elev. 804.87
MEAN DEPTH m 0.88 Ls 3721 604.87
AREA m? 18278 RB 2588 604.87
MEAN VELOCITY m/s 0.872
Sta. Elev. h wiW u dq est. norm. o/ Atoa adjusted u
m m m ms m* m? mis
37.21 604.87 0.00 0.000 0.000 0.00 9.00080 0.0 0.000
38.10 604.72 0.15 0.005 0.270 0.01 ©.0000¢ 0.1 0.283
5839 60428 0.81 0.102 0.892 33 0.02202 70 0847
74.68 603.44 1.43 0.169 1.221 17.83 0.13939 256 1.142
121.92 803.81 1.08 0.44% 1.000 8528 a.58821 84.4 0.935
152.40 603.81 1.08 0.811 1.0¢0 » 3178 116.7 0.935
173.74 603.88 0.1 0.724 0.802 091337 197.7 0.845
25.55 604.81 0.08 0.998 0.148 +. 50000 102.8 0.138
22588 804.87 0.00 1.000 0.000 1.00000 1628 0.000
Est. Total
N. Sask, Rivey, 90628 km
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Sta.

3728
3963
54.87
67.67
80.78
91.44
108.68
11735
144.78
183.07
168.17
210.32
237.75
248 42
24857

Elev.

804.74
804.05
604.11
603.50
803.90
603.99
803.81
6C4.17
603.74
603.81
803.50
603.50
604.72
804.72
604.74

Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 805.89 km
Octobe. 8, 1077

DATE

DISCHARGE m>a

WIOTHmM

MEAN DEPTH m

AREA

MEAN VELOCITY mfs

h wW
m

0.00 0.000
o.es 0.011
0.63 0.083
1.24 0.144
0.84 0.208
0.75 0258
083 0.320
057 0379
1.00 0.500
093 0.505
124 0.824
124 0.819
c.02 0.640
0.02 0.998
0.00 1.000

142.00
211.32
0.85
179.90
0.789%

L)

mis
0.000
0.608
0.845
1.014
0.782
0.725
0.837
0803
0.878
0.837
1.014
1.014
0.083
0.083
0.000

0.00
oz2s
ees
L-X -~
12223
a38
0.98
s.78
1583
15.12
6.12
51.70
8.20
0.01
0.00

Est Total  149.41

HEC2 Section from Alberta Env.

Est. Waver Surface Elev. 004.74
L8 3728 ©04.74
RB 24857 ©004.74
nom. gAQ Area acjusted u
o mh

0.00000 0.0 0.000
0.00188 08 o.es2
0.04081 100 0613
0.11299 8 0.084
0.19488 B4 0.743
0.23754 449 0.889
0.30437 $7.7 0.78S
0.24289 57 0873
0.44554 872 0.835
0.5507s 1048 0.795
059171 1114 0.964
0.93774 1624 0.964
0.99991 1797 0.000
1.00000 1799 0.080
5.00000 1799 0.000

N. Sask. River, 805.89 km

E
=
2
g :
= ; ; :
801.0 é E‘ :5
) 80 100 150 200 280 300
STATION (m)
|y -o-h ——qQ]
50
0
E 1
E
g pd 3
20 cecrrminsorseafocassroonvescna | 0.4
5 /
e e e N S b
0o - \u~ o0
° 80 100 100 200 290 200
STATION (m)

268




Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 805.53 km HEC2 Section from Alberta Env.
DATE October 18, 1877 One high point at mid channel ommitted
DISCHARGE m*/s 142.00
WIDTH m 19727 Est Water Surface Elev. 604.60
MEAN DEPTH m 028 L8 2821 604.60
AREA 51.32 RB 22648 604.60
MEAN VELOCITY nwve 2.787
Sta. Elev. h wWwW U dgest nom. g2 Ares adjusted u
m m m mis m’ mw mis
2021 604680 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
30.48 604.11 0.49 0.008 4208 065 0.00407 0.3 3.740
7820 604.05 0.55 0.238 4.544 103.48 0.85222 24.0 4.042
88.61 604.60 0.00 0.352 0.000 13.93 0.73950 30.1 0.000
184.59 604.32 028 0.688 23888 1321 0.82224 392 2588
185.07 604.41 0.19 0.841 222 18.10 0.93559 483 1977
218.41 804.41 0.19 0.949 2223 8.89 0.99125 50.3 1.977
226.55 604.57 003 0.985 0618 1.39 0.98908 51.3 0.548
228.48 604.60 0.00 1.000 0.000 0.00 1.00000 513 0.000
Est Total 1590.98
N. Sask. River, 805.53 km
208.0 . v T
_ eoso e . : 5 :
E 004.0 4-0ooceeee L- = / S : :
<
a 603.0 4--ccnanecnrceene 4--- [ fracesrmoennaaan desmrecacoaces booormcoraaammans
oo s : s f
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E .1}
A e
g g
4 4 04
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02
. 3 M—-d
0.0 4 -_i’— .. 0.0
(] ] 100 180 200 280 300
STATION (m)
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sask River, 805.12 km HEC2 Seition from Alberta Env.
DATE October 18, 1977
DISCHARGE m*s 142.00
WIDTH m 182.50 Est Water Surface Elev. 604.438
MEAN DEPTH m 0.52 L8 384.07 804.44
AREA m? 94.44 ) 64057 ©04.44
MEAN VELOCITY m/s 1.504
Sta. Elev. h ww u dqest norm. gQ Area adjusted u
m m m mle m® m? mie
384.07 604.44 0.00 0.000 0.000 0.00 0.00000 00 0.000
445.00 603.13 1.31 0.443 2788 e X 0.58087 528 3.002
452.62 803.59 0.85 0.48S 2087 19.88 0.72420 810 2202
518.18 604.41 0.03 0.844 0.204 32.73 0.97727 886 0.224
5£33.40 604.11 0.33 0.928 1.108 1.75 0.99084 "3 1213
548.57 604.44 0.00 1.000 0.000 1.18 1.00000 4.4 0.000
Est Total 120.31
N. Sask. River, 805.12 ki
808.0 .
_ 6080 --- ..............
E
= 0040 J-cnecmercecmeheeuee o
e :
E 603.0 .
]
602.0 -
€01.0 i
300 350
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sssk River, 804.88 im HEC2 Section from Alberta Env.
DATE Octover 18, 1977
DISCHARGE m™/s 142.00
WIDTHm 175.81 Est Water Surfsce Elev. 604.25
MEAN DEPTH m 095 Ls 84064 60425
AREA m? 187.18 RB 111825 60425
MEAN VELOGTITY m/s 0.849
Sta. Elav. h wiWw u dqest nom. g/Q Area udjusted u
m m m mws m° " m/s
940.64 604.25 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
943.38 603.74 0.61 0.018 0.584 0.20 0.00118 0.7 0.478
083.17 60365 X ] 0.128 0.628 8.680 0.04048 1.8 0.530
o72.31 602.74 1.81 0.180 1.158 8.65 0.09189 215 0.978
1008.89 802.28 1.97 0.388 1.382 81.05 0.57383 853 1.167
1021.08 60289 1.38 0.458 1.080 25.08 0.72285 105.7 0.912
1080.85 803.65 0.60 0.738 0.628 41.01 0.90884 153.7 0.530
1103.38 604.91 0.14 0.927 0242 548 0.90933 1082 0.204
1116.25 804.25 0.00 1.000 0.000 0.11 1.00000 1872 0.000
Eat Total 168.13
N. Sask. River, 804.08 kn
08.s
E 808.0 4occreccrcrcirnadeeincrcncracena
E e |G s 4"/ §
5 #03.0 th\ et
a \»\/
B02.0 $--ccrercrncnacadiaiericcanacosas . [
001.0
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STYATION (m)
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Appendix D.1 North Saskatchewan River

X-SECTION N. Sssk River, 804.21 km HEC2 Soction from Alosita Env.
DATE October 18, 1877
DISCHARGE m™s 142,00
WIDTH m 170.83 Est Water Surface Elev. 604.08
MEAN DEPTH m 153 LB 107260 0604.08
AREA m? 260.93 RS 124343  604.08
MEAN VELOCITY m/s 0.544
Sta. Elev. h wiwW u dqest nom. g/Q Ares adjusted u
m m m mh m> m? mwa
1072.60 604.08 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
1072.89 604.02 0.08 0.002 0.081 0.00 0.00000 0.0 0.058
1115.57 601.62 216 0252 0.685 17.64 0.11881 473 0.655
1143.00 601.70 238 0.412 0.731 44.05 0.41548 100.5 0.609
1158.24 801.92 2.18 0.501 0.685 24.47 0.58031 1440 0.655
1216.15 602.80 128 0.840 0.483 58.10 097185 2438 0.462
1243.43 604.08 0.00 4.000 0.000 421 1.00000 260.9 0.000
Ext Total 148.47
N. Sask. River, 804.21 km
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_ eos0 4 :
E :
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]
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X-SECTION N. Sask River, 804.14km (ARC Section 2)

Appendix D.1 - North Saskatchewan River

Section from Alberta Research Council Report

DATE October 18, 1977
DISCHARGE m’/s 142 Asaumed Water Sutface 85.3
WIDTH m 170 Water Surface 604.05
MEAN DEPTH M 1.59 Correction to Geodetic 508.75
AREA m? 2699 Correction to Station 1073
MEAN VELOCITY m/s 0.528
Water's Edge Assumed Elev Est Sta. Est Geod. h whwW u dqgest norm.gQ Aroa adj. u
m m m m m mhs n® m? mis
] 95.3 1073 604.05 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
7 84.6 1080 603.35 0.70 0.041 0.305 0.37 0.00247 24 0.288
73 824 1148 60215 1.80 0.429 0.593 38.50 0.25730 882 0.557
80 820 1182 601.65 2.40 0.524 0.683 22.12 0.40308 126 0.851
103 0.7 1178 601.45 260 0.608 0.731 2492 0.58858 157.8 0es7
134 83.3 1207 602.05 200 0.788 0,614 4703 0.88577 8.9 0.577
108 84.8 1239 803.55 0.50 0.978 0.243 17.14 0.99919 288.9 0.229
170 95.3 1243 804.05 0.00 1.000 0.000 0.12 1.00000 268.9 0.000
1073 604.05
151.09
N. Sask. River, 804.14km (ARC Section 2)
]
g P P : : H ] i
& 004 —eda
s K
& :
o i,
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Appendix D.1 - North Saskatchewan River

X-SECTION N. Sask. River, 833.90 km

HEC2 Section ftom Alta Erw. Prot.

DATE October 18, 1977
DISCHARGE m"/s 142.00
WIDTHm 188.03 Est. Weter Surface Blev. 603.94
MEAN DEPTH m 1.42 LB 1044.42 003 94
AREA m? 264.88 RB 1230.45 603.94
MEAN VELOCITY m/s 0.538
Sta. Bev. ] wW u dqest norm. O Area ad). u
m m m ms m L s
1044.42 603,04 0.00 0.000 0.000 0.00 0.00000 [ X.] 0.000
1048.52 603.04 0.90 0.02 0.396 0.37 0.00249 1.0 0.383
1072.48 603.94 0.00 0.151 6.000 2.4 0.01707 1227 0.000
115082 601.61 L33 0.571 0.748 33.98 0.24880 103.8 0.721
1167.39 601.43 2231 0.681 0.783 31.08 0.46020 1448 0.738
1182.63 60R.22 1.72 0.743 0.609 2.47 061320 1768 0.538
1197.87 601,46 248 0.825 0.777 221 0.76482 8.6 0.752
1226.82 6C2.71 1.23 0.980 0.487 34.00 0.99628 2828 0.471
1230.45 603.94 0.00 1.000 0.000 0.58 1.00000 2849 0.000
Est. Total 148.78
N. Sagk. River, 803.00 km
805.0 - -
PY.YY .Y SO S eceaperizace
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Appendix D.1 - North Saskatchewan River

X-SECTION N. Sask. River, 803.56 km

HEC2 Section from Alta Erw. Prot.

DATE October 18, 1977
DISCHARGE m'/s 142.00
WIDTH m ’ 187.22 Est. Water Surface Elev. 603.79
MEAN DEPTH m 1.44 LB 98658 603.79
AREA n? 269.58 RB 115380 603.79
MEAN VELOCITY nvs 0.527
Sta. Blov. h wW 7] dgest nom. QQ Area djusted u
m m m mis m3 m2 ms
986.58 603.79 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
$70.79 €02.83 0.98 0.023 0.403 0.41 0.00275 20 0.385
908.03 603.23 0.58 0.104 0.281 J.9¢ 0.02947 1386 0.269
1028.70 €02.28 1.81 0.332 0.544 18.2¢ 0.15239 57.9 0.520
108220 60210 1.69 0.511 0.587 30,37 0.35630 1116 0.581
1083.97 601.98 1.81 0.625 0814 245 0.507%8 149.0 0.587
1092.71 601.37 2.42 0.674 0.745 13.18 0.59636 168.3 0.712
1107.93 601.67 2.12 0.755 0.682 24.71 0.76288 2039 0.652
1117.10 601.48 2.3 0.8304 0.727 14.35 0.85929 2234 0.694
1182.18 603.50 0.28 0.981 0.182 20.89 0.99885 269.3 0.174
1153.80 603.79 0.00 1.000 0.000 0.02 1.00000 2696 0.000
Est. Total 148.58
N. Sask. River, 803.36 km
8050 v T
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6010 +eevrronrovecnane ; .............................. L & rerecerenecnens]
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Appendix D.1 - North Saskatchewan River

X<3ECTION N. Sask River, 803.20 km HEC2 Section from Alta Erw. Prot.
DATE October 18, 1977
DISCHARGE m"s 142.00
WIDTH m 2568 Est. Water Surface Blev. 603.63
MEAN DEPTH m 0.84 LB 53482 603.63
AREA m? 21122 RB 106049  603.83
MEAN VELOCITY nmvs 0.672
St Elev. h ww u dqest. nom. Q Area djusted u
m m m ms m3 m2 m's
834.52 60363 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
83663 603.20 0.43 0.008 0.401 0.08 0.00035 0.4 0.397
861.02 603.10 0.53 0.116 0.481 s.07 0.03582 12.1 0.458
949.41  602.19 1.44 0.508 0.397 59.24 0.44797 99.4 0.888
1004.27 602.89 0.74 0.751 0.576 44.11 0.75486 159.3 0.589
1016.46 602.53 1.10 0.205 0.750 7.45 0.80888 170.8 0.741
104085 60259 1.04 0.913 0T 19.24 0.94054 198.7 0.713
1057.61 603.04 0.59 0.887 0.495 8.33 0.69853 210.4 0.489
1060.49 603.63 0.00 1.000 0.000 0.21 1.00000 211.2 0.000

Est. Total 143.74

N Sask. River, 803.20 km
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Appendix D.1 - North Saskatchewan River

X-8ECTION N. Sask. River, 802.89 km

HEC2 Sestion from Alta Env. Prot.

DATE October 18, 1077
DISCHARGE m®/s 142.00
WIDTH m 203.01 Est. Water St rface Elev. 603.48
MEAN DEPTH m 113 LB 259.21 603.49
AREA m? 228.08 RB 48221 603.49
MEAN VELOCITY m/s 0.620
Sta, Blev. h wW u dqest norm. 9/Q Area djusted u
m m m mws m3 m2 m/s
26021 60349 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
20208 60289 0.60 0.014 0.409 0.18 0.00117 ne 0.383
280.37 60259 0.0 0.104 0.93% 8.51 0.04410 14.7 0.501
204.09 60320 0.29 0.172 0.283 3.24 0.0854S 29 0.237
320.14 80259 0.90 0.344 0.835 8.27 0.12001 439 0.501
344.238 60228 1.21 0.420 0.651 9.58 0.18315 60.0 0,610
40229 60173 1.78 0.708 0.838 84.12 0.60593 148.3 0.782
420.72 601.88 1.51 0.840 0.788 35.75 0.84168 181.2 0.707
480.20 60259 0.0 0,990 0.535 2.1 0.99839 228.1 0.501
48221 603.49 0.00 1.000 0.000 0.24 1.00000 229.0 0.000
Est Tota) 151.88
N. Sask. River, 802.890 km
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Appendix D.1 - North daskatchewan River

x-SECTlON N. Sask. River, 802.53 km HEC2 Section from Alta Erw. Prot.

October 18, 1977

DISGHARGE me 142.00
WIDTHm 230.07 Ett. Water Suzface Elev. 603.33
MEAN DEPTH m 1.38 7181 80333
AREA o 313.88 RB 307.57 603.33

MEAN VELOCITY m's 0.452
Sta. Bev. h wiW u dqest porm. 9Q Area djusted u
m m m mws m m2 ms
77.51 603.33 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
8220 601.37 1.98 0.021 0.577 1.3 0.00937 4.7 0.587
88.39 001.88 1.35 0.047 0.450 5.20 0.04531 148 0.442
9753 601.09 224 0.087 0.630 8.88 0.10878 31.3 0.619
118.82 602.M 0.99 0.1687 0.308 14.76 - 0.20833 80.9 0,380
164.59 602.07 1.28 0.379 0.430 21.92 0.36044 1189 0.422
198.12 60259 0.74 0.524 0.302 12.32 0.44585 149.6 0.207
22250 602.53 0.80 0.630 0.318 5.85 0.40810 1638.8 0.312
274.32 601.2% 212 0.855 0.808 35.12 0.72897 2443 0.897
286.51 589.93 3.40 £.908 0.832 24.28 0.80679 278.0 0.818
307.57 603.33 0.00 1.000 0.000 14.92 1.00000 3139 0.000

N. Sask. River, 802.33 km
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Appendix D.1 - North Saskatchewan River

X-SECTION N. Sask. River, 802.10 km

HEC2 Section from Alta Env. Prot.

DATE October 18, 1877
DISCHARGE m%/s 142,00
WIDTH m 191.27 Est. Water Surface Elev.  803.14
MEAN DEPTH m 1.09 LB 37.60 603.14
AREA m’ 208.33 RB 228.87 603.14
MEAN VELOCITY n's 0.682
Sta, Blev. h wiW u dgest. norm. 9/Q Area djusted u
m m m nv/s m3 m2 ms
3780 603.14 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
3963 60288 0.28 0.011 0.277 0.04 0.00027 0.3 0.284
84.01 60188 1.28 0.138 0.782 9.70 0.08531 19.1 0.716
7620 601.61 1.83 0.202 0.8%6 13.70 0.15720 8.2 0.815
10363 601.81 1.53 0.345 0.8%6 35.99 0.39857 78.2 0.815
14021  601.98 1.18 0.538 0.712 3865 0.65779 1275 0.678
147.83  601.98 1.16 0.57¢ 0.712 6.31 0.70008 136.4 0.678
178.31 60204 1.10 0.738 0.687 24.16 0.86208 170.9 0.654
21480 60248 o.es 0.927 0.499 19.37 0.99201 203.6 0.475
2887 603.14 0.0C 1.000 0.000 1.18 1.00000 208.3 0.000
Est. Total 149.11
N. Sask. River, 802.10 km
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Appendix D.1 - North Saskatchewan River

X-SECTION N. Sask. River, 801.82 km

HEC2 Section from Alta Erw. Prot.

DATE October 18, 1977
DISCHARGE m¥s 142,00
WIDTH m 188,69 Est. Water Surface Elev, 603.02
MEAN DEPTH m 1 LB 39854 803.02
AREA m? 208.05 RB 58523 60302
MEAN VELOCITY mv/s 0.683
Sta. Bev. h wWwW u dqest. norm. Q Arsa djusted u
m m m s m3 m2 mws
398.54 603.02 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
402.95 601.58 1.04 0.024 0.681 0.78 0.00488 2.3 0.608
421.34 602.68 0.34 0.123 0.308 S.14 0.04509 18.1 0.267
434,34 60228 0.74 0.182 0.519 285 0.08378 20 0.483
448,53 601.06 1.96 0.257 0.994 1243 0.14520 38.4 0.923
473.98 801.49 1.53 0.404 0.843 43,91 0.43292 88.2 0.784
507.49 601.49 1.83 0.584 0.843 43.18 0.71882 1378 0.784
531.88 601.78 126 0.714 0.740 26.89 0.89201 171.8 0.689
584.61 602.89 0.13 0.907 0.161 16.48 098998 208.0 0.1%0
58523 603.02 0.00 1.000 0.000 0.00 1.00000 208. 1 0.000
Est. Total 182,62
N. Sask. River, 801.82 km
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Appendix D.1 - North Saskatchewan River

X-SECTION N. Sasi. River, 801.43 km

HEC2 Saction from Alta Erw. Prot.

DATE Gctober 18, 1977
DISCHARGE /s 14200
WIDEH m 10826 Est Water Suface Ele ~ 602.84
MEASE DEPTH m 1.3 LB 849.82 680284
AREA m? 230.06 RB 101608 602.84
MEANVELOCITY avs 0.816
Sta. Bev. ] ww u dgeit nom. gQ Area diusted u
m - & wmis [ <] m2 mis
24882 D284 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
884.13 @015 163 0088 0.704 426 0.02761 121 0848
29916 60084 220 0297 0838 260 038025 80.4 0772
s3282 601.08 178 0498 0.728 5240 0.708%8 1473 0.670
96317 60167 117  oex 0.551 2885 0.89601 1924 0.507
88430 60188 038 D810 0.449 10.08 098654 2142 0414
108437 6282 0.2 0990 0.183 5.14 0.99989 2305 0.168
1016.08 602.84 0.00 1.000 0.000 0.02 100000 2307 ©0.000
Est. Total 15424
N. Sask River, 301.43 km
0040 - T
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Appendix D.1 - North Saskatchewan River

XSECTION N. Sask. River, 301.28 km

HEC2 Section fom Alta Esw. Prot.

DATE October 18, 1877
DISCHARGE mi'/s 142.00
WIDTHm 170.00 Est. Water Surface Bev. .77
MEAN DEPTH m 1.59 s 000 60277
AREA m? 259.95 RB 170.00 80277
MEAN VELOCITY m/s 0.526
Sta. Bev. h www u dqest nom. g/Q Area aT7Ey,
m m m m's "3 m e
000 6077 0.00 0.000 0.000 2.00 0.00000 0.0 0.000
7.00 80207 0.70 0.041 0.305 0.37 0.00247 24 0286
73.00 €00.87 1.0 0.429 0.583 38.50 025730 882 0.857
89.00 60G.37 240 0.524 0.693 2.12 0.40308 1228 0.651
103.00 600.17 260 0.606 073 24.92 0.56858 157.6 0.687
1340C ©00.77 2.00 0.788 0.614 4793 Q.88577 289 o577
166.00 60227 0.50 0.976 0.243 17.14 0.99819 268.9 0220
170.00 60277 0.00 1.000 0.000 0.12 1.00000 2060.9 0.000
Est Tota) 151.09
N. Sask. River, 801.28 ko
6040 - - v
©03.0 : PPN
E i/ :
§ 6020 \ 4 ........
§ 801.0 fonennecsencanas . P //
800.0 \ ¥ ...
509.0 + L ﬁ'
30 o 50 100 150 200 250
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[au —o-n ——am]
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40 4 i / U -+ os
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Appendix D.1 - North Saskatchewar River

X-SECTION N. Sask River, 788.1S km HEC2 Section from Alta Erw. Prot.
DATE October 18, 1977
DISCHARGE m'/s 142.00
WIDTH m 147.91 Est Water Surface Blev. 601.39
MEAN DEPTH m 233 [V} 100.88 601.39
AREA ot 344.30 RB 2571.79 €01.38
MEAN VELOCITY mv/s 0.412
Sta. Bev. h W u dgost. nom. gQ Area djusted U
m m m ms m3 m2 m/s
10888 €019 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
11278 8095 1.44 0.019 0209 0.31 0.00181 21 0.249
11650 80840 299 0.045 0.487 125 0.02008 10.3 0.405
12378 59795 344 0.004 0.535 11.91 0.00089 337 0.445
12800 507.80 379 0.179 0.571 4.47 0.11690 “«.7 0.475
128.7¢ S98085 4.54 0.148 0.844 897 0.15778 532 0536
13378 596.45 494 0.181 0.881 13.88 0.24973 7.9 0.587
13878 56830 4809 0.185 0676 1668 0.34743 101.5 0.563
14078 80723 414 0.263 0.605 2891 0.51890 1466 0.504
17376 S086S 274 0.432 0.458 4573 0.7849% 2325 0.352
188.00 560.05 234 0.508 0.413 1244 0.85784 261.0 0.344
189.00 $80.7S 1.84 0.603 0.228 1028 0.91821 288.8 0271
21378 600.15 124 0.702 0270 (%] 0.95528 3100 0.225
23200 600.40 0.99 0.826 0.233 $.10 0.98516 330.3 0.194
238.78 ©00.60 0.79 0.871 0.200 1.30 0.99276 338.3 0.168
24378 €600.75 0.64 0.905 0.174 068 0.99668 339.8 0.145
248.76 60095 0.44 0.939 0.135 0.41 0.99908 3425 0.112
25200 80120 0.19 0.961 0.077 0.11 0.99971 3435 0.064
25478 ©01.20 0.19 0.980 0.077 0.04 0.99984 3440 0.084
257.78 601.39 0.00 1.000 0.000 0.01 1.00000 3443 0.000
Est Totsl 170.58
N. Sask, River, 798.13 km
0020 - -
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Appendix D.1 - North Saskatchewan River

X-SECTION N. Sask. River, 795.55 km

HEC2 Saction from Alta Erw:. Prot.

DATE October 18, 1977
DISCHARGE m’/s 142.00
WIDTH m 19883 Est Water Sistace Ble 600.23
MEAN DEPTH m 1.52 L8 10878 60023
AREA nm? 301.39 RB 3esS62 60023
MEAN VELOCITY m/s 6.471
Sta. Bev. h ww u dqest nom gQ Area dhmted u
m m m m's m3 m2 mis
18878 800.23 0.00 0.000 0.000 0.00 ©.00000 0.0 0.000
170.59 599.41 082 0.019 0.313 024 0.00182 1.6 0.295
17465 500.16 1.07 0.040 0.373 1.2 0.01038 Se 0.353
17658 $98.85 1.38 0.c49 0.443 097 - 0.01682 i 0.418
18158 S$58.56 167 0.074 0.503 3.80 0.04077 18 0.474
18304 Se8.76 1.47 0.088 0.482 1.78 0.05280 191 0.438
191.58 588.01 1.42 0.128 0.451 5.04 0.08813 30.1 0.428
19859 598.91 1.32 0.150 0.430 3.02 0.10818 370 0.408
18509 598.92 1.31 0.162 0.427 1.41 0.11354 403 0.403
201.59 598.87 136 0.17S 0.433 1.44 0.12518 496 0.414
203.02 598.83 1.30 0.182 0.425 0.82 0.13081 458 0.401
21158 588.88 135 o.2s 0.438 4.89 0.18312 8.9 0.472
21659 $90.74 1.49 0.251 0.465 320 0.18440 640 0.440
21859 598.61 162 0276 0.42% 3.73 0.20918 78 0.483
22658 598.38 1.85 0.301 0.53d 4.47 0.25838 80.4 0.508
231.58 S98.32 1.81 0.326 0.550 5.1 0.27268 89.8 0.519
235.97 588.02 221 0.348 0.608 521 0.30752 8.8 0.572
241.58 598.04 219 0.378 0.602 7.47 0.35718 1112 0.588
256.59 598.07 216 0.452 0.597 19.58 0.487168 1438 0.583
261.59 598.17 208 0.477 0.578 820 0.52835 1544 0.548
265.23 598.20 203 0.485 0.573 428 0.55882 161.8 0.540
26859 598.11 212 0.502 0.589 1.64 0.58772 164.7 0.958
20658 598.50 1.73 0.653 03515 31.88 0.77659 2.4 0.488
WS SHe4e 1.74 o878 o517 4.47 0.800032 23t.% 0.488
314.38 58883 1.40 0.742 0.447 8.68 0.87387 2512 0.422
319.72 598.79 1.44 0.769 0.458 3.4 0.88638 288.7 0.430
338.09 $99.16 1.07 0.967 0.373 10.07 0.98332 283.1 0.383
34659 59929 0.94 0.804 0.343 270 0.98128 200.8 0.323
351.59 599.49 0.74 0.928 0.292 1.33 0.98012 204.8 0278
353.19 599.54 0.69 0.937 0.27% 0.33 0.99229 2959 0.2683
360.58 599.85 0.38 0978 0.187 0.92 0.98842 299.9 0.177
36292 599.81 0.42 0.886 0.200 0.18 0.99962 300.8 0.189
36562 600.23 0.00 1.000 0.000 0.08 1.00000 301.4 0.000
Est. Tota! 150.44
N. Sask. River, 783.55 km
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Appendix D.1 - North Saskatchewan River

XSECTION N. Sesk. River, 784.10 km

HEC2 Section from Alta Esw. Prot

DATE October 18, 1977
DISCHARGE m'/s 142.00
WIDTHm 178.00 Est Water Susface Blev. 509.68
MEAN DEPTH m 1.42 LB 0.00 599.68
AREA n? 252.10 RB 178.00 59968
MEAN VELOCITY m/s 0.563
Sta. Bev. h W u dgest nom. gQ Area diusted u
m m m ms m3 m nvs
000 30068 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
2700 G588.88 0.80 0.152 0.385 2.08 0.01303 10.8 0.343
7400 €08.48 120 0.418 0.504 20.89 0.14405 57.8 0.449
89.00 S80.28 1.40 0.500 0.559 10.37 0.20908 773 0.488
111.00 $87.78 1.80 0.624 0.685 .58 0.35085 1138 0.610
13300 $87.08 260 0.747 0.845 37.08 0.58808 1631 0.752
14800 £08.88 280 0.831 0.887 33.08 0.80802 2036 0.790
17300 588.78 0.90 0872 0.41€ 30.15 0.99708 249.8 0.371
17800 598.68 0.00 1.000 0.000 0.47 1.00000 252.1 0.000
Est. Total 150.48
N. Sask. River, 7904.10 km
01.0 Y
0000 ).
E o /
5 (POP I _ ,
6070 4- 3 $ \r/ :
508.0 4
[ 50 100 1%0 200 250 300
STATION (m)
Fo— U ~o—-h —e w]
5.0 / . 10
40 - os
E 30 i / 08
o
s = :
20 : : 0.4
10 02
- 0.0 ¢ oo
] 200 250 300

285




Appendix D.1 - North Saskatchewan River

X-SECTION N. Sask. River, 783.80 km

HEC2 Section from Ala Erw. Prot.

DATE October 18, 1977
DISCHARGE m”/s 142.00
WIDTHm 183.00 Est. Water Siur*yoe Bev. 3500.48
MEAN DEPTH m 1.2 LB 0.00 S580.49
AREA m’® 223.90 RB 18300 599.49
MEAN VELOCITY m/s 0.634
S Bev. n wwW u dgest nom.qQ Arse dhntedu
m m m m/'s m3 2 ms
0.00 399.49 0.00 0.000 0.000 0.00 0.00000 0.0 ©.000
3000 58859 0.80 0.164 0.517 3.49 0.02321 13s 0.488
38.00 598.59 0.90 0.208 0.517 .72 0.04798 20.7 0.488
5400 59829 120 0.205 0.628 9.60 0.11184 s 0.592
68200 59829 120 0.339 0.62¢8 8.01 0.15183 47.1 0.592
200 S97.79 1.70 0.503 0.790 30.79 0.35673 80.6 0.748
108.00 S87.79 170 0.590 0.790 21.48 0.49987 178 0.748
11400 597.99 1.50 o.e23 0.727 7.28 0.54810 127.4 0.688
1200 597.69 1.80 0.687 0.820 10.21 0.61603 1406 0.775
130.00 $97.99 1.50 0.710 0.727 1021 0.68397 153.8 0.8608
17400 598.09 1.40 0.851 0.694 45.31 0.98346 2178 0.658
183.00 599.49 0.00 1.000 0.000 2.19 1.00000 223.9 0.000
Est Total 150.29
N. Sask. River, 763.60 km
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Appendix D.1 - North Saskatchewan River

X-SECTION N. Sesk. River,791.95 km HEC2 Section from Alta Erv. Prot.
DATE October 18, 1977
DISCHARGE m'/s 142,00
WIDTH m 2132.43 ot Water Surface Elev. 598.87
MEAN DEPTH m 1.23 LB 160.43 $88.87
AREA w 202,02 RS a73.87 598.87
MEAN VELOCITY nvs 0.942
Sts. Bev. h wwW u dqest nom g/Q Area djusted u
m m m ms m3 m2 ms
160.43 59297 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
162.67 588.61 028 0.010 0.192 0.03 0.00018 0.3 0.178
167.17 S88.08 0.21 0.032 0.187 0.19 0.00142 13 0.154
17217 58831 0.56 0.055 0.321 0.47 0.00447 33 0.297
17417 888.41 0.468 0.084 0.282 0.31 0.00847 4.3 0.280
108.37 508.41 0.48 0122 0.282 1.58 0.01875 9.8 0.260
194.17 S07.98 0.91 0.158 0.444 1.94 0.0293¢ 152 0.410
2417 597.08 1.01 0.209 0.476 13.24 0.115851 «4.0 0.440
23417 597.88 1.0 0.345 0.478 4.81 0.14877 841 0.440
280.17 $97.41 1.48 0.509 0.608 .43 0.28920 97.4 0.582
301.77 59891 1.96 0.e82 0.740 37.60 0.54376 153.1 0.684
31200 597.09 1.78 0.710 0.684 13.72 0.63303 1722 0.641
32417 S97.41 1.48 0.767 0.608 12.84 0.71657 192.0 0.582
329.17 597.21 1.68 0.791 0.683 4.98 0.74882 199.8 0.612
331.47 597.41 1.46 0.801 0.608 228 0.76386 203.4 0.582
338.00 597.41 1.48 0.832 0.668 5.80 0.80139% 2129 0.562
341.00 587.01 1.06 0.848 0.7i5 3.30 0.82252 217.9 0.660
354.17 597.26 1.81 0.908 0.649 15.58% 0.92423 240.7 0.600
359.17 597.31 1.58 0.931 0.638 5.09 0.95736 248.6 0.587
383.00 597.59 1.28 0.949 0.857 3.24 0.97846 254.1 0.515
384.77 89761 1.28 0.957 0.551 125 0.98857 256.3 0.509
2y 508.568 0.1 0.988 0.216 1.98 0.99931 261.4 0.200
372.87 568,61 0.28 0.995 0.192 0.09 0.99992 261.9 0.178
373.87 598.87 0.00 1.000 0.000 0.01 1.00000 282.0 0.000
Est Total 153.73
N. Sask. River,701.95 km
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Appendix D.1 - North Saskatchewan River

X-SECTION N. Sask. River, 789.45 km

HEC2 Section from Alta Erw. Prot.

DATE October 18, 1877
DISCHARGE m’/s 142.00
WIDTHm 175.41 Est. Water Sirfaco Elev. 597.73
MEAN DEFTHm 209 8 21528 39775
AREA m* 374.78 RB 39468 59775
MEAN VELOCITY m/s 0.379
Sta. Bev. h wWw u dgest nom. g/Q Area dusted u
m m m ms m3 2 ms
21528 59775 0.00 0.000 0.000 0.00 0.90000 0.0 0.000
22000 59C.88 0.89 o.026 0214 o2 0.00152 21 0.208
2170 596.76 0.99 0.03¢ 0.230 0.35 0.00392 37 0.221
22500 $96.01 1.74 0.054 0.335 L %-14 0.01252 8.2 0.32
24500 595.41 234 0.168 0.408 15.14 0.11516 48.9 0.393
26500 595.41 234 0.217 0.408 19.09 0.24452 5.7 0.393
26750 595.51 224 0.281 0.397 2% 0.28012 1014 0.382
275.00 595.31 244 0.333 0.420 7.16 0.30882 1189 0.404
28500 $95.31 244 0.444 0.420 20.47 0.44734 167.7 0.404
300.00 595.51 224 0.472 0.397 477 0.47988 179.4 0.382
311.00 595.51 224 0.534 0.397 9.78 0.54383 204.0 0.382
31350 58521 254 0.548 0.431 2.47 0.58257 209.9 0.415
31650 59521 254 0.584 0.431 328 0.58482 2175 0.415
31800 595.41 234 0.573 0.408 153 0.58322 1.2 0.393
3250 $95.41 234 0.598 0.408 429 0.62433 1.7 0.3983
33000 595.1% 264 0.640 0.443 7.94 0.67812 250.4 0.4268
4500 59511 264 0.723 0.443 17.51 0.79678 289.9 0.428
35400 595.51 224 0.773 0.397 9.20 0.85916 3119 0.382
357.00 59546 229 0.790 0.403 2.7 0.87754 3188 0.387
367.50 596.06 1.69 0.849 0.329 7.63 0.92923 3395 0.318
37500 595.99 1.84 0.880 0.348 4.47 0.95952 3527 0.335
38000 596.11 164 0.918 0.322 291 0.97923 614 0.310
390.00 597.11 0.64 0.874 0.172 2.81 0.99828 ar2s 0.185
394.50 597.51 0.24 0.999 0.089 0.28 0.99999 3748 0.088
39468 597.75 0.00 1.000 0.000 0.00 1.00000 3748 0.000
Est Total 147.58
N. Sask. River, 789,43 km
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Appendix D.1 - North Saskatchewan River

X-S8ECYION N. Sask. River, 888.80 im

HEC2 Section fom Alta Erw. Prot.

DATE October 18, 1977
DISCHARGE m”s 142.00

WIDTH m 1908.71 Est Water Suxface Blev. 598.58

MEAN DEPTH m 1.28 L8 12500 59656

AREA n? 252.48 RB 2179 596.56
MEAN VELOCITY m/s 0.582

h wWw u dqest nom. gQ Arsa diusted u

m ms m3 m2 m/s

000  0.000 0.000 0.00 0.00000 0.0 0.000

107 0.010 0.497 0.25 0.00174 1.0 0485

12 0.025 0.543 1.78 0.01399 44 0.530

142 003 0.601 0.78 0.01917 58 0.586

1.2 0.050 0.583 3.15 0.04030 1.2 0.550

1.4 0.076 0.578 3.74 0.08853 177 0.564

1.57 0.101 0.843 4.43 0.09698 25.0 0.627

177 0427 0.698 5.58 0.13533 333 0679

1.72 0177 0.883 1201 021788 50.7 0.666

1.62 0.228 0.656 11.18 0.29459 67.4 0.840

132 0219 0.572 9.01 0.35651 82.1 0.558

127 0.330 0.558 7.30 0.40867 95.0 0.544

1.37 0.406 0.587 11.30 0.48435 1148 0.572

132 0488 0.572 14.00 0.58054 1389 0.558

187 0.518 0.670 a7 0.50601 1449 0.653

.2 0.610 0.543 15.73 0.71415 170.8 0.530

1.32 0.635 0.572 353 0.73843 ma2 0.558

1.02 0.681 0.482 553 0.77648 187.7 0.470

1142 0.691 0.513 1.06 0.78375 189.8 0.500

0.97 0.768 0.4068 7.7% 0.83700 2057  0.454

1.2 0.774 0.543 0.66 0.84154 207.0 0.530

117 0.811 0.528 466 0.87356 2187 0.515

1.82 0.817 0.658 0.91 0.87979 2172 0640

0.92 0.849 0.449 434 0.90963 225.1 0.439

1.07 0.864 0.497 1.4 0.91931 228.0 0.485

1.07 0.915 0.487 5,31 0.95576 2387 0485

1.2 0.925 0.543 119 0.96394 2410 0.530

1.2 0.955 0.543 3.96 0.99118 2483 0530

o2 0.978 0.172 1.02 0.99823 2512  0.188

0.42 0.991 0.268 021 0.99966 252.1 0.259

0.00 1.000 0.00 0.05 1.00000 2525 0.000

ELEVATION (nv

STATION (m)
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Appendix D.1 - North Saskatchewan River

X-SECTION N. Sask. River, 783.25 km HEC2 Section from Alta Erw. Prot.
DATE October 18, 1977
DISCHARGE ms 142.00
WIDTH m 179.43 Est Water Sixface Elev. 595.08
MEAN DEPTH m 0.97 LB 132.60 585.09
AREA m? 174.27 RB 31203 S95.09
MEAN VELOCITY nvs 0.815
Sta. Bev. h wwW u dgest nom. @/Q Area dusted u
m m m m/s m3 m2 m/s
132.62 595.09 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
135.00 $95.02 0.07 0.013 0.147 0.01 0.00004 0.1 0.120
136.80 594.77 0.32 0.023 0.392 0.10 0.00084¢ 0.4 0.343
140.00 594.92 0.17 0.041 0.280 0.26 0.00228 12 0.227
141.00 594.67 0.42 0.047 0.489 0.11 ' 0.00292 18 0.411
145.50 §594.42 0.67 0.072 0.63¢ 137 0.01137 4.0 0.859
148.00 594.12 0.97 0.075 0.817 0.30 0.01322 4.4 0.718
147.00 58387 1.12 0.080 0.899 0920 0.01877 X 0.788
150.00 593.87 1.2 0.097 0.951 Ix 0.03885 9.0 0.832
160.00 $83.52 1.57 0.153 1.125 14.53 0.12838 2.0 0.984
165.00 593.52 1.57 0.181 1.125 8.06 0.18205 30.9 0.984
169.00 593.92 1.17 0.203 0.825 5.64 0.21768 384 0.809
180.00 583.22 127 0.264 0.977 1281 0.20683 49.9 0.855
195.00 5983.82 1.27 0.348 0.977 18,868 0.41173 €9.0 0.858
200.00 593.92 1.17 0.378 0.925 882 0.44762 781 0.809
203.00 $93.77 1.32 0.392 1.002 361 0.48588 78.9 0.877
21000 59372 1.37 0.431 1.027 9.59 0.528968 88.3 0.809
215.00 593.82 1.27 0.459 0.977 6.64 0.58987 84.9 0.853%
222.%0 593.82 1.27 0,501 0.977 9.34 0.62742 104.5 0.85%
227.50 594.12 0.97 0.529 0.817 5.04 0.65880 110.4 0.718
235.00 S93.32 1.27 0.571 0.977 7.57 0.70512 1136 0.883
237.00 593.62 1.47 0.582 1.077 282 0.72251 1213 0.942
250.00 583.72 137 0.654 1.027 19.49 0.84258 130.8 0.888
255.00 593.87 1.2 0.582 0.951 6.43 0.88219 148.3 0.832
260.00 584.02 1.07 0.710 0.872 5.24 0.91448 152.1 0.7683
26500 5942 0.87 0.738 0.780 398 0.93888 158.9 0,655
275.00 594.32 0.77 0.794 0.701 .02 0.97610 185.2 0.813
285.00 594.77 0.32 0.849 0.392 3.01 0.98483 170.7 0.343
300.00 585.02 0.07 0.833 0.147 0.81 0.99981 1.7 0.129
311.50 595.07 0.02 0.997 0.071 0.08 1.00000 174.3 0.082
312.03 595.09 0.00 1.000 0.000 0.00 1.00000 1743 0.000
Est Tota! 162.30
N. Sask. River, 783.25 km
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Appendix D.1 - North Saskatchewan River

X-SECTION N. Sask. River, 781.47 km

HEC2 Section from Alta Enw. Prot.

DATE October 18, 1977
DISCHARGE m”/s 142.00
WIDTH m 201.08 Est. Water Surface Elev. 594.38
MEAN DEPTH m 0.73 L8 175.77 594.38
AREA m 147.54 RB 376.83  594.38
MEAN VELOCITY m/s 0.962
Sta. Bev. h wWw u dqest nom. ¢/Q Aresa djusted u
m m m ms m3 me ms
17577 59438 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
180.34 894.28 0.10 0.087 0.238 0.09 0.00055 0.7 0.227
20434 50391 0.45 0.142 0.698 1.88 0.01282 4.3 0.613
211.00 858378 0.60 0.178 0.843 2.70 0.02858 8.4 0.742
29184 593,38 1.00 0.217 1.184 6.78 0.07158 15.0 1.042
36.34 583.58 0.80 0.318 1.021 19.89 0.19480 33.1 0.898
249. 593.58 0.80 0.288 1.021 8.19 0.245%2 41.1 0.888
271.00 683.16 1.20 0.474 1.337 25.58 0.40408 2.8 1.177
281.84 593.61 0.75 0.528 0.978 12.26 0.48002 73.4 0.881
284.34 893.31 1.05 0.540 1.224 248 0.49540 7%-8 1.077
2890.00 $83.58 0.80 0.583 1.021 4.85 0.52543 80.7 0.888
290.00 564.08 0.30 0.588 0.532 0.43 0.52808 80.5 0.488
291.00 58368 0.70 0.873 0.934 0.37 0.53c36 81.0 0.82
20834 593.38 1.00 0.610 1.184 662 0.57140 87.3 1.042
300.34 593.81 0.85 0.684 0.798 8.46 0.62382 95.8 0.700
324.34 593.51 0.85 0.739 1.083 8.78 0.68444 108.3 0.935
331.534 593.91 0.45 0.778 0.696 4,30 0.71109 111.2 0.613
334.34 593.81 0.55 0.789 0.796 0.94 0.71689 112.5 0.700
33850 59331 1.05 0.799 1.224 1.75 0.72772 114.2 1.077
339.00 88338 1.00 0.812 1.184 3.09 0.74887 116.8 1.042
340.50 592.06 1.70 0.91% 1.687 29 0.76491 118.8 1.484
34834 50226 210 0.848 1.942 20.15 0.83978 129.9 1.708
358.30 584.08 0.30 0.2399 0.532 18.10 0.98334 1421 0.468
358.34 593.08 0.50 0.903 0.747 0.47 0.98627 142.9 0.657
359.34 584.01 0.35 0.913 0.589 0.29 0.93803 143.3 0.519
368.50 584.28 0.0 0.959 0.258 0.88 0.99348 145.4 0.7
3080.34 $93.96 0.40 0.963 0.644 0.10 0.99408 1456 0.567
376.34 584.21 0.1% 0.988 0.338 0.95 0.99996 147.5 0.296
376.83 50438 0.0¢ 1.00¢ 0.000 0.01 1.00000 147.5 0.000
Est Yoia! 161.39
N. 8azix. River, 781.47 km
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Appendix D.1 - North Saskatchewan River

X-SECTION N. Sask. River, 778,37 km

HEC2 Saction from Alta Erw. Prot.

DATE October 18, 1877
DISCHARGE m"/s 142.00
WIDTH m 180.36 Est. Water Surface Elov. 893,
MEAN DEPTH m 1.08 L8 33333 893.09
AREA m? 300.04 RB 51368 59309
MEAN VELOCITY mvs 0.473
Sta. Sev. h ww u dqest nom. 9Q Ara djusted u
m m m n/s m3 m2 ms
33333 58309 0.00  0.000 0.000 000  ©0.00000 00  0.000
357 59271 0.33. 0.007 0.178 0.02 0.00014 02 0168
338.77 59278 033  0.019 0.159 0.13 0.00099 10 01%
34677 59221 0.88 0075 0.308 1.40 0.01028 70 0290
366.74  591.81 128  0.18% 0.396 7.58 0.06038 288 0.373
38500 591.61 148 0287 0.437 1048 0.12962 538 0.411
399.00  591.11 1.88  0.384 0.531 188 0.20893 7 0.499
408.00 591.21 1.82 0.414 0.513 9.04 0.26682 $3.1 0.482
41177  590.86 213 0435 0.557 4.03 0.29353 1028 0.524
430,00 590.71 233 0536 0.600 2414 0.45070 1438 0.584
44427 590.46 263 0815 0842 2.18 0.59737 179.3 0.803
45177  590.86 223 0657 0.575 11.08 0.67081 1978  0.840
45350  590.81 228 072 0.583 1528 0.17177 2239 0548
466.77  591.11 188 0.740 0.531 3.87 0.79740 2308 0.499
481,77 591.61 148 0823 0.437 12.52 0.88028 288.7 0.411
40177  591.61 1.48 0.878 0.437 6.44 0.92204 271.4 0.411
49877 591.81 128 0.906 0.396 2,86 0.84191 278.3 0.373
501.77 591.51 158 0.9 0.458 3.04 0.0%202 205.4 0.428
508.77 591.56 1.53 0.973 0.447 4.90 0.99448 290.3 0.420
51368 593.09 0.00 1.000 0.000 0.84 1.00000 300.0 0.000
Est. Total 151.01
N. Sask. River, 778.37 km
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STATION (m)

E
=
8
E
STATION (m)
I ——{) o= ~o0— W‘
50 10
4.0 drocmacarcoiccmematticonciotaciimmriatrciaconiecmmecegDlictictorequienttascescsesigoneenanTianone -4 0.8
g 3.0 Jecccccnrecrroremacserscccanctcvmiecccncosncencfamacrccarcatncacedirontnsrrsnrremsdorsaraarsiroone -+ 08
s
E 20 Feccecnncoriaenn eecegecocee ceet 04
L T T S 24 T ) T Ll -4 02
00 00
300 850 800

292




Appendix D.1 - North Saskatchewan River

HEC2 Section from Alta Enwv. Prot.

X-B8ECTION N. Sask. River, 789,80 km
DATE October 18, 1977

DISCHARGE mY/s 142.00
WIDTH m 216.19 Est. Water Surface Elev. 589.41
MEAN DEPTH m 0.08 LB 1037.94 530.41
AREA 186.40 RB 1254.14  589.41
MEAN VELOCITY nve 0.762
Sta, Elev. h ww u dqest. norm. g/Q Area djusted u
m m m ms m3 2 ms
103794 589.41 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
1044.83 580.07 0.34 0.030 0.410 o2 0.00155 1.1 0.383
1047.88 888.47 0.94 0.044 0.807 1.18 0.00953 3.1 0.775
10861.19 688.97 0.84 0.081 0.749 2.51 0.02652 83 0.718
1056828 588.67 0.74 0.088 0.688 2.87 0.04584 10.3 0.661
108348 888.27 1.14 0.118 0.918 §.46 0.08289 171 0.881
1070.72 888.07 1.34 0.182 1.022 8.70 0.14170 28.1 0.982
1074.34 888.47 0.4 0.188 0.807 3.77 0.16723 30.2 0.775
108062 888.07 1.34 0.197 1.022 655 0.21151 37.3 0.982
1000.45 588.37 1.04 0.285 0.883 21,13 0.35438 59.8 0,829
110845 588.47 0.84 0.328 0.807 744 0.40470 63.7 0.775
112892 888,77 0.64 0.421 0.624 11.57 0.48287 84.8 0.600
1183.87 588.77 0.84 0.538 0.624 9.97 0.55041 100.8 0.600
118068 588.67 0.74 0.680 0.688 12.13 0.83241 119.3 0.661
1188.81 588.47 0.94 0.887 0.807 3.68 0.85729 124.2 0.775
1168,76 588.17 1.24 0.735 0.971 9.93 0.72445 1354 0.932
1207.74 588,27 1.14 0.785 0.618 12.34 0.80789 148.4 0.831
121343  588.37 1.04 0.812 0.883 8.52 0.84524 154.6 0.829
122075 $88.87 0.54 0.818 0.558 411 0.87302 160.4 0.535
1225.63 588.57 0.84 0.838 0.749 220 0.88788 163.8 0.719
1237.02 5088.47 0.94 0.21 0.807 7.89 0.94122 173.8 0.775
1247.08 888.67 0.74 0.167 0.688 6.30 0.98.188 182.4 0.661
125280 883.87 0.54 0.'184 0.558 229 0.99132 186.0 0.535
1254.14 588,41 0.00 1.200 0.000 0.10 1.00090 1868.4 0.000
Est. Total 147.88
N. Sask. River, 760.80 km
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Appendix D.1 - North Saskatchewan River

X-SECTION N. Sask. River, 784.80 km HEC2 Section from Alta Erw, Prot.
DATE October 18, 1977
DISCHARGE m¥s 142,00
WIDTHm 217.12 Est Water Surface Elev. 588.39
MEAN DEPTH m 1.59 LP 1017.87  883.39
AREA n? 344.44 "®B 123409 58839
MEAN VELOCITY mvs 0.412
Sta. Blev. h wiWw u dqest norm. g/Q Area dhntedu
m m m m/s m m2 ws
1017.87 £88.39 0.00 ©0.000 0.000 0,00 0.00000 0.0 0.000
101810  583.30 0.09 0.001 0.081 0.00 0.00000 0.0 0.054
103063  583.00 0.39 0.059 0.162 0.33 0.00211 30 0.144
1044.42 587.90 0.49 0122 0.188 1.08 0.00379 2.1 0.188
1079.62 587.20 1.19 0.284 0.340 7.81 0.05794 38.7 0.304
1113.65 588.50 1.89 G.441 0.483 21.08 0.19039 91.1 0.414
1134.10 588.40 1.99 0.535 0.480 13.70 0,30803 130.7 0.428
1144.70 586.30 2.08 0.584 0.495 10.54 0.37433 152.4 0.443
1177.98 $86.20 2.19 0.737 0.511 35.88 0.59980 2236 0.457
1189.9¢  586.00 2.39 0.792 0.542 14.37 0.69019 250.9 0.484
121092 585,80 2.58 0.880 0.872 29.14 0.87348 303.2 0.511
121939  585.90 249 0.928 0.557 12.14 0.84834 324.7 0.497
12359 586,50 1.89 0.948 0.483 4.69 0.97935 333.9 0.414
126,79 587.20 1.19 0.962 0.340 1.98 0.99181 3389 0.304
1234.19 588.10 0.29 0.996 0.133 1.30 0.98995 344.3 0.119
1234.99 588.38 0.00 1.000 0.000 0.01 1.00000 344.4 0.000
Est Total 153.99
N. Sask. River, 764.60 km
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Appendix D.1 - North Saskatchewan River

X-BECTION N. Sasic River, 7848 ion (ARC Section 4) HEC2 Section from Alta Env. Prot.

DATE October 18, 1877
DISCHARGE m™/s 142 9.8
WIDTH m 215 Est. Water Surfacs Elev. 588.38
MEAN DEPTH m 187 L8 48350
AREA m” 402.1 R 1020
MEAN VELOCITY m/s 0353
Water's Edge Assumed Elev Est Sia. Est Geod. h W ¢ dqest nom. 9Q Area adj. u
™ m m - ™ mis m m mi
o 2.8 1020 S88.3%9 0.00 0.000 ©0.000 0.0 0.00000 00 0000
2 904 102 Ss7.80 0.40 0.009 o.128 003 0.00018 04 0114
19 9202 10%  S87.7 0.80 0.088 0.185 124 000805 89 0150
40 pses 1000 587.3% 1.00 0.188 0233 334 002833 257 0210
¥ ) 831 1083 5809 1.70 0.340 0.331 1258 0.10029 703 0300
124 "2 1144 S85.7 280 0577 0.440 4229 037845 1789 0388
w2 975 1152 58800 230 0514 0.405 828 043118 1995 0308
195 or2 1155 S5 280 oe2s 0.440 311 045085 2089 0388
141 078 1181 $80.19 229 o858 0.384 600 048915 2213 0358
170 ess 1180 58538 3.00 o.781 0.484 3308 069973 2087 0.4%7
197 989 1217 58549 290 0e18 0473 3312 084238 3783 0428
204 979 12224 S8849 1.90 0.849 0.357 687 083874 3831 0323
210 902 1230 5877 0.80 0977 0.185 168 089821 4008 0.150
215 s8.8 1235  S88.39 0.00 1.000 0.000 012 1.00000 4021  0.000
1020 58839
157.11
K. Sask. River, 764.8 kim {ARC Section 4)
200.0
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Appendix D.2 Peace River

X-SECTION SHAFTESBURY FERRY, 0.0 ko downstream
DATE Feb 27, 1893
DISCHARGE m’/s 1740
WADTH m 3885 ice Bottorn Elev. 320.80
MEAN DEPTH m 533
AREA m? 20721
MEAN VELOCITY m/a 0.840
Sta. Elev. n ww u . dq o e
m m m mi m3 m2
298 320.60 0.00 .00 0.000 0.00 0.00000 00
452 318.50 210 0.04 0.587 8.70 0.00500 162
65.4 316.70 3.90 0.09 0815 34.80 0.02500 787
101.9 318.20 4.40 0.19 0.8649 95.70 0.063000 228.4
128.0 315.30 530 025 0.858 78.30 0.12500 345.0
164.4 31350 710 0.35 0.967 22820 6.25500 S83.4
183.7 31320 7.40 0.40 1.000 138.20 0.33300 T228
198.1 31260 8.00 0.43 0.992 111.38 0.39900 8339
2173 31280 7.80 0.48 0.884 149.84 0.48500 9858
239.4 31240 820 0.54 0.967 174.00 0.58500 11827
258.7 313.50 7.10 0.59 0.928 138.20 0.83500 1300.9
2952 31420 6.40 088 0.900 22820 0.78500 18585
3173 31520 5.40 0.74 0.837 113.10 0.88000 1687.0
3533 315.50 5.10 0.83 0.745 158.80 0.93000 1878.8
721 318.00 480 0.38 0.478 5220 0.98000 1987.4
3942 318.40 220 0.94 0.345 28.10 0.99500 20426
405.8 31820 1.40 0.97 0.295 698 0.99900 2083.4
4183 32060 0.00 1.00 0.000 1.74 1.00000 2072.1
208 320.60
Total flow 1740.00
SHAFTESBURY FERRY, 0.0 m downstream
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Appendix D.2 Peace River

X-GECTION MACKENZIE CAIRN, 8300 rm downstream
DATE Feb 27, 1993
DISCHARGE m™s 1740
WIDTH m 317.307602 ice Bottom Elev. 318.00
MEAN DEPTH m 5.94
AREA m* 18845
MEAN VELOCITY m/s 0.82%
Sta. Elev. h wiW u dq 9Q ates
[ m [ [ 3 m3 m2
0.0 $18.00 0.00 0.000 0.000 0.00 0.00000 0.0
e7 31620 1.80 0.021 0.454 1.74 0.00100 8.1
183 314.20 3.80 0.058 0.675 15.08 2.01000 38.4
27 31230 s.70 0.103 0.878 $2.20 0.04000 108.9
471 300.80 8.20 0.148 $.021 95.70 0.08300 207.1
78.0 308.70 6.30 0239 1.050 2684.48 0.24700 4595
835 308.00 10.00 0279 1.054 127.02 0.32000 580.1
102.9 300.00 9.00 0.324 1.058 144.42 0.40300 7172
117.3 309.20 8.80 0.570 1137 138.72 0.48100 8455
130.8 307.90 10.10 0.412 1.180 154.88 0.57000 8727
157.7 311.80 8.40 0.497 1.087 261.00 0.72000 1194.9
1721 510.80 720 0.542 0.881 87.00 0.77000 12829
1982 311.50 6.50 oe18 0.832 13920 0.85000 1457.6
200.0 31220 5.80 0.630 0.847 17.40 0.88000 1481.3
248.0 513.80 420 0.785 0.028 158.80 0.95000 1726.4
283.7 315.50 250 0.804 0.551 69.80 0.89000 18424
3173 318.00 0.00 1.000 0.000 17.40 1.00000 1884.5
1] 31800
Tutal flow 1740.00
MACKENZIE CAIRN, 8300 m downstream
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Appendix D.2 Peace River

XSECTION PURCELL'S, 12750m dowrwteam
DATE Feb 27, 1863
DISCHARGE m™/s 1740 HEC2 Secon trom Alberta Erw.
WIDTHm 380 foe Cottom Bev 31888
AEAN DEPTH ™ 4.8
AREA m* 18588
MEAN VELOCITY m/s 1.050
. Bev. h wiN 1] dq 9Q area ad. u
™ - - mis m® -t mh
335 31665 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
k14 3163 0.35 0.00S 0.195 0.03 0.00002 03 0.180
£ 318.52 1.13 0.021 0.27 138 0.0007% 4.3 0383
45 3147 195 o.028 0814 180 0.00180 78 0.503
o0 342 245 0.088 0.718 219 0.01318 409 0888
0 3142 245 0.002 0718 17.82 0.02245 o5.4 o0.688
o4 3137 2985 0.188 0.800 49.30 0.04858 1302 0.744
107 3133 335 0.189 0.881 401 0.00888 7.1 0.310
118 3133 335 0218 0.881 2.48 0.05402 208.0 0.8010
7 3128 385 o242 0.967 2093 0.00084 240.4 0.889
140 3128 4.05 o278 1.000 50.49 0.12853 2017 o.52¢
151 3122 445 0.305 1.083 4828 0.15204 3388 0978
175 2 545 0.388 1218 13583 022378 457.3 1127
195 101 565 0.421 1248 138.93 029813 £88.3 1.148
202 3108 585 0.439 1278 50.84 0.32301 208.5 1178
230 3108 6.05 0.513 1.307 21528 0.43882 7784 1202
240 3104 82s 0.539 1338 8124 0.47977 86 1.228
255 3103 635 0.579 1350 126.08 0.54884 231.1 1241
285 3N 835 2058 1380 257.08 088273 1218 1241
295 3104 62s 0.684 1338 84.57 0.72748 11848 1228
320 3109 875 0.750 1203 194.08 0.83049 13348 1,102
335 3MLS $.15 0.780 1.174 90.60 0.8831S 14164 1.080
380 312.7 395 0.855 0,983 12207 0.94800 1530.1 0.904
380 3134 325 0.908 0.883 00.48 0.98314 106021 0.764
387 3148 218 0828 0.655 14.35 9.90073 16210 0.803
403 318522 113 0988 0.428 14.18 0.90823 16472 0.562
412 3159 0.78 0.982 0.328 3.17 0.90080 16387 0209
415 31685 0.00 1.000 0.000 0.18 1.00000 1658.8 0.000
k- 318.7
Est. flow 1891.53
PURCELL'S, 127860m downstream
3200
ot ice Batom Bev
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Appendix D.2 Peace River

XSECTION Gid Hghway, 19250 m downaream
DATE Feb 27,1903
DISCHANGE m's 1740 HEC2 Secton from Alberts Erw.
WOTHm 818 ics Botiom Bev 31584
MEAN DEPTH M 343
AREA o 17884
MEAN VELOCITY me 0985
o= Bov. h L) u aq o ares od.u
- m m ms m m mws
20 31684 0.00 0.000 0.000 Q.00 0.00000 00 0.000
2 3184 04 0.004 02%0 (-] ] 0.00003 a4 0237
24 383 0. ©.008 oz27¢ c2% 0.00017 14 o284
-] 3145 134 0.010 0.528 037 0.00037 23 0.497
28 3140 184 0018 0.050 281 0.0018¢ 71 0815
k) 3131 274 0.027 0.8438 1020 0.00749 208 0.802
45 3128 334 0.040 0988 3033 0.02308 543 0915
0 3128 324 0.078 0943 4728 0.04808 1038 0.868
[ -4 3130 284 0.120 0.80¢ 60.78 0.08208 1708 o821
L ] 3131 274 0.451 0848 3832 0.10347 2151 0.802
138 3138 224 o225 0741 7820 0.14422 3008 0.701
160 3137 214 0252 0719 2% 0.15848 3404 0880
100 3138 204 0272 0007 1479 0.16451 X113 06858
170 3138 204 o281 08687 1421 017223 381.7 0068
102 3138 224 0.334 0.741 3385 0.19082 4288 0701
208 3138 2% 0356 0783 240 020278 4588 0.721
15 3133 284 0379 0.808 1915 021318 4830 o782
230 3130 284 0.408 0.008 3.7 023154 533 0.a21
248 327 314 0.437 0.028 40.30 025343 5882 0.878
an NS a4 0.490 1136 2183 0.31960 6883 1.072
305 3111 4.74 0853 1222 148.17 0.40008 8120 1.155
318 3109 494 0876 1286 7708 044244 8749 1.188
325 3108 8.04 0.562 1273 4418 0.40844 900.8 1203
342 3109 404 o828 1268 107.31 0.52472 904.7 1.188
28 308 524 00850 1307 8481 057079 0808 1236
380 3108 8.04 0.800 1273 165.78 005084 11803 1203
a2 3109 404 072 1258 7678 0.70188 12492 1.188
s 3111 474 0.748 1222 7788 0.74434 13121 1.155
420 3114 4.44 0777 1470 8228 0.78807 1381.0 1.108
430 3115 434 0.788 118 50.98 0.8187¢ 14249 1.080
445 nes 4.04 0.825 1.000 70.75 0.85519 14877 1.038
488 3120 384 0.848 1.082 Q257 0.87831 18271 1.004
465 3120 384 0.884 1.082 40.79 0.80047 15085.5 1.004
480 3123 354 0.893 1.008 5724 0.83158 16209 0.851
503 3130 284 0938 0.889 e8.77 0.96801 16842 0821
816 3132 2064 0.961 0.827 2788 088405 17274 0.782
as 3134 244 0.961 0.785 20.48 0.900518 17525 0.742
530 3140 184 0.000 0850 788 0.00935 17832 0815
832 3153 [-X- 0.904 o2 100 0.00004 17658 0264
838 31884 0.00 4.000 0.000 011 1.00000 17684 0.000
20 315.84
Est fiow 1841.07
00
g %o 1
- T
| i ;
[} 00 200 E) [ -] oo
STATION {m)
wo - Fw————1 10
i i
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 § ed -
= 80 u%
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-
. I e a W P
i A |
ao o ‘ (1]
[} w0 x0 00 &0 L -] «0
STATION

299




Appendix D.2 Peace River

X-SECTION MocLeod Caim, 18450 m d 18450m Secionrurcated at Sta. 327
DATE Feb27, 1993
DISCHARGE m”s 1740 HEC2 Sectan from Aberta Erw.
WIDTHm 200 ice Bottom Bev 31558
MEAN DEPTHmM 218
AREA m® 874
MEAN VELOCITY Vs 3.087
tn. Bev. h i u o o wea adu
m m m s m m* mwe
87.0 31558 0.00 0.000 0.000 Q.00  0.00000 00 0.000
730 314.70 088 0as 1673 221 0.00111 26 1082
750 31450 1.08 0.031 1018 352 o088 a8 1878
840 31270 288 0.104 3690 10550  0.05588 @2 3228
1100 31200 ass 0.185 4287 20581 0.15012 230 s728
1250 31180 aps o3 4579 25078 028508 1508 4.001
1350 31150 408 o2 4835 18808  0.378%51 1009 4.088
1500 311.70 388 0.319 4502 271335 051578 2508 3934
100.0 31200 358 0.358 4287 16354  0.50701 2879 3728
1750 31250 308 0.415 3.850 20295 009083 3378 3372
1900 313,00 258 0.473 3429 15470 077752 3803 2907
202 3133 228 0.819 3188 9804 0.82575 4008 2.7%
218 3137 1.8 0.581 277 9875  0.87535 27 248
230 3137 1.88 o0& 2777 Qe84 050881 4853 2428
240 3138 178 0085 2877 4890 063187 4538 2339
22 3139 168 0.712 2578 8453 095025 504.4 2261
27 31558 0.00 1.000 0.000 81.14 1.00000 687.4 0.000
670 31558
@0
KO T . T 10
w : / . ' """" 108
..- a0 o s ’ ”%
fo as
: |
20 / i “\ et B2
oo ~y oo
[] 0 300 400 0 -0
o STATION (mp
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Appendix D.2 Peace River

X-8ECTION Umbach’s, 16350 m downstream
DATE Feb 27, 1903
(SSCHARGE m'/s 1740 HEC2 Section from Alberta Env.
WIDTH m 381 ice Bottom Elev 314.84
MEAN DEFTH m 387
AREA m* . 13678
MEAN VELOCITY mis 1282
om. Eev. h W u dq qQ area odj. u
m m m ms m* m? mis
148 314.84 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
153 3142 084 0.014 0388 031 0.000168 16
107 N7 3.14 0.054 1.118 19.88 0.01025 281
190 3104 4.44 0.120 1.405 109.83 0.08605 1182
200 3005 8.34 0.148 1.580 7320 0.10325 164.1
210 300.9 4.94 0.177 1.500 79,01 0.14369 2155
223 3100 4.84 0219 1.488 100.90 0.19954 2839
240 3008 8.04 0282 1529 111.78 025633 3830
288 300.3 5.04 0.305 1529 11558 0.31508 4388
270 3000 s24 0348 1800 118.40 0.37574 $18.7
280 300.7 5.14 0378 1540 80.92 0.41685 s87.8
310 300.3 554 0.482 1628 254.52 0.54617 7278
338 300.2 564 0.533 1.848 228.94 0.06249 8078
348 300.0 5.4 0.581 1.687 85.71 0.71112 924.9
382 309.0 5.84 0.581 1.687 68.95 0.74815 9658
8S 308.8 .04 0818 1728 131.73 0.81308 1043.0
380 3092 5084 o0.081 10648 147.74 0.88315 11308
420 313.1 1.74 0.778 0.752 177.13 0.97815 12782
440 37 1.14 0.832 0.567 18.00 0.98780 1307.0
478 314.1 0.74 0.832 0.25 16.33 099810 13909
480 3139 0.94 0.948 0.499 194 0.99708 13441
490 3139 0.84 0.974 0.499 489 0.99648 13538
496 314.54 0.00 1.000 0.000 1.05 1.00000 1357.8
148 314.84
Est. flow 1868.18
Umbsch's, 18380 m dowastream
3200
?‘" R RN
= H
imo - \//
308.0
2 100 200 300 400 800 00
STATION (m)
[+—u —o—h ——q0Q]
10.0 - 10
s
.0 / o
t 40 1 esivmprriresran 0.6
pr M #--A\ g.
{ 40 / 0.4
. /
20 £ 02
a0 - 0o
[ 100 200 300 400 600 ]
STATION (m)
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Appendix D.2 Peace River

X-SECTION Slssons, 22200 m downstream tuncated at 8. 512m, L.e. just LS8!
DATE Feb 27, 1003
DISCHARGE m¥s 1740 HEC2 Section from Alberia Env,
WIDTH m 258 ice Botiom Elev 313.00
MEAN DEPTH m 25
AREA m* 22
MEAN VELOCITY m/s 2938
.. Bev. h ww u dq qQ area ad).u
m m m m/s m’ m! ms
257 3138 0.00 0.000 0.000 0.00 - 0.00000 0.0 0.000
287 31s 200 0.030 2850 1330 000728 100 2534
200 3101 3.50 0.129 3.883 20027 0.12025 73.3 3.881
k-~ 3109 2.70 0259 3249 383.7¢ 0.31947 1788 3.008
s 3117 190 0.345 2.570 141722 0.40010 282 2.449
70 3121 150 0.443 2.198 10128 0.43858 208.7 2.002
393 129 1.50 0.533 2.185 7573 0.49703 032 2.002
415 3119 1.70 0.620 2388 3063 0.54119 3384 2274
438 3118 1.80 0.710 2479 97.91 0.59482 3788 2302
480 3108 3.00 0.788 3.488 157.48 0.68108 4314 3.321
485 309.8 3.80 0.884 4.081 2188 0.85718 35164 3.889
505 3108 2.80 0.87s 3.%28 244.30 0.99107 382.4 3.172
512 3138 0.00 1.000 0.000 16.31 1.00000 5622 0.000
257 3136
Est flow 1825.90
Sissons, 22200 mdownstream
3200 - - -
Eeo
:
E ST Y'Y USRS SO
306.0 : + ;
0 100 200 300 400 600 00
STATION (m}
L—o—u ~o—h —o—qlﬂ]
10,0 . 1.0
BOF it . 08
E eo oe
£ s
E 40 04
-
20 02
0.0 00
[ 100 200 00
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Appendix D.2 Peace River

X-SBECTION PEACE RIVER, 24500m downstream

DATE Feb 18, 1893
DISCHARGE mAs 1740

WIDTH m 400 ice Bottom Elev 312.88
MEAN DEPTH m 4.58
AREA m? 18249
MEAN VELOCITY mh 0.853

Sta. Elov. h wiw u dq qQ area

m m m mfis m3 m2

8.7 312.88 000 000 0.000 0.00 0.00000 0.0

212 312.60 028 0.03 0.183 0.00 0.00000 16

s0.6 310.80 2.08 0.13 0.323 8.70 0.00500 482

101.9 300.40 3.48 o 0.419 43.80 0.03000 163.0

1192 308.20 4.68 0.28 0.553 34.80 0.05000 233.3

130.8 307.90 4.98 0.31 0.650 34.80 0.07000 2888

140.4 307.10 5.78 0.33 0.820 34.80 0.08000 340.3

1623 308.00 6.88 0.38 1.209 121.80 0.18000 479.9

200.0 304.90 7.9 0.48 1.827 382.80 0.38000 757.7

270 305.00 7.88 0.85 1.283 278.40 0.54000 978.3

289.2 308.20 8.88 0.65 1.280 379.32 0.75800 12785

280.8 308.90 5.96 0.68 1.083 90.48 0.81000 1351.3

2900.4 300.80 8.08 0.70 0.805 52.20 0.84000 1409.1

351.0 308.70 4.18 0.88 0.717 243.680 0.98000 17188

3721 310.70 2.18 0.01 0.327 28.10 0.96500 1785.5

408.7 312.88 0.00 1.00 0.900 8.70 1.00000 1824.9

8.7 312.88

3180

ELEVATION (m)

STATION (m)

” s
300.0 ' -+
o 100 200 300 400 500 800
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00 @ - 00
° 100 200 300 400 500 600
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Appendix D.2 Peace River

X-8ECTION WLD. WOOD, 28500 m downsirearm
DATE Feb 27, 1963
DISCHARGE m™/s 1740 HECZ Section from Alberta Erw.
WIDTH m 308.2684 ice Botiom Elev J12.01
MEAN DEPTH m 8.0
AREA m? 20410
MEAN VELOCTTY mv/s 9.833
8ta. Bev. h www u dq ¥Q area ad)u
m m m s w® m' ws
5828 31201 0.00 0.000 6.000 0.00 0.00000 0.0 0.000
24 3110 181 0.008 0372 028 0.00014 1.4 0.383
o4 3102 241 0.02¢ 0.487 6.04 0.00343 188 0.2
n 300.1 3.51 0.040 0.628 14.8¢ 0.09181 4.1 0.583
8 307.2 8.41 0.078 0.834 32.88 0.02027 8.7 0.702
2 3074 821 0.101 o414 39.38 0.08078 1348 0.772
110 300.3 6.3 0.150 0828 90.12 0.00891 2382 0.878
117 308.3 8.31 0.189 0.92¢ 40.84 0.12219 253 0.078
130 308.0 et 0208 0.084 78.88 0.10821 308.3 0.908
147 308.0 st 0251 0.004 107.47 022388 477 0.908
158 308.0 [} ] 0281 0.n84 80.33 0268180 8814 0.008
e 3088 a.81 0.328 [ X 73 100.89 032144 084.5 0.3
192 3088 7.0% 0.374 0.982 118,40 032089 7829 0,041
210 303.8 6.8 0.423 0.7 22.19 0.45108 907.3 0.923
23 308.4 21 0.483 1.0t1 104.29 0.80783 10128 0.839
242 3052 7.41 0.51¢ 1.029 120.78 0.67707 113.7 0.977
280 305.4 7121 0.580 t.o1t 134.21 0.608028 12883 0.089
2m 305.9 [ &) ] 0812 0.963 130.82 0.72t48 14006 0.914
297 308.8 6.11 0.062 0.908 107.79 0.78027 18189 0.838
310 300.6 6.0 0.697 0.883 70.91 0.31898 1804.7 0.880
27 3070 881 0744 o838 28.43 0.80803 1883.8 a.s11
342 307.4 821 0.788 0814 8171 0.80302 17740 0.772
380 308.0 4.61 0.834 0.750 99.10 0.04072 1083.0 0.712
37 3083 4.3 0.870 0.717 42.93 0.96382 10210 0.881
384 308.8 3.81 0.800 0.000 30.70 0.08088 1988.7 0.827
383 3002 3.41 0.524 0813 20.09 0.90188 1898.1 0.582
as7 3100 2.01 0.938 0.813 [ A/ ) 0.09508 2010.2 0.487
42084 31281 0.00 1.000 0.000 1.9 4.00000 2041.0 0.000
5528 3128t
Est. flow 183327
W.D. WOOD, 25500 m dewnstream
3150
i tos Bottom Elev; : i
E 310.0 4 K\—\ ceee / dnmmmasernosns
AWEO04- —eon compioms cmmcanane prseveorionias
;M0 + + +
o ] 20 300 L. ] o a0
STATION (m)
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Appendix D.2 Peace River

X-8ECTION WBC PEACE R., 28350 m dowrstream
DATE Feb 27, 1003
DIBCHARGE m’ss 1740 HEC2 Bection from Alberta Env.
WIOTHm 497.118 fice Bottom Elev 3123
MEAN DEPTH m 4.42
AREA m* 21988
MEAN VELOCITY nvs 0.78
™ Blev. h wW '] [ ] qQ area adj. u
) m m m's m? m mws
20.78 312,31 0.00 0.000 0.000 0.00 0.00000 o.c 0.000
40 300.00 =] 0.027 0.654 7.18 0.00388 218 0.508
n 308.00 431 0.003 0.780 90.12 0.04837 1478 0.87%
[ ] 307.00 8. 0.130 0.806 82.70 0.00447 258.3 0.778
120 300.00 8.7t 0.188 0.041 121.48 0.15483 360.5 0.814
143 308.00 631 0234 1.008 134.50 0221713 a28.7 0.870
188 308.08 728 0258 1.104 85.88 020443 o102 0.635
188 304.10 821 0318 1.188 267.14 0.30728 8422 1.037
108 303.88 8.8 0.340 1213 109.88 043180 8333 1.049
213 304.30 8.01 0.378 1479 108.40 0.83404 1072.3 1.020
32 308.00 731 0.413 1.100 108.49 0.01743 1218.0 0.980
247 300.10 [ &3] 0.443 0.998 100.67 0.67047 13104 0.881
278 300,18 6.18 0.499 0.080 171.81 0.75390 14828 0.858
208 300.80 8.81 0.8640 0.919 111.33 0.81128 10093 0.785
320 307.60 4.71 0.600 0.827 111.81 0.80870 17371 0.718
337 30828 4.08 0.62¢ 0.749 88.7¢ 0.89502 18118 0.648
387 308.40 3.01 0.084 0.7 58.97 0.82524 1801.3 0.8632
378 30020 3.11 0.701 0627 42.80 0.94837 19545 0.543
386 300.65 208 0.743 0.585 38.12 0.98453 2018.1 0.439
418 310.49 1.0 0.781 0.452 2.02 0.875848 2038.4 0.30¢
438 N7 1.80 0.821 0.403 14.05 0.9%201 2093.4 0.348
470 311.08 120 0.882 0.343 18.87 0.90219 21434 0287
4688 311,18 1.18 0.8042 0.328 10.1¢ 0.80722 2173.7 0281
818 311.80 0.7 0.982 0234 23 0.99682 21924 0203
a23.88 312.3t 0.00 1.000 0.000 0.37 1.00000 2198.8 0.000
2878 3123t
Est. fow 2011.12
WEC PEACK R., 20350 m downsirsam
3150 -
4o0- iﬁ::—
e
g 300 /———"
5 3080 /_/
0o
o 100 0 300 «0 500 «0
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00
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Appendix D.2 Peace River

X-8ECTION BEWLEY R8I, 27350 m downstream
DATE Feb 27, 1093
DISCHARGE m¥s 1740 HEC2 Saction from Alberta Erw.
WIDTH m 200.8284 ice Bottom Elev 31108
MEAN DEPTH m 244
AREA m* 700.7
MEAN VELOCITY avs 2452
Sta. Elov. h ww u dq Q area ad).u
m m m s m* m? s
422.70 311.88 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
452.33 te 0.54 0.102 0.807 3.59 0.00182 8.0 0.791
473 310.74 122 0.178 1.544 22.98 0.01340 2.8 1.362
498.13 310.18 1.80 0259 2.002 68.32 0.04887 8.7 1.768
883.73 300.09 2.87 0.457 2732 318.33 0.20789 1982 2.409
611.43 308.24 .72 0,849 2 848.70 0.40801 w7 2804
844.33 308.08 3.9t 0,702 3.388 414.88 0.00011 807.2 2.061
081.63 30824 3.72 0822 3.248 218.00 0.80839 2 2.004
a717.93 308.72 324 0.878 2.002 170.14 0.80888 a20.9 2012
894.83 309.00 2.87 0.933 2.71%2 144.39 0.08803 880.7 2.400
700.33 309.61 234 0.953 2.391 38.78 0.93883 60s.8 2.108
707.03 31107 0.89 0.878 1281 1.7 0.99870 T08.8 1.103
709.43 311.38 0.60 0,088 0.962 1.0 0.99970 T08.4 0.848
713.83 311.98 0.00 1.000 0.000 0.80 1.00000 700.7 0.000
422,70 311.96
Est. flow 197323
BEWLEY R8I, 27388 m downstream
3150 - - -
E a0 ; -
E a085.0 : ’ E—
- i i H
! : ;
00 — -~
200 «0 0 o0 700 (] o0
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100 - ; 10
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Appendix D.2 Peace River

X-BECTION R8I CZUY HOUBSE, 28800 m downstresm
DATE Feb 27, 1003
DISCHARGE m’/s 1740 HEC2 8ection from Alberta Erw.
WIOTH m 407.7088 ice Botiom Elev 311.48
MEAN DEPTH m 1.40
AREA m* 670.0
MEAN VELOCITY mv/s 3.082
. Bev. h wiw u dg g aes adlu
m m m s m m’ s
311.30 311.48 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
324.17 MN122 o3 0.024 0.624 0.83 0.00028 1.1 0.702
34117 311.14 031 0.073 1.128 8.00 0.00302 [ X ] 0.984
34317 311.30 .18 0.078 0.808 0.6 0.00323 74 0.809
41027 310.63 0.82 0243 2314 84.30 0.03002 432 1.083
401.77 31028 120 0.380 2.701 138.98 0.00848 7.9 2207
618.27 300.12 233 0.600 4208 .78 020288 192.8 3.081
628.17 300.08 239 0.717 4.368 $188.72 0.83200 459.3 3744
881.07 300.83 1.62 0.833 3.372 177.98 0.91978 808.3 2.890
000.87 310.60 0.98 0.931 2304 147.04¢ 0.60217 (X ] 2,028
719.10 311.48 0.00 1.000 0.000 16.90 1.00000 §70.0 0.000
311.39 311.48
Est fow 2030.20
R8I CZUY HOUSE, 25800 m downstream
3180 ; :
i i i i
s f
i  loe Bottom Blev :
E 3no N e
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Appendix D.2 Peace River

X-8ECTION SOXMILE FARM, 34400 m downstream
DATE Feb 27, 1903
DISCHARGE m"/s 1749 HEC2 Section Som Alberta Erw.
WADTH m 083.741 ice Batiom Elev 300.48
MEAN DEPTH m EE L]
AREA m? 211.4
MEAN VELOCITY nvs 0.787
8ta. Elev. h ww u dq oQ area ad) u
m m m mws n® m* s
9.54 300.48 0.00 0.000 0.000 0.00"  0.00000 0.0 0.000
10 309.3 0.18 0.001 0.103 0.0¢  0.00000 0.0 o.088
1 3002 028 0.002 0.142 0.03  0.00001 02 0.131
20 307.9 1.88 0.016 0.478 282 0.00138 8.4 0.440
30 307.7 .78 0.031 0.818 823  0.00074 28.1 o4n?
40 307.7 178 0.048 0.818 9.08 001087 7 0.4T?
@ 3083 318 0.089 0.700 14.13  0.01810 840 0.704
7] 3073 218 0.008 0.890 1079  0.02384 80.9 0.548
2 308.8 0.98 0.004 0.344 1241 0.03044 107.4 0.319
85 3079 1.8 0.114 0.478 8.73  0.03403 1230 0.440
100 3072 226 0.138 0.808 15.64  0.04230 1826 0.863
108 307.8 1.98 0.143 0.853 738 0.04822 1853 0.812
1 3072 228 0.203 0.008 4663  0.07104 2486 0.063
180 307.3 2.18 0.287 0.500 4173 0.00044 3263 0.846
218 3077 1.78 0.311 0.518 3908  0.11723 398.0 0.477
223 307.8 1.96 0.328 0.883 8985  0.12199 4127 0.512
285 307.0 248 0.385 0.843 8297  0.15019 801.3 0.508
308 308.7 3 0.450 0.883 10020 020382 6382 0.790
350 308.1 438 0.513 0.942 18322 028507 808.8 0.872
3gs 3048 498 0.585 1.028 22032 0.40238 1029.7 0.981
443 304.7 %] 0883 0.099 22182  0.52031 12425 0.928
488 304.9 458 0.718 0.871 197.45 082541 1440.1 0.809
512 304.9 458 0.757 0.871 115.16  0.08871 1867.7 0.800
832 304.9 458 0.787 0.871 88.58  0.73388 1859.0 0.809
8718 304.9 4.58 0.852 0.971 19048  0.83523 1858.2 0.800
a21 3053 4.18 0.921 0.913 189.03  0.83588 2088.0 0.348
850 308.4 3.08 0.965 0.744 85.82  0.88208 2100.8 0.689
08s 300.8 268 0.938 0.578 30.83  0.99831 2203.7 0.628
o8s 308.8 0.88 0.002 0.320 284 090972 200.0 0.206
672 30023 0.28 0.998 0.142 0.52  0.99999 2113 0.131
67328  2309.48 0.00 1.000 0.000 0.01  1.00000 2114 0.000
9.54 309.48 Est. flow 1878.73
SIX MILE PARM, 34400 m dovwnstream
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Appendix D.2 Peace River

XBECTION SEVEN MRLE SEND. 36350 m dovwnstrsam
DATE Feb 27, 1083
DIBCHARGE = 1740 HEC2 Section Srem Alberts Ern.
WADTH = 344.9208 ice Bottom Elev 308.30
MEAN DEPTH » 183
AREA o' a2s
MEAN VELOCITY m/s 21
% Bane. [ (7} [} Q ane ad]. v
- - [ ~s o m /s
4433 208.80 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
[ 088 .97 0.031 288 15.44 0.00705 103 2338
o0 304.4 437 0.048 4907 8170  0.00530 283 37
ot 038 617 0.048 85.480 2470 004736 31.1 4451
10 303.4 637 0.074 8.831 283082 017018 s 4.808
[ ] 304.8 17 0.132 4.7% 49528 0.40084 1739 3.858
129 8.4 237 023 a2 45855 0.51400 2882 2845
140 €88 217 o027 3.0m 107.79 005483 223 2484
158 308.7 207 0321 2900 005.19 0.70003 354.0 2418
70 308.8 197 0.384 2883 $8.74  0.75000 3843 2338
180 %7.0 .7 0422 2884 103.98  0.79045 1.7 2178
200 072 1.57 0451 2478 4305 081951 4383 2.000
217 w12 187 0.501 2478 a8.04 0.88028 405.0 2.000
- ] 078 1.2y 0333 2.190 20.08 0sTT., 490.3 1.744
280 307.8 127 0.508 2.180 4090 089388 800.5 1.744
200 3077 1.07 LY -] 1.918 278 08072 212 1.855
280 307.7 107 o883 1.918 4098  0.02700 8428 1.885
F 6rs (X3 ere 280 21 08330 837 1881
303 078 097 0.7%0 1.798 2800 0.84900 o818 1.458
20 078 1.17 0.789 203 3478 0.90080 8858 1.851
8 078 e 084 1.708 30.9 0.88020 o018 1.458
80 308.0 0.7 0.888 1.838 2.7 0.98031 8148 124
308 8.2 087 0.8%0 129 14.01 0.90084 248 1.020
388 3088 017 0888 0.558 688  0.00005 22 0.453
3028 308.00 .00 1.000 ©.000 010  1.00000 ax2s 0.000
4433 308.80
Est. Sow 2148.17
SEVEN MILE SEND, 30380 m downstream
nso H T H B
=9 + ‘
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Appendix D.2 Peace River

X-8ECTION BIRCH ISLAND, 41000 m downstream
DATE Feb 27, 1083
DISCHARGE m'/s 1740 HEC2 Section from Alberts Env.
WIDTHm k] ice Bettom Blev 308.95
MEAN DEFTH ™ 407
AREA w* 15872
MEAN VELOCITY s 1.197
s, (= h [ u o 9Q area adlu
- - - - 4 = [
818 300.95 0.00 0.000 0.000 0.00  0.00000 0.0 0.000
831 3082 0.7 0.034 0378 08¢  0.00043 8.t 2330
29 305.4 188 0.088 0.888 458 ant2s 1143 0.5928
%8 304.8 218 0.080 oy 2129 %0188 ®s 0.0088
268 3052 1.7 0.123 0844 21388 9.02008 a3 0872
s10 305.4 1.58 0.181 0.508 1041 002908 3.1 0.028
an 305.4 188 o191 0.508 4.0 0.03317 108.8 0.528
901 308.0 1.98 0217 0.002 1145 003902 s 08ts
o1t 3048 238 0243 o 16.08  0.06722 148.4 0.008
[~ 3043 208 0274 0.848 24711 0.08884 1707 0.782
(7 303.0 g8 0.408 1.102 w218 0.14200 3432 0.979
o7 2.9 408 0.413 1.120 1343 0.14849 3833 0.908
008 3028 4.38 0.463 1.174 0708  0.1890¢ 4309 1043
1008 3018 8.18 0.481 1313 6943 022030 481.7 1.167
1039 301.0 598 0877 1443 25399 038007 arLe 1284
1051 300.8 638 0.008 1.500 100.88 0.4150¢ 748.0 1341
1008 300.4 ass 0.848 1.841 14822  0.40083 8432 1,300
1088 300.0 888 0.700 1.802 21300 0.50048 s18.8 1.424
1008 082 &7 o.r2s 14972 00.10 08883 18428 1.368
111 300.4 8ss 0.768 1.841 18582 C.73483 1478 1.389
1148 3019 508 0.802 1208 30598 089105 13638 1.182
151 3020 498 0.889 1219 1943  0.90088 13788 1.137
1178 303.0 398 0.935 1.102 13333 0.90005 14908 0079
1198 304.8 238 0.987 0.2 80.89 0.90063 18842 0.095
1198 305.8 1.18 0.987 0.490 000 0.90083 18842 0.438
1201 308.95 0.00 1.000 0.000 072  1.00000 18572 0.000
818 308.95
Est. flow 1963.81
300 -
E xsof— -
E
E ;000
2080 ;
a0 0
00 .
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Appendix D.2 Peace River

X-BECTION DAISHOWA BRIDGE, 424 42.4 km
DATE Feb 27, 1993
DISCHARGE m'/s 1740
WIDTH m 400.0 ice Bottom Elev 308.57
MEAN DEPTH m 524
AREA m? 2095.8
MEAN VELOCITY m/s 0.830
. Elov. h wiWwW u dq qQ aron
m m m mis’ m3 m2
108 308.57 0.00 0.00 0.000 0.00 0.00000 0.0
1.8 305.60 0.97 0.00 0.373 0.17 0.00010 0S
208 303.30 sz 0.03 0.220 853 0.00500 392
484 303.00 3.57 0.09 0.418 28.10 0.02000 101.7
84.4 303.70 287 0.13 oM 34.80 0.04000 154.3
731 303.60 2987 0.18 0.689 17.40 0.05000 179.6
87.4 30360 297 o2 0.244 17.40 0.08000 251.0
113.5 303.40 3.17 0.28 0.173 8.70 0.08500 3012
1482 301.80 4.97 0.34 0.085 8.70 0.07000 4342
1628 300.40 817 0.38 0.191 17.40 0.08000 5253
178.8 298.50 8.07 0.42 0.523 60.90 0.11500 6416
1982 298.90 7.67 0.48 0.575 78.30 0.18000 7778
2128 298.00 8.57 0.50 0.918 121.80 0.23000 9108
2102 208.50 8.07 0.52 0.032 5220 0.28000 966.6
2508 208.20 8.37 0.62 1.488 487.20 0.54000 12088.6
2788 29780 8.97 087 1.357 22820 0.87000 14853
2852 206.00 7.57 0.7 1.287 174.00 0.77000 1800.5
3128 299.20 7.57 0.75 1.077 +39.20 0.85000 17298
3442 301.60 4.97 0.83 1.02 200.10 0.96500 1925.5
3818 301.80 4.77 0.88 0.518 43.50 0.98000 2008.8
3789 308.20 0.37 0.92 0284 10.44 0.99600 2049.4
3942 304.00 257 0.96 0.205 522 0.99800 2074.8
4108 308.57 0.00 1.00 0.08? 1.74 1.00000 2085.8
108 300.57
Total flow 1740.00
DAISHOWA BRIDGE, 42400 m downstream
3100 - - - - -
iice Botom H :
Baceo 1 = A *
i ' ; :
2060 ; ; G ; i
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Appendix D.3 Slave River

X-SECTION Slave River, 0.5 km downstream
DATE July, 1980
DISCHARGE m’/s 3820 Assumed Water Suface 20.07
WIDTHm 5987 Watsr Suface Elev. 20.97
DMEAN m 8.28 Correction to Geodetic na
AREA m? 4928 1 Correction to Station o
VMEAN m/s 0.773
Est Sta. ssumed Elev h wW u dq o area
m m m ma m* w
0.0 20.87 o 0.000 0.000 0.00 [ ] 0.0
20 19.44 153 0.003 0.348 0.38 0.0001 1.8
75 17.44 353 0.013 0.388 497 0.0014 18.4
8.0 18.14 283 0.018 0.541 228 0.002 202
1385 14.94 .03 0.023 0.831 11.08 0.0049 402
18.5 14.44 8.53 0.028 0.723 13.97 0.0084 89.0
25 14.94 8.03 0.038 0.711 27.50 0.0158 98.7
30.5 14.94 6.03 0.051 0.698 3362 0.0244 1449
33.0 15.14 5.83 0.084 0.684 30.94 0.0325 189.4
50.0 15.14 5.83 0.084 0.672 47.37 0.0449 2390.3
81.0 15.64 S.33 0.102 0.657 40,87 0.0558 320.7
8.0 15.74 523 0.111 0.640 16.81 0.08 3471
765 15.54 $.43 0.128 0.625 35.91 0.0894 403.1
91.5 18.34 483 0.153 0.608 @822 0.0815 478.3
945 1884 433 0.158 0.557 784 00838 4920
1055 1684 433 0.177 0.584 2838 0.0004 8539.6
120.0 15.44 553 0.201 0723 43.17 0.1017 8111
130.0 1620 408 o218 0.688 45.48 0.1138 e82.1
141.5 186.89 4.08 0.238 0.421 20.63 0.119 710.3
168.0 18.79 418 0.282 0.429 48 .60 0.1312 821.8
175.0 15.79 5.18 0.203 0.464 1528 0.13582 8848
184.0 16.59 438 0.325 0.484 42.02 0.1482 948.4
2032 15.89 5.08 0.341 0.496 2025 0.1818 988.9
223.0 15.19 5.78 0.374 0.558 54.83 0.1858 1000.4
238.0 12.88 808 0.308 0.628 63.03 0.1823 1200.4
2520 13.69 728 0.422 0.654 60.91 0.2008 1307.9
287.0 12.59 8.38 0.447 0872 77.18 0.2208 14254
278.0 12.59 8.38 0.488 0.709 83.79 0.2378 15178
2025 11.58 9.38 0.480 0.748 92.83 0.2818 1848.3
304.0 10.68 1028 0.508 0.775 87.48 0.2847 1750.4
310.0 11.39 9,58 0.520 0.804 @2 0.2908 18189
328.0 9.38 1158 0.550 0.822 154.71 0.3373 2000.4
333.0 9.99 1098 0.558 0.849 48.13 0.3490 2088.8
338.0 9.48 11.48 0.568 0.842 47.37 0.3623 21219
344.0 10.19 10.78 0.877 0.855 88.15 0.377 2188.7
351.0 8.69 1228 0.588 0.889 89.91 0.3953 2200.4
360.0 9.79 11.18 0.603 0.884 92.08 0.4184 2375.0
370.0 7.79 13.18 0.020 0.801 108.87 0.4479 24988
387.9 9.49 11.48 0.650 0.808 190.70 0.5002 27178
3030 9.19 11.78 0.659 0.857 81.19 0.5138 27708
308.0 1029 10.68 Q.987 0.835 41.78 0.5281 2833.0
408.0 9.99 1098 0.880 0.824 71.43 0.5448 2019.6
411.0 10.59 10.38 0.609 0.814 4393 0.5583 2073.0
4180 10.39 10.58 0.701 0.780 89.21 05718 3046.4
438.0 11.49 9.40 0.734 0.838 157.00 08129 3247.0
478.0 7.49 13.48 0.798 0.880 375.51 0.7112 3083.2
481.0 8.89 12.0¢ 0.823 0.974 17725 0.737¢ 3874.0
508.0 5.19 15.7:3 0.851 1.020 240.28 0.8205 411417
$20.0 5.20 15.6% 0.871 1.028 103.87 08712 4300.8
$28.0 879 1418 0.885 0.002 123.00 0.9034 4410.8
§58.0 1220 8.68 0.935 0.732 284.14 0.8804 4702.8
591.6 20.09 0.88 0.991 0.458 74.49 0.9899 4923.4
59868 20.78 0.19 1.000 0.142 0.38 0.999009 4928.1
596.7 20.97 (] 1.000 0.000 0.00 1 4928.1
0.0 20.97
Est. Total 3820.00
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Appendix D.3 Slave River

Slave River, 0.8 km downstream
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Appendix D.3 Slave River

X-SECTION Slave River, 2.0 i downstream
DATE July, 1980
DISCHARGE m®s 33820 Assumed Water Sutface 20.97
WIDTHm 918 Water Sutface Elev. 20.97
DMEAN m 567 Correction to Geodetic na
AREA m? 52022 Correction o Station (]
VMEAN m/s 0.734
Est Sta. ssumed Elev h wiw u dq qQ ales
m m m ms m m
13.0 20.97 0 0.000 0.000 0.00 o 0.0
251 2022 0.73 0.013 o8 0.7¢ 0.0002 45
323 20.19 0.78 0.021 0.300 153 0.0008 10.0
435 2023 0.74 0.033 0277 207 0.0013 186
50.3 20.97 ] 0.041 0.151 0.38 0.0014 21.1
50.4 20.78 0.19 0.041 0.072 0.00 0.0014 21.1
723 20.19 0.78 0.085 0.151 0.7¢ 0.0018 M7
137.3 20.29 0.63 0.135 0.187 8.02 0.0037 702
293 19.89 1.08 0.238 0.245 16.04 0.0079 180.1
281.0 18.99 188 0.270 0.349 15.68 0.012 2086
271.0 19.29 1.68 0.281 0.419 7.64 0.014 226.9
3033 18.59 238 0.318 0.490 2750 0.0212 2925
223 1720 3es 0.337 0.629 3288 0.0288 350.1
3456 17.19 37 0.382 0.689 58.08 0.045 437.0
3873 168.79 418 0.408 0.841 116.13 0.0754 6029
3883 16.29 408 0.420 0.434 21.39 0.081 851.7
4253 16.99 3.98 0.449 0.430 50.42 0.0942 7688
4388 16.54 4.43 0.481 0.432 20.25 0.0885 818.1
452.3 18.89 428 0.479 0.441 29.80 0.1073 8845
484.3 16.29 4.68 0.482 0.438 24.07 0.1138 938.2
475.3 16.89 4.08 0.504 0.421 2063 0.119 988.4
502.3 16.79 4.18 0.533 0.429 48.80 0.1312 1087.9
508.3 15.79 5.18 0.541 0.484 15.28 0.1382 1130.7
5283 16.59 4.38 o0.5e1 0.484 42.02 0.1482 12218
5375 15.89 508 0.571 0.496 2025 0.1518 1285.0
557.3 15.19 5.78 0.583 0.556 54.83 0.1858 13728
5723 12.89 8.08 0.600 0.629 83.03 0.1823 1478.5
588.3 13.89 7.28 0825 0.854 68.91 0.2008 1584.0
801.3 12.59 8.38 0.641 0872 7718 0.2208 1701.4
6123 12.50 8.38 0.653 0.709 83.79 0.2375 17936
626.8 11.5¢ 9.38 0.689 0.748 92.83 0.2818 1922.4
838.3 10.689 10.28 0.681 0.775 87.48 0.2847 2035.4
844.3 11.39 9.58 0.688 0.804 P82 0.2088 2095.0
6823 9.38 11.58 0.707 0.822 154.71 0.3373 2288.4
667.3 9.99 19.98 0.713 0.849 48.13 0.3499 2341.8
872.3 9.49 11.48 0.718 0.842 47.37 0.3823 2398.0
878.3 10.19 10.78 0.725 0.855 88.15 0.377 2484.8
8385.3 8.69 1228 0.732 0.889 69.91 0.3953 25485
694.3 9.79 11.18 0.742 0.884 92.08 0.4194 2851.1
7043 7.7 13.18 0.753 0.901 108.87 0.4479 21720
=2 9.49 11.48 0.773 0.008 199.79 0.8002 200308
727.3 9.19 11.78 0.778 0.857 81.19 0.5138 30529
7323 10.29 10.68 0.784 0.835 47.78 0.8281 3100.0
740.3 0.89 10.98 0.762 0.824 71.43 0.5448 3198.7
7453 10.59 10.38 0.798 0.814 43.93 0.8583 3249.1
7523 10.39 10.58 0.805 0.789 $9.21 0.5718 33224
7723 11.49 9.48 0.827 0.838 157.00 08129 Bs2A1.0
8103 7.49 13.48 0.880 0.880 375.51 0.7112 3950.3
823.3 8.89 12.08 0.885 0.974 177.25 0.787¢ 4151.0
842.3 5.19 15.78 0.903 1.020 2028 0.6208 4387.8
854.3 520 1568 0.018 1.028 193.87 0.8712 4578.8
8623 8.79 14.18 0.925 0.902 123.00 0.9034 4906.0
8923 1229 868 0.058 0.732 204.14 0.0804 8038.9
9259 20.09 0.88 0.094 0.459 74.49 0.9909 51990.9
930.9 20.78 0.19 1.000 0.142 0.38 0.9999909 8202.2
9310 20.97 0 1.000 0.000 0.00 1.00000 52022
13.0 20.97
Est Total 3820.00
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Appendix D.3 Slave River

siave River, 2.0 km downstream
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Est Sta.

140

155

30.0

68.0

720

84.0

89.0

98.0
105.0
120.0
138.0
155.0
174.0
181.0
1800
194.0
2071
2160
234.0
248.0
255.0
289.5
308.0
3520
3730
385.0
415.0
445.0
455.0
469.9
488.9
$08.9
5109
$268.9
$34.9
$30.9
5468.5
$50.5
$83.5
587.5
5725
801.5
8315
8475
8s5.0

Appendix D.3 Slave River

X-SECTION
DATE July, 1880
DISCHARGE m*/s
WIDTHm
DMEAN m
AREA m?
VMEAN m/a
ssumed Elev h
m m
20.97 [}
20.54 0.43
17.34 3.63
13.14 283
17.34 383
18.84 213
1824 273
18.44 2.53
17.84 3.13
18.24 273
16.74 423
17.24 3.73
14.74 823
15.9¢ 5.03
151 g3
18.€+ 5.03
16.44 453
16.44 453
15.44 553
15.04 593
15.44 5.53
14.18 8.78
14.24 8.73
10.24 10.73
10.34 10.83
10.04 10.83
8.14 12.83
7.04 13.83
7.24 13.73
8.94 14.03
6.54 14.43
6.94 14.03
83.34 1263
13.24 7.73
9.94 11.03
12.44 8.53
14.94 6.03
12.74 823
15.04 503
14.04 8.93
16.14 4.83
17.74 3.23
19.84 1.33
2024 0.73
20.97 ]
20.97

14.0

3820
841
8.95

44521

wwW

0.000
0.002
0.025
0.081
0.090
0.109
0.117
0.131
0.142
0.165
0.183
0.220
0.250
0.281

0.281
0.301
0.315
0.343
0.3862
0.37¢
0.430
0.459
0.527
0.588
0.579
0.628
0.6872
0.688
0.711
0.742
0.774
0.789
0.800
0.813
0.820
0.831
0.851
0.887
0.883
0.871
0.917
0.983
0.988
1.000

u
mh

0.000
0.38%
0.524
0.583
0.587
0.572
0.427
0.439
0.539
0.573
0.845
0.753
0.798
0.830

0.768
0.742
0.788
0.818
0.857
0.883
0.928
1.128
1.02
0.828
0.880
0.930
0.972
0.980
1.000
1.008
0.094
0.807
0.777
0.784
0.708
0.628
0.624
0.602
0.582
0.441
0.381
0.244
0.127
0.000

Est Total

316

Siave River, 5.5 km downstream

Assumed Water Surface
Water Surface Elev.
Correction to Geodetic
Correction o Station
dq 9Q
m
0.00 ]
0.04 0.00001
11.42 0.003
84.94 0.02
11.48 0.028
19.10 0.028
764 0.03
7.64 0.032
11.48 0.038
292 0.041
38.20 0.051
45.84 0.083
78.40 0.083
30.58 0.091
3320 0.101
292 0.107
45.84 0.118
30.56 0.127
72.58 0.148
§7.30 0.181
45.84 0.173
187.18 a2
128.08 0.25%
448.94 0.372
22958 0.43212
82.84 0.44857
7.1 0.53161
387.69 0.8331
138.88 0.68888
204.87 0.72251
288.77 0.76758
288.77 0.87285
128.43 0.90827
57.03 0.9292
$8.69 0.93604
38.08 0.048
30.45 0.98307
57.01 0.08913
17.57 0.97373
14.84 0.97764
16.04 0.08184
48.48 0.89483
18.45 0.99938
229 0.99006
0.18 1
3820.00

20.97
20.97

0.0
0.3
2.3
148.0
165.4
200.0
212.1
235.8
25568
2998

4209
824.5
883.9
807.3
834.8
897.1
737.4
828.0
868.7
948.3
11608
12856
1088.7
1947.4
2022.9
2379.3
2780.7
29190.0
3125.8
3410.4
3605.0
3828.3
3800.5
3974.8
4023.5
4071.8
41842
4192.8
4218.2
42470
4384.5
4432.9
4449.4
4482.1



Appendix D.3 Slave River

Siave River, 5.5 km downstresm
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Est Sta.
m

120

13.0

20.0

35.0

80.0
115.0
147.4
155.0
1685.0
218.0
223.0
2378
258.0
285.0
288.0
290.0
303.0
3140
328.0
345.0
383.0
374.0
4117
416.0
417.3
479.0
$03.0
509.0
516.0
$28.0
§38.0
$54.0
562.3
$84.0
588.0
€09.0
§25.0
832.0
858.4
704.0

7542 .

780
807.0
844.0
869.0
909.0
927.0
939.0
9708
991.0
998.0
1003.0
1013.0
1017.0
10320
1047.0
1052.0
1055.0
1085.0
1094.8
120

Appendix D.3 Slave River

X-SECTION
DATE July, 1880
DISCHARGE m’/s
WIDTH m
DMEAN m
AREA m?
VMEAN m/s
ssumed Elev h
m m
20.07 o
20.50 0.47
10.3¢ 1.58
18.79 4.18
15.209 5.68
14.09 6.88
1429 6.88
14.19 8.78
16.99 398
17.89 3.08
17.59 3.38
18.69 228
13.59 2.38
17.79 3.18
18.59 238
17.89 3.08
10.29 268
1829 268
18.79 218
17.18 3.78
17.99 298
18.28 268
20.20 0.77
20.97 4]
20.44 0.53
17.74 .23
17.44 3.53
17.04 3.93
17.44 3.53
16.84 4.33
17.44 3.53
16.84 4.33
16.94 4.03
16.84 4.03
16.54 4.43
16.69 428
18.24 4.73
16.74 423
16.84 413
16.94 4.03
18.74 423
15.84 5.13
18.44 453
18.34 463
15.64 5.33
14.44 [ X
13.69 728
13.84 7.13
13.04 7.3
13.14 7.83
14.14 6.83
15.34 7.63
1824 473
15.74 823
16.34 463
10.94 4.03
15.64 8.33
1784 3.33
10.54 1.43
20.97 1]
2087

3820
1082.8
428
4809.7
0.829

wiwW

0.000
0.001

0.007
0.021

0.083
0.085
0.125
0.132
0.189
0.188
0.185
0.209
0.227
0.234
0.238
0.257
0.289
0.279
0.292
0.308
0.324
0.334
0.369
0.373
0.374
0.431

0.453
0.459
0.485
0.475
0.484
0.501

0.508
0.528
0.533
0.551

0.568
0.573
0.597
0.639
0.685
0.708
0.734
0.738
0.791

0.028
0.845
0.858
0.885
0.904
0.911
0.918
0.924
0.928
0.942
0.858
0.960
0.983
0.891
1.000

0.000
0283
0.585
0.807
1.038
1157
1.188
1.042
0.041
0.732
0.653
0.582
0.584
0.620
0.613
0821
oexz
0.580
0.817
0.890
0888
0.481
0.417
0.145
0.381
0.472
0.812
0.643
0.683
0.678
0.873
0.683
0.691
0.690
0.722
0.734
0.743
0.713
0.697
0.685
0.722
0.774
0.788

Est Total

318

Slave River, 8.8 km downstream:

Azsumed Water Surface
Watsr Surface Elev.
Correction to Geodetic
Correction to Station
dq 9
m®
0.00 (]
0.00 0
195 0.00051
27.54 0.00772
210.14 0.00273
247.48 0.42751
281.10 0.19580
80.51 02117
217.08 0.28853
85.05 0.28204
15.78 0.28707
28.51 0.20401
25.33 0.30084
1207 0.3038
$.18 0.3081S
3%.75 0.31477
23.04 0.32101
17.78 0.32588
168.08 0.33083
3316 0.33933
43.74 0.38078
19.63 0.35892
2762 0.38318
0.18 0.3832
0.04 0.38321
44.31 0.37481
48.82 0.38759
14.48 0.39138
16.92 0.38581
28.43 0.40273
20.43 0.4096S
47.60 0.42211
24.41 0.4288
590.04 0.44419
15.01 0.44812
83.18 0.48480
53.63 0.4787
2328 0.48479
77.74 0.50514
128.77 0.53883%
144,78 0.67678
88.74 0.59908
105.31 0.62768
127.51 0.08108
90.59 0.68713
214.84 0.74337
125.33 0.77818
89.81 0.79989
258.70 0.80839
1768.14 0.913
84.01 0.92714
37.63 0.03899
57.64 0.95208
15.89 0.85624
58.68 0.0718
48.91 0.88388
17.02 0.98887
9.40 0.89103
3203 0.99985
1.34 1
3820.00

2097
20.97

0.0
0.2
74
soe
r2s
4923
7119
783.1
9783
10824
1078.0
1117.2
1184.0
11838
11918
1281.9
1280.3
1318.8
1352.8
1403.5
14843
1483.3
1580.5
1582.1
15828
1678.8
1759.8
17820
1803.1
1847.4
1888.7
1957.4
1002.1
2079.6
2100.7
2187.8
2250.9
22813
2401.6
2587.7
27908.0
20111
3048.3
3218.8
3340.3
38775
3701.7
3788.2
4027.7
41888
4238.1
4274.3
4338.1
435€.0
4430.0
4404.0
4510.3
4831.3
4802.7
4800.7



Appendix D.3 Siave River

Slave River, 8.6 kin downstream
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Est. Sta.
m

7.0
9.0
25.0
40.0
52.0
56.0
72.0
0.0
115.0
120.0
150.0
180.0
200.0
2268.0
235.0
248.0
252.0
285.0
2687.0
280.0
303.0
312.0
3320
3430
350.0
380.0
382.0
362.0
400.0
437.0
447.0
487.0
488.0
489.7
482.0
502.0
509.0
$14.0
554.0
$83.0
$85.0
607.0
812.0
627.0
850.0
674.0
688.0
708.0
734.0
749.0
758.0
774.0
804.0
817.0
839.0
868.0
879.0
884.0
890.0
805.0
911.0

Appendix D.3 Slave River

X-SECTION
DATE July, 1980
DISCHARGE m*A
WIDTHmMm
DMEAN m
AREA m*
VMEAN m/s
ssumed Elev h
m m
20.97 o
20.49 0.48
19.89 1.08
17.89 308
16.19 478
1629 468
14.19 8.78
18.50 438
1719 378
18.89 408
17.59 338
17.69 328
14.59 e.38
1299 7.98
1329 7.68
13.79 718
1359 7.38
14.39 6.58
13.89 7.08
15.79 5.18
18.20 468
16.89 4.08
17.09 3ss
16.29 468
15.79 518
17.39 3ss
18.78 218
17.59 338
19.29 1.68
19.09 1.88
20.49 0.48
20.89 028
20.97 o
20.39 0.58
18.29 268
13.28 7.08
13.09 7.88
13.59 7.38
1309 7.88
42.89 8.08
13.09 7.88
12.89 8.08
13.29 7.68
1298 7.98
12.79 7.48
13.39 7.58
13.79 7.18
13.79 7.18
15.78 518
15.79 5.18
15.79 5.18
15.29 568
15.39 8.58
15.79 5.18
15.59 s.38
1529 568
1469 e28
15.08 5.88
14.89 6.08
16.49 4.48
18.39 4.58

3820
982
4.96

48720

0.784
wiw

0.000
0.002
0.0138
0.034
0.048
0.050
0.088
0.085
0.110
0.115
0.148
0.178
0.197
0.223
0.232
0.243
0.249
0.283
0.285
0.278
0.301

0.311

0.331

0.342
0.349
0.359
0.382
0.382
0.400
0.438
0.448
0.468
0.489
0.471

0.494
0.504
0.511

0.518
0.557
0.587
0.589
0.611

0.618
0.631

0.655
0.67%
0.693
0.712
0.740
0.7%8
0.7¢6
0.781

0.812
0.825
0.847
0.878
o.sss
0.893
0.899
0.014
0.921

0.000
0.153
0.328
0.543
0.688
0.824
0.834
0.742
o.ese
0.620
0.593
0.653
0.808
1.008
1.031
1.008
0.978
0.987
0.885
0.809
0.740
0.683
0.680
0.714
0.722
0.584
0.504
0.480
0.373
0.330
0.169
0.059
0.121
0.283
0.527
0.816
0.924
0.917
0.932
0.948
0.948
0.944
0.634
0.921
0.904
0.285
0.888
0.828
0.781
0.698
0.710
0.733
0.732
0.709
0.720
0.741
0.775
0.778
0.728
0.687
0.610
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Slave River, 12.0 km downstream

Assumed Watsr Surface
Water Surface Elev.
Correction to Geodetic
Correction to Station
dyq v
ma
0.00 [+]
0.04 0.00001
188 0.00082
12.30 0.00374
30.25 0.01188
13.90 0.0153
77.24 0.03552
83.08 0.08728
a7.19 0.07485
1257 0.07814
68.99 0.0082
58.61 0.11102
72.05 0.12088
184.02 0.17821
74.11 0.19781
8278 0.21928
43.62 0.2307
88.01 0.25374
12.99 0.25714
70.82 0.2756
85.78 0.29805
27.39 0.30522
51.49 0.3187
32.09 0.3271
28.13 0.33394
30.41 0.2419
3220 0.35033
13.71 0.35392
9.28 0.35837
277 0.38233
2.87 0.38308
0.42 0.38319
0.04 0.3832
0.04 0.38321
10.39 0.305683
38.08 0.37837
50.62 0.38882
34.99 0.38778
279.82 0.47103
204.45 0.54811
15.13 0.55207
90.81 0.57579
38.84 0.58548
100.60 0.61415
159.10 0.6558
158.81 0.89732
92.52 0.72154
113.40 0.75128
138.72 0.76704
84.09 0.8012
38.08 0.81084
§8.60 0.82898
124.84 0.85888
50.04 0.87178
81.08 180822
12098 . 0.92489
48.18 0.93898
23.72 0.94319
2788 0.95043
$5.02 0.86507
17.18 0.96952,

20.97
20.97

0.0
0.8
130
442
913
1102
2019
3024
404.4
424.0
838.9
8358
7324
91901
086.6
1071.3
11180
1208.7
1219.4
1200.1
14128
14519
18318
1578.6
1813.1
1658.9
1720.2
1748.0
1788.3
1834.1
1845.9
1853.8
1883.7
1884.2
1890.8
18423
19968
2034.9
2340.1
26813
2887.3
27631
28028
29010.9
30042
3271.4
3374.7
3503.9
3677.0
3784.7
3808.8
3887.9
4058.8
4128.8
4242.9
4408.8
4408.06
4499.0
4534.0
4614.1
2641.3



Appendix D.3 Slave River

STATION (m)

920.0 17.19 3.78 0.930 0.580 2239 0.97542 4878.9
928.0 16.59 4.38 0.938 0.580 19.08 0.88041 4711.5
934.0 16.89 3.08 0.944 0.592 14.97 0.98433 4738.6
938.0 16.70 4.18 0.948 0.534 9.55 0.98883 4752.9
984.0 18.19 278 0.984 0.438 28.92 0.9944 4808.8
981.0 19.49 1.48 0.902 0.337 20.44 0.99875 4888.1
980.0 20.97 ] 1.000 0.000 0.95 1.00000 4872.0
7.0 20.97
Est Total 3820.00
Siave River, 12.0 km downstream
250
200 4 772\ R - S SO, |
E /\/\/ /
E 15.0 - O STTIN el — v__/
100 PR SR NPV PR SRR
5.0
0 100 200 300 400 600 600 700 800 900 1000
STATION (m)
[o~u —o—h —-qn|
100 : 1.00
78 aaes [ 0.7%
E
£ (-4
g 80 4---- by N-] sevns 050 F
5
25 4 gl 025
DO o = S VR
(] 100 200 300 1000
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Est. Sta.
m

17.0

18.2

45.0

78.0

98.0
105.0
110.0
1150
122.0
1320
153.0
180.0
2343
275.0
3134
380.0
405.8
4320
490.0
500.0
504.0
508.7
5127
515.0
$27.0
$540.0
§53.0
562.0
588.0
578.0
$90.0
600.0
613.0
835.0

17.0

X-SECTION

DATE July, 1980

DISCHARGE m’Aa

WIDTH m

DMEAN m

- AREA m?
VMEAN /s
ssumed Elev h
m m

28.0 0.00
235.7 0.24
283 264
20.1 5.84
18.3 7.84
18.6 7.34
17.9 8.04
18.4 7.54
18.2 7.74
18.4 7.54
18.1 7.84
18.3 7.64
18.2 7.74
18.4 7.54
185 7.44
18.3 7.84
183 7.64
18.2 8.74
1.3 8.84
18.8 7.14
176 8.34
171 8.84
1586 10.34
148 11.34
16.8 8.14
16.9 8.04
16.6 8.34
171 8.84
17.0 8.04
178 8.34
17.5 8.44
182 7.74
=22 3.74
28.0 0.00
28.0

Appendix D.3 Slave River
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Slave River 14.2 km downstream

3820 Assumed Water Sutface

618 Wats: Surface Elev.

6.99 Corraction to Geodetic

4320.4 Correction to Station

0.884

ww u dqg Q

mwe m®
0.000 0.000 0.00 0.000000
0.002 0.493 0.04 0.000010
0.045 0.642 19.08 0.005000
0.0889 0.834 93.50 0.030000
0.131 1.020 133.70 0.085000
0.142 1.051 87.30 0.080000
0.150 0.887 38.20 0.090000
0.159 1.033 38.20 0.100000
0.170 1.028 §7.30 0.118000
o0.186 0.863 76.40 0.135000
0.220 0.8768 152.80 0.17500
0.264 0.854 171.80 0.22000
0.352 0.944 362.80 0.31500
0.417 1.117 324.70 0.40000
0.480 1.138 343.80 0.49000
0.558 1.024 382.00 0.59000
0.828 0.694 338.18 0.67300
0.672 0.974 188.64 0.73000
0.765 0.920 382.90 0.82500
0.782 0.842 $§7.30 0.84000
0.788 0.643 26.74 0.84700
0.796 0.631 19.10 0.85200
0.802 0.804 30.568 0.88090
0.808 0.491 7.64 0.88200
0.825 0.523 64.04 0.87800
0.848 0.514 61.12 0.88500
0.887 0.589 61.12 0.91100
0.882 0.537 83.48 0.92500
0.892 0.410 19.10 0.93000
0.008 0813 38.20 0.94000
0.927 0.631 76.40 0.98000
0.843 0.491 38.20 0.97000
0.864 0.980 38.20 0.98000
1.000 0.000 76.40 1.00000
Est Total 3820.00

235.98

0.0

0.1
30.7
178.7
313.8
368.9
404.3
443.3
498.8
873.2
734.7
8438
1361.2
16722
1959.8
2311.1
20681.0
2849.4
3237.4
3308.3
3337.3
3377.7
3418.0
3441.0
35838
3882.0
3801.8
3883.3
3938.8
4023.0
4123.7
4204.0
4279.2
4320.4



Appendix D.3 Slave River

BLEVATION (m)
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Siave River 14.2 km downstream
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Est. Sta. ssumed Elev

15.00

34.70

4990

68.10

89.80
100.00
102.90
108.00
123.00
128.00
140.00
164.00
183.00
210.30
235.00
280.00
282.00

323.00
325.00
332.00
340.00
37059
385.00
398.00
402.00
405.00
41500
430.00
448.00
458.00
483.00
468.00
470.00
479.00
489.00
493.50

28.31
25.50
25.00
24.90
24.90
28.19
24.74
2354
2234
2454
25.54
2524
2524
23.54
279
21.54
244

23.14
23.54
23.34
23.94
23.74
24.14
24.04
24.34
2424
2464
24.74
23.54
23.44
23.14
23.34
23.04
244
23.54
26.31

Appendix D.3 Slave River

X-SECTION

DATE July, 1980

CHANNEL Qm’s

WIDTHm

DMEAN m

AREA m°

VIMEAN /s

h wwW
m

0.00 0.000
0.81 0.041
1.31 0.073
141 0.107
1.41 0.115
0.00 0.178
1.57 0.184
27 0.198
287 0.228
177 0.238
0.77 0.281
1.07 0.311
1.07 0.351
277 0.408
3.52 0.480
an 0.512
3.87 0.558
347 0.609
3.7 0.644
277 0.648
297 0.682
237 0.679
257 0.743
217 0.773
227 0.800
1.97 0.809
207 0.815
1.67 0.838
1.57 0.887
277 0.901
287 0.928
3.47 0.8936
297 0.943
L3714 0.851
3.87 0.870
277 0.891
0.00 1.000

Slave River, 15.8 km dawnstream, LSI

e72.32
478.50
228
1091.81
oste

L]
ms
0.000
0.309
0.425
0.447
0.447
0.000
0.480
0.701
0.734
0.520
0.208
0.372
0.372
0.701
0.823
1.007
0.878
0.815
0.787
0.701
0.734
0.832
0.687
0.598
0.814
0.558
0.577
0.500
0.480
0.701
0.718
0.767
0.734
0.783
0.876
0.701
0.000
Est Tots!

324

dq

m
0.90
1.3
s
0.81
233
4.7¢
0.55
7.82
28.84
743
824
7.40
7.58
28.11
89.17
94.81
88.50
75.40
43.85
4.38
14.42
14.59
48.92
2169
17.45
497
3.44
10.07
11.91
20.50
24.01
1"21
8.01
0.47
28.68
28.18
218
759.48

TOTA' Qm’s

Avg. Weter Sutface Elev.

L8
RB

o

0.00000
0.00028
0.00168
0.00388
0.00442
0.00553
0.0058S
0.00748
0.01415
0.01587
0.01731

0.01903
0.02078
0.0272%
0.04101

0.08288
0.08372
0.10118
0.11138
0.11237
0.11571
0.11809
0.13042
0.13545
0.13850
0.14085
0.14148
0.14378
0.14854
0.15129
0.15885
0.15845
0.18105
0.16325
0.10943
0.17649
0.17600

15.00
493.50

m?
0.0
30
241
4.1
313
728
749
a8.1
128.3
140.2
155.4
1ms
1878
2502
27.9
40918
528.6
615.8
a2
e77.2
972
718.8
783.9
828.3
857.2
8858
871.7
890.4
914.7
949.4
983.3
998.4
1007.¢6
1020.1
1052.2
1085.4
10018

2.1
28.31
2.3

adl. »

0.000
0273
0377
0.308
0.398
0.000
0.425

0.650

0.480

0.204
0.329
0.329
0.021

0.728
0.882
0.77¢
0.721

0879
o.e21
0.650
0.559
0.580
0.527
0.543
0.494
0.511
0.443
0.428
0.e21
0.633
0.67¢
0.650
0.683
0.77¢
0.621

0.000



Appendix D.3 Slave River

Siave River, 15.8 km downstream, LSI

300 .
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E 200 i
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100 200 300 400 500 ] 700 1000
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E’ 80 frereorermediencniensieneany i - 050 S
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26 ﬂu 025
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100 200 300 400 £00 800 700 1000
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Est Sta. ssumed Elev

m
483.50
497.40
508.00
$36.00
543.00
§78.00
588.00
$93.00
805.00
623.00
847.00
€58.00
638.90
713.00
743.00
758.00
783.00
778.00
783.00
809.20
823.00
833.00
843.00
87270
933.00
838.00
$98.00

1010.00
1027.00
1040.00
1053.00
1083.30
1109.00
1115.00
1120.00
1142.00
1148.00
1157.00
1163.00
11€8.00
1175.00
1180.00
1182.00
1191.00
1195.00
1208.00
123420
12/5.00
1253.00

28.31

24.74
23.54
21.04
19.04
19.04
20.34
18.34
19.54
19.04
18.34
18.84
18.74
19.54
20.74
20.54
21.14
21.14
20.64
21.14
21.04
21.54
21.54
21.34
21.24
21.04
20.84
21.04
2204
224
2384
24.64
25.04
24.94
23.04
24.14
23.54
23.94
24.54
23.34
25.04
25.68
295.04
25.04
25.54
25.54
25.84
28.04
28.31

Appendix D.3 Slave River

X-SECTION Siave River, 15.8 km downstreem, RS!

DATE July, 1980

CHAMNEL Qm/s 3147.88 TOTALQm%s

WIDTH 759.50 Avg. Water Surface Elev.

DMEAN m 454 B 493.50

AREA m? 3450.72 RB 1253.00

VMEAN mh 0812

h wWwW u dq Q arva
m mh m’ m
0.00 0.000 0.000 0.00 0.176800 0.0
157 0.005 0.449 o.e9 0.17818 3.1
277 0.019 0.es8 727 0.17911 26.1
487 0.058 0.629 8254 0.19828 1302
727 0.08S 1.248 45.49 0.20384 1720
727 0111 1248 317.58 0.28258 4285
597 0.124 1.094 7754 0.30039 492.7
.87 0.131 1214 37.33 0.30028 825.0
e.77 0.147 1.190 99.08 0.33228 807.5
727 0.171 1.248 154.05 0.38303 7338
8.97 0.202 1214 210.32 0.41687 904.7
7.47 0217 1271 9888 0.43978 984.1
7.57 0259 1.282 308.23 0.51088 1224.0
8.77 0.289 1.180 204.75 0.55043 13898
557 0.335 1.045 241.34 0.:81447 1605.8
8.77 0.348 1.070 47.98 0.82580 1850.9
5.17 0.355 0.994 30.52 0.83478 1880.2
517 0375 0.884 7741 0.85288 17888
567 0.381 1.057 27.80 0.65914 17938
517 0.418 0.994 14587 0.69297 1935.9
$27 0.434 1.007 72.08 0.70970 2007.9
477 0.447 0.042 48,93 0.72107 2058.1
AT 0.480 0.842 4495 0.73150 2105.8
497 0.499 0.968 138.18 0.78359 2250.5
5.07 0.579 0.9814 20%.12 0.83212 2553.2
527 0.848 1.007 272.43 0.89537 2827.2
5.47 0.684 1.032 es5.71 0.91083 2891.6
s.27 0.680 1.007 5.71 0.92589 2958.1
427 0.702 0.875 78.32 0.94381 3037.1
407 0.720 0.848 48.70 0.95443 3001.4
267 0.737 0.640 32.58 0.96202 31352
1.87 0.780 0.488 48.44 0.87327 22e
127 0.310 0.390 9.90 0.97557 3245.7
137 0.818 0.410 317 0.97830 32836
327 0.325 0.733 683 0.87784 3285.2
217 0.854 0.557 38.59 0.98880 3325.9
277 0.882 0.856 8.99 0.98889 3330.9
2.37 0.874 0.591 14.42 0.96224 3383.0
177 0.882 0.488 6.89 0.89379 3375.4
297 0.s88 0.687 685 0.99540 3387.3
0.47 0.807 0.201 5.34 0.90884 3300.3
082 0.904 0.242 0.60 0.96878 3402.0
127 0.907 0.390 0.60 0.99692 3403.9
127 0.918 0.390 4.48 0.80708 3418.4
0.77 0.92¢ 0.279 1.38 0.96827 3419.4
0.77 0.041 0.279 278 0.680892 3429.4
0.47 0.975 0.201 387 0.99982 34458
027 0.089 0.13 0.69 0.90008 34498
0.00 1.000 0.000 0.07 1.00000 34507
Est. Total 3548.82

326

28.31
2.3
2831

ad). v

0.000
0.388
0.582
0.824
1.107
1.107
0.971
1.07¢
1.088
1.107
1.07¢
1.127
1.137
1.058
0.927
0.849
0.882
0882
0.938
0.882
0.893
0.838
0.838
0.859
0.871
0.893
0.918
0.893
0.778
0.7%2
0.568
0.415
0.348
0.384
0.650
0.484
0.582
0.524
0.431
0.609
0.178
0.214
0.348
0.348
0.248
0.248
0.178
0.123
0.000



Appendix D.3 Slave River

Slave River, 15.8 km downstream, RS!

STATION (m)

300 Y
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400 700 800 200 1000 1100 1300 1400
STATION (m)
[+u o—n —-qna
15.0 100
T 100 087
= o
g o
5 80 03
o 0.00
1400

327




Appendix D.3 Slave River

X-SECTION Shave River, 22.0 km downstream, LSI
DATE July, 1980
CHANNELQms e7232 TOTAL Qm’s 3820
WIDTHm 483.00 Avg. Water Sutface Elev. 30.30
DMEAN m 257 B 0.00 $0.30
AREA m? 1241.48 RB 483.00 30.30
VMEAN m/s 0.5
Est Sta. ssumed Elev h wW u dq QQ area ad). u
m m m mis m m* ma
0.00 30.30 0.00 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
15.20 28.88 1520 1.32 0.031 0.347 1.74 0.00043 10.0 0.320
30.50 27.88 30.50 262 0.083 0.549 13.80 0.0037S 40.2 0.818
33.60 25.78 38.60 4.52 0.080 0.789 19.34 0.00850 8.1 0.74%
61.00 25.48 81.00 4.32 0.128 0.824 84.98 0.02023 1738.7 0.773
78.20 28.08 7820 4.2 0.158 0.754 54.19 0.04238 R42.4 0.708
82.30 28.08 §2.30 4.22 0.170 e.754 10.40 0.04732 288.1 0.708
91.40 28.18 91.40 4.12 0.189 0.742 28.38 0.05429 »] 0.098
84.50 28.18 94.50 4.12 0.198 0.742 .47 0.0%082 3189 0.698
112.80 2728 11280 3.02 0.234 0.603 4383 0.08742 3B42 0.568
121.90 27.48 121.80 2.82 0.252 0.578 15.87 0.07127 4108 0.841
152.40 28.18 152.40 212 0.318 0.478 59.64 0.08101 488.1 0.447
182.90 28.48 182.90 1.82 0.379 0.430 2123 0.08770 548.2 0.404
213.40 28.38 213.40 1.92 0.442 0.448 24.98 0.09384 603.2 0.419
243.80 28.18 243.80 212 0.505 0.47¢ 28.31 0.10080 o848 0.447
274.30 27.98 274.30 232 0.568 0.508 328 0.10807 732.3 0.478
304.80 27.38 304.80 292 0.631 0.580 43.77 0.11972 8122 0.534
335.30 27.18 335.30 3.12 0.684 06818 55.54 0.13337 904.4 0.579
365.80 27.68 3685.80 262 0.757 0.549 50.08 0.145850 °91.9 0.91%
308.20 28.48 398.20 1.82 0.820 0.430 33.02 0.15402 1039.4 0.404
411.50 28.68 411.50 1.82 0.852 0.398 10.80 0.15870 1085.7 0.374
428,70 26.88 £28.70 .42 0.883 0.855 20.17 0.18165 1124.0 0.015
45720 27.98 457.20 2.32 0.947 0.508 50.81 0.17414 1211.8 0.478
483.00 30.30 483.00 0.00 1.000 0.000 7.57 0.17600 1241.8 0.000
Est Total 718.18
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Appendix D.3 Slave River

Slave River, 22.0 km downstream, L8|

3s.0
E
E w0 , :
§ \/=\/ |
25.0 t *
[} 100 300 400 800 800 700 800 900 1000
STATION (m)
r—-— y ~o~h —o— qlg]
100 1.00
f £ TSR -:.-.-..------:: : : : 0.75
E H
E_ oo $
5
025
- 0.00
600 700 800 900 1000

STATION (m)

329




Est. Sta.
m

80
8.4
28.0
30.0
38.0
48.0
$8.0
70.0
1179
151.0
181.0
235.0
2500
289.0
2720
300.0
330.0
3349
350.0
381.0
387.0
720
379.0
388.0
380.0
398.0
408.0
412.0
4220
446.0
485.0
473.0
480.0
487.0
498.0
$12.0
518.0
547.0
$52.0
553.1
§75.0
$509.0
620.7
625.0
8.0

Appendix D3 Slave River

X-SECTION

DATE July, 1880

DISCHARGE m’s

WIDTH m

DMEAN m

AREA m®

VMEAN m/s

ssumed Elev h

m m
2097 0.00
20.69 0.28
19.69 128
18.89 1.98
18.09 208
13.79 7.18
13.29 7.68
13.88 728
13.38 7.58
13.39 7.58
13.49 7.48
13.38 7.58
1299 7.98
13.29 7.08
12,09 7.98
1329 7.68
13.19 7.78
12989 798
13.39 758
13.39 7.58
12.89 8.08
1299 7.98
12.44 8.53
1244 a.s53
12.79 8.18
12279 8.18
1229 8.68
12.69 8.28
1259 8.38
11.79 9.18
1269 828
14.39 a.58
14.48 8.48
16.19 4.78
16.19 4.78
1428 (Y.
16.39 458
18.89 428
16.19 478
16.69 428
17.89 3.28
10.44 153
20.89 028
20.87 0.00
21.0

3820
e17
6.46

3984.9

0.959
wwW

0.000
0.001

0.020
0.038
0.050
0.082
'0.081

0.100
0.178
0.232
0.280
0.388
0.382
0.423
0.428
0.473
0522
4530
0.554
0.572
0.582
0.580
0.601
0.613
0819
0.632
0.845
0.658
0.671
0.710
0.741
0.754
0.785
0.778
0.7804
0.817

0.574
0.882
0.883
0919
0.658
0.893
1.000

0.000
0.108
0.225
0.417
0.622
0.912
1.0587
0.882
1.007
1.088
0.908
1.022
1.050
0.854
0.978
0.9981
o.ses
0.908
0.951
0.967
0.877
0.97%
0.975
1.02%
0.988
0.882
0.807
0.911
0.909
0.893
0.932
0.681
0.808
0.055
1.181
1.173
1.154
1.087
0.691
0.609
0.544
0.390
0.189
0.600

Est. Total

330

Siave River, 27.8 ion downstream

Assumed Water Sutface
Water Suiface Elev.
Correction to Geodetic
Cormrection to Station
dq L=
m
0.00 0.00000
0.04 0.00001
225 0.00080
229 0.00120
9.88 0.00370
25.08 0.01080
87.48 0.03340
101.61 0.06000
338.18 0.14800
273.04 0.22000
290.20 0.28000
401.10 0.38500
133.70 0.42000
145.18 0.45800
19.10 0.48300
217.74 0.52000
22020 0.58000
3820 0.59000
103.14 0.61700
87.88 0.64000
38.20 0.65000
3820 0.68000
57.30 0.67500
57.30 0.68000
38.20 0.70000
87.30 0.71800
57.30 0.73000
38.20 0.74000
84.04 0.76200
183.38 0.81000
182.80 0.85000
57.30 0.88500
45.84 0.87700
30.58 0.88500
57.30 0.90000
95.50 0.92500
38.20 0.93500
148.98 0.97400
15.28 0.97800
3.82 0.87800
49.00 0.99200
28.74 0.99900
3.44 0.99990
0.38 1.00000
3820.00

20.97
20.97

0.0
0.1
138
203

7.4
168.5
288.3
8122
883.1

1089.0
14958
16123
1761.1
178408
2003.8
2238.7
22743
23018
2478.2

25023
2820.1

2879.8
2713.2
2778.7
2848.1

2897.0
2980.3
319010
3358.9
3416.3
3462.0
3501.4
3584.0
36342
3668.0
3798.8
3819.1

3824.1

3006.9
3964.8
39843
30649



Appendix D.3 Slave River

Slave River, 27.8 lan dovnstream
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Appendix D.4 South Saskatchewan River

X-SECTION South Saskatchewan River, Transect 5, 140 m downstream
DATE August, 1984
DISCHARGE m3/s 52
WIDTHmM 180.0 Assumed Water Surf. Elev. 50.00
DMEAN m 0.89
AREA m2 160.6
VMEAN m/s 0.324
Sta. Elev. h wWw est. u dq g/Q area
m m m mis m3 m2
0.0 50.00 0.00 0.00 0.000 0.00 0.00000 0.0
20.0 48.26 1.74 0.11 0377 6.24 0.12000 174
40.0 48.24 1.76 0.22 0.373 13.52 0.38000 524
60.0 49.40 0.60 0.33 0.335 8.32 0.54000 780
80.0 49.70 0.30 0.44 0.290 2.60 0.50000 850
100.0 49.46 0.54 0.56 0.280 2.60 0.64000 3.4
120.0 48.78 1.22 0.67 0.287 468 0.73000 1110
140.0 49.00 1.00 0.78 0.292 6.76 0.86000 133.2
160.0 49.13 0.87 0.89 0.268 520 0.86000 1519
180.0 50.00 0.00 1.00 0.000 208 1.00000 160.6
(o] 50.00
Total Flow 52.00
South Saskatchewan River, Transect §, 140 m downstream
51.0
z s |
g 49.0 ; ; N e o
& \ /i
«d ! H
W a0 : :
i i i
47.0 ' } ‘
] 50 100 150 200 250
STATION (m)
[—o—u —o—-h —o—quJ
25 10
o
20 / / -4 os
;E: 15 ) \ = L]
E 10 2\ B .4 0.4
” / \»\ \\
0.5 %/ - " A 02
0.0 > 00
] S0 100 150 200 280
STATION (m) :
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Appendix D.4 South Saskatchewan River

X-SECTION South Saskatchewan River, Transect 6, 1130 m downstream
DATE August, 1984
DISCHARGE m3/s 852
WIDTHm 205.0 Assumed Water Surf. Elev. 50.00
DMEAN m 0.68
AREA m2 1358
VMEAN m/s 0.384
Sta. Elev. h w/wW est. u dq q/Q area
m m m m/s m3 m2
0.0 50.00 0.00 0.00 0.0G0 0.00 0.00000 00
20.0 49.22 0.78 0.10 0.307 2,06 0.04000 7.8
40.0 49,53 0.47 0.20 0.342 416 0.12000 203
60.0 40.44 0.56 0.29 0.351 3.64 0.19000 30.6
80.0 49.37 0.63 0.38 0.387 416 0.27000 425
100.0 49.40 0.60 0.49 0.384 520 0.37000 54.8
120.0 49.26 0.74 0.59 0.411 4.68 0.48000 68.2
1400 40.04 0.96 0.68 0473 7.80 0.61000 85.2
160.0 48.92 1.08 0.78 0.449 9.88 0.80000 105.6
180.0 49.41 0.59 0.88 0.356 6.76 0.83000 1223
200.0 49.41 0.59 0.98 0.274 338 0.99500 134.1
2050 50.00 0.00 1.00 0.000 0.26 1.00000 135.6
o 50.00
Total Flow 52.00
South Saskatchewan River, Transect §, 1130 m downstreasm
§1.0 T ]
E %0 /
=
g 49.0 e ——— o
2 .
47.0
° it ® gTATION(m) = =0
[—+—u —o-h ——qnm]
28 1.0
20 - 08
/’
§ 15 / (Y
-l
i 1.0 e 0.4
) /\ / \—4
0s o— 7 - S—— 02
s \
° 80 200 250

100 150
STATION (m)
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Appendix D.4 South Saskatchewan River

X-SECTION South Saskatchewan River, Transect 7, 4000 m downstream
DATE August, 19684
DISCHARGE m3/s 52
WIDTH m 207.0 Assumed Water Surf. Elev. 50.00
DMEAN m 0.81
AREA m2 167.6
VMEAN m/s 0.310
Sta. Elev. h w/W est. u dq g/Q area
m m m m/s m3 m2
00 50.00 0.00 0.00 0.000 0.00 0.00000 00
20.0 49.23 077 0.10 0.266 1.04 0.02000 7.7
40.0 49.00 1.00 0.19 0.314 572 0.13000 254
60.0 48.96 1.04 0.29 0.303 68.24 0.25000 458
80.0 49.31 0.69 0.39 0.207 5.20 0.35000 a3.1
100.0 49.40 0.60 0.48 0.201 1.04 037000 76.0
1200 49,30 0.70 058 0.301 4.16 0.45000 89.0
140.0 49.06 0.94 0.68 0.287 468 0.54000 1054
160.0 48.95 1.05 0.77 0.370 572 0.65000 1253
180.0 48.68 1.32 0.87 0.432 10.40 0.85000 149.0
200.0 49.60 0.40 0.97 0.419 7.28 0.98000 166.2
207.0 50.00 0.00 1.00 0.000 052 1.00000 167.6
0 50.00
Total Flow 52.00
South Saskatchewan River, Transect 7, 4000 m downstream
51.0 r z
£ soo
= /
IQ- 48,0 e ;
E \\/
o 480 S : I et b esmereres e e
470
-] %0 ] %0 0 0
STATION (m)
Fa—u —0~h -o—qlul
25 o 10
20 : -t 0.8
E 15 4 08
=
-
E 1w 04
3
0s 02
0.0 00
0 280

STATION (m)
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Appendix D.4 South Saskatchewan River

X-SECTION South Saskatchewan River, Transect 8, 13000 m downstream
DATE August, 1984
DISCHARGE mi/s 52
WIDTH m 250 Assumed Water Surf. Elev. 50.00
DMEAN m 0.79
AREA m2 178.2
VMEAN m/s 0.292
Sta. Elev. h ww est. u dq q/Q area
m m m m/s m3 m2
0.0 50.00 0.00 0.00 0.000 0.00 0.00000 0.0
20.0 40,44 0.56 0.00 0.222 156 0.03000 5.6
40.0 40,25 0.75 0.18 0.215 2.60 0.08000 18.7
60.0 49,16 0.84 0.27 0.282 3.64 0.15000 346
80.0 48.11 0.89 0.38 0.327 5.72 0.28000 51.9
100.0 48.96 1.04 0.44 0.363 6.24 0.38000 71.2
120.0 48.96 1.04 053 0.361 8.32 0.54000 920
1400 48.23 0.77 0.62 0.327 572 0.65000 110.1
160.0 49.16 0.84 0.7 0.313 546 0.75500 126.2
180.0 49,13 0.87 0.80 0.268 494 0.85000 1433
200.0 49.19 0.81 0.89 0.229 416 0.93000 160.1
2200 48.20 0.80 0.98 0.201 338 0.99500 176.2
2250 $0.00 0.00 1.00 0.0c0o 0.26 1.00000 178.2
(v 50.00
Total Flow 52.00
South Saskatchewan River, Transect 8, 13000 m downstream
51.0
T so00
- | 7
g 40 e
&
o 48.0 4
<0 i
0 100 150 200 250
STATION (m)
F—a— u ~o—h —o—agfi |
) / ° e
20 : 038
//
E 18 Y
i g
10 < 04
0s 02
é - . - !
0.0 b X 0.0
0 80 100 150 200 250

STATION (m)
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Appendix D.S Athabasca River

X-SECTION Athabasca River, 80 m downstream ORIGINAL SURVEY  28-May-74
TREATMENT DATE 4~un-78
DISCHARGE m’/s 484.00 Assumed
WIDTHm 188.04 Water Surface Elev. 101.64
MEAN DEPTH m 334 LB 7.58 101.64
AREA m' a27.39 rB 193.61 101.04
MEAN VELOCTTY mis 0.711
Sta. Bev. h wWw u daest. nom. g/Q Area adjusted u
m m m ms m® m' mis
7.58 101.84 7.58 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
14.80 100.63 14.80 1.01 0.038 0.348 0.63 0.00117 36 0.310
18.48 100.24 18.46 140 0.058 0.432 172 0.00434 8.1 0.388
25.47 99.93 25.47 171 0.095 0.494 8.05 0.01384 19.0 0.440
33.40 99.57 D40 w7 0.137 0.508 6.89 0.02834 28 0.481
372.38 99.69 37.38 105 0.158 0.539 3.88 0.03343 40.1 0.481
41.32 90.45 41.32 210 0.179 0.583 480 0.04190 483 0.820
45.59 99.28 45.50 228 0202 0.505 5.59 0.05221 52.8 0.834
48.94 9926 48.94 238 0220 o616 4.70 0.00087 ese 0.849
58.56 98.47 $6.58 3.17 0261 0.748 1430 0.08739 88.7 0.008
61.74 98.13 61.74 3.51 0288 0.798 13,35 0.11200 104.0 0.712
08.62 @174 0882 3.90 0314 0.858 14.95 0.13858 12.1 0.7¢3
75.18 87.49 75.18 418 0.358 0.882 30.08 0.19401 1565 0.798
77.90 97.31 77.90 433 0.374 0918 10.52 021428 168.1 0.819
83.98 98.85 83.99 4.79 0.408 0.882 20.38 0.206280 1989 0.876
87.685 98.76 87.85 4.88 0.428 0.954 17.48 020510 2138 0.887
222 96.92 @22 4.72 0.450 0972 21.57 0.33484 2388 0.887
95.58 97.37 93.58 427 0.488 0.909 1421 0.30102 2306 0.811
98.02 97.88 98.02 378 0.431 0.838 858 0.37883 260.4 0.748
103.50 97.43 103.50 421 0.510 0.901 19.04 0.41191 2823 0.803
11891 [ 2] 116.91 5.18 0.881 1.030 60.60 0.52357 348.1 0.819
119.08 0878 119.08 4.88 0.598 0.904 13.08 0.54520 3589 0.887
121.18 98.48 121.18 S.18 0.604 1.034 775 0.56358 30085 0.923
13124 98.49 13124 5.15 0.658 1.030 53,05 0.08243 4188 0.019
135.81 98.61 135.81 5.0 0.682 1.014 22.78 0.70825 441.7 0.903
138.77 97.01 139.77 463 0.703 0.960 18.88 0.74104 480.9 0.8%0
145.58 96.45 145.58 5.18 0.734 1.034 28.32 0.79321 480.3 0.923
147.09 06.49 147.09 S5.18 0.742 1.030 a.18 0.80825 4072 0919
148.62 96.70 148.82 4.94 0.752 1.002 8.38 0.82554 508.4 0.804
151.05 96.45 151.05 5.09 0.783 1.022 10.81 0.84548 817.1 0.012
154.71 98.81 154.71 503 0.782 1014 18.88 0.88021 3356 0.908
158.67 97.34 158.67 430 0.804 0914 17.81 0.01302 834.1 0.818
160.80 98.01 160.80 3.63 0.815 o0.818 730 0.92043 502.5 0.728
162.02 7.7 - 182,02 3. 0.821 0.880 3.87 0.93380 567.1 0.767
171.47 99.08 171.47 2.58 0.872 0.8648 23.11 0.97618 597.8 0.577
178.35 99.93 178.35 1.7¢ 0.808 0.494 $.94 0.83712 608.2 0.440
179.40 100.21 179.40 143 0.914 0.438 223 0.99123 613.0 0.361
120.98 100.97 120.98 0.87 0.97% 0264 427 0.99911 6252 0238
194,64 10121 194.64 0.43 0.993 0.197 0.48 0.99908 6272 0.175
195681 10164 19561 0.00 1.¢00 0.000 0.02 1.00000 027.4 0.000
Est. Total 542.74
Athabasca River, 80 m downsiream
1“'0 . . . * .
E : : H
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Appendix D.5 Athabasca River

X-SECTION ASwbssca River, 280 m downsveam

TREATMENT DATE 4-Jun-75
DIBSCHARGE m'/s 434.00 Assunned
WIDTH m 2098 Avg. Water Saxface Elev. 101.64
MEAN DEPTH m 267 (3. 388 101.684
AREA m* 90.72 ns 2088 101.84
MEAN VELOCITY m/s 0.81¢
om. Bov. ] v 7] dqgest norm. gQ Ares adistedu
- ™ ™ s m m? mis
298 wWie4 8.00 0.00 0.000 0.000 Q.00 0.00000 00 0.000
1203 100.84 1203 .70 0014 0338 018 0.00032 1.1 2204
18.08 100.82 15.08 o582 0.028 0373 os2 0.00181 4 0320
10.04 100.83 19.04 101 Q.04 0428 148 0.00443 70 0.375
N3 100.12 3.3 1.52 0.110 0582 897 0.02008 25.1 .42
48.08 100.18 4558 .48 0.%08 0.547 10.00 0.0502¢ 433 0479
81.78 89.90 $1.75 185 0221 0564 10.82 0.05349 a3 0.520
00.94 20.41 00.94 223 0278 0728 1101 o.00873 as9 [.T - ]
25.18 98.568 85.18 S.08 0348 0.901 nn 0.14828 1264 0.780
2280 83.13 250 38 0.379 088 D84 0.18808 1515 0.881
08.90 o792 SR80 arn 0.407 1.021 210 022004 73S 0.895
11204 728 11281 4.38 0.400 1135 50.73 033713 289 0.904
121,78 00.98 122178 4.08 0.510 1.187 4192 0.42384 2702 1.040
10,08 98.70 13395 494 0.508 124 7083 0.55202 3287 1.081
13052 98.70 13852 4984 0.588 1234 2788 0.60244 3513 1.081
140.04 98.76 140.04 4.58 0.583 1224 9.17 0681904 358.7 1.072
14300 08.73 14300 491 0.807 1229 1831 0835218 3737 1.07¢
14491 878 14438 438 osr2 1224 ks 0008543 b, X 10712
183.78 2629 153.7¢ 338 o.ess 0952 Q2 0.74201 4185 0.834
162.90 97.98 102.90 308 0.807 1.010 3144 0.79890 4508 0.885
171.54 98.35 171.54 a2 0.73% 0941 220 0.85191 4808 0.824
127 08.47 17327 3.17 0.743 0918 5.9 0.88131 4882 0.804
17087 93.53 17087 3.1% 0772 0.908 1833 0.80449 5083 0.784
188.91 98.96 188.91 268 0.814 o821 .10 0.95629 $33.0 0.718
100.48 .78 190.48 L ¥ ~] 0.882 0.850 17.78 0.96343 8572 0.589
208.40 2083 208.48 201 0.884 (X144 .07 0.98485 $70.8 0.583
210.18 100.48 210.18 1.18 0910 0.400 .3 0.96087 5768 0.411
21182 100.57 21182 1.07 0917 0445 07s 098223 5783 0.360
215.02 100.78 215.02 088 0.832 0.300 138 0.96473 581.8 0.342
22051 100.52 22031 o052 0.957 0.373 1.78 039785 58063 9328
22084 101.03 2284 081 0.987 0.308 052 0.99589 5578 0288
22308 100.94 .08 0.70 0872 0335 028 2.99835 5838 0294
22998 101.84 220968 0o.00 1.000 0.000 038 1.00000 500.7 0.000
Est Total Ss2.62
Athabasoa River, 200 m downstream
1000 H
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Appendix D.5 Athabasca River

X-SECTION Ashabasca River, 080 m dowrstream
4~ TS

ORIGINAL SURVEY  20-Mmy-74

TREATMENT DATE
DISCHARGE m™s 454.00 Aeosned
WIDTH m 2820 Water Surtace Elev. 10184
MEAN DEPTH m 22 1] S.85 101.84
AREA m* 2161 ns 24208 10184
SHEAN VELOCITY mus o.e28
S e, [ 3 N ') dqest mom. gQ ANee odhnwdu
m m m mis m* ' "
$85 10184 $.85 0.00 Q.000 0.000 0.00 0.00000 00 0.000
10.73 100.5¢ 10.73 125 0021 0833 o7 Q.00187 31 0.585
11985 100.80 1195 104 0.628 0.582 0.54 0.00348 4.4 0520
13.15 10027 1315 137 0.031 087S 0.9 Q.00522 89 o832
2855 10024 2655 1.40 0.088 0888 1262 0.02088 245 a8
2e6s 10021 R2LS 143 0.113 0084 595 0.04117 3.1 0081
4215 100.02 215 182 0.154 0758 10.50 0.08150 418 0.707
49.45 90.7S 4945 149 0.185 0538 10.19 0.08123 0.4 0.784
6185 99.90 8185 1.74 0238 [N -3 1’02 0.11813 "”s 0.742
7225 100.08 7225 155 0281t 0.733 1329 0.14188 100.0 0887
22.05 10021 82.05 143 0323 0.894 10.42 0.18203 1148 0.651
91.15 90.72 91.18 1.92 0,381 0.845 173 0.1847S 1208 [ %, -]
98.05 872 98.95 1.0 0.388 0.845 9.4 020208 1409 ore2
102.18 209.83 10218 201 0.408 0871 [ %44 021908 18512 0.817
10825 $0.38 10525 226 0.421 0.8542 6.00 o158 1578 088>
11255 90.29 11255 235 0.452 0.067 18.07 020200 1748 0.908
12165 90.41 12185 223 0.490 0834 1881 0.30104 195.4 0878
13005 MWAT 13605 223 [ Y~ 2 0834 10.18 033814 2180 0878
143,05 2358 143.05 308 0.581 1.158 e 0.403768 248.4 1.008
15425 $8.50 15425 3.14 0828 11473 4081 0.4823% 832 1.100
168,95 8835 168.95 329 0801 1211 5833 050147 3304 1.1
182.65 63.38 182865 328 0.749 1203 $4.18 0.09831 3783 1.1a8
188.75 $8.50 188.75 3.14 0.774 1173 n20 0. 74122 3948 1.100
203,95 8853 203.95 3.11 0.830 1.108 5558 0.54380 4423 1.083
214.95 $98.77 21495 287 0.885 1.108 3738 082111 4782 1.0
21865 99.02 21085 282 0.901 1040 10.80 0.94220 488.4 0.978
=105 09023 21.05 241 0.911 0.934 e.11 0.93403 4914 0922
225 90.02 2528 282 0.929 1.040 10.09 087472 $02.0 0978
231.45 10027 25145 137 0.955 067s 10.81 0.96529 $14.3 0.632
242.05 10164 242.05 0.00 1.000 0.000 245 1.00000 218 0.000
Est. Totel 516.47
Asthabassa River, 690 m downstrsam
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Appendix D.5 Athabasca River

X-SECTION Ashabssca River, 1760 m downstream ORIGINAL SURVEY  12-Sep-7S
TREATMENT DATE LN T G
WIDTH m 37408 Water Saxtace Bleov. 101.84
MEAN DEPTH m 1.72 LS 327 101.84
AREA m' 842.41 RB 377.38 101.84
MEAN VELOCITY m/s 0.7%
[ % [} wwW u dgest nom. gQ Arsa adiustedu
m - nvs m* m* /s
27 27 0.00 0.000 0.000 0.00 €.00000 0.0 0.000
5 35 0.08 0.001 0.101 0.00 0.00000 0.0 0.098
1.1 11.18 1.43 o.021 0.0 220 0.00444 58 0.848
3.78 2578 143 0.080 0.08S 13.88 0.03230 28 0849
80.18 $0.18 130 0.125 0858 272 0.07815 61.0 0839
084 2084 .76 0207 0.768 34.19 0.14702 100.1 0.747
9438 8438 218 0263 o.8T7 207 Q19148 138.0 0855
172 M 240 0.3505 094 4730 028083 188.1 0918
13248 1248 29S 0345 1.081 4123 0.30000 2?8 1.054
147.70 147.70 210 0308 0.00% 72 0.4451S 26723 0.839
178.18 178.18 149 0.468 0834 42147 0.53009 219 0.6687
2080 208.00 1.39 0.549 0.858 220.42 0.58038 858 0839
230.1< 2%0.14 1.7 0631 0.778 34.74 0650302 4143 0.755
20087 20082 1.7 0.712 0.708 41.71 0.74333 46385 0.747
300.10 300.10 149 0.793 0.084 35.89 031581 5180 0.867
330.58 330.53 .73 0.87S 0.757 B3 0.88878 587.0 0.738
384.96 354.98 2.10 0.940 0.8081 7. 0.96278 8138 " 0.839
350.54 35054 1.49 0952 0.884 633 097552 6218 0.087
367.18 367.16 187 0973 0.7% 858 096276 [~ ¥ ] o1
376.91 37891 0.08 0.900 0.101 350 1.00000 624 0.098
ST1.38 377.28 0.00 1.000 0.000 0.00 1.00000 a42.4 0.000
Est. Totnl 496.48
Athabasca River, 1760 m sownsiream
106.0 .
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Appendix D.S Athabasca River

-.

X-SECTION Athabasca River, 2740 m downstream ORIGINAL SURVEY
TREATMENT DATE 478
DISCHARGE m’/s 48400 Assur:ed
WIOTHm 313.08 Water Suxface Bev.
MEAN DEPTH m 1.7 LS 2098
AREA m* 538.44 RS 2N
MEAN VELOCTTY mv/s 0.000
Sts. Bev. h WV “ dgest norm. gQ Asea  edjusted
m m m m™e m® m' "we
2895 10130 2595 0.00 0.000 0.000 Q.00 0.00000 [ X ] 0.000
3353 100.30 5 1.01 0.01S 0829 0.72 0.00135 23 .58
42,79 100.18 @28 1.13 0.044 0879 .34 0.01318 120 0813
5002 100.02 $0.03 129 0.067 0.742 6.33 0.023500 209 0.870
2.4 100.18 5243 113 0.078 0.079 205 0.02884 D8 o8
5793 100.18 $7.93 113 0.062 0879 420 0.05087 30.0 0813
7343 W21 73.13 1.10 0.141 0.008 138 005788 09 0.802
8133 1°e.00 81.33 12 0.167 0.714 6.54 0.07008 8.3 06845
8343 050 88.43 1.41 0.189 0.787 8.9 0.08310 [ 3] o
10383 100.02 103.83 129 0238 0.742 1562 o.11227 8.1 0870
118.83 100.08 118.83 124 0208 0.728 14.11 0.13081 1083 0.958
1255 100.00 125.53 .22 0.308 0.714 883 0.14988 1138 0848
13283 99.87 1293 144 0331 0.788 741 0.16383 1233 0.721
13863 100.02 13583 129 0.340 0.742 2853 0.18880 127.0 o870
14833 100.08 149.33 124 0.383 0.728 122.72 0.16254 144.4 (X ]
18483 100.08 16483 124 0.432 0728 138 021838 163.4 o088
17983 90.93 179.83 138 0.481 078 14.98 024628 1833 o101
180293 96.87 19283 1.44 0522 0.708 14.48 027332 2017 0.721
20243 90.05 202.43 226 0.552 1019 18.45 0.30403 2192 oS
2100 93.58 210.33 274 0.578 1230 280 0.34080 23.0
219.43 $8.13 219.43 J.18 0.807 1.358 4.8 041101 2059
2100 08.38 231.03 293 0844 1283 4888 0.48877 3013
24083 9853 240.83 277 0.067S 1239 B 0.58454 32902
220 $8.04 252.03 327 0.710 1381 4431 0.84728 3831
2873 320 259.73 311 0.735 13368 33.51 0.700468 3878
20853 $8.10 2068.53 21 0.763 1384 37.48 0.77842 4184
283483 $8.834 8.4 247 0.810 1.145 $3.00 0.87838 4578
258 99.69 20553 161 0.049 0.884 25.00 0.52502 4828
01 99.90 30173 1.41 0.900 0.787 7.00 0.93021 401.7
IS 9.8 310.03 138 0.808 0778 9.99 0.05787 5045
319.13 100.18 319.13 1.13 0.824 0879 7.48 0.97178 814.7
223 100.18 ® 1.13 0.908 0.67% 10.00 0.90048 2208
338 10027 338.33 1.04 0.985 0.642 438 0.99857 1
34293 101.30 34203 0.00 1.000 0.000 o.77 1.00000 538.4
_Est Vot 3588
Athabasoa River, 2740 m downstiream
1“0 . . .
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Appendix D.5 Athabasca River
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STATION (v}

X-SECTION Ahabasca River, 3740 m dowsstream ORIGINAL SURVEY  1%-8up-7§
TREATMENT DATE & RE=T5
DISCHARGE m%s 484.00 Assumed
WIDTH m 367.68 Water Surface Blov. 10530
MEAN DEPTH m 1 LB 3.00 101.30
AREA m* 4182 RE 37088 10130
MEAN VELOCITY m/s 1.081
. Beov. h W u doest nomm. g/Q Area adipstedu
m - - als = ™ mis
3.00 101.30 3.00 0.00 0.000 0,000 0.00 0.00000 0.0 0.000
17.00 90.55 17.00 178 0.038 1377 8.44 0.01704 1223 1.347
29.00 00.35 20.00 198 0871 1.480 31.72 0.08113 34S 1.448
3800 100238 39.00 108 0.008 0.580 18.48 0.11840 495 0.958
498.00 100.45 49.00 0.88 0.128 0.851 &70 0.13596 50.0 0.832
84.00 100.85 84.00 0.7 0220 0.783 287 0.18217 289 0.765
88.00 100.15 95.00 1.15 0.250 1.041 233 02014 97.4 1.018
121.00 100.05 121.00 125 0.321 1.101 3241 028890 1288 1.076
141.00 10028 141.00 106 0375 0.980 2.9 031723 1518 0.858
185.00 100.35 185.00 (X 3 0.485 0918 41.71 0.40149 16858 0.398
206.00 100.38 205.00 095 0.549 0916 17.41 0.43087 2148 0.868
218.00 90,65 215.00 138 0.577 1.158 11.93 0.48077 226.1 1.133
.00 90.85 223.00 145 0.568 1218 1329 0.48762 23713 1.188
238.00 89.45 238.00 185 0.630 1.420 .72 0.55372 282.1 1388
257.00 90.758 257.00 185 0.001 1270 4380 084180 2044 1242
276.00 10023 276.00 108 0.743 0.930 21.7% 066793 319.1 0.958
348.00 90.58 348.00 118 0.838 1.377 118.80 0.93792 419.8 1347
368.00 90.95 358.00 135 0.960 1.158 1572 0.96068 422 1.133
38300 [ ¥° 3 383.00 145 (37, ] 1218 11683 090317 4420 1188
37088 101.30 37088 0.00 1.000 0.000 338 1.00000 4478 0.000
Est. Totad 485.03
Athabases River, 3740 m downsteam
108.0 v . . .
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Appendix D.S Athsbasca River

X-SECTION Athabssca River, 5540 m downeream ORIGINAL SURVEY  17-8ep-T4
TREATMENT DATE 4-h-T8
DISCHARGE m's 434.00 Assumed
WIOTHm 304.11 Winter Surface Elev. 101.40
MEAN DEPTH m L7 B 0.00 101.40
AREA m* 82127 ] 304.11 101.40
MEAN VELOCTY m/a o529
Sm. Bev. [ ] wiV u dgest norm. 9Q Ares  adiusted v
m m m ms m* -’ wie
0.00 101.40 0.00 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
1520 100.91 1520 0.50 0.050 0.405 0.78 0.00150 s 0.300
30.50 100.12 30.50 128 0.100 0.708 7.08 0.0171% 17.4 0.730
45.70 99.41 45.70 2.00 0.150 11027 =3 0.08117 @3 (X 1]
57,30 9.10 57.30 a2 0.188 1131 0.9 0.11413 72 1077
74.40 96.02 74.40 23 0245 1.187 45.80 020441 1073 1102
91.40 9928 91.40 218 0.301 1.078 43.04 028908 1459 1027
108.70 29.45 108.70 1.98 0.351 1.014 2.81 0.35382 ma 0.983
12190 90.54 12190 1.87 0.401 0.982 2297 0.410862 2002 0938
13140 99.41 131.40 2.00 0.432 1.027 18.42 0.44887 2248 0.978
187.10 99.35 187.10 2.08 0815 1.043 117.04 087712 337.4 0.008
192,90 99.08 182.90 178 0.634 0.840 10.95 0.05087 3484 0.885
20940 99.84 209.40 1.87 0.838 0.874 24.70 0.74738 87 0.032
224.30 90.78 224.50 183 0.738 0.898 21.03 0.78578 390.5 0.853
238.90 09.72 239.90 180 0.788 0.918 .42 0.83482 4283 0874
255.10 99.00 258.10 .15 0.838 0.840 2421 0.88245 4514 0.808
270.70 99.08 270.70 1.78 0.890 0.940 25.58 0.93277 4788 0.8098
27850 90.72 278.50 1.09 0.800 0918 924 0.93088 488.6 0.874
570 9998 285.70 1.45 0838 o520 257 097583 s2e o708
287.70 99.54 287.70 1.57 0.948 0.874 258 0.88073 503.9 0.832
205.40 100.57 205.40 0.84 0971 0.575 8.69 0.89389 8182 0.847
297.40 100.54 207.40 0.87 0978 0.588 0.99 0.99584 816.9 0.380
299.30 100.73 209.30 068 0.984 0.499 0.80 0.90740 518.3 0.478
301.40 100.48 301.40 0.93 0.991 081S 0.4 0.90024 %200 0.5808
304.11 101.40 304.11 0.00 1.000 0.000 0.39 1.00000 5213 0.000
Est Total $08.31
Athabasaa River, $540 m downstream
1“.0 . . . + .
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Appendix D.5 Athabasca River

X-SECTION Amhabssca River, 0820 m downstream ORIGINAL SURVEY  17-Sep-74
TREATMENT DATE A~ DavT8
DISCHARGE m'/s 484.00 Assumed
WIDTH m 2082 Water Surtace Blev. 101.40
MEAN DEPTH m 220 s 207 101.40
AREA m! 504.82 RB 251.90 101.40
MEAN VELOCTTY mv/s 0856
a. Bov. ] wwW "] dqest nonw. g/Q Area  adjustedu
m m m ms L m? mis
207 101.40 207 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
8.00 100.50 8.00 1.02 o.028 0.573 0.08 0.00188 3.0 0.540
10.50 20853 10.50 1.78 0.083 0.5%2 833 0.01791 149 0.784
28.10 08.58 28.10 2852 0.113 1.1 28.18 0.08882 418 1.087
3120 98.04 3120 257 0.127 1.084 9.18 0.00085 49.8 1.003
34.20 88.99 3420 242 0.140 1.022 7. 0.10182 573 0.963
38.70 9020 36.70 212 0.151 0935 554 a.11281 630 [ X -]
48.10 98.98 48.10 245 0.182 1.030 21.07 0.15363 244 0.971
48.90 98.41 43.90 3.00 0204 1.180 8.42 0.17002 K20 1912
£8.50 98.20 $8.50 321 0237 1234 28.44 022539 1se 1.163
96.00 2820 65.00 312 0274 1211 .84 0.28834 124 1.141
€8.70 | _F-} 63.70 318 0280 27 14.18 0.31698 5Ly 1.158
72.00 98.74 72.00 267 0.304 1.001 1147 0.33371 1637 1.029
76.90 99.17 76.90 224 0.328 0871 122.38 0.38281 1’y 0915
98.00 9056 88.00 285 0,385 1.140 2439 0.41031 322 ‘1.074
90.00 98.77 90.00 284 038 1.08 12.18 0.43403 m.@ 1.021
93.10 98.50 93.10 2852 0.308 12 8.38 0.45225 213 1.087
108.80 2335 108.80 3.08 0.4568 1.198 46.79 0.54337 2584 1.127
120.50 98.50 120.50 291 0.515 1.958 48.00 9.83683 203 1.008
13120 08,51 19120 200 0.582 1072 278 0.70087 328.7 1010
140.90 98.96 140.90 245 0.004 1.030 25.70 0.75071 353.3 0.971
180.70 90.45 150.70 198 0.847 0.888 2063 0.70097 3743 0.837
161.90 99.51 161.90 1.90 0895 0.068 18.94 0.82785 308.3 0.319
175.40 90.435 175.40 198 0.754 0.338 28 0.87231 @222 0.837
181.40 99.41 181.40 2.00 0.780 0.900 10.5¢ 0.85203 434.1 0.843
180.70 99.00 180.70 181 0.818 (X2 - 1373 0.91087 4499 0.783
204.00 2048 204.00 1.98 0.879 0.888 228 0.98483 478.7 0.837
207.00 20.57 207.00 184 0.882 0.851 4.94 0.97455 482.4 0.802
215,80 100.42 21500 0.83 0.926 9.582 8.87 0.99123 4948 0.530
22280 10008 22260 0.78 0.960 0.408 LR 0.99730 5006 0.440
228.70 101.03 228.70 0.38 0.908 0205 1.30 0.99983 304.0 0278
231.00 101.40 231.90 0.00 1.000 0.000 0.00 1.00000 5048 0.000
Est Total 51358
Athabasca River, $920 mdownstieam
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Appendix D.5 Athabasca River

17-80p-74
101.40
101.40
101.40
Sta. Bev. adjusted u
m m mls
178 101.40 0.000
S.00 100.82 0.470
9.00 100.82 0.470
14.00 100.02 0.837
17.00 100.22 . 0.7%4
21.00 100.02 21.00 138 0.080 0918 4.47 0.02408 174 0.857
28.00 100.72 28.00 068 0.087 0873 3.84 0.03128 23 o052
30.00 100.42 30.00 0.98 0.101 0.731 2.18 0.038% ase 0.000
44.00 99.72 44.90 1068 0.151 1.047 16.58 0.00054 “2 0.958
48.00 90.52 48.00 188 0.108 1.003 660 0.07618 80.7 0.010
53.00 99.22 $3.00 218 0.184 1248 10.58 0.00007 60.1 1138
73.00 98.02 73.00 338 0238 1.009 81.03 028173 187 .62
78.00 822 78.00 3.18 o027 1.003 8.8 0.30220 1321 1401
87.00 88.02 87.00 3.38 0.308 1.000 4829 0.38323 1016 1.822
100.00 08,92 100.00 248 0.352 1358 87.84 0.80182 190.7 1.258
117.00 99.32 117.00 208 0.413 1207 49.71 0.850547 298 1.109
127.00 100.02 127.00 138 0.449 0918 18.30 0.63011 2558 0.857
188.00 99.52 188.00 1.88 0.081 1.120 8.3 0.81553 382.0 1.029
202.00 100.12 202.00 128 0.718 0.873 2331 0.08320 M2 0.788
210.00 920.92 21000 148 0.747 0052 10.13 088228 3883 0877
240.00 100.12 240.00 128 0.854 0.873 38.00 0.98388 420.7 0.708
270.00 100.62 270.00 0.78 o.962 0.628 23.19 0.00788 40098 0.872
280.84 101.40 260.34 0.60 1.000 0.000 1.30 1.00000 404.7 0.000
Est. Total 830.84
Ashadasce River, 8830 m downsiream
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Appendix D.S Athabasca River

X-SECTION Ashabascs River, 8650 m downstesm

ORIGINAL SURVEY  28-May-74

STATION (m)

TREATMENT DATE © 473
DIBCHARGE m"/s 484.00 Assumed
WIDTH m 310.52 Water Surface Elev. 101.40
MEAN DEPTH m 158 L8 412 101.40
AREA m' 491.01 RB 31524 101.40
MEAN VELOCITY mis 0.980
. Bev. h wwW u dqest nom. g/Q Aea adjustedu
m m m ms m® m? mis
4.72 101.40 4.7 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
0.38 100.15 | > 128 0.013 0.845 2 0.00237 29 0.789
12.05 10027 12.05 1.14 0.024 0.790 264 0.00748 8.1 0.738
145368 99.81 1458 100 0.032 0.991 3.04 0.01332 9.5 0.925
1085 100.08 1668 133 0.038 0.885 290 0.01890 1268 0.328
.08 90.45 23.05 1.98 0.050 1.138 10.67 0.03948 22 1.060
20.75 00.98 28.75 148 0.071 0.928 6.49 0.05199 205 0.868
4885 90.99 45.65 1.42 0.132 0915 24.91 0.10004 565 0.854
6388 99.63 63.85 148 0.190 0.841 24.41 0.74711 828 0.878
87.08 920 ar.6s 22t 0287 1230 4755 02881 1286 1.149
91,05 98.90 01.85 2.51 0281 1.340 13.01 026360 138.7 1251
.75 ©9.08 .78 29 0287 1275 ses 0.27488 1411 1.190
101.35 98.90 101.38 251 03N 1.340 2399 032113 159.4 1251
110.88 9920 11085 221 G341 1230 27.84 0.37483 181.1 1.1490
128085 99.81 120.65 1.00 0.583 0.891 33.68 0.44037 217 0.925
14123 99.08 14168 1.78 0.441 1.053 a5.60 0.43974 8.7 0.983
158.85 090.57 158.88 1.84 0.490 1.089 2813 0.54592 2039 1.016
172.45 90.51 172.48 1.90 0.540 1112 32.0% 0.60708 293.0 1.038
18765 99.38 187.98 208 0.560 1.174 3199 0.67514 b -~X 1.096
203.18 80.11 203.15 230 0.630 1264 40.30 0.7%528S 358.7 1.180
208.35 9920 208.35 221 0858 1230 14.59 0.78099 363.4 1.149
218.7% 99.51 218.75 1.90 0.680 1.112 2457 0.82915 380.7 1.0338
228.18 99.35 28.18 2.08 0.720 1.174 2122 0.87008 408.3 1.096
25423 90.51 23425 1.0 0.73% 1.112 077 0.85064 4203 1.038
249,88 100.1S 249.88 128 0.789 0.848 24.04 0.94300 4449 0.789
208,08 100.42 285.06 0.88 0.838 0.719 18,31 0.90867 4619 0.871
28085 100.63 280685 078 0.889 0813 9.14 0.93830 475.7 0.572
298.15 100.91 296.15 0.50 0.839 ‘0.454 825 0.99042 4855 0.424
308.25 101.09 30825 032 0.871 0.338 1.2 0.99954 4896 0.314
31524 101.40 31524 0.00 1.000 0.000 0.24 1.00000 4910 0.000
Est Total $18.54
Athabaseca River, 3880 mdownstvam
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Appendix D.5 Athabasca River

X-SECTION Amhabssca River, 8770 m downstream ORIGINAL SURVEY  12-8ep-T8
TREATMENT DATE 478
DISCHARGE m's 484.00 Assumed
WIOTH m 271.87 Water Surface Blav., 101.40
MEAN DEPTH m 1.80 LB 284 101.40
AREA m* 43852 |s 274.41 101.40
MEAN VELOCITY m/s 0.960
am. Eev. h wW u dgest norm. gQ Area  adjusted u
A m m/s m® m' ms
254 101.40 2.54 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
17.00 100.41 17.00 0.90 0.053 0.6087 240 0.00475 72 0.840
29.00 99.91 28.00 1.49 0.087 0.878 11.50 0.02750 .1 0.840
38.00 99.81 38.00 158 0.130 0.913 1262 0.05220 8.0 0.878
49.00 99.31 49.00 209 0.171 1.098 20.38 0.00270 583 1.053
63.00 99.11 63.00 229 22 1.164 3471 0.181681 87.0 1119
70.00 98.41 70.00 299 0248 1.301 2368 020885 108.3 1.3%
83.00 09.11 83.00 220 0.208 1.164 4391 0.20872 O X ] 1.119
$4.00 99.31 94.00 200 0.33 1.008 27 0.34000 164.0 1.083
100.00 99.41 100.00 1.9 0.358 1.001 12 0.37011 1783 1.019
108.00 99.11 108.00 228 0.388 1.184 10.08 0.413090 103.4 1119
122.00 $9.31 122.00 209 0.439 1.008 4.7 0.48280 242 1.033
1986.00 99.41 1968.00 1.98 0.712 1.081 163,07 0.80081 3718.4 1019
203.00 £9.61 203.00 1.79 0.737 0.938 13.58 0.83387 388.7 0.930
2368.00 $9.81 238.00 159 0.859 0.913 53.16 0.93000 4448 0.878
246.00 99.51 248.00 1.89 0.808 1.028 16.90 0.67264 482.0 0.888
274.41 101.40 274.41 0.00 1.000 0.000 13.7¢ 1.00000 483.9 0.000
Est Total $03.78
Athadasca River, §770 m downstream
108.0 v v
E s
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Appendix D.5 Athabasca River

X-8ECTION Athabasca River, 10080 m downstream ORIGINAL SURVEY SJun-74
TREATMENT DATE 4-dun-75
DISCHARGE m'/s 4834.00 Assumed
WIDTH m 243.99 Water Susface Elev. 101.40
MEAN DEPTHm 208 LB a.28 101.40
AREA m! 649.37 RB 250.85 101.40
MEAN VELOCTTY mv/s 0.745
Sta, Elev. h ww u dqest. nom. g/Q Area  adjusted u
m m m . mis m* m? mis
0.08 101.40 a.08 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
16.04 100.60 16.04 0.72 0.0338 0.310 0.51 0.00007 33 0288
31.24 09.57 3124 1.34 0.100 0.582 8.64 0.01742 2.7 0.538
40.54 $7.83 48.54 3858 0.183 0.907 30.81 0.07808 84.0 0.838
62.34 97.37 62.34 4.04 0227 0.984 $6.85 0.18430 1242 0.908
7704 9725 7784 4.18 0290 1.003 225 0.30280 106.3 0.924
$8.84 97.34 98.94 4.07 0.377 0.989 87.19 0.48877 274.4 0.911
118.44 97.88 118.44 358 0.457 0.902 70.16 0.80232 3436 0.8
133.34 $8.83 133.34 2.58 0.518 0.729 37.19 0.67312 3942 0.672
149.84 90.14 149.84 227 0.588 0.069 27.92 0.72627 434.1 06817
106.04 90.03 108.04 236 0.652 0.687 2538 0.77458 4718 0.633
182.74 98.99 182.74 2.42 0.721 0.699 27.59 0.82710 $11.3 0.644
194.84 £6.50 184.94 191 0.771 0.598 17.08 0.85858 537.7 0.549
204.44 88.59 204.44 2.82 0.810 0.774 15.38 0.838882 $60.1 0.713
217.24 03.62 21724 279 0.882 0.768 2763 0.94142 5959 0.708
231.84 99.60 D1.834 1.81 0.922 0.575 251 0.98427 a20.5 0.530
235.84 100.48 25.84 0.63 0.938 0.388 2.58 093018 834.9 0.33%
230.14 100.21 230.14 120 0.952 0.437 1.41 0.99188 6384 0.403
245.04 100.30 245.84 1.1 0.879 0415 328 0.69810 646.1 0.382
248.34 100.08 248.34 0375 0.990 0319 0.85 0.99872 6484 0284
250.85 101.40 250.35 0.00 1.000 0.000 0.15 1.00000 849.4 0.000
Est. Tota! 525.31
Athabasca River, 10080 m downstream
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Appendix D.5 Athabasca River

X-SECTION Ashabasca River, 12570 m downstvream ORIGINAL SURVEY S-May-74
TREATMENT DATE 475
DISCHARGE m’/s 484.00 Assumed
WIDTH m 207.92 Water Surface Elev. 101.40
MEAN DEPTH m 1.92 Ls 0.00 101.40
AREA m? 572,48 KRs 207.92 101.40
MEAN VELOCITY m/s 0.348
Sta. ev. h wi u dqest norm. /Q Area  adjusted u
m m m m/s m? m’ m/s
0.00 101.40 0.00 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
8.10 100.91 8.10 0.50 0.020 0.342 o228 0.00050 1.5 0.320
12.50 10).48 12.50 .83 0.042 0.519 1.98 0.00428 8.1 0.488
18.80 10.18 18.90 123 0.083 0.628 304 0.01100 129 0.588
32.30 100.63 2.3 0.78 0.108 0.481 729 0.02599 28 0432
48.00 99.03 48.00 1.48 0.154 0.709 9.02 0.04343 "7 0.083
$0.90 $9.93 50.90 1.48 0.171 0.709 5.12 0.05333 49.0 0.0683
61.30 9929 61.30 212 0208 0.901 15.03 0.0823¢ 618 0.844
83.20 99.38 8320 203 0279 0.876 4028 0.18027 113.0 0.819
92.70 99.09 92.70 232 0.311 0.957 18.09 0.19680 108 0.098
100.30 99.41 100.30 2.00 0.337 0.887 14.94 0.22589 150.0 0.811
107.00 99.05 107.00 238 0.359 0.988 13.37 025158 184.5 0.908
110.60 99.14 110.60 227 0.371 0.943 795 020882 1729 0.883
123.40 88.98 123.40 245 0.414 0.993 28 0.32338 203.0 0.929
142.30 09.17 142.30 224 0.478 0.835 42,63 0.40879 2472 0.878
154.20 $9.20 154.20 221 0518 0.927 24.589 0.45334 278 0.887
165.80 $8.90 1685.830 251 0.557 1.009 2044 0.50447 301.0 0.944
175.30 $8.04 175.30 3.37 0.588 1229 31.20 0.58479 3288 1.150
188.70 8820 188.70 321 0833 1.189 522 0.08769 3729 1.113
200.80 98.47 200.60 294 0.673 1122 a°22 0.74931 400.4 1.050
216.10 99.68 216.10 1.75 0.725 0.793 34.72 081644 445.7 0.742
238.80 99.09 238.80 1.52 0.795 0.722 2555 0.88584 470.4 0.678
258.00 99.87 256.00 1.54 0.859 0.728 2122 0.80887 208.7 0.681
267.80 99.28 207.60 213 0.888 0.904 17.32 0.94037 $20.9 0.548
280.40 $9.81 280.40 1680 0.941 0.747 10.85 0.97837 853.7 0.669
291.10 100.24 291.10 1.17 0.877 0.608 9.8 0.99787 588.9 0.507
297.92 101.40 207.92 0.00 1.000 0.000 120 1.00000 5728 0.000
Est Total 517.18

Athabasca River, 12670 m downstream
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Appendix D.5 Athabasca River

X-8ECTION Athabasca River, 10670 m downstream ORIGINAL SURVEY  16-Sep-75
TREATMENT DATE 475
DISCHARGE m'/s 484.00 Assumed
WIDTH m 416.42 Water Surface Elev. 101.40
MEAN DEPTH m 157 (¥ -) 0.00 101.40
AREA m? 651.84 rB 416.42 101.40
MEAN VELOCITY mv/s 0.743
on, Bav. h W u dqest nom.gQ Area  adjustedu
m m m m's m* m? mws
0.00 101.40 0.00 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
3.08 101.33 J08 0.08 0.009 0.088 0.01 0.00001 0.1 0.087
1824 100.85 1524 0.75 0.037 0.453 131 0.00241 4.9 0.401
21.24 99.80 21.34 180 0.051 0.783 4.31 0.01029 12.0 0.087
32.00 99.397 32.00 203 0.077 0.882 15.81 0.03623 314 0.781
$0.29 98.74 50290 108 0.121 0.772 27.87 0.00025 65.1 0.684
74.08 98.83 7408 287 0.170 1.035 4864 0.17582 116.7 0.917
100.73 100.04 109.73 1.38 0264 0674 58.85 028338 185.6 0.5838
128.02 100.41 128.02 0.99 0.307 0.547 13.09 0.30732 207.0 0.484
188.50 100.84 158.50 056 0.381% 0.378 10.00 0.32728 230.7 0.332
188.88 100.78 188.68 0.es 0.454 0.418 7.33 0.24070 2482 0.368
2190.48 100.41 2190.48 0.9 0.527 0.547 12.04 0.38274 2742 0.484
249.94 100.11 249.94 129 0.800 0.654 20.90 0.40099 309.1 0.579
280.42 90.98 280.42 1.42 0.673 0.685 27.85 0.45198 350.4 0.615
310.00 80.53 310.90 1.87 0.747 0.837 38.39 0.52225 400.5 0.742
341,38 99.13 34138 227 0.820 0.951 58.45 0.62559 4838 0.843
368,81 88.48 368.81 264 0.888 1131 7438 0.76175 53S5.1 1.002
377.0% 97.85 377.95 355 0.908 1282 35.79 0.82727 564.8 1.138
393.18 98.52 393.19 2.88 0.944 1.118 58.71 0.83474 613.7 0.938
3087.78 88.34 397.7¢ J.08 0955 1.182 1548 0.98304 6273 1.029
402.34 96.13 402.34 227 0.908 0.851 12.88 0.98881 830.5 0.843
408.43 100.63 408.43 0.7 0.881 0.453 6.45 0.99842 848.7 0.401
416.05 10130 418.05 0.08 0.909 0.088 0.se 1.00000 8518 0.087
416.42 101.40 416.42 0.00 1.000 0.000 0.00 1.00000 6518 0.000
Est. Totsl 54828
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Appendix D.S Athabasca River

STATION (m)

ORIGINAL SURVEY  18-89p-78
TREATMENT DATE AJun-75
DISCHARGE ms 424,00 Assumed
WIDTH m 319.41 Water Surface Hlev. 101.40
NEAN DEPTH m 173 L8 8.58 101.40
AREA m® 554.19 RrB 2498 101.40
MEAN VELOCTTY mv/s 0.873
Sta. Elev. [} wwW u dqwst nomm. @Q Area  adjusted u
m m m m/s m* m? mws
5.55 101.40 555 0.00 0.000 0.0600 0.00 0.00000 0.0 0.000
857 101.33 a.57 0.07 0.003 0.107 0.00 0.00000 0.0 5.103
20.43 0w 20.43 2.18 0.078 1.016 14.47 0.02389 258 0.978
38.58 89.71 38.58 1.69 0.103 0.858 16.88 0.08158 438 0.824
4528 99.59 4528 1.81 0.124 0.8399 10.32 0.05202 8852 0.803
59.01 98.08 58.01 3.4 0.170 1381 42,97 0.1¢301 ”2.e 1200
04.98 99.53 04.96 1.87 0280 0.919 103.64 037148 1842 0.382
114.78 09.92 114.78 1.48 0.342 0.788 W27 0.42780 2174 0.783
128.49 99.88 128.49 1.54 0.388 0.80¢ 18.44 0.48026 238.1 0.773
14221 100.03 14221 1.32 0.428 0.730 15.07 0.48597 2577 0.700
157.45 99.39 157.45 1.51 0.478 0.78¢ 16.45 0.52259 2793 0.783
247.36 100.11 247.26 129 0.757 0.718 95,32 0.71183 4082 0.639
268.70 99.53 263.70 1.87 0.824 0.019 2767 Q.70838 430.0 0.832
280.88 68.92 280.89 248 0.082 1.109 26.03 0.31979 405.8 1.004
291.56 $8.70 201.56 2.70 0.885 1172 31.51 0.88225 483.2 1.124
303.75 08.92 303.75 24 0.934 1.109 36.0% 0.85364 824.8 1.004
31137 99.53 311.37 187 0.957 0919 16.82 0.93701 S41.4 0.882
324.48 101.33 324.48 0.07 0.909 0.107 a.58 1.00000 534.1 0.103
324.968 101.40 324.96 3.00 1.000 0.000 0.00 1.00000 854.2 0.000
Est. Total 804.47
Athabasca River, 17110 mdownstream
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Appendix D.S Athabasca River

X-8ECTION Amabesca River, 18480 m downsteam ORIGINAL SURVEY  16-Sep-75
TREATMENT DATE TS
DISCHARGE m'Ys 484.00 Assumed
WIDTH m 25284 Water Susface Elev. 101.40
MEAM DEPTH = 198 18 0s3 101.40
AREA m? 501.18 rB 253.17 101.40
MEAN VELOCITY mis 0.90¢
8. Sov. ] W '] dgest norm. gQ Area adjustedu
m m m ms m! m's
053 101.40 0.5 0.00 0.000 Q.00 .00 0.00000 [ 7 ©.000
0.70 101.33 0.70 007 0.001 0.108 200 0.00000 0.0 0.100
2250 20.53 250 1.57 0.087 o828 8.4 0.01608 18.0 0.708
28.37 100.03 20.50 1.57 0.118 0.758 8.17 0.03187 283 0.509
30.50 99.03 39.50 237 0.154 1.008 728 0.08470 470 1.007
$8.50 88.03 $6.50 337 oz 1378 0021 017979 59 1273
77.50 97.73 77.50 387 0.305 1.457 104.83 038014 1009 1348
16250 2053 102.50 157 0.40¢ 093% 278 0.53830 2302 0.880
11250 90.33 112.50 207 0.443 0.995 19.60 0.57460 2560 0.520
12250 00.43 18250 197 0720 ases 13808 053002 4007 0.890
19350 2953 183.50 187 0.78¢ 0.830 2002 0.87789 218 0.860
205.50 99.13 205.50 227 o8N 1088 2473 0.92518 487 0978
220.50 90.83 220.50 157 0.571 o828 2721 097716 4758 0.708
25i.350 101.33 251.50 0.07 0.963 0.108 1195 09999 3.1 0.100
253.17 101.40 255.17 0.00 1.000 0.000 0.00 1.00000 5012 0.000
Est Totsl 52321
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Appendix D.S Athabasca River

X-SECTION Amhabasca River, 19080 m downstream ORIGINAL SURVEY  28-May-74
TREATMENT DATE 4~un-7S
DISCHARGE m/s 484.00 Assumed
WIDTH m 288.04 Water Sustace Blev. 101.40
MEAN DEPTH m 227 8 L ¥ ) 10140
AREA m® or7.s8 "8 300.9¢L 101.40
MEAN VELOCITY mis 0.714
Sta. Eev. [ ) www 7] dqest norm. g/Q Ava  adjusied u
m m m s m* m "
8.5« 101.40 3.94 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
1485 100.868 14.95 0ss 0.020 o2re o 0.00043 18 0.288
24.35 100.54 24338 087 0.052 0378 218 0.00458 a3 0.348
30.85 99.84 3085 1.57 0.074 0.557 3.74 0.01172 183 0.516
4235 W44 4255 197 0.113 0.648 12234 0.0353% p X ) 0.001
53988 9.9 $3.95 142 0.18% 0.527 128 0.05004 86.0 0.483
6195 90.94 6195 1.47 0.178 0.533 6.07 0.08857 [ £} 0.494
7415 90.84 74.18 157 o219 0557 10.07 Q08788 280 asie
38.75 90.79 3B.7S 1.82 0281 0.569 127 0.10847 100.1 0.527
10C35 98.54 100.35 287 0.307 0533 2138 0.18040 1388 QT3
11875 98.04 118.78 337 0362 0.928 44.99 023081 1878 0.081
13538 97.99 13835 .42 0.424 0.837 538.80 0.34829 250.7 0.000
15235 $8.07 152.35 334 0.481 (X -] 83.34 0.48181 308.0 0.858
16835 03.29 188.35 312 0.528 0881 40.72 0.52054 3532 0817
189.15 £3.33 189.15 J.08 0.605 0.874 81.92 0.54820 L%} 0.510
21295 98.39 212.95 o2 0.884 0.882 6291 0.76878 4962 0.800
2255 98.84 2255 257 0.717 0774 2192 0.81070 230 0.718
25055 99.34 250.5% 207 0.811 0870 48.81 0.90043 8878 0.021
27.718% 99.89 2717.78 152 0.902 0.545 29.57 0.95713 a¥x.s 0.508
28595 2984 28593 77 0529 2003 1.2 o2 o500 0.560
290.35 9934 200.35 207 0.944 0870 8.38 0.98220 e384 0.621
30185 100.54 301.85 0.87 0.883 0375 8.88 0.99022 6754 0.348
308988 101.40 308.98 0.00 1.000 0.000 .41 1.00000 oene 0.000
Est Totl 821.83
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Appendix D.S Athabasca River

X-SECTION Athabasca River, 21470 m dowrstisam ORIGINAL SURVEY 11-Bep-75
TREATMENT DATE 4&-anr-T5
DISCHARGE m™/s 484.00 Assumed
WIDTH m 21.11 Water Surface Blev. 101.40
MEAN DEPTH m 249 8 15.75 101.40
AREA m? S50.47 ] 236.08 101.40
MEAN VELOCITY m/s 0.879
O, Bev. ] v u dqest nom. g/Q Area adhimtedu
m m m mis m® m’ mis
18.78 101.40 15.75 0.00 0.000 0.000 0.00 0.00000 0.0 0.000
.19 100.02 23.19 1138 0.034 0583 152 0.002097 5.1 0.580
42.40 90.38 42.40 205 o.121 0772 247 0.04678 8.1 0729
46.05 98.80 48.05 2080 0.137 0.905 7.3 0.08088 468 0.354
128 97.08 8128 3.54 G208 1.113 4720 0.18272 933 1.050
78.08 9784 78.08 376 o282 1.157 69.43 028810 1545 1.082
1.77 9783 91.77 345 0344 1.083 5562 0.35054 2040 1.032
223 97.89 12225 351 0.482 1.108 118.72 082418 310.1 1.044
14S.11 99.08 145.11 1.74 0.585 0.084 54.08 0.72900 3702 0055
152.73 90.02 152.73 238 0.020 0.85¢ 12.18 0.75335 385.9 0.808
17255 98.41 17258 199 0.700 0.757 34.90 0.852140 4202 0.714
180.17 90.47 180.17 193 0.744 0.741 11.18 0.84320 4442 0.700
184.74 99.38 184.74 202 0.784 0.78S 8.79 0.85645 4532 0722
18826 90.72 188268 188 0.7 [ X174 203 0.88041 458.0 0839
190.83 90.75 190.83 185 0.782 0.089 S5.14 0.87043 4638 0632
208 .68 98.77 208838 28 0.884 0.912 26.52 0.92273 4978 0.880
213069 88.77 21360 283 0.895 0.912 16.80 0.95549 $18.0 0.880
225.80 100.08 25.89 .32 0.950 0.57% 17.89 0.98037 S4n.1 0.543
23198 10023 23198 117 0.978 0.530 4.18 0.96853 8478 0.500
236838 101.40 238.88 0.00 1.000 0.000 0.7% 1.00000 $50.5 G.000
Est Total $12.83
Athabasea River, 21470 m downsiieam
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Appendix E. Concept of Dosage

The concept of dosage can be used to determine the transverse mixing coefficient
from a slug injection of tricer. Dosage is defined as the time integral of depth-averaged
concentration at a given location downstream of a sh:g injection, i.e.

®=jcdt

0

[A-1]

where @ is the dosage. Therefore the dosage is the area under a C-t plot.

Beltaos (1975) showed that dosage at a point downstream of a slug injection is
analogous to concentration at a point downstream of a steady state injection. Therefore
the distribution of dosage across the channel at several locations can be used to determine

the transverse mixing coefficient using the method of moments or simulation techniques.

Dosage distributions can also be used to determine M, the total mass passing a
section by integrating over the total flow as follows:

Q
M= [©dq [A-2]
0

where:  q is the cummulative flow coordinate

Oy is the dosage at a given cummulative flow
Q is the total streamflow

The result of the integration can be compared to the mass input to assess the mass
recovery at the cross section.
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Appeddix F. Notes and Assumptions Regzrding the Peace River Mixing
Simulation

Several assumptions were made in order to complete the Peace River mixing
sunmulation. These included assumptions required to resolve some irregularities in the
NRBS report on the study (Northem Rivers Basin Study, 1994). The assumptions and
other pertinent notes regarding the simulation are listed below.

Appendix F.1 Shaftesbury Ferry Injection Site

e The location of the tracer injection as specified in the NRBS report and designated in
NRBS Figure 3.4a does not correspond with the g/Q coordinate for peak dosage
NRBS Figure 4.5 (q/Q = 0.36 compared to ¢/Q =~ 0.55).

e It is unlikely that the maximmm dosage location can shift to a different streamtube in
such a short distance. Therefore the input location was assumed to correspond to the

peak dosage location.

o Interestly, if the 190 m from the bank specified for the injection location was taken
from the RB rather than the LB, then the injection location would correspond to the
peak on the dosage plots.

e The injection consisted of 250 kg of 26% Rhodamine WT, ie. 50 kg of tracer.
Assuming this mass is initially mixed into a volume defined by three time steps
between q/Q = 0.55 to 0.60 gives the following initial concentration:

50000000 mg _
[0.05][1740 m3/sec][360 sec]  1>26-4 ppb

Appendix F.2 Shaftesbury Ferry to MacKenzie Cairn Reach

e The only cross sections sections available in this reach are those at Shaftesbury Ferry
and MacKenzie Cairn. No intermediate sections were available from Alberta
Environmental Protection.
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After many unsuccessful simulation attempts using just the NRBS sections at
Shaftesbury Ferry and MacKenzie Caim it was concluded there was inadeguate
definition of the channel geometry (input location, length of subreaches, duration of
slug injection were all varied with little success). An “‘effective cross-sectional area™
approach was also attempted as used in the NRBS report. This also met with little
success. The the time of travel to the the MacKenzie Caimn section could oaly be
matched by synthesizing an intermediate section.

Observing the channel curvature it was decided to attempt to use a mirror image of the

MacKenzie Caim section to represent a portion of the reach.

Using this synthesized section and some trial and error in subdividing the reach into
subreaches the concentration profiles at MacKenzie Cairn were modelled with

reasonable results.

Appendix F.3 MacKenzie Cairn Concentration Profiles

Some discrepancy exists between the hole locations labeled on NRBS Figure 3.5a and
NRBS Jgare 3.4a (see Table F.1 and Table F.2 below).

The NRBS Figure 3.4a locations appear to be correc: in that:

1. they comrespond reasonably well to an even spacing of 20 holes across the
section (as specified in the report)

2. the g/Q locations of the holes cozrespond to the q/Q values which are listed in
NRBS Figure 3.5a.

The interpolated values from the measured q/Q curve in NRBS Figure 4.1d (based

upon the trangverse locztions indicated in NRBS Figure 3.4a were used for replotting
the concentration results.
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Table F.1 Hole locations at MacKenzie Cairn based upon NRBS Figure 3.5a.

Hole Dist from LB w/W interp ¢/ reported q/Q
No. (from Fig 3.5a) (from Fig 4.1b) (from Fig 3.5a)
4 76.0 0.239 0.247 -
5 85.5 0.279 0.320 0.24
6 102.9 0.324 0.403 0.32
7.5 124.0 0.391 0.526 0.44
9 145.2 0.458 0.651 0.57
10 157.7 0.497 0.720 0.66
12 186.5 0.588 0.818 0.77

Table F.21 Hole locations at MacKenzie Cairn based pon NRBS Figure 3.4a.

Hole Dist from LB w/W interp ¢/Q reported g/Q
No. {Grom Fig 3.4a) (from Fig 4.1b) (from Fig3.5a)
5 75.0 0.236 0.241 0.24
6 n 282 0.326 0.32
7.5 358 0.461 0.44
9 0.412 0.570 0.57
10 ©.440 0.619 0.66
12 0.543 0.771 0.77

&ppendix F.4 MacKenzie Cairn Dosage Distribution

The dosage distribution was determined by integrating the C-t curves rather than using
Figure 4.5a in the NRBS report. The results are shown in Table F.2. The dosages were
normalized using the mass recovery ratio (0.800) determined by integrating the transverse
dosage distribution with respect q. The mass recovery determined by .. .egration was used
rather tha:: ine value shown in Table 2.5 of the NRBS report.
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Table F.2 Dosage distribution at MacKenzie Cairn.

Hole w/W interp ¢/Q Measured Dosage Normalized Dosage
No. (from Fig 4.1b) (ug hr/L) (ug hr/L)
5 0.236 0.241 0.52 0.65
6 0.282 0.326 2.78 3.47
1.5 0.358 0.461 12.10 15.12
9 0.412 0.570 25.26 31.58
10 0.440 0.619 22.31 27.89
12 0.543 0.771 2.42 3.03

Appendix F.5 MacKenzie Cairn to Peace River Boat Launch Reach.

e A number of sections were available in this reach as indicated in Table F.3. Attempts

to use all the sections “as is’ met with limited success. Some sections were climinated

sand some were modified as follows:

1.

2.

4.

The Jail section was considered unrepresentative due to the influence o a sand
bar extending from the RB.

In the vicinity of the Smoky R. confluence much of the RB consists of bars and
shatlow braided channels. It was assumed much of this area would be isolated

%y ice cover and frazii ice. Therefore, the Macleod Caim section was

truncated and the Sawchuck’s section was not used.

The RSI portion of the Sisson’s section was assumed to be blocked by ice and
all the flow channeled through the LSI portion of the section.

The West Peace section appears to be influenced by a large bar on the LB so it
was also eliminated.

e Seven sections were ultin.:*+'y used to represent the reach in the mixing simulations.

e The water level elevations were obtained at the intermediate sections by linear

interpolation between the surveyed elevations at MacKenzie Caim and the Peace River

boat launch. The ice bottom elevations were estimated by subtracting the average ice
thickness.
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Tsble F.3 Cross sections MacKenzie Cairn to Peace River Boat Launch.

X-Section Source km Water Ice Bot. Distance
, Level m m
m

MacKenze Caim NRBS 857.60 319.18 318.00 8300

Jail AEP notused 854.65 318.23 317.13 11250

Purcell's AEP used 853.15. 317.75 316.65 12750

Old Highway AEP used 850.65 316.94 315.84 15250

MacLeod Caim AEP used 849.45 316.55 315.45 16450

truncated

Umbach's AEP used 847.55 315.94 314.84 18350

Sawchucks AEP notused 845.50 315.28 314.18 20400

Sisson's AEP used 843.70 314.70 313.60 22200
. trunicated

West Peace AEPnotused 842.00 314.15 313.05 23900

Peace River Boat NRBS 841.10 313.86 312.86 24800

Launch

NRBS Northem River Basin Study
AEP Alberta Environment Protection HEC2 file

Appendix F.6 Peace River Boat Launch Concentration Profiles

Minor discrepancies exist between the g/Q hole locations labeled on NRBS
Figure 3.5b and those scaled from NRBS Figure 4.1c (see Table F.4). Some of the
difference may be due the use of either the measured or estimated q/Q curve for
interpolation. In other cases the NRBS report seems to have misinterpreted the q/Q

curves. The measured curves were used for the interpolations performed by the author.

e The interpolated values from the measured ¢/Q curve in NRBS Figure 4.1c were used
for replotting of the concentration results.

Table F.4 Hole locations at Peace River Boat Launch.

Hole Dist from LB w/W interp q/Q reported ¢/Q
Neo. (from Fig 3.5b) (from Fig 4.1¢) (from Fig3.5b)
8 130 0.325 0.086 0.11
14 190 0.475 0.372 0.34
18 230 0.575 0.597 0.55
21 260 0.650 0.758 0.69
27 320 0.800 0.928 0.89
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Appendix F.7 Peace River Dosage Distribution

e The dosage distribution was determined by integrating the C-t curves rather than using
Figure 4.5a in the NRBS report. The results are shown in Table F.5. The dosages

were normalized using the mass recovery ratio (0.812) determined by integrating the

transverse dosage distribution with respect . The mass recovery determined by
integration was used rather than the valuc shown in Table 2.5 of the NRBS report.

Table F.5 Dosage distribution at Peace River Boar Launch.

Hole w/W interp ¢/Q Measured Dosage = Normalized Dosage
No. (from Fig 4.1c) (ug hr/L) (pg hr/L)

8 0.325 0.086 0.72 0.96

14 0.475 0.372 8.34 11.12

18 0.575 0.597 12.99 17.32

21 0.650 0.758 9.42 12.56

27 0.800 0.928 1.30 1.73

Appendix F.8 Peace River Boat Launch to Daishowa Plant Reach

e A number of sections were available in this reach as indicated in Table F.6.

1.

2.

The section designated as Dick’s Diving was not used because it was badly
skewed across the channel.

Attempts to use the remaining sections “as is” met with limited success. If
flow occurred in the right and left channels around Bewley Island a division in
the tracer plume results and there is a velocity difference #: the two paths. In
the simulation attempts this resulted in a multiple peaked waveform. However
this type of waveform is not evident in the concentration measurements at the
Daishowa Plant. The left channel near the end of the island is very shallow in
comparison to the right. Considering this only the right channel around Bewley
Island was used. In effect the left channel was considered blocked due to ice
accumulation in the shallows.

e Nine sections were used to represent the reach in the mixing simulations.

e The water level elevations were obtained at the intermediate sections by linear

interpolation between the surveyed elevations at the Peace River boat launch and the
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Daishowa Plant. The ice bottom elevations were estimated by subtracting the average
ice thickness.

Table F.6 7 Cross sections Peace River Boat Launch to Daishowa.

X-Section Source km Water Ice Bot. Distance
Level m m
m

Peace R. NRBS 841.10 313.86 312.86 24800

Wood AEP used 840.40 313.61 312.61 25500

PeaceR WSC AEP used 839.55 313.31 312.31 26350

Bewley Is. AEP used 838.55 312.96 311.96 27350
truncated

Czuy House AEP used 837.10 312.45 311.45 28800
truncated

Dick’s Diving AEP not used 835.22 311.79 310.79 30680

Six Mile Farm AEP used 831.50 310.48 309.48 34400

Seven Mile Bend AEP used 829.55 309.80 308.80 36350

Birch Is. AEP used 824.30 307.95 306.95 41600

Daishowa NRBS 823.50 307.67 306.67 42400

NRBS Northern River Basin Study
AEP Alberta Environmental Protection HEC2 file

Appendix F.9 Daishowa Concentration Profiles

Minor discrepancies exists between the 4/Q hole locations labeled on NRBS Figure
3.5c and those scaled from Figure 4.1d (see Table F.8). Some of the difference may
again be due the use of either the measured or estimated q/Q curve for interpolation
(quite a larger deviation is evident in the central region of the channel for the two
curves). In other cases the NRBS report seems to have misinterpreted the q/Q curves.

The measured curves were used for the interpolations performed by the author.

The interpolated values from the measured q/Q curve in Figure 4.1d were used for
replotting the concentration results.
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Table F.8 Hole locations at Daishowa.

Hole Dist from LB w/W interp q/Q reported q/Q
No. (from Fig 3.5¢c) (from Fig 4.1d) (from Fig3.5¢)
6 190 0.449 0.144 0.18
9 249 0.596 0.467 0.38
11 272 0.654 0.646 0.54
13 303 0.731 0.807 0.70
16 355 0.861 0.981 0.91

Appendix F,10 Daishowa Dosage Distribution

e The dosage distribution was determined by integrating the C-t curves rather than using
Figure 4.5b in the NRBS report. The results are shown in Table F.9. The dosages
were normalized using the mass recovery ratio (0.775) determined by integrating the
transverse dosage distribution with respect q. The mass recovery determined by
integration was used rather than the value shown in Table 2.5 of the NRBS report.

Table F.9 Dosage distribution at Daishowa

Hole w/W interp q/Q Measured Dosage = Normalized Dosage
No. (from Fig 4.1d) (ug hr/L) (pg hr/L)

6 0.449 0.144 3.82 5.31

9 0.596 0.467 7.26 10.08

11 0.654 ~.646 9.82 13.64

13 0.731 - 97 9.18 12.75

16 0.861 .81 2.31 3.21
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