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Abstract

This report describes the development and application of a chemical transport
model to simulate the lampricide transport in the St. Marys River. The chemical transport
model is based on depth-averaged two-dimensional advection-diffusion equation. The
particle tracking method is used in the model to simulate the movement of chemical
parcels in the river. The hydrodynamic model RMA-2V[BOSS 1993] is used to generate
the velocity field. The chemical transport model uses the same triangular mesh system
that the velocity computations use without having to interpolate. This improves the
accuracy and the efficiency of the model. The smoothed particle hydrodynamics is used

in calculating the concentration distribution.

The two-dimensional hydrodynamic model is calibrated using the water level data
from the one-dimensional hydraulic model simulation and field velocity measurements
using Acoustic Doppler Current Profiler (ADCP). The chemical transport model is

calibrated using the data from two dye tests carried out in 1984 and 1996.

A scenario analysis for the effectiveness of TFM applications is carried out using
the chemical transport model. An analysis of the effectiveness of Granular Bayer

applications is also provided.
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Chapter 1 Introduction

In the 1930's sea lamprey made their way into the Great Lakes by means of ships.
In the subsequent years, the sea lamprey grew at a tremendous rate. By 1950's fishing in
the Great Lakes 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 Great 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.

The St. Marys River is the connecting waterway between Lake Superior and Lake
Huron (Figure 1.1). The upstream 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 the

lampricide.

A computer model can simulate the lampricide transport, provide critical



information needed to plan lampricide treétment by predicting the effectiveness of
different possible treatment plans. Mathematical models provide an inexpensive and
useful tool for studying the behavior of chemical transport in a river. Many mathematical
models have been developed for simulating the transport and fate of toxic chemicals in
rivers and lakes [ Schnoor 1984; Thomann 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 a recent study, a computer model for chemical and oil
spills in the upper St. Lawrence River was developed [Shen et al., 1995]. This integrated
chemical/oil spill model, RSPILL, considers chemical transport, transformation and
kinetic processes in both river water and bed sediment. The hydrodynamics of this model
was simulated using a stream-tube approximation. This report presents the progress on
the development of an improved two-dimensional computer model for simulating the
transport and spreading of the lampricide in the upper St. Marys River. A complete two-
dimensional shallow water wave simulation model is used to determine the flow field.
The modified chemical transport model was first used to assist the planning and
execution of a dye test experiment. The dye test data was used to further calibrate and
validated the model. The validated model was used to perform effectiveness analyses of

TFM and Granular Bayer application scenarios in the river.
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Figure 1-1 The St. Marys River



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 a chemical in a river
requires water velocity and depth distributions. A two-dimensional finite element model
RMA-2V [Ariathurai, et al.1977] is used to simulate the current velocity and depth in the
St. Marys River. This chapter describes the model equations, data preparation, and

simulation results.

2.1 Introduction to RMA-2V Hydrodynamics Model

RMA-2V is a finite element solution of the Reynolds form of the Navier-Stokes
equations for turbulent shallow water flow. The depth-averaged equations of fluid mass
and momentum conservation in two dimensions used in the program RMA-2V are

(Thomas and McAnally 1985):

oh  ouk) (vh)
a ox oy

=0 2.1

£ 2 £ 2
.fa’_+u__+v__+g_ g_i__&é-;-——ly—ﬁr gzv Nu? +vi =0 (2.3)
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in which,
t = time,

x, y = coordinates in x and y directions,

u, v = depth-averaged horizontal flow velocity in x - and y — directions, respectively,



h = flow depth,

z, = bottom elevation,

g = gravity,

g,, = normal turbulent exchange coefficients in x - direction,
£,, = tangential turbulent exchange coefficients in x - direction,
€, = tangential turbulent exchange coefficients in y - direction,
€,, = normal turbulent exchange coefficients in y - direction,

p = fluid density.

Bed friction force is calculated with Manning’s equation. Eddy viscosity
coefficients are used to define turbulence characteristics. Side boundaries are treated as
either slip or static noslip. The model automatically recognizes dry elements and corrects
the mesh accordingly. Boundary conditions may be water-surface elevations, velocities,

or discharges and may occur inside the mesh as well as along the edges.

The original version of RMA-2V was RMA-2 [Norton, et al., 1973]. It was revised
by Ariathurai, et al. [Ariathurai et al. 1977]. RMA-2 was based on a mass formulation. It

was changed to a velocity formulation of the basic equations resulting in the “V” suffix

on the code designator (RMA-2V).

RMA-2V should be used in subcritical flow systems, in which flow can be

described by depth-averaged velocity.

2.2 Data Preparation

To run the model, two data files must be prepared: . GEO and . BC.

e GEOfile
GEO file is a geometric data file which includes finite element mesh information



and boundary definition information.

e RCfile

BC file is a boundary data file which includes the data for the boundaries in the
model.

Figure 2-1 shows the relation between the data files and RMA-2V and its utility
program GFGEN. The .GEO file can be created by using SMS [BOSS 1993]. The .GEO
file is an ASCII format data file and can be edited by any editors. The .GEO file 1s
converted into a binary format data file, . BIN file, before it is used by RMA-2V. RMA-
2V reads the .BIN file and .BC file and solves the problem defined by these two data

files. The resulting data file .SOL (solution file) is read and interpreted by SMS.

In this study, the shoreline, islands and contour lines were digitized from the
National Oceanic and Atmosphere Administration (NOAA) hydrographic charts 14883
and 14884. The finite element mesh system as shown in Figure 2-2 was then generated

from the bathymetric data using SMS.

The boundary conditions given were the discharge for upstream and the water level

for downstream.

The Manning’s coefficients used in the study fall into the range suggested in
TABS manual and were adjusted during the calibration. The eddy viscosity used 1n the
study was 1500Ns/m? for most parts of the river, and 1000 Ns/m* for some of the shallow

parts of the river.
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Figure 2-1 RMA2V and Data Files

2.3 Simulation Result

The hydrodynamic model is calibrated by adjusting Manning’s coefficients for a
discharge at 1614 m’/s. The calibrated Mannning’s coefficient is shown in Figure 2-3.
Figure 2-5 and Figure 2-6 show the comparisons of water level between the two-
dimensional model and the one-dimensional simulation. Figure 2-7 and Figure 2-8 show
the water depth and velocity distributions. The hydraulic model is run for a total
discharge at 2770 m*/s which is the flow condition of field velocity measurement carried
out by the Detroit District of the US Army Corps of Engineers using ADCP (J. Koschik,
Personal Communication), during 27-28 August, 1996. Comparisons of the simulated

velocity distribution and the field data are shown in Appendix A.



Figure 2-3 Manning's Coefficients



Figure 2-4 Riverbed Elevations Above the 162.583m Reference Level
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Figure 2-5 Comparison of water surface profiles along the North Channel
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Figure 2-7 Distribution of Water Depth (m)
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Figure 2-8 Velocity Distribution in the River (m/s)
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Chapter 3 Chemical Transport Simulation

The chemical transport model considers that the chemical is well-mixed in the
water column. Part of the chemical may be deposited on the bed. The water column is
considered as layer 1 and the bed is considered as layer 2. Concentrations 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
column is considered in the model. Chemical can exist in both dissolved form or in
particulate form absorbed to solids. In this section, the general formulation for this two-
layer system is presented. However, in the application of the model to lampricide
transport in St. Marys River, the sediment transport is neglected. Only one layer 1s

required. The model is reduced to one layer model in this application.

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 C, in the water column can be

written as

12
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Similarly, the equation for the total concentration in the moving bed sediment C, is

o(C,h,) @ P
— +—a—;(u2C2h2)+~a—y—(v2C2h2):
C
-Kf(fdz "d;’z_"fdlcl)_Kdzfdzhzcz (3-2)
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m
+stplcl "Vufpzcz _Vdfp2c2 - Cz(Vs ;;L" V, - Vd)

2
in which, subscripts 1 and 2 denote water column and bed sediment layers, respectively;
C = chemical concentration; 4, = depth of flow; 4, =depth of moving sediment layer; x, y,
¢ = space and time variables; D,, D, = diffusion coefficients in x and y directions; u, v =
components 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; K, = diffusion rate of dissolved chemical between the
sediment and water column; K, = dissolved chemical loss rate due to microbial decay,
photolysis and hydrolysis; ¢ = porosity; k, = overall volatilization transfer coefficient
across air-water interface; ¥, = settling velocity of particulate from water column to the
bed sediment; ¥, = resuspension velocity of sediment into the water column; ¥, = loss
velocity of chemical from sediment due to net sedimentation or burial; H, = Henry's

constant; C, = vapor phase concentration.

13
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Figure 3-1 Chemical transfers in a differential element of width Ay

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

DC, o aC 0 6C
L ————(hIDX ‘) + ———(thy————‘—)

' Dt = Ox Ox oy dy
C,
+ K, fdzd) = faiC| - Ky faui C (3.3)
2

C
- kl(— Hg + fdlclJ - stplcl + VuprCZ

and
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h, th :"Kf(fdz ¢2 *fdlct)“Kdzfdzhzcz
2

(3.4)
m
+ V:fplcl - VuprCZ - VdprCZ - Cz(Vs ";1_‘ V, - Vd)

2
in which, m, and m, = solid concentrations defined as mass of solids per bulk volume of

solids and water.

3.2 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. In the present model, a Lagrangian discrete-parcel
method [Shen et al. 1995] is used with modifications. In the Lagrangian discrete-parcel
algorithm, both the chemical in the bed sediment and the chemical in the suspension are
represented as an ensemble of a large number of small parcels. E’ach 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 and can be calculated as Ax'=(2AtD)'*&, where D is the diffusion

coefficient matrix, At is the time interval, and £ is a vector of two independent normally
distributed random variables with zero mean and unit variance. To account for the spatial

variation of the water depth and the diffusion coefficient, an additional drift

15



term[Kitanidis 1994; Hunter et al. 1993] should be added to the advection velocity. The

iterative formula is shown in following equation:

1
X, =x, +(u, +V- (;D))At +(2AtD)* £

in which, x, is the current position of the particle, x,,, is the postion of the particles at next
time step, & is the water depth, D is the diffusion coefficient matrix, u, is the water
velocity at current position, At is the time interval, and £ is a vector of two independent

normally distributed random variables with zero mean and unit variance.

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 using the smoothing interpolation method based on a two-dimensional
Gaussian kernel or other kernel functions. The Lagrangian parcel approach requires an
efficient book-keeping procedure rather than 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.
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3.3  Smoothing and Interpolation of Concentration Using Kernel
Functions

The concentration at the centers of each grid box can be calculated simply by
adding up all the volumes of particles in the grid box and then dividing the total particle
volume by the total water volume of the grid box. This algorithm is simple and efficient,
but it can only give an average concentration over each grid box. In addition, since the
chemical is represented by a finite number of discrete parcels, the concentration
distribution may not be accurate and can fluctuate significantly if the number of parcels
are small. Therefore, the algorithm requires a large number of parcels and a small grid
box size if more detailed description of concentration distribution is required. A more
efficient method is to use a smoothing interpolation method with kernel function based on
Smoothed Particle Hydrodynamics (SPH)[Gingold and Monaghan 1977]. The basic

equation of two-dimensional kernel interpolation can be written as:

n;

- 7,

f(r,h) :Z< J>W(r-rj,h) (3.5)
in which #; is the number density, i.e. number of points per unit area at r,, and < >
represents ensemble average, f; is the function value at j, W is the kernel function, and 4 is

the smooth length. Applying the basic equation to our problem, f is the area

concentration calculated at location j, and interpolation equation becomes:

N V. . N
C(r, k)b, = Z—I’/gl%-W(r By =2V, W(r =, h) (3.6)

in which, ¥ is the volume of particles at location j, g is the area, A, is the depth at r, and

C(r,h) 1s the concentration at r, and W is the two-dimensional kernel function.

17



A two-dimensional Gaussian kernel function for W(r-r; h) is used:

=)

" (3.7)

W(r—r;,h)= i e

The kernel interpolation method eliminated the use of grid boxes in the
concentration calculation. It can also reduce the fluctuation due to the limited number of

parcels used in the simulation.

3.4 Model Implementation

Based on the analytical formulation presented, a computer model for chemical
transport is developed for the St. Marys River. The model is based on a triangular

schematization of the domain.

The rectangular schematization is widely used in the particle tracking method. In
the rectangular gird schematization, the output of finite element simulation of
hydrodynamics is first interpolated to the rectangular grid system, and the water velocity
and flow depth at grid boxes are then used in the chemical transport model. Particle
movements in the domain are calculated using the rectangular grid system. The advantage
of this method is that obtaining the water velocity and depth at any particle location in the
domain is easy. However, the rectangular schematization has some drawbacks. First, the
interpolation from a finite element mesh to a grid system introduces numerical error.
Second, to represent some locations in the domain where the domain shapes are complex,
a small grid size has to be used for the whole domain although most of the domain may
not require such small grid boxes. In addition, the grid box method can not accurately

represent the complex river boundary. When particles move along a boundary that is not

18



parallel to the x-axis or y-axis, the paths of particles will be distorted by the step

boundary.

To simulate rivers with complex shapes like St. Marys River, the model is
implemented with the triangular finite-element schematization of the domain. Particle
movements in the domain are calculated directly from the finite element mesh using
shape functions.

u, (5, y)=u s, (X, ¥) 1,8, (X, y) +u 55,(x, )
w, (6, ) =5, (X, p) + 1,5, (X, y) +u,;8,(x,9)

In which, u, and u, are flow velocity at location (x, y) in x direction and y direction,

respectively. (i, u,,), (14, U,,), and (u,, u,;) are flow velocity vectors at nodes of finite

element. s,(x, ), 5,(x, y), and s,(x, y) are shape functions and are defined as

s, (x,y)=(a, +bx+cy)/2A
s,(x,y)=(a, +b,x+c,y)/2A
s,(x,y)=(a, +byx+c,y)/2A

ay, =XxX,Y; 7 XY,
a, =X3¥; =X ),

a, =Xy, — X0

2A=(a, +a, +ay)

In which, (x,, ¥,), (x,, ¥,), and (x;, y;) are the coordinates of three nodes of
triangular element.

The water velocity and water level at the nodes of triangular mesh system are
generated by the hydraulic model. In this method, no mesh to grid transformation is

needed and therefore no interpolation error is introduced at this step. The mesh system is

19



more flexible than the grid system to represent the irregular domain. However, the
triangular mesh method requires more computation time because to identify the location
of particles in triangular mesh is more difficult than in a rectangular grid system. The
interpolation in triangular element consumes more time than the bilinear interpolation in

the rectangular grid cell.

The finite element triangular mesh system of the hydraulic model can be used
directly in the transportation model. Parcels will move in the mesh system and the
advection velocity and water depth will be calculated using shape functions. Along the
boundary, parcels will be reflected back into boundary to simulated the boundary
condition that the gradient of concentration normal to the boundary is zero or the
movement of parcels in the direction normal to the boundary is zero[Tompson et al
1988]. At each time step, the concentration is calculated at each node of the mesh system

instead of at center of each grid cell in the grid system method.

At the beginning of the simulation, the user selects a number of parcels to represent
the chemical being released into the river. The upper limit of this number only depends
on the available memory of the computer. No recompilation the computer program is

necessary.

In the St. Marys River simulations, chemical in the bed is assumed to be negligible
due to the low sediment concentration. Therefore, only the water layer transport is

considered.

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 lampricide are considered as miscible non-reactive chemicals. Parcels
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have equal volumes. A chemical discharge is treated either as an instantaneous input or a
continuous input. When the input duration is zero the input is treated as instantaneous

input. Otherwise, it is treated as a continuous effluent.

The computer code is written in ANSI C++. No compiler specific extensions have
been used. The code has been tested on 32 bit machines with Microsoft Visual C++ 4.0
compilers on IBM PC-Compatible with 486, Pentium, and Pentium Pro CPU. They
should be able to be recompiled and run on any other computer with 32bit ANSI C++

compiler.
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Chapter 4 Model Calibration

The model calibration is based on two dye studies. The first dye study was
conducted in the St. Marys River during December 7 to 10, 1981 [Great Lakes Fishery
Commission, 1981]. This included a series of four dye studies. 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 are somewhat qualitative but provide valuable data, which were used in
the preliminary calibration of the computer model. The dye used was fluorescent
Rhodamine WT , 20% aqueous. The dye injection sites were Edison Sault Electric
Generation Station, Corps of Engineers Power Stétion, Compensating Gates, and the
Canadian Lock, respectively. The results of calibration simulations for these four dye

tests are presented in this section.

The second comprehensive dye study was carried out during August 10-12, 1996,
for further model calibration. The dye release site was Great Lake Power Plant. The
release of dye lasted 14 hours. This dye study covered a much larger area than the first
dye study. Time dependent dye concentration distributions at selected cross-sections were
obtained. The comparison between the observed dye concentration and model simulation

is presented in section 4.5.
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4.1  Case 1—Dye Study 1: Edison Sault Electric Application

On December 7, 1981, a total of 38.4 liters of dye was released at 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 power
canal. Since the power 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. From these results, most of the dye 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 takes about 5 hours to reach Lake Nicolet. The

simulation of dye dispersion compares relatively well with the observed data.
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Figure 4-1 Maximum dye concentration observed for the period 0700-1600 hrs on
Dec. 7-Case 1
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Figure 4-2 Simulated maximum dye concentration for the period 0600-1600 hrs on
Dec. 7 during the 10 hours after the Edison Sault Electric application

42  Case 2—Dye Study 1: Corps of Engineers Application

On December 8, 1981, a total of 26.8 liters of dye was released 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 was 3.46 ppb.

Maximum observed and simulated dye concentrations are shown in Figs. 4.3 and
4.4. The dye released was split into two parts as it moved downstream. One part moved
down the main shipping channel south of Sugar Island. 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 bend to the American shore between the American Lock and Edison Sault
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Electric Powerhouse. The reason for this bending is that the water discharge from the
American Lock is very small and the discharge from the Corps of Engineers Power
House was deflected toward the US side. Further downstream, the dye plume was
deflected by the side discharge from the Edison Sault Power House back to the center of

the river.
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Figure 4-3 Maximum dye concentration observed during 0700-1600 hrs - Case 2
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Figure 4-4 Simulated maximum dye concentration for the period 0700-1600 hrs on
Dec. 8 during the 9 hours after the Corps of Engineer Application

4.3 Case 3—Dye Study 1: 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 was 4.81 ppb and the duration of the discharge was 5

hours.

Maximum observed and simulated dye concentrations are shown in Figs. 4.5 and
4.6. Most of the dye from this source appears to go toward the Canadian Channel and

moves slower than those in the two previous cases.
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Figure 4-6 Simula-ted maximum dye concentration for the period 0700-1600 hrs on
Dec. 9 during the 9 hours after the Compensating Gates Application
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4.4 Case 4—Dye Study 1: 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 Lock from 07:15 to 13:05 hrs. The average
concentration of the dye at the discharge site was 27.0 ppb and the duration of discharge

was about 6 hours.

Maximum observed and simulated dye concentrations are shown in Figs. 4.7 and
4.8. This dye cloud tends to stay very close to the Canadian shore and fill in all the boat
slips and bays. It took a long time for the dye to move down to the north channel between
the mainland and the Sugar Island since the water flow is slow in the shallow region close

to the shore.
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