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PREFACE

This report presents the results of a hydrodynamic and mass transport

study conducted to quantify the distribution of Fox River discharge into Lower

Green Bay under existing conditions and for a proposed expansion of the Con-

fined Disposal Facility located northeast of the river mouth.

The project was requested and funded by the US Army Engineer District,

Detroit, under specific direction of Messrs. T. C. Nuttle and John Niemiec,

under the general direction of Mr. B. Malamud, Acting Chief, Engineering

Division.

Field data required for numerical model calibration and verification

were provided by Dr. Kwang Lee, University of Wisconsin, Madison, Wisconsin,

and Messrs. D. J. Patterson and B. K. Holmstrom, Department of Natural Re-

sources, Wisconsin, and US Department of Interior, Geological Survey, Madison,

Wisconsin.

This study was conducted at the US Army Engineer Waterways Experiment

Station (WES). The numerical investigation was completed and this report was

prepared by Dr. A. Swain, Coastal Engineering Research Center (CERC), and

Ms. Sandra Bird, Environmental Laboratory (EL). Dr. Richard Schmalz provided
invaluable technical advice throughout this project.

Providing general supervision were Dr. J. R. Houston and Mr. C. C.

Calhoun, Jr., Chief and Assistant Chief, respectively, CERC; Dr. John

Harrison, Chief, EL; and Mr. D. L. Robey, Chief, Environmental Research and

Simulation Division (ERSD), EL. Direct supervision of the project was

provided by Mr. H. L. Butler, Chief, Research Division, CERC, and Mr. Mark

Dortch, Chief, Water Quality Modeling Group, ERSD, EL.

Commander and Director of WES during the course of this study and prep-

aration and publication of this report was COL Dwayne G. Lee, CE. Technical

Director was Dr. Robert W. Whalin.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI

(metric) units as follows:

Multiply By To Obtain

cubic feet per second 0.02831685 cubic metres per second

degree (angle) 0.01745329 radians

feet 0.3048 metres %

knots (international) 0.5144444 metres per second V

miles (US nautical) 1.852 kilometres

miles (US statute) 1.609344 kilometres S

square miles (US statute) 2.589988 square kilometres

'p.N

-4

--.

.4 %.

• . . % -. - . - ., % o .- % ". %' -% %"-" .- %-. " " %- -.. - -% .- .% . .... %... '. " . . ".','..,. . '. " '. . S.



LOWER GREEN BAY HYDRODYNAMIC AND MASS TRANSPORT

Numerical Model Study

PART I: INTRODUCTION

Description of Study Area and Oblectives

1. Green Bay is a relatively small bay separated from Lake Michigan by

the Door Peninsula. The northern (upper) part of Green Bay north of Oconto,

Wisconsin, is generally deeper than 60 ft* and the cuLneri- (lower) part of

the bay south of Long Tail Point is shallower than 20 ft. 'he Fox River

enters Green Bay at the southernmost end of the bay (Figure 1). The Corps of

Engineers maintains a navigation channel in the lower Fox River and into Green

Bay, dredging as necessary to maintain navigability. Kidney Iland, a Con-

fined Disposal Facility (CDF), is located in Lower Green Bay east of the navi-

gation channel.

2. The Corps of Engineers has proposed an expansion of Kidney Island to

accommodate continued disposal of dredged materials from the maintenance

dredging (Figure 2). However, several point source discharges of oxygen

demanding wastes located along a 7.3 mile stretch of the Fox River between

De Pere Dam and Lower Green Bay directly impact dissolved oxygen primarily in

the lower Fox River and one-fourth mile into the southern end of Green Bay

(Patterson 1984). The Wisconsin Department of Natural Resources (WDNR) has

developed wasteload allocations for dischargers into the Fox River for

upgrading water quality in the lower Fox River and southern Green Bay. The

WDNR is concerned that possible changes in the transport and mixing

characteristics of Lower Green Bay induced by the proposed expansion of Kidney

Island might require an alteration in wasteload allocation.

3. To aid the WDNR in the assessment of the impacts of the Kidney

Island expansion, the US Army Engineer District, Detroit (NCE) sponsored a

numerical model study by Kwang Lee (1984) to investigate the hydrodynamic

impacts resulting from the proposed CDF enlargement. The NCE requested the US

Army Engineer Waterways Experiment Station's (WES) Coastal Engineering

* A table of factors for converting non-SI units of measurement to SI
(metric) units is presented on page 3.

*, o • . - • o o . . - . . . . . .- . . - * . . . .
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Research Center review and comment on the model study conducted by Dr. Kwang 'A

Lee. The review revealed a number of problems concerning the validity of the

results and conclusions. Data presented in the study report were not %

sufficient to support the conclusions drawn in the report. Consequently, WES

was asked to conduct an additional numerical modeling effort to quantify the

distribution of Fox River discharge into Lower Green Bay under existing and

proposed CDF conditions. WES applied the WES Implicit Flooding Model (WIFM),

a two-dimensional (2-D) vertically averaged hydrodynamic model, and the

transport model WIFM-SAL to investigate the currents and mass transport in

Lower Green Bay and Fox River before and after the proposed CDF expansion.

This report summarizes the results of the WES study.
e%

Approach

4. The study was conducted in two parts. The first part involved the

application of the numerical hydrodynamic model WIFM (Butler in preparation). S

This model uses finite difference techniques to represent the vertically

integrated Navier-Stokes equations of fluid flow. Description of several

special features of WIFM can be found elsewhere (Leenknecht, Earickson, and

Butler 1984). S

5. WIFM was calibrated and verified using field data collected by Kwang

Lee (1984) and data provided by the WDNR and the US Department of Interior

Geological Survey, Madison, Wisconsin. After calibration and verification, %

flow distribution tests were conducted to examine how flow from the Fox River S

is distributed into various Lower Green Bay regions under the existing and

proposed CDF conditions.

6. Three hydrodynamic conditions were simulated in WIFM with the exist-

ing CDF and with the proposed expansion in place. These used the fixed flow, S

seiche, and wind approach developed by Patter.son (1984). The hydrodynamic

results of these simulations e.erc 3 aved on a -subfrid for use in the transport ".

calculations.

7. The second part of the .3 ljjd involv,!d the application of the numeri- ,

cal transport model WIFM-'PAL (Schmahz' '985). The tr.nsport algorithm in WIFM-

SAL was decoupled from the hydrodynamic compirtat ins producing a stand-alone

transport model which is driven by th..: previously ohtai red hydrodynamic simu-

lation data. rhis eliminates the need f'or rwprt, ing hydrocly:1nmic _0

% .
'.1



simulations. Constituent computations were performed on a subgrid of the

hydrodynamic computational grid and used the same time-step as the hydro-

dynamic computations.
8. The transport model was tested to determine model sensitivity to

variations in the input value for the dispersion coefficient. After these I"

tests, the output from WIFM was used as the input to WIFM-SAL for the trans- I
port simulations. Two types of transport tests were conducted in the Lower

Green Bay area. The first test consisted of an instantaneous injection of

tracer released at the mouth of the Fox River. The second type of test was a

continuous injection of tracer across the boundaries (the lower Fox River

boundary and upper open water boundary of the subgrid). All tests were con-

ducted with and without the proposed CDF expansion.

S -

"S.

6 1°['
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PART II: COMPUTATIONAL METHODS

Governing Equations

9. The governing equations WIFM uses for hydrodynamic calculations are

as follows:

Continuity

+ -= (ud) e - (vd) : R (1)
t ax ay

Momentum (x-direction)

1/2
au au au a ) +2 u 2  2at+ u - + V - fv + g U- V n ~

Momentum (y-direction)
-av + av + av fu+ g a _ 2v + v2 112

at ax ay ax T 9 a 2

C d

a .

/ 2 2 \)+

\ax a y 2/

These equations are solved for n , u , and v which are the dependent vari-

ables, and represent water surface elevation above datum and the vertically

integrated velocities in the x- and y-direction, respectively. The indepen-

dent variables in the above equations include:

= partial differential operator

t = time '.

x,y = wind stress direction e

d = n - h , total water depth

h = bed elevation above datum

R = source/sink terms (rate of water volume change through rain-
fall and evaporation)

f Coriolis parameter 0

7-
-A "



g = acceleration due to gravity .

na = hydrostatic water elevation due to atmospheric pressure
differences

C = Chezy coefficient

Fx, Fy = external forcing functions in the x- and y-direction,
respectively (i.e., wind stress)

= eddy viscosity coefficient

10. The governing equation WIFM-SAL used for transport simulation is

the conservative form of the vertically integrated constituent transport equa-

tion

at (hs) + 2 (hus) + (hvs) : hK + 2- K L) (4)

where s is the vertically integrated constituent concentration, K* andx
K* are the effective dispersion coefficients in the x- and y-direction, re-
y

spectively. Details of the derivation of this equation may be found in 0

Schmalz (1985).

Numerical Formulation A.

11. WIFM uses the alternating-direction-implicit (ADI) scheme to solve

Equations 1-3. However, due to the inclusion of the advective terms in these

equations, the ADI scheme encountered stability problems. To minimize this

problem, WIFM uses a centered stabilizing-correction (SC) scheme that is accu-

rate to second-order in space and time. Boundary conditions can be formulated

to the same order of accuracy. A brief description of this technique is given

here. More details of the SC scheme can be found in Butler (in preparation).

12. Equations 1, 2, and 3 can be written in matrix form as:

U + AU + BU 0 (5)t x Y

where

ro d
U [U] A ['o 00] B 0 0

0 0 0g09 0 n1

A
0€,
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The SC scheme for solving Equation 5 is I

(1 + x ) U* (1 - x2x ) 60 +- U 2) Uk - 1  (6)

(1 + X) Uk+ 1 : U* + XU k - 1  (7)

where

1At 1 At ,8).'.,"

X A6 and x -- B6x 2 Ax xy2Ay y (8

In the above equations (Equations 6 through 8) the variables are defined as

follows:

Xx, X = two-dimensional difference operators

U* = value of u at an intermediate time-step level (k+1 time
level, where k counts time levels)

U = matrix consisting of n, u, v as function of x, y, and t

k = integer time-step counter

At = time-step

Ax, Ay = length of computational cell in x- and y-direction

A, B = matrixes coefficient

6x, 6 = centered difference operators %

13. The SC scheme consists of two steps. The first step approximates A

the grid in the x-direction. The second step sweeps the grid in the%

y-direction. Completing both sweeps constitutes a full time-step and marches

the solution from the kth time-level to the (k+1) time-level. The form of

the continuity and momentum equations employed in the multioperational hydro-

dynamic scheme for the x-sweep are given by

1 k-1 1 k-1- k-1
1.t_ -1 1 (u*d + u d) + - 6 (V d) 0 (9)

2At(r* n ) + 2o +-0 .2-AA,

1 k-i 6 k-1

(v* - v ) + ( ) 0 (10)

N~~~~~$ N'% %%N'.

y::-':-%AI
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and the y-sweep by

1 (nk+1 1 Vk+1 k-1d( 2) -- - . 6* 2 (v d - v d) 0
(1)2At 2y y

uk4 1-u (13) 1 .

1 k1 k+1 k-i

12t (vk+  - V*) + 6 (n - n ) : 0 (14)

14. Note that v* in Equation 11 represents a functional value com-

puted at the (k-I) time-level. If the value of v* from Equation 11 and the

value of u* from Equation 13 are substituted into Equations 9 and 10, the

following simplified equations are obtained: -

x-sweep

1 k- ! 1 Uk+1 d k-1 k- .-

(-r(* - t+ ' + 6 (vu d) - v dy 0v-d (17)".]

2At yA y Y

1 uk+1 k- 1) k-1

( 6 ( + n k )q 0 (18)
2At 2Ax x

Equations 15 and 16 and 17 and 18 are alternatively solved in WIFM by applying

these difference equations to one column (x-sweep) or row (y-sweep), respec-

tively, of the numerical grid. The method of solution can be found in Butler

(in preparation).

15. WIFM-SAL contains a flux-corrected transport scheme (Zelasek 1979)

capable of resolving sharp fronts without oscillation or numerical disper-.%I

sion. Details of the solution technique can be found in Schmalz (1985).

1),%•.
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Grid Schematization

16. Both WIFM and WIFM-SAL use a stretching transformation of the form

c6
X a + bZc (19)

where

X = physical distance

a,b,c = arbitrary constants

Z = computational distance

for mapping distances along each coordinate direction. A detailed description

of the program MAPIT, which maps a variable grid in real space into a uniform 0

grid in computational space is described by Butler (in preparation). MAPIT l

maps each coordinate direction independently and maximizes grid resolution

(finer cells) in areas of hydrodynamic importance and minimizes the number of

computational cells (coarser cells) in areas of less importance.

Hydrodynamic grid

17. Based on the previously mentioned technique, a numerical hydro-

dynamic grid was developed to cover the areas of interest. This grid overlaid

on the National Oceanic and Atmospheric Administration (NOAA) Chart 1498 is 0

shown in Figure 3. There are 86 grid indices (N = 86) in the longitudinal

direction and 65 grid indices (M 65) in the transverse direction. The en-

tire grid consists of 5,590 (N, M) cells. %

Transport grid 0

18. Any impacts of the CDF expansion on the transport of material are

expected to occur primarily in Lower Green Bay, south of Grassy Island. A z,

subset of the hydrodynamic grid, centered on this area, was selected for

transport calculations. This grid consisted of 2,405 cells and covered 37 of

the 86 cells in the direction (N = 24 to 60) and the entire 65 cells in the

transverse direction (M = 1 to 65). This subgrid covered approximately

2 miles beyond Grassy Island inside Long Tail Point and about 2 miles upstream

of the Fox River mouth. The transport subgrid overlaid on the hydrodynamic

grid is also shown in Figure 3.

% % %
I .

?-.

'.-:,
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PART III: DATA REQUIREMENTS

Prototype Data

19. Prototype data required for numerical model calibration and verifi-

cation were obtained from the following two sources:

a. US Department of Interior, Geological Survey, Madison,
Wisconsin, provided water surface elevation data for the Angle
Light Station and east shore sites on Green Bay, East River,

and Fox River for portions of the 19814 water level records.

b. Velocity and weather data collected by Dr. Kwang Lee were ob-I
tained from the Department of Natural Resources (DNR), Madison,
Wisconsin. Figure 14 shows locations of water level gages, cur-
rent meter stations, and weather stations.

Model Data I
20. The input data required to run WIFM comprises 26 different input

groups. Key information required includes water depth of each cell, a fric-

tion characteristic (Manning's n) of each cell, water-surface elevation tabu-

lar data along the open water boundary as a function of time, discharge at

De Pere Dam as a function of time, and appropriate wind over the entire grid.

A 60-sec time-step was used for the numerical simulations.

21. Transport simulations require the hydrodynamic simulation results. i
Grid geometry information, flag arrays, depths, friction coefficient data,
water-surface elevations, and velocities are output by the hydrodynamnic code

on the transport subgrid, written onto magnetic tape, and supplied as input to

the transport code for transport simulation.I
22. The dispersion coefficient was calculated in the transport model

based on the following formulation (Taylor 19514, Elder 1959):

K* C 1 h (20)

where

C1  constant of proportionality

U. fluid shear velocity

h wjater depth

Based on the work of Elder (1959) a value of 6.0 was used for C1  to account

12



for effects of turbulent diffusion and spatial averaging over the depth.

Sensitivity to this parameter was tested.

Boundary Conditions

23. A variety of boundary conditions are permissible in WIFM, which can

be classified into three general groups: open boundaries, water-land bounda-

ries, and subgrid barrier (thin-wall barriers) boundaries. A brief summary of

these boundary conditions are described below. A complete description is

given in Butler (in preparation).

Open boundaries

24I. This category includes seaward boundaries of the computational grid

or locations where channels exit the 2-D grid. Water elevations or flow

velocities can be prescribed as functions of location and time. This informa-

tion can be input to WINM either as tabular input data or as constituent tidal

components from which water elevations can be calculated within the code dur-

ing the time-marching process.

Land-water boundaries

25. Included in this category are land-water boundaries which are

either fixed or variable to allow flooding and drying of cells. The usual

condition used at these boundaries is that of "no flow" normal to the

boundary. This is accomplished by setting u = 0 or v = 0 at the appro-

priate cell face. Low-lying terrain may alternately dry and flood within a

tidal cycle or surge history. Flooding in WINM is simulated by making the

location of the land-water boundary a function of local water depth. Once the

water levels in adjacent cells rise above the level of adjacent land height

(possibility of flooding), water is allowed into the "dry" cell using a broad

crested weir formula (Reid and Bodine 1968). When the water level on the dry

cell exceeds some small prescribed value, the boundary face is treated as open

and computations for n , u , and v are made for that cell ("wet" cell).

The drying of cells is the inverse of this process, and water mass balance is

conserved in both procedures.

Subgrid barriers

26. These barriers are defined along cell faces and are of three

types: exposed, submerged, and overtopping. Exposed barriers permit no flow

across a cell face. Submerged barriers are simulated by controlling flow

13



across cell faces with the use of a time dependent frictional coefficient. An

overtopping barrier is treated by using the broad crested weir formula which

calculates the proper flow rate across the barrier. The barrier's charac-

teristics are determined by its height and water elevations in the two

adjoining cells.

P %.

14.1
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PART IV: NUMERICAL MODEL CALIBRATION AND VERIFICATION

WIFM Calibration

27. The numerical model was calibrated by using field data recorded on

30 July 1982. The forcing conditions used in the calibration included water

surface elevation at Angle Light Station as an open water boundary condition,

variable discharge at De Pere Dam, and appropriate wind speed and direction.

28. Results of WIFM water surface elevation computations were compared

with prototype water surface elevations and numerical model results obtained

by Lee (1984) for a 16-hr period. Plates 1-4 show a comparison of calculated I
and measured water surface elevations above mean lake level at the open water 0

boundary, Angle Light Station, the Fox River mouth, and at De Pere Dam. The

calculated WIFM water elevations (shown by the solid line) compare favorably

with the field measurements.

29. Plates 5 and 6 present computed current fields in the form of

vector plots for a selected grid area in Lower Green Bay. These plots were

generated for the numerical model calibration period (at hours 8 and 16) with

existing CDF conditions. Plates 7 and 8 show similar plots obtained for the

proposed CDF conditions. Simulation time and vector scale relationships to 0

velocity magnitude are given at the bottom of each plate (Plates 5-8).

WIFM Verification

30. Verification of WIFM consists of its ability to reproduce accu-

rately the hydrodynamics of the area of interest without adjusting model

parameters. To test this, a period on 25 June 1984 was simulated by WIFM and

the calculated results were compared to measured data. This verification

period was selected because good field data were available at a number of

locations. Boundary conditions used in the verification included measured i]
water surface elevations at Angle Light Station (modified ais r cessary to
represent an open water boundary condition (Plate 9)), variabl, meazs i'red

discharge at De Pere Dam, and appropriate wind data.

31. Calculated water surface elevations above mean lakc: lovol and cai - j
culated current vectors were compared with prototype data. Plate 11) pre it*

a comparison of calcul'ited (solid line) and ml.tii ; .011tt:r , ' ' v ir,:;-.

del.0''

15 ". %~ %* %
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above mean lake level at Angle Light Station. It should be noted that the

comparisons of computed results with measured data for water surface eleva-

tions at the mouth of the Fox River and at De Pere Dam are not shown due to

the lack of prototype data.

32. Plates 11-15 show a comparison of WIFM current computations with -

prototype data collected by Dr. Kwang Lee (26 June 19814). The calculated cur-

rents compare favorably to the measurements with respect to amplitude and

phase.

33. Plates 16 and 17 present computed current fields in the form of%

vector plots obtained for existing CDF conditions during the numerical model

verification period (at hours 8 and 16). Plates 18 and 19 present similar .

plots obtained for the proposed CDF conditions. Simulation time and vector
scale are given at the bottom of each plate (Plates 16-19).

WIFM-SAL Dispersion Test

314. The value of the dispersion coefficient depends on the assigned

value of C1 in Equation 20. Numerical model results may be sensitive to

dispersion coefficient changes. To investigate this, dispersion tests were

conducted by varying the value of C1 from 1.0 to 10.0 and using hydro-
dynamics from a low-discharge scenario (1,000 cfs). Test scenarios will be

discussed in detail in the following section. An initial injection of

25.0 mg/f. of an arbitrary conservative tracer was made at the mouth of the Fox

River in the block of cells (N = 22, M =35-39) shown in Plate 20. After

214 hr of simulation the maximum concentration in the dye patