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Chapter 1

Introduction

In 1930’s sea lamprey made their way into the Great Lakes by means of ships. In the subsequent
vears. the sea lamprey grew at a tremendous rate. that by 1950’s the fishing in the region was
drastically affected and was getting closer to extinction. A major program of using lampricide
to control sea lamprey initiated by the Great Lakes Fisheries Commission has had an important
impact in reversing the trend.

This successful program consisted of application of lampricide to kill sea lamprey during the
vulnerable larval stage. Major studies conducted by the Geat Lakes Fishery Commission revealed
that a certain critical concentration of lampricide needs to be maintained for a specific minimum
duration to provide a lethal dose.

Mathematical models provide an inexpensive and useful tool for studying the behavior on the
chemical transport in river. Many mathematical models have been developed for simulating the
transport and fate of toxic chemicals in rivers and lakes [ Schnoor, 1984; Thomaun and DiToro.
1983; Ambrose et al., 1983; 1988; McCorquodale et al., 1986; Halfon and Brueggemann, 1990;
Dickson et al.. 1982; Onishi and Wise, 1979; Baker, 1980 |. Most of these models are either one
dimensional or simple box-type models. in which the stream or lake is considered as a series of
interconnected well-mixed volume segments. In this report. a two-dimensional computer model
is developed for simulating the transport and spreading of lampricides in the St. Marys River.
The St. Marys River is the connecting waterway between Lake Superior and Lake Huron (Figure
1.1). The upper portion of the river extends approximately 24 km from Whitefish Bay to the
St. Marys Rapids at Sault Ste. Marie. This portion has a series of hydraulic structures such as
compensating gates. shipping locks. and power generating facilities to control the outflow of Lake
Superior. The lower portion of the river. about 76 km in length. consists of several channels. three
large and numerous small islands. and lake-like areas. Total surface area of the river is about 732
km?. Mean annual discharge for the river is 2,140 m?/s.

The St. Marys River is known to harbor large numbers of sea lamprey larvae and is the
only such tributary to Lake Huron that is not treated with lampricides. A computer model
can simulate the lampricide transport. provide critical information needed to plan lampricide
treatment by predicting the effectiveness of different possible treatment plans. This can reduce
or eliminate the use of field experiments of dye injection for treatment planning.

In arecent study, a computer model for oil spills in the upper St. Lawrence River was developed
[Shen et al., 1992: Yapa et al.. 1992]. This model has been extended to consider chemicals. The
integrated chemical/oil spill model. RSPILL. considers chemical transport, transformation and
kinetic processes in both river water and bed sediment. In this study, RSPILL is modified to
simulate the transport of lampricide in the St. Marys River.
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1.1 Transport and Fate of Chemicals

The fate of a chemical in a river is affected by the hydrodynamic. geological. chemical. and
biological characteristics of the river and the chemical characteristics [Neely and Blau. eds. 1984:
Dickson 1982; Thomann and Mueller 1986]. The hydrodynamics affect the chemical transport
through advection and diffusion in the water body as well as in sediment. Reaction and transfer
mechanisms are incorporated with the transport phenomena to define the temporal and spatial
distribution of the chemical. A brief discussion of the physical. chemical and biological processes
as summarized in Fig. 1.2 is given as follows:

1.1.1 Fluid Transport and Sediment Movement

Both the dissolved and particulate components of the chemical are transported along the river
by the current through advection and diffusion. The horizontal transport of sediment along the
bed. settling and resuspension of sediment. and diffusive exchange across the benthic boundary
layer between the water column and the bed significantly affects the distribution of the chemical.
Although there were many studies on transport of sands and silts (Egashira. and Ashida. 1991:
and Engelund. 1976) . there is a significant lack of fundamental understanding on the transport of
clays and detrital materials. The exchange across the benthic boundary layer. which is governed
by turbulent diffusion at the interface between the bed and the water column. is difficult to
simulate by a simple hydrodynamic model. In addition to the above processes, the characteristics
of the bed can affect the transport of the dissolved component through the interstitial water and
interaction with other constituents in both dissolved and particulate phases.



1.1.2 Chemical Transfer Mechanisms

Chemical transfers occur within the water column and bed sediment. These include sorption-
desorption processes between dissolved material and suspended sediment, volatilization of the
dissolved fraction. and possibly the deep burial and loss of the material to the bed. Soluble
materials will be sorbed onto particulate surfaces until an equilibrium between the dissolved and
the particulate phases is reached. Assuming equilibrium is established, various isotherms can be
used to describe the relationship between the sorbed and dissolved fractions.

1.1.3 Chemical Kinetic Transformations

The principal transformations are photolysis. hydrolysis, oxidation and biodegradation. These
processes are the major ultimate sinks of reacting chemicals in the river. Photolysis is the degra-
dation process by which chemical bonds of a substance are broken as the result of transfer of light
or radiant energy to these bonds. The rate of photochemical reaction is expressed in first-order
Kinetics. The rate coefficient is a function of the quantum yield of the reaction, the available light
intensity and the presence of intermediary compounds that contribute to sensitization or indirect
photolysis. Hydrolysis of synthetic organic compounds is a common process, and is usually me-
diated by an acid or base. or less commonly in a neutral environment. In biochemical systems it
is usuallv enzyme-mediated and may be considered a biological reaction. The two major factors
influencing chemical hydrolysis are pH and water temperature. Biodegradation is the transfor-
mation of chemical compounds by the action of living organisms. It is one of the major processes
that affect the fate of organic chemicals, such as pesticides, solvents and detergents. The rate of
biodegradation is difficult to determine. since it will be dependent on the concentration of organic
compounds in the environment. A number of environmental variables are known to affect the
biodegradation of organic chemicals. These include mixing, temperature, oxygen concentration.
redox potential. pIl. ionic strength. and the presence of organic and inorganic nutrients.

1.2 Chemical transport Model

In the present study. a chemical transport model is developed by taking into consideration the
major processes discussed in the preceding section. The model consists of components hydro-
dynamics of the river flow : advection and diffusion of chemicals. A brief outline of the model
structure is presented in Fig. 1.3.



INPUT
*River and weather data: Geometry, flow, wind, temperature,

sediment characteristics, etc.
Application information: Application location and duration, quantity,

chemical properties, intitial dissolved and

deposited fractions.
*Qther model parameters: Dispersion coefficient, exchange

coefficient, etc.

DEPTH AND CURRENT VELOCITY
*Two-dimensional depth and velocity distributions

ADVECTION AND HORIZONTAL DIFFUSION

* Advection by the water current and turbulent diffusion
*Sediment transport along bed

MASS EXCHANGES
*Mass exchanges between the water column and the bed
*Loss through the water surface--volatilization

CHEMICAL/BIOLOGICAL REACTIONS

OUTPUT

Figure 1.3: Structure of the chemical transport model



Chapter 2

Simulation of Hydrodynamics

Since the water current affects advection. spreading, and the exchange of chemical between the
water column and the bed. analysis of the transport of the chemical in a river requires water
velocity and depth distributions. A two-dimensional hydrodynamics model [ Wake and Xiao,
1989] is used to simulate the hydrodynamics based on a finite element method. This chapter
describes the model equations. data preparation, and simulation results.

2.1 Depth-Averaged Shallow Water Equation

For incompressible turbulent flow. the mass conservation equation of water in the Cartesian
coordinates system (1. T2, r3) is:
0 d(pvi
. Oovi) _ (2.1)
ot oz,
The momentum equation is:
Duy. ap OTik .
yt = — e + —— 4 pb 2.2
f Dt Oz 0z; POk (2.2)

In these equations, both subscripts ¢ and k vary from 1 to 3; z; and ¢ = space and time variables;
7% = 'J)? + “T;'“*’ u%; +’11.v£f;i:; p = density of fluid; v; = component of the velocity in the z; direction;
b, = body force components in the x; direction; p = pressure; Tikx = H%f‘ - pm, internal stress
acting in the k" direction on an elemental surface area with outward normal in the ith direction;
and u' = turbulent fluctuation of the water velocity.

For a shallow water body with nearly horizontal flow, Eq. 2.2 can be simplified by neglecting
the acceleration and gradients in the vertical direction. Horizontal and vertical components of

Eq. 2.2 can be reduced to:

Dy, dp ITik . -
i T s e b ) ,k = 1,2 23
"Dt dzy, + oz, POk (2.3)

~dp .
T (2.4)

Integrating Eq. 2.4. the pressure distribution can be obtained as:

7
p=Pa +/ pgdzs
T3

= pa + pg(n — z3) (2.5)

6
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Figure 2.1: Definition sketch for shallow water flows

in which. n = elevation of the free surface from the mean water level. 19=0: g = gravity: p, =
atmospheric pressure as shown in Fig. 2.1.

Integrating Eq. 2.1 over the depth of the flow. from x5 = —h to 7. and applyving appropriate
boundary conditions at the bed and the free surface. the following continuity equation can be
obtained

dpH) | dpgr) | 0(pg2) .
ot dxy + dry 0 (2.6)
in which. # = h + n = total flow depth. and ¢; = [7, vidxsy = unit width flux. In Eq. 2.6 the
mass exchange at 3 = 1 has been neglected.
Define the excess pressure force as the deviation from the static condition:
; K 1 5 =
No=p } pdrs — _—Z—gh (2.7)

-~

The pressure force can be obtained by integrating Eq. 2.6 over the depth of the flow as:
Np = 977’1 + 22’977 + 'p‘PaH {2.8)

Depth-integrated momentum equations can be obtained by integrating Eq. 2.3 from —# 1o 7
and replacing r1. 3 and w3 dimension by .y and z:

a (1 T () ([ :12 0 (1 r {l'y — 0 "\?7) 1 0 ‘!\r;r.’r + 0 I\"y;r

ot +-(}-1—(71— oy H )= Ox +p( dx dy )
1 dh o
+fay + =75, = T )+ 9N5 (2.9)
p dx
and
Jqy d ey A i[j_ _ IN, 1 ONy ON .y
St T T =y TR ey e )

1 ah y
_fQI+;(Tsy"Tby)+g7]5;; (21())



with
7
Nij =< 7 + pubu; >= /h(nj + puiu})dz;

v”‘(‘)JJ.]‘ a’l‘z‘

o~ o L] =Ty (2.11)
in which. u/ = deviation of u; from ifs depth-averaged value; < > = depth-integrated value: f
— Coriolis factor: 75 and 7, = shear stresses at the free surface and the bottom.

The bottom shear stresses in Eqs. 2.9 and 2.10 can be expressed as:

- 241/2

. pqgc((bz + (Iyz) /

’r -f Ilz
4 1/2
00" + ¢°)

Th, = Cfp— VE L (2.12)
in which. the friction coefficient ¢ can be expressed in terms of Manning’s coefficient of the bed
as

n? .
¢ = TmY (2.13)

2.2 Finite Element Formulation

The basic idea of finite element method is to approximate the solution of a global system of
the first order ordinary differential equations which are transformed from a system of the second
order partial differential equations by a simple polynomial in a smaller triangular subdomain

called element.
The FEM formulation used here is based on the weighted residual method and Galerkin’s
criteria. Assuming that g..¢q,. and 7 have the same interpolation shape function [¢], then

¢ = [#H{e-}°
qy = [o{a)"

n=[¢|{n}* (2.14)
The system of equations in FEM over a triangular element can be expressed as:
[1\7[]6%% —{F:}*=0
PURATTIERTAERY
a2 Ry =0 (2.15)

in which

) = [ [{odlelda
{F,}" = / /({(P}B}f — {¢}A)dA
(r) = [ [ttoyB; - (64,4

- / /(ag:}q + agj} gy)dA — /S{¢}qnd5 (2.16)

i

{I,}"



and

d q: d ,dqrqy

b=t T

or

D qegy ., 040

{'{, T e | e e _..J—
v (')y( H )+ 8;1*( H)

* o1 a1
'B:r = .f(Ig/ + Tsy, = Thy — (9;17—7— -+ 977.__].)
dr ox
on 00

B*:—.fQ.T+Tsy—Tby“ ) (217)

(gh—+
oy Ty
The shape function {¢} for a linear triangular element is defined as:

2 ! (a; +bix + ciy) (2.1%)
i = ol 0 T G 2,18
MRETEN / *

in which. A is the area of the triangular element. a.b.and ¢ are parameters determined by the ge-
ometry of the element and i denotes the three nodes of the triangular element. The corresponding
mass matrix [A]° can be written as:

(2.19)

pm bt B
et NG
NI -

oy = [ [todana=3

An explicit finite difference scheme is employed to integrate Fq.2.15 with respect to time. Then

(U)o ()

[M] Y

{F} (2.20)

and

{wy+A*=:-i-usaf}-+{W}) (2.21)
| M|

in which. ¥ can be ¢..q, or 7, and the assembled global matrix [M] is a banded-symmetric all

positive real matrix. It is time consuming to solve such a large complex matrix. The shape

functions can be modified to have an unit value in the adjacent regions of one node and zero in

others. The new shape functions o7, @3 and ¢3 are orthogonal. i.e. (b’,“d’; = | when + = j, and 0

when i # j. By doing so. the lumped mass matrix becomes a diagonal matrix [A']".

- o A 1 0 0 ‘
mfy:://{@}w]¢4=~? 010 (2.22)
v ’ 0 0 1

The global mass matrix [M'] also becomes diagonal. The solution of {g.}.{q,} and {n} can be
solved easily. This lumped formulation has proven itself to be one of the most powerful techniques
in the FEM simulation of shallow water hydrodynamics.

oo 3 A . :
Similarly, the water surface slope 7L and ——;;l can be solved by their FEM formulation as:

onye _ [ [O4e}
=/ | S

5 ol
{%}r ://—(—(%j—}—l;d/{ (2.23)

By applving lumped technique. they will be calculated at the same time when solving {n}.

9



2.3 Initial Conditions and Boundary Conditions

Theoretically, the solution at any time level can be obtained through the FEM scheme if a set
of initial values of ¢, q, and 7 in the solution domain are given. Practically, it is impossible to
define initial values accurately. Therefore. the initial conditions are obtained by the following two
methods:

e At the initial moment, a quiescent flow is assumed;
e The initial conditions are given as the result from a previous run.

It should be noted that the zero initial values from a "Cold-Start” state and the suddenly
imposed flux boundary conditions will cause a drain or recharge near outflow and inflow boundaries
at the very beginning of the computation. When the recharged flow near the entrances does not
have enough time to reach the drained areas, the bottom of the domain at some shallow region
becomes dry. i.c. water depth is zero. and the numerical scheme will blow up. Therefore, the
recharge or discharge flow need to be adjusted to their full rate gradually.

There are three types of boundary conditions in the model. Either mass flux ¢ or surface
elevation 7 needs to be prescribed on boundary nodes. The global coordinate system needs to be
transformed to the local one according to its boundary normal direction.

2.4 Time Integration

By using finite element method and the lumping technique, the original set of non-linear, second-
order partial differential equations is reduced to a system of first-order ordinary differential equa-
tions. Therefore. an explicit type time-stepping scheme can give enough accuracy. A modified
explicit time integration technique called leap-frog method which is accurate to second order in
time step O(A#?) is applied.

Suppose the initial condition for water surface elevation and mass flux are given, the solution at
any time can be achieved by solving the FEM equations. The solutions of water surface elevation

n as well as surface tilt 52. —}Zyl are calculated at half time steps, i.e time ¢"~1/2,¢7+1/2 _  The
solutions of mass flux g, q, are solved at time ot

Since the leap-frog method is considered conditionally stable, a proper critical time step At
must be satisfied to stabilize the whole process of solution advancement. The critical time step

for leap-frog method must satisfy

AL
V2gh
in which. AL = the minimum size of element. i.e. minimum length of the side of all the triangular

elements. and h = the maximum water depth under mean water surface level. When combined
with the lumped formulation, the critical time step can be increased to ﬁ% The effort of
g

At = 1.5 (2.24)

increasing the time step will provide savings of computation time and efficiency.

The convective terms of governing equations often cause oscillation or instability of the so-
lution. Numerical viscosity or added dissipation is always used to increase stability. Besides
the viscosity term in the second derivatives, an added viscosity is included as total viscosity
Qtotal = @ + (vgqq. The upwind method is employed to estimate added viscosity as aggqd = Ix"—?‘f—L.
where u is velocity and A" is a undetermined coefficient. According to the optimum added dis-

sipation method (Wake and Xiao 1989), K is calculated as A = coth(y) — %'- and v = 11‘2%—[1

10



The extension of optimum added dissipation method on two- dimensional case can he applied to
two vertically-integrated momentum equations. The modifications of eddy viscosities £;; in the

H AT ";) - ‘.’1 r f - "j] .
internal stress term. N, = #=(26,0 7). Ny = ‘,U(ZUU—(’—!, Jand Ny = F(c0y ‘,’”) are

IS

<
e T € T add

‘r‘rff)l.fll
Syyiotat = 51.1/2/ + Cyyada (2.25)
E‘I'ytntal - Z(gﬂfftot{” + €yytotal)
Here
Eijoan = W (yij)Vij€i (2.26)

Therefore. the eddy viscosities are adjusted according to corresponding velocities in each time
step to suppress the numerical oscillation and keep stability.

2.5 Input and output files

The two-dimensional hydrodynamics model is written in Fortran-77. All I/O files have the same
primary naime. but different extension names. Here. we use 7 o prenent. file name: The extension
name should always be the same as the ones given here.

2.5.1 Input files
There are 7 input files:

1. *.time
Starting type (cold start or hot start), the end time of the simulation and the time step of
the hydraulic simulation.

2. *.ptm
output control

3. *.geo
Gieometry information of the whole domain including finite element meshes. islands. water
depth under standard water level at each finite element node. land boundary. open boundary,

manning’s coeffients. and eddy viscosity.

4. *.elv

Boundary elevation specified
5. *flx

Boundary flux specified
6. *.dsc

boundary discharge specified

-~

* wnd
Wind data including updated time. magnitude and direction

There are two categoties of the above input files. The first category can he considered as fixed
data for a given river such as *.geo. This is the information required to describe the geometry of
the river. Normally. there is no need to adjust this data. The sec ond category includes various
hydrodvnamic boundary conditions. which may be adjusted according to the flow conditions.
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2.5.2 Data preparation

The first step for data preparation is to setup the geometry of St. Marys River. The map of this
river from National Ocean Service is digitized to produce the node points of about 4,000 and to
determine the shoreline geometry and bottom topography of the domain. A finite element mesh
of about 8.000 elements are created using the FASTAB software. Fig. 2.2 shows the triangulation
finite clement system. Figure 2.3 shows the contour of water depth. These informations of
geometry are organized to form the *.geo file.

Throughout the simulation. the unit discharge at the nodes of inflow boundaries are specified.
The land boundary nodes are prescribed as zero-normal flux. For the downstream boundary.
water levels are specified at every outflow nodes.

The flow model is calibrated for three typical discharges at 1614 m3/s, 2152 m?/s, and 3143
m?/s. The Manning's coefficients are selected so that the model can provide a good agreement with
previous one dimensional simulation for water level at differet stations and discharge distribution
between Fast Channel and South Channel. Table 2.1 to 2.3 show the comparisons of water level
and discharge distributions of the two-dimensional model and th one-dimensional simulation.

2.5.3 Output files

There are 3 output files:

1. *.hdw
Print the desired hydrodynamics results including unit discharge components in both x.y
directions and water level. The results can be used as the initial conditions of hydraulic for
hot start. From the above output of hydrodynamics result, the velocity are gotten at each
node. The Fig. 2.4 shows the velocity contour under hydrological condition during the fall
of 1981 which is descripted in the case studies in the chapter 6.

2. *.prt
Print the information in detail. including some input information.

3. *.err

Print the error information during the simulation.

2.5.4 Running the program

When running the program, the display on the computer is
File name (without extension) ?
type your file name and press the “return” key.

12



Case 1. Q=57,000 cfs (1614 cms)

Discharge (cms) 1-D simulation 2-D gimulation
Total inflow 1770 1622
Total outflow 1815 1630
East channel 426 418
South channel 1389 1212

Water level (m) 1-D simulation 2-D simulation
Section 1 177.40 177.37
Section 3 177.30 177.31
Section 4 177.23 177.20
Section 5 177.15 177.17
Section 6 177.15 177.15
Section 7 177.0% 177.07
Section 8 177.00 176.98
Section 9 177.26 177.25
Section 10 177.17 177.16
Section 11 177.12 177.11
Section 12 177.00 176.98
Section 13 176.88 176.88

Table 2.1: Comparison of 1-D and 2-D simulation result for 1614 cms

13



Case 2. Q=76,000 cfs. (2152 cms)

Discharge (cms) 1-D simulation 2-D simulation
Total inflow 2362 2163
Total outflow 2430 2167
East channel 577 573
South channel 1853 1594

Water level (m) 1-D simulation 2-D simulation
Section 1 177.78 177.77
Section 3 177.71 177.73
Section 4 177.60 177.57
Section 5 177.52 177.54
Section 6 177.52 177.52
Section 7 177.46 177.44
Section 8 177.37 177.35
Section 9 177.64 177.62
Section 10 177.55 177.54
Section 11 177.49 177.48
Section 12 177.40 177.40
Section 13 177.25 177.25

Table 2.2: Comparison of 1-D and 2-D simulation result for 2152 cms
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Case 3. 0=111,000 cfs (3143 cms)

Discharge (cms) 1-D simulation 2-D simulation
Total inflow 3393 3169
Total outflow 3532 3176
East channel 865 898
South channel 2667 2278

Water level (m) 1-D simulation 2-D simulation
Section 1 178.04 178.07
Section 3 177.89 170.01
Section 4 177.76 177.75
Section 5 177.68 177.72
Section 6 177.68 177.68
Section 7 177.61 177.60
Section 8 177.45 177.44
Section 9 177.87 177.83
Section 10 177.71 177.72
Section 11 177.65 177.64
Section 12 177.45 177.44
Section 13 177.31 177.31

Table 2.3: Comparison of 1-D and 2-D simulation result for 3143 cms
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Figure 2.2: Finite element system of St. Marys River
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Distribution of Water Velocity (m/s)
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Figure 2.-4: Distribution of Water Velocity



Chapter 3

Chemical Transport Simulation

The chemical that is being transported in the river is considered to be distributed in the water
column and the bed sediment. These two layers are designated as layers 1 and 2. respectively.
Cloncentrations in these two layers are represented by their depth-averaged values. The sediment
on the bed is considered to be transported along the bed under the influence of the fluid shear.
Exchanges of sediment and chemical at the interface between the bed and the water columu is
considered. Chemical can exist in both dissolved form or in particulate form absorbed to solids.

3.1 Governing Equations

Consider an element of length Ax and width Ay. as shown in Figure 3.1. The governing equation
of the total chemical concentration ('; in the water column can be written as

NCh d ) ] . )
—L—(.)—l?‘fu+57('111C1h1)+-0—5('0161’?1): (3.1)
0 R T
5;(]?101-—,5?)+ "a‘f?j(thy/’(T)';’

. C . . .
+I\f(fd2‘(5"j“ — fuC1) = K farha Ch

C, . , . . ,
“kz[(”-ﬁi + fnC)) = Vi1 C1 + ViSp2Ca

Similarly. the equation for the total concentration in the moving bed sediment Cy is

HCh 0 a
—S—(T)%'“Z')' + Td’;(“QC‘Zh‘Z) + 5;(1'2('2/72) = (3.2)

. 'y .
‘“I\f(f«{‘Z'(;;" — farCh) = Kaafa2h2Ca
D2
+"ysfplcl - ";tf'pQC‘.Z - "Yd.f‘p2c‘2
in which, subscripts 1, 2 denote water column and bed sediment. respectively; C = chemical
concentration; hy; = depth of flow; hy =depth of moving sediment layer; x. v. t = space and
time variables; D,. D, = diffusion coefficients in x and v directions: u. v = compouents of depth-

averaged velocity in x and y directions respectively; f; = dissolved chemical as a fraction of
the total chemical: f, = chemical in particulate phase as a fraction of the total chemical; Ay
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Figure 3.1: Chemical transfers in a differential element of width Ay

— diffusion rate of dissolved chemical between the sediment and water column; K4 = dissolved
chemical loss rate due to microbial decay, photolysis and hydrolysis; ¢ = porosity; k; = overall
volatilization transfer coefficient across air-water interface; V; = settling velocity of particulate
from water column to the bed sediment; V, = resuspension velocity of sediment into the water
column; ¥y = loss velocity of chemical from sediment due to net sedimentation or burial; H, =
Henry's constant; (', = vapor phase concentration.

In Eq. 3.1. the third term on the right-hand side is the diffusive exchange of dissolved chemical
between the sediment and the water column. The fourth and fifth terms are net chemical losses due
to volatilization. photolysis. hydrolysis and biodegradation. The last two terms are the exchanges
of the chemical in the particulate phase between the sediment and the water column.

Equations 3.1 and 3.2 can be written in Lagrangian form as

D,y J oc' 0 0Cy

_ 0., 0, 9, ot .
/11"57 = Ozlr(th"’ 57 ) + ay(thy 3y ) (3.3)
. C. i
+I\f(fdzg§' — f1C1) = KarfarhaCh
g C'( | v 1
—kl[(_’l‘{‘)‘ +‘fd161)] — Vi fp1C1 + Vufp2Ca
and
DC. ; C. N
ho =5 = — K fogs = JnC1) = KanfarhaCo (3.4)
: @2

- . , . . , , m i
V= Vifo2Ca = VifpaCa = cg(vs-;n—: — V= Vi)
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in which. m, and my = solid concentrations defined as mass of solids per bulk volume of solids
and water.

3.2 Chemical Sorption

The fate of a chemical in an environmental system is highly dependent on sorptive behavior. If the
sorption process is assumed to be an equilibrium first order kinetic process, a partition coefficient
can be used to specify the {raction of dissolved and particulate components of the chemical to the
total. The total chemical concentration can be expressed as

C=Cy+Cy (3.5)

in which. subscripts p and d denote the solution and the sorbed phases. respectively. Hence.
Cy = fq Cand ', = f,C". The fraction of the total chemical concentration that is in the particulate
phase can be expressed as

_I'm
Jp= i+ D'm
in which. I'= the porosity corrected partition coefficient. Cp/(mCy): and m=solid concentration
defined as mass of solids per bulk volume of solids and water. For heavy metals Thomann[1985]
suggested that the water column partition coefficient can be approximated by

I = 250000m =" (3.7)

{3.6)

in which. the units of I' and m are 1/kg and mg/l respectively. This is equivalent to fg = 0.8,
independent of the solids concentration. The sediment partition coefficient is generally less than
the water column partition coefficient. For organic chemicals, the partition coefficient can be
related to the relative distribution of the chemical between water and octanol, i.e. the octanol-
water partition coefficient, Ko, and the solubility of the chemical in the water, .S,,. The sorption
of organic chemicals to sediment is a function of the weight fraction of the organic carbon of the
sediment. Karickoff et al. [1979] relate the organic carbon partition coefficient I'o. to Koy by
e = 0.617TH,, Hence.

T = 0.617 fockow (3.8)

in which. f,. = the weight fraction of organic carbon of the total solids concentration. This
fraction ranges from about 0.001 to 0.1. Based on the study of Di Toro [1985]. Thomann and
Salas [1986] suggested

r

_ foeKow (3.9)

14+ m(foeNow)/1.4 "
in which. m = solid concentration in the water column. This indicates that organic chemicals with
a low partition coefficient and a normal range of suspended solid concentration principally exists
in the dissolved form. The coefficient K, may be estimated according to Chiou et al. [1977]

log Iy = 5.0 — 0.67 log 5 (3.10)

Other formulas for A, are summarized by Karickhoff [1984]. Values of A’y and Iy, lor selected
chemicals are given by Lyman et al.[1982].
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3.3 Numerical Scheme

The movement of the chemical in the river as described by Egs. 3.1 and 3.2 is mainly governed by
the advection and diffusion processes. These equations can be solved when chemical properties
are known. A Lagrangian discrete-parcel method [Shen et al. 1991] is used. In the Lagrangian
discrete-parcel algorithm, both the chemical on the bed and the chemical in the suspension are
represented as an ensemble of a large number of small parcels. Each parcel has a set of time
dependent spatial coordinates. and a mass associated with it. The movement of each parcel in
the river is affected by the water current and the concentration of surrounding parcels. During
each time step, all the parcels are first displaced according to the current or sediment velocities and
a turbulent fluctuation component applied at their respective locations. The turbulent fluctuation
component is simulated by using the random walk method (Fischer et al. 1979). The fluctuation
component depends on the diffusion coefficient. After all the parcels are displaced according to
advection and diffusion, further modifications to parcel volume and location are introduced to
account for mass exchanges and chemical reactions. Therefore, the mass of parcels changes with
time. The number of parcels also increases with time during the simulation. If a large number of
parcels are released in the river, and their discrete path and mass are followed and recorded as
functions of time relative to a grid system in fixed space, then the concentration distribution of
the pollutant in the water column or bed sediment can be computed. The approach requires an
officient hook-keeping procedure rather than the the solution of a large matrix associated with a
conventional Eulerian finite-difference or finite-element method. The Lagrangian discrete parcel
algorithm is inherently stable with respect to time, although the time step should be compatible
with the grid size and velocity for numerical accuracy.

3.4 Sediment Transport and Exchange at the Bed

Sediments can be transported as a suspension in the water column or along the bed as a bed load.
The transport of the suspended sediment can be described by an advective diffusion equation
presented as

d(myhy g 0

“‘(—%%—ll + %(Ulmvlhl) + -a'y“(m"hhl) = (3.11)
0 omy 0 omy
6.’7;(th“3—8_;)+ ay(thy 3y )

—Vimeg + Vymy

in which, m; =suspended sediment concentration; and mo=Dbed sediment concentration.
Eq. 3.14 can be solved by the Lagrangian discrete-parcel method in a manner similar to
solving Eqs. 3.1 and 3.2 . The transport of the bed sediment can be described by

O(mahy)

d 0 a1
> +—a-;:—(ubmzhb)+-a—:;j‘(vbm2hb)— (3.12)

—Vumg + Vomy — Vamg

in which. hs = thickness of the bed load layer; and us, vp = components of the bed load velocity V}.
Extensive literature on the transport of sediment in alluvial rivers exist [Vanoni 1977]. Relatively
little is known concerning the transport of clays and other cohesive materials that often exist in
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estuaries [Mehta 1986]. For alluvial rivers. the velocity of the bed sediment can be estimated by
[Engelund 1976]

Vi=al.|1-0.7

in which. V3, = velocity of the bed load. its direction is the same as the velocity of water column:
/.= shear velocity at the interface between water and sediment; © = nondimensional shear stress.
O. = nondimensional constant. equal to 0.046; and o = 9.3. U/, and O are given by

- Ty e
U. = {(3.14)
P
TO
0=—— {3.15)
(vs —7)d
and
_ vy —-
To — Hl/3 (31))
in which. V7, = current velocity. H = depth of water. d = diameter of sand. v and 75 are the

specific weights of water and solid respectively.
According to Engelund’s bed-load theory. the thickness of bed-load is given by

~vd
/zgz—{j—-((a-(ac) (3.17)
in which. i, = the depth of bed-load layer, 3 = an empirical constant. equal to 0.8.
Egashira et al.[1991] suggested the following expression
Od
Tcosb(tano, /(1 + a) — tant)

hy = (3.18)
in which. # = bed slope; ¢, = friction angle: T = bed sediment concentration: and a is an empirical
constant = 0.25. Equation 3.18 is the same as Eq. 3.17. when ¢=0.3.

For cohesive sediments. the deposition rate Dy can be estimated by [Krone 1983]

D, = W,(y(1 - -:f’-) (3.19)
d

in which. W, = settling velocity: (', = suspended sediment concentration near the bed: 7, = bed
shear stress: and 74 = critical shear stress for deposition. The erosion rate can be estimated by

E,= M2 -1)  for m>T (3.20)

Te

in which. M, = erodibility constant: 7. = critical shear stress for erosion. The constant M, may
3

be determined experimentally. Teisson [1991] suggested that M. = a(’,}/‘

velocity Vy in Eq. 3.2 can be determined from Eq. 3.12. The velocity V, for alluvial rivers can

be estimated from the Egs. 3.21 3.26. which are based on the work of Garcia and Parker [1991].
. VL,

V= =2 (3.21)

Cn

. For alluvial rivers, the



E, = —2n— 3.2
( 1+§§Zg { )
P U; 0.6 o e
Z, =R (3.23)

R, = Y (3.24)
, g0.5
iU, = (—zr-)(]w (3.25)
l 12Rb
c og( 3. ) (3.26)

in which. ¢,= near-bed sediment concentration; £, =sediment entrainment coefficient; R = sub-
merged specific gravity of sediment: R = hydraulic radius; d,= sediment grain size; and A = an
empirical constant (1.3 X 1077).

The present model assumes the suspended concentration of the sediment remains at an equi-
librium constant value during the simulation period, and V4 = 0, for simplicity. This implies that
the resuspension velocityV, can be calculated as

. Vsm1

k93

(3.27)

my

in which. m; and my are sediment concentrations in the water column and the bed, respectively.
The settling velocity for non-cohesive sediment can be estimated by the Stokes’ law

- g . Ps— P\ .
V, = —(=—)d 3.28
18( ” ) (3.28)
or
V, = 0.0336(p, — p)d* (3.29)

in which. V, isin m/day; p and p, =water and sediment densities, g/cm? ; d=sediment diameter.um;
g=gravity.981 cm/s?; and p=dynamic viscosity of water.

The settling velocity can be affected by particle shape, concentration, water temperature and
turbulence [Vanoni 1977]. For cohesive sediment, the fall velocity may increase significantly due to
flocculation[Migniot 1989]. The diffusive transfer at the sediment-water interface is limited by the
diffusion in the sediment, since the vertical diffusion in the water column is orders of magnitude
higher. Di Toro et al. [1981] suggested that

Ky =196, M3 (3.30)

in which. M = molecular weight of the chemical. The value of K typically varies between 0.1
and 1.0 cm/day. For the localized deposit of chemical on the bed, such as the deposition after
the initial spill of the chemical, the vertical mass exchange of the chemical is governed by the
turbulent mass transfer [McCorquodale et al., 1986]. This is not considered in this study.
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3.5 Volatilization

Many materials volatilize readily. Therefore. volatilization needs to be considered in the simulation
of dissolved phase. since it is an important loss mechanism. The mass exchange of the chemical
across the air-water interface can be derived from the difference between exchanges from water
to air and from air to water. Thus

dCh C,
AL A
Vi 7 ! (He

- faC'y) (3.31)

_, !
ke Ky K, H.

{3.32)

in which. V= the total volume of water: A= the liquid film coefficient: and A,=the gas film
coefficient.

I

i 32 1. RY2 ,
1\1=(TI—)Ul(DL—h—)I/1 (3.33)
1R
K, = 168(3—1—)1/4(}'“‘ (3.31)

in which. M = molecular weight: D = oxyygen diffusivity. 0.000181 m?/day; U = velocity of flow.
m/s: and {7, =wind speed. m/s.

b, .
H == (3.35)
' S
in which, P,;, = vapor pressure in atm: S = water solubility in mol/m?: and H; is in a.t,m-m3/}nol.
Hl
H. = == 3.36
c = R/T ( )

in which. R = universal gas constant, 8.206x 107" atm — m?/K-mole: and T in K. In Eq. 3.36.
H. is dimensionless. Therefore. k; is in m/day.

3.6 Chemical Kinetic Transformations

The chemical kinetic transformations also affect the environmental distribution of chemical sub-
stances. The principal transformations are photolysis. hydrolysis. and biodegradation. Because
these process may be the major ultimate sinks of reacting chemicals in the water environment. it
is necessary that they be included in the model.

Total chemical kinetic transformations rate. I 4. of dissolved chemical in water column is

Ky=Kp+ AKyp+ Ap (3.37)

Kp. K. K g denote the loss rate of photolysis. hydrolysis and biodegradation. respectively.



3.6.1 Photolysis

Photolvsis is the degradation process by which chemical bonds of a substance are broken due to
light or radiant energy. The direct energy transfer is that the absorption of sunlight by pollutants
causing chemical reactions which affect their toxicity. The rate of a photochemical reaction is
usually expressed in the first-order kinetics. The photolysis rate can be determinated as follows

Lp = ¢erly {3.3%)

in which. & = quantum vield: cy= the absorbability of chemical; L= light intensity.

3.6.2 Hydrolysis

Hydrolysis is a chemical transformation process in which an organic molecule reacts with water,
forming a new carbon-oxygen bond. Hydrolysis is likely to be the most important reaction of or-
ganic compounds with water in aqueous environments. The hydrolysis rate constant are estimated
as follows

Ky =K, + KJHT + K,JOH™] (3.39)

in which. &, = neutral hydrolysis rate. Iy =acid catalyzed hydrolysis rate constant, ) =base
catalyzed hydrolysis rate constant. [H¥] = molar concentration of hydrogen ions, and [OH ] =
molar concentration of hydroxide ions.

3.6.3 Biodegradation

Biodegradation is one of the most important environmental processes that cause the breakdown
of organic compounds. Mills and Dean [1982] estimated the rate of biodegradation as follows

kg = Hmez (3.40)
yis

in which. jime, = maximum specific growth rate[T~!]; y = bacterial yield coefficient[cells/M]; and
I ,[M/L?] = half-saturation constant. i.e. the concentration at which the growth rate is one-half
of the maximum growth rate.

('hemical kinetic transformation is a very complex process. There are no accurate methods to
compute these transformations due to lack of data. Chemical kinetic transformations coefficients,
Kp. K. K. are given by Lyman and Rosenblatt [1982].

3.7 Model Implementation

Based on the analytical formulation presented, a computer model for chemical transport is devel-
oped for the St. Marys River.

3.7.1 The Grid System

The river is schematized into a square grid system as shown in Fig. 3.2, which is used in the
chemical transport simulation. The velocity and depth of the entire river is mapped onto this
square grid system. The velocity and depth information stored at these grid points are used in the
model computations. Velocities and depths are obtained from the hydrodynamics model described
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in the previous chapter. The output of finite element based on the hydrodynamics model gives
the velocities at the nodes of the triangular element system. These values are interpolated to
all grid hoxes. Only boxes found within the defined river boundaries are assigned velocities and
depths. River boundaries for this grid system are defined by boundary grid boxes. For each grid
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Figure 3.2: Grid boxes and river boundary representation
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along the x-direction. two corresponding v-grid boxes are used to define the river banks.

An island is represented by land boxes in a given column of grids as the region between two

The model can handle any number of islands in the river. However, if more islands are intersected
by a vertical line along which the x-coordinate is constant, more space will be needed for the

input data. A maximum of - islands are allowed for any column.

Z

v-box numbers. These two y-box numbers refer to the lower and upper boundaries of the island.




3.7.2 Release of a chemical

At the beginning of the simulation. the user selects a number of parcels to represent the chemical
at the release time. This number can be up to 15,000 parcels for each layer at the beginning of
the simulation. During the simulation. the number may increase to as much as 50,000 due to
the exchanges between the bed and the suspended layers. In the St. Marys River simulations.
chemical in the bed is assumed to be negligible due to the low sediment concentration.

Based on users input of the concentration of chemical released and the discharge of water. the
total amount of chemical input at a chemical discharge location is obtained. In the model, dye or
Jampricide are considered as miscible nonreactive chemicals. Parcels in a layer have equal volumes
at the beginning. The total number of parcels in each layer are the same at the beginning. A
chemical discharge is treated either as an instantaneous input or a continuous input. When the
discharge duration is zero the discharge is treated as instantaneous input. Otherwise, it is treated
as a continuous effluent.

3.8 Model Structure

The computer code is written in standard Fortran77. No compiler specific extensions have been
used. The code has been tested only on 32 bit machines with Fortran 77 compilers that support
32 bit computations.

The model structure is shown in Fig. 3.3 The model can be run for a new simulation or
continue from a previously terminated run by changing weather and chemical characteristics.

3.8.1 Main Program

Major steps of the the main program can be summarized as the following:
e Read chemical discharge information in the data file stm.spl.
e Read model parameters in the data file stm.dat
e Read velocities and depths at grid boxes from stmgrid.vel.

e C'all con to read back the simulation results if it continues a job from a previously terminated
Tun.

e Call forms to calculate chemical forms in water column .

e Call relsus and relsur to release chemical parcels at equal intervals for the chemical
discharge duration; call advsus to advect chemical parcels in suspended layer; call advsur
to calculate sediment velocities and to advect chemical parcels in sediment layer.

e (all redepn. rmproces and exchan to calculate volatilization, chemical loss from water
column. settling to bed. resuspend to suspension layer, and to calculate exchange between
suspended layer and bed sediment layer.

e Call rearrg to adjust particle sizes. i.e. lump small particles together and divide large par-
ticles to satisfy the requirements of the random walk simulation and the computer memory.

e Save simulation results into corresponding output files (refer to next section) at designed
output frequency.
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Determine running mode:

0. Fornew run

1. For continuing run

Read: Spill constants
Chemical Parameters

Spill site. volume

Output of hydrodynamics model

|

Determine the type of spill

If it is a continuation run
Read back the previous result

/

For i=1. No. of spill steps

r If it is a continuous spill. and spill is
still progressing, use ‘relsus” and
‘relsur” to release chemical parcels
at equal intervals

v

Call *advsur” and ‘advsus’ to advect chemical
parcels in surface, suspended and

sediment layer

Call ‘forms’ to calculate the chemical
forms(dissolved or particle)

Call ‘redepn’. ‘rmproces” and ‘exchan’ to
compute the dissolved chemical

volatilization, other loss and exchange
between water and sediment, particle

chemical settling, resuspension.

V

Output
of

Simulation

Figure 3.3: Block diagramn of the computer model
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3.8.2 Subroutines

The simple subroutines can be easily understood without explanation. Block diagrams for two
main subroutines are given in Fig. 3.4 and Fig. 3.5 to assist the understanding of the program.

3.8.3 Input Data Files

There are two categories of input that are required to run the model; the first category can be
considered as fixed data for a given river reach. This is the information required to describe the
shoreline and geometry of the river. Normally, there is no need to adjust this data. The second
category includes various parameters, which may be adjusted according to the flow condition and
spill characteristics.

All file names to be opened for input and output will be in the file stm.fnm. Sample input
data files included in this section are:

I. stmgrid.geo
River geometry of the St. Marys River schematized using square grids.

2. stm.spl
apply lampricide information, wind condition, and ambient air temperature.

3. stmgrid.vel
Velocity and water depth at the grid boxes.

4. stm.dat
Model parameters for model.

3.8.4 Additional Input

In additional to the above, the user must respond through keyboard to one question prompted
by the program. This input is discussed in the following paragraphs.

Continuation Runs
The model can be used either for a simulation from the beginning of a spill, or for continuing a
previously stopped simulation. The user is required to choose from these two options. The screen

will show the following:

Kk ok ok ok ok ok ok ok ok k ok ok ok ok ok ok ok ok ok ok ok ok ok koK

+ The model can be run from t = 0 or *
* restarted after a stop *
+x Enter 0 or 1 and hit return *
% 0 for a run starting from t = 0 *
* 1 to start from a previously *
* stopped point *
* *

the user must choose a 0 or 1 for this prompt.



START

Chemicai discharge s Release chemlcgl
4 ¥ parcels at equal time
in progress intervals

Next small time step No

Determine advection velocity

Determine moving layer depth in bed

Advect chemical parcels by a small time step

within which chemical parcels cannot

travel more than one grid length

Check boundary condition:
if suspended and sediment parcels hit bank

put them back.

END

Figure 3.4: Block diagram of release and advection of chemical parcels
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START

Calculate volatilization, dissolved loss,
and exchange between water and sediment,
chemical particle settling, resuspension.

\

1. Add one parcel that contains the total volume
settled and exchanged to each grid in sediment;

2. Add one parcel that contains the total volume
resuspended to each grid to suspended layer.

Adjust parcel volume in surface, suspended
and sediment layer.

END

Figure 3.5: Block diagram of exchange hetween suspension and sediment layers



3.8.5 Model Outputs

Output from the model can be directed to different devices. L.e.. screen. printer. and files. Chemical
spill simulation results are output to files at the selected output frequency. These results include
the following files:

e stmprt.out: This file contains spill site and chemical parameters. A summary of distribu-
tions of the chemical. including updated total volume. volume in the bed sediment. volume
in the suspended layer. total volatilization and the volatilization in the current time step.
total other chemical reaction loss and the loss in the current time step, volume resuspension
and settling.

e stm.sur: the parcel information in this file correspond to the chemical parcels in the
sediment layer. For each output time step, the file contains the total parcel number. the
co-ordinates and volume of chemical in each parcel.

e stm.sus: This file has the same format as stm.sur. The information in this file corresponds
to the suspended laver.
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Chapter 4

Model Calibration

A series of four dye studies were conducted in the St. Marys River during December 7 to 10,
1981, The purpose of the study was to observe the general dispersal pattern of dye released
from various sites. A sketch for the maximum concentration pattern was given for each test. The
results are generally indicative of the maximum concentration existed during the progression of
the dye cloud. The distributions of concentration with respect to time are not available. These dye
dispersal plots available are somewhat qualitative but provide a reasonable set of data to compare
with the computer model results. The dye used was fluorescent Rhodamine WT , 20% aqueous.
The dve injection sites were Edison Sault Electric Generating Station, Corps of Engineers Power
Station. Compensating Gates. and the Canadian Lock, respectively. In order to determine the
general accuracy of the model, four simulations corresponding to the field study were carried out.

4.1 Case 1-Edison Sault Electric Application

On December 7. 1981, a total of 38.4 liters of dye was applied to the Edison Power Canal at Fort
street in Sault Marie, Michigan during a 10 hour period from 0600 to 1600 hours. A fairly good
mix of dye. horizontally and vertically, occurred in the Canal. Since the Canal is too narrow to
include in the model. the dye discharge site for the simulation is considered to be at the Edison
Sault Electric Power House with an average concentration of 2.84 ppb and the release period from
0600 to 1200 hours.

Maximum observed and simulated dye concentrations are shown in Figs. 4.1 and 4.2. The
simulated results every hour are attached in the Appendix A from Figures 1 to 10. From these
results. most of the dve from this source appears to go down the main shipping channel south of
Sugar Island. The leading edge of the dye flows relatively fast along the main shipping channel and
take about 5 hours to reach Lake Nicolet. The simulation of dye dispersion compares relatively
well with the observed data.

"Report of a study of current patterns in the Sault Ste. Marie Harbour area of St. Marys River using a tracer
dye.
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time= 0 to 10h

Concentration {(ppb)

0.000 — 0.200
0.200 —— 0.500
0.500 — 0.800
0.800 —— 1.000
1.000 —— 1.500
1500 —— 2.000
2.000 — 2.500
2.500 — 3.000
3.000 — 3.500
3.500 —— 4.000

Figure 4.2: Maximum simulated dye concentration for the period 0600-1600 hrs on Dec. 7 during
the 10 hours after the Edison Sault Electric application
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Figure 4.3: Maximum dye concentration observed for the period 0700-1600 hrs - Case 2

4.2 Case 2-Corps of Engineers Application

On December ], 1981, a total of 26.8 liters of dye was applied at the Corps of Engineers Power
House for a period of 5 hours from 0700 to 1200 hr. The average concentration of the dye discharge
site was 3.46 ppb.

Maximum observed and simulated dye concentrations are shown in Figs. 4.3 and 4.4. The
simulated results every hour are enclosed in the Appendix A from Figures 11 to 19. The dyve
released was split into two parts as it moved downstreamm. One part moved down the main
shipping channel of south of Sugar [sland. The other part moved down the Canadian side of
Sugar Island. The simulated result agrees reasonably well with the observed data. One noticeable
difference is that the dye distribution from the simulation tends to turn to the American shore
between the American Lock and Edison Sault Electric Powerhouse. The reason is that the water
discharge from the American Lock is very small.
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Figure 4.4: Maximum simulated dye concentration for the period 0700-1600 hrs on Dec. 8 during

the 9 hours after the Corps of Engineer Application

38



CANADIAN LOCK~.
. -~GREAY LAKES POWER CORPR

SAULT STE.MARIE
ONTARIO

COMPENSATIN 'j

HORKS -~ I S———
e ——

e =

AMERICAN
LOCKS

CORPS OF ENGINEERS
POWERHOUSES

EOISON SAULT ELECTRI
POWERHOUSE

SAULT STE. MARIE

MICHIGAN

SUGAR ISLAND

FIG. 3: ST. MARYS RIVER
DYE FROM COMPENSATING GATES APPLICATION, DEC. 1981
ISOGRAMS DEPICT MAXIMUM DYE CONCENTRATIONS (PPB)
MEASURED DURING THE PER10D 0700-1600 HR, Dec. 9

NICGLET

Figure 4.5: Maximum dye concentration observed for the period 0700-1600 hrs - Case 3

4.3 Case 3—Compensating Gates Application

On December 9. 1981, a total of 27 liters of dye was applied to the water passing over the St.
Marys Rapids between the hours of 0730 and 1230. The average concentration of the dye discharge
site was -1.81 pph and the period of the discharge was 5 hours.

Maximum observed and simulated dye concentrations are shown in Figs. 4.5 and 4.6. The
simulated results at every hour are shown in the Figures 20 to 28 of the Appendix A. Most of the
dye from this source appears to go toward the Canadian Channel and moves a little slower than
those from the two previous cases. The dye cloud stays near to the Canadian side.
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time=0 to 9 h

Concentration (ppb)
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4.000 —— 5.000

Figure 4.6: Maximum simulated dye concentration for the period 0700-1600 hrs on Dec. 9 during
the 9 hours after the Compensating Gates Application
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Figure 1.7: Maximum dye concentration observed for the period 0700-1600 hrs - Case

4.4 Case 4-Canadian Lock Application

On December 10. 1981, a total of 20.0 liters of dye was applied to the downstream valve outlets
on each side of the Canadian shipping lock from 07:15 to 13:05 hrs. The average concentration of
the dve at the discharge site was 27.0 ppb and the period of discharge was about 6 hours.

Maximum observed and simulated dve concentrations are shown in Figs. 4.7 and 4.8. The
simulated results at every hour are included in Appendix A. This dve cloud tends to stay very
close to the Canadian shore and fill in all the boat slips and bays. It takes a long time to get the
dye down the channel between the mainland and the Sugar [sland since the water flow is slow in
the shallow region close to the shore.
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Figure 4.8: Maximum simulated dye concentration for the period 0700-1600 hrs on Dec. 10 during

the 9 hours after the Canadian Lock application

42



Chapter 5

Case Studies

One important aspect of lampricide treatment in the St. Marys River is to apply the lampricide
effectively. There are two important factors to be considered. Namely. the amount of lampricide
and the accessability to application sites. A series of hydraulic structures in the St. Mary River.
including compensating gates. navigation locks. and power generating facilities can be conveniently
used as application sites.. These structures control entire outflow of Lake Superior. In order to
eliminate lamprey larvae. the lampricide (TFM) must reach a lethal dosage.

In this simulation. we have used the general hydraulic conditions that existed during the fall
of 1981. a more detail distribution of discharge of the St. Marys River was provided by the dve
tests report!. The total discharge was 1315 m?/s. The channels that remain functional at that
time (December 1981) were the international Rapids (discharge = 300 m?/s). the Edison Sault
Llectric Generating Station (discharge = 622m3/s ). the U.S. Corps of Engineers Generating
Station (discharge = 350 m?/s ) and the Canadian navigational lock (discharge = 28 m3/s ).
According to the above hydrological conditions. the lampricide was applied to the four sites with
the average concentration 10 ppm at the application sites. The duration for lampricide application
is 13 hours. The lethal levels are assumed to be from a concentration of 3 or 9 ppm for 9 or 12
hours. respectively. The areas which reached the lethal dosage level are shown in Pigure 5.1.
Figure 1.1 shows larva distribution and density. The comparison of Fig. 1.1 with Fig. 5.1 shows
that most of the areas with high density larvae are inflicted by the lethal dosage.

Five additional sample simulations were run under conditions of different hydrological situ-
ations and lampricide application. The distribution of water discharge at each application site
was given in Table 5.1. Conditions of lampricide application are shown in Table 5.2. Lethal
levels can vary from a low concentration applied over a long period to a relatively high one over
a short period. Two lethal conditions are considered here. Oune used a concentration of 6.5 ppm
for 9.00 hours: The other used a concentration of 5.5 ppm for 12 hours. For each simulation. the
distributions of region reaching the lethal level were output for both the lethal levels. The Tigure
5.2 to Figure 5.11 show the results.

The difference between the sample simulations I and 11 is the duration of lampricide applica-
tion. 12 hours and 18 hours respectively. So is the the difference between sample simulations 11
and IV. The hvdrological condition of sample simulation 11 and IV is an increase of 10.000 cfs
of water discharge at Edison Sault Electric and Great Lakes Power Corps. Comparing the area
reaching the first lethal level with the area reaching the second lethal level from the output results
of five sample simulations. it is obvious that the area reaching the high concentration over a short

"Report of a study of current patterns in the Sault Ste. Marie Harbour area of St. Marys River using a tracer
dye.
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Figure 5.1: Area reaching the lethal dosage of 3 ppm for 12 hours

Table 5.1: Water discharge at each application site for the sample tests

Application sites

Sample simulation I, II, V
Water discharge (cfs)

Sample simulation III, IV
Water discharge (cfs)

American Lock 2.000 2.000
Compensation Works 2.500 2.500
Corps of Engineers power houses 11,500 11.500
Edison Sault Electric 13.750 23,750
Great Lakes Power Corps 25.250 35,250

Total discharge 55.000 75.000

Table 5.2: Lamprecide application condition at each site

NO. of sample tests | Initial Concentration | Application Duration | Simulation Durati
{(ppb) (hrs) {hrs)
1 10 12 60
I 10 18 60
11 10 12 60
1A% 10 18 60
\% 10 IS ( +12) 36

14



total Qw = B55000. cfs

input duration = i2 b
simulation time= 80 1

lethal level= 8h 65 ppm

Figure 5.2: Area reaching the lethal dosage of 6.5 ppm for 9 hours in Sample simulation I

total Qw = 355000, cfs
input duration = 12 sl
gimulation time= 60 h

lethal level=1Zh 3.5 ppm

Figure 5.3: Area reaching the lethal dosage of 5.5 ppm for 12 hours in Sample simulation I
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Figure 5.4: Area reaching the lethal dosage of 6.5 ppm for 9 hours in Sample simulation II

total Qw = 55000. cfs
input duration = 18 h

simulation time= 60 I

lethal level=1i2h 535 ppm

Figure 5.5: Area reaching the lethal dosage of 5.5 ppm for 12 hours in Sample simulation II
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total Qw = 75000, cfs
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Fieure 5.7: Area reaching the lethal dosage of 5.5 ppm for 12 hours in Sample simulation 11
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total Qw = 75000. cfs

input duration = 18 h

gimulation time= 60 h

lethal level= Sh 6.5 ppm

Figure 5.8: Area reaching the lethal dosage of 6.5 ppm for 9 hours in Sample simulation IV

total Qw = 75000. cfs

ipput duration = 18 h

gimulation time= 60 h

lethial level=i2h 5.5 ppm

Figure 5.9: Area reaching the lethal dosage of 5.5 ppm for 12 hours in Sample simulation IV

48



total Qw = 55000, cfs

input duration = 18 h
sirnulation tlme= 36 b

lethal level= 9h 65 ppm

Figure 5.10: Area reaching the lethal dosage of 6.5 ppm for 9 hours in Sample simulation V

duration is larger than the area reaching the lower one with a long duration. In addition. most
of the arcas reaching the lethal level are along the Canadian Channel. Along the main shipping
channel south of Sugar Island and in Lake Nicolet. the area reaching the lethal level is relatively
small.

From Fig. 1.1, the north part of Lake Nicolet near the Sugar Island has a high density of
sea lamprey population. This area can not be covered by the area reaching the lethal level from
the above four simulations. An addition simulation. i.e. simulation V. with an addition local
application of lampricide between Mission Point and Frechette Point when the leading edge of
upstream lampricide travels there are made. The upstream condition of hydrology and lampricide
application is same as that of the sample simulation I1. From the output shown in Figs. 5.10 and
5.11. the area with high sea lamprey population density can be covered by a lethal dosage.
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total Qw = 55000. cfs

input duration = 18 h
gimulation time= 36 h

lethal level=12h 5.0 ppm

Figure 5.11: Area reaching the Jethal dosage of 5.5 ppm for 12 hours in Sample simulation V
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Chapter 6

Summary

This report describes the formulation and development of a chemical transport model for rivers.
The model is applied to the upper St. Marys River to simulate the transport of lampricides. The
hydrodynamics necessary for the model are computed based on a depth-averaged two dimensional
finite element model.

Preliminary calibration of the model using the existing dye test results are made. Sample
simulations for various lampricide applications under selected flow conditions are presented to
demonstrate the general dispersion characteristics of the St. Marys River. The model shows the
potential of being developed into a useful tool for evaluating alternative lampricide application
strategies. The present model can be used to assist the design of an effective dye test to provide
data for model calibration. Further calibration and refinement of the model with additional dye
test data . when it becomes available, will improve the accuracy of the model. The refined model
together with the sea lamprey population density distribution surveyed by the St. Marys River
Control Tast Force will enable the design of effective and economical lampricide application plans.
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Appendix A

Hourly simulation results for dye
studies



CASE 1

Filow:
Totél Flow = 1315m3/s
American Lock = 15md/s
Compensation Works = 300 m%/s
COE Powerhouse = 350 m3/s
Edison Sault Electric = 622m3/s
Canadian Lock = 28 md/s

Input:
Cp=2.84 ppb at Edison Sault Electric
Input duration =6 hrs

Output:

Maximum concentration during the 10 hrs

Concentration distribution every hour from 1 to 10 hrs



Concentration

0.000 —
0.200 —
0.500 —
0.800 —
1.000 ——
1.500 ——
2.000 —
2.500 —
3.000 —
3.500 —

time=

Concentration

0.000 —
0.200 —
0.500 —
0.800 —
1.000 ——
1500 ——
2.000 —
2500 —

3.000 —
2 AN —

2. 0 h

fime= 1: 0 h

{ppb)
0.200
0.500
0.800
1.000

1.500

2.000
2.500
3.000
3.500
4..000

{ppb)
0.200
0.500
0.800
1.000
1.500
2.000
2.500
3.000

3.500
4 000



time=

3 0h

Concentration

0.000
0.200
0.300
0.800
1.000
1.500
2.000
2.500
3.000
3.500

{ppb)
0.200
0.500
0.800
1.000

1.500

2.000
2.500
3.000
3.500
4.000

time= 4: 0O h

Concentration {(ppb)
0.000 — 0.200
0.200 —— 0.5300
0.500 — 0.800
0.800 — 1.000
1.000 —— 1.500
1.500 —— 2.000
2.000 — 2.500
2500 — 3.000
3.000 —— 3.500

3.500

4.000



time= 5 0O h
Concentration {ppb)
0.000 — 0.200
0.200 — 0.500
0500 — 0.800
0.800 — 1.000
1.000 —— 1.500
1500 —— R2.000
2.000 — 2.500
2500 — 3.000
3.000 — 3.300
3.500 — 4.000
time= 6: 0 h
Concentration (ppb)
] 0.000 — 0.200
] 0200 — 0.500
0.300 —— 0.800
0.800 —— 1.000
1.000 —— 1.500
1500 —— 2.000
2.000 — 2.500
2.500 — 3.000
3.000 — 3.500
3.500 — 4.000




Concentration

0.000 ——
0200 —
0.500 —
0.800 —
1000 ——
1300 ——
2.000 —
2500 —
3.000 —
3.500 —

time=

Concentration

0.000 —
0200 —
0.500 —
0.800 —
1.000 ——
1.500 ——
2.000 —
2500 —

3.000 —
3Aa00 —

8: 0 h

time= 7: 0 h

{ppb)
0.200
0.500
0.800
1.000

1.500

2.000

2.500
3.000
3.500
4..000

{ppD)
0.200
0.500
0.800
1.000
1.500
=.000
2.500
3.000

3.500
4.000



Concentration

0.000 —
0200 —
0.500 —
0.800 —
1.000 ——
1500 ——
2.000 —
2.500 —
3.000 —
3.500 —

Concentration

time=10: 0 h

time= 9: 0 h

{ppb)
0.200
0.500
0.800
1.000

1.500

2.000

2.500
3.000
3.500
4..000

{ppb)
0.200
0.500
0.800
1.000
1.500
=.000
2.500
3.000

3.500
4 NN



CASE 2

Flow:
Total Flow = 1315mds
American Lock = 15 md/s
Compensation Works = 300 m%/s
COE Powerhouse = 350 md/s
Edison Sault Electric = 622m3/s
Canadian Lock = 28 md/s

Input:
Co= 3.46 ppb at COE Powerhouse
Input duration = 5 hrs

Output:

Maximum concentration during the 9 hrs

Concentration distribution every hour from 1to 9 hrs



Concentration

0.000 —
0.200 —
0.500 —
0.800 —
1000 ——
1.500 ——
2.000 —
2500 —
3.000 —
4.000 ——

time=

Concentration

0.000 —
0.200 —
0500 —
0.800 —
1.000 ——
1500 ——
2.000 —
2500 —
3.000 —
4.000 ——

2: 0 h

time= 1: 0 h

{ppb)
0.200
0.500
0.800
1.000

1.500

2.000

2.500
3.000
4.000
5.000

{ppb)
0.200
0.500
0.800
1.000
1.500
=.000
2.500
3.000
4..000
5.000



time=

0.000
0.200
0.500
0.800
1.000
1.500
2.000
2.500
3.000
4.000

4.000

3 0h

Concentiration

{ppb)
0.200
0.500
0.800
1.000

1.500

2.000
2.500
3.000
4000
5.000

time= 4: O h

Concentration {ppb)

1 0.000 — 0.200
0.200 — 0.5300
0.500 — 0.800
0.800 —— 1.000
1.000 —— 1.500
1500 —— 2Z.000
2.000 — 2.500
2500 —— 3.000
3.000 — 4.000

5.000



time= 5 0 h

Concentration {ppb)

0.000 — 0.200
0.200 — 0.500
0.500 — 0.800
0.800 — 1.000
1.000 —— 1.500
1500 —— 2.000
2.000 — 2.500
2.500 — 3.000
3.000 — 4.000
4.000 —— 3.000

time= 6: 0 h

Concentration {ppb)
0.000 — 0.200
0.200 — 0.500
0500 — 0.800
0800 — 1.000
1000 -—— 1500
1.500 —— 2.000
2.000 — 2.500
2500 —— 3.000
3.000 —— 4.000

4.000 —— 5.000



time=

0.000
0.200
0.500
0.800
1.000
1.500
2.000
2.500
3.000
4.000

Concentration

7: 0 h

{ppb)
0.200
0.500
0.800
1.000

1.500

=.000

2.500
3.000
4.000
5.000

time= 8: 0 h

Concentration (ppb)

| 0.000 — 0.200
0.200 — 0.500
0.500 — 0.800
0.800 — 1.000
1.000 —— 1.500
1.5300 —— 2.000
2.000 — 2.5300
2500 — 3.000
3.000 — 4.000

4.000

5.000



time= 9 0 h

Concentration

{ppb)
0.200
0.500
0.800
1.000
1.500
2.000
=.500
3.000
4.000
5.000



CASE 3

Flow:
Totél Flow = 1315 m3/s
American Lock = 15md/s
Compensation Works = 300 m3/s
COE Powerhouse = 350 m3/s
Edison Sault Electric = 622m3/s
Canadian Lock = 28 m3/s

Input:
Co= 4.81 ppb at Compensation Works
Input duration = 5 hrs

Output:

Maximum concentration during the 9 hrs

Concentration distribution every hour from 1 to 9 hrs



time= 1: 0 h

Concentration {(ppb)

0.000 — 0.200
0.200 — 0.500
0.500 — 0.800
0.800 — 1.000
1.000 —— 1.500
1300 -—— 2.000
2.000 — 2.500
2.500 — 3.000
3.000 — 4.000
4.000 —— 5.000

time= 2: 0 h

Concentration {(ppb)
— 0.200
- 0.500
- 0.800
- 1.000
——  1.500
- 2.000
—_— 2.500
—_ 3,000
- 4.000
—— 3.000




Concentration

0.000 —
0.200 —
0500 —
0.800 ——
1.000 ——
1500 ——
2.000 —
2500 —
3.000 —
4.000 ——

time= 3: 0 h

{ppb)
0.200
0.500
0.800
1.000

1.500

2.000
2.500
3.000
4..000
5.000

time= 4: O h
Concentration (ppb)
1 0.000 — 0.200
0.200 —— 0.500
0.500 —— 0.800
0.800 — 1.000
1.000 —— 1500
1.500 —— 2.000
2.000 — 2.500
2.500 —— 3.000
3.000 —— 4.000
4.000 — 35.000



time= 5 0 h

Concentration (ppb)

0.000 — 0.200
0.200 — 0.500
0.500 — 0.800
0.800 — 1.000
1.000 —— 1500
1.500 —— 2.000
2.000 — 2.500
2500 —— 3.000
3.000 — 4.000
4.000 — 5.000

time= 6: 0 h

Concentration {(ppb)

71 0,000 — 0.200
0.200 — 0.500
0.500 — 0.800
0.800 — 1.000
1.000 —— 1500
1.300 —— 2.000
2.000 — 2.500
2.500 — 3.000
3.000 —— 4.000

4.000 —— 35.000



time=

0.000
0.200
0.300
0.800
1.000
1.500
2.000
2.500
3.000
4.000

7: 0 h

Concentration

{ppb)
0.200
0.500
0.800
1.000

1.500

2.000

2.500
3.000
4.000
5.000

time= 8: 0 h

Concentration {ppb)
0.000 — 0.200
0.200 — 0.500
0.500 —— 0.800
0.800 — 1.000
1.000 —— 1.500
1500 —— 2.000
2.000 — 2.500
2500 — 3.000
3.000 — 4.000
4000 —— 5.000



time= 9: 0 h

Concentration (ppb)
0.000 — 0.200
0.200 — 0.500
0.500 — 0.800
0.800 — 1.000
1000 —— 1.500
15300 —— 2.000
2.000 — 2.500
2.500 — 3.000
3.000 — 4.000
4.000 —— 35.000




Flow:

Input:

Output:

CASE 4

Total Flow = 1315mds
American Lock = 15md/s
Compensation Works = 300 m3/s
COE Powerhouse = 350m3/s
Edison Sault Electric = 622m?3/s
Canadian Lock = 28md/s

Cp=27.0 ppb at Compensation Works

Input duration = 5:50 hrs

Maximum concentration during the 9 hrs

Concentration distribution every hour from 1 to 9 hrs



time= 1: 0 h

Concentration (ppb)
0.000 — 0.200
0.200 — 0.500
0.5300 — 1.000
1.000 —— 2.000
2.000 — 3.000
3.000 — 4.000
4.000 — 5.000
5.000 —10.000
10.000 ——15.000
15.000 ——20.000

time= 2 0 h

Concentration (ppb)

""" 0.000 — 0.200
0.200 — 0.300
0.500 — 1.000
1000 —— Z2.000
2.000 — 3.000
3.000 — 4.000
4.000 —— 35.000
5.000 —10.000
10.000 ——15.000

4 Ny

[ 18]



time= 3: 0 h
Concentration {ppb)
0.000 — 0.200

- |1 0.200 — 0.500
| 0500 — 1.000
1.000 —— Z2.000
2.000 — 3.000
3.000 — 4.000
4,000 —— 35.000
5.000 —10.000
210.000 ——15.000
15.000 ——20.000

time= 4: O h

Concentration (ppb)
0.000 — 0.200
0.200 — 0.500
0.500 — 1.000
1000 —— 2.000
2.000 — 3.000
3.000 — 4.000
4000 —— 5.000
5.000 —10.000

10.000 ——15.000



time= 35 0 h
Concentration (ppb)
o 0,000 — 0.200
0.200 — 0.500
0500 — 1.000
1.000 —— 2.000
2.000 — 3.000
3.000 — 4.000
4.000 —— 5.000

B 5.000 —10.000
10.000 ——15.000
15.000 ——20.000

time= 6: 0 h

Concentration {ppb)

] 0.000 — 0.200
0200 — 0.500
0500 — 1.000
1.000 —— 2.000
2.000 — 3.000
3.000 — 4.000
4.000 —— 35.000
5.000 —10.000
10.000 ——15.000

4 NN

. T N 4 T T ]



time= 7: 0 h
Concentration {(ppb)
,Ez ] 0.000 — 0.200
# 0.200 — 0.500

0.500 —— 1.000
1.000 —— 2.000
2.000 —— 3.000
3.000 —— 4.000
4.000 —— 5.000
"1 5.000 —10.000
N10.000 ——15.000

§15.000 ——20.000

time= 8: 0 h

Concentration {ppb)
] 0.000 — 0.200
2 0200 —— 0.5300
_| o500 — 1.000
| 1000 —— 2.000
2.000 — 3.000
3.000 — 4.000
4.000 —— 35.000

5.000 —10.000
10.000 ——15.000




time= 9 0 h
Concentration (ppb)
1 ¢0.000 — 0.200
0200 — 0.500
0500 — 1.000
1.000 —— 2.000
2.000 — 3.000
3.000 — 4.000
4000 —— 5000
5.000 —10.000
10.000 ——15.000
15.000

——20.000




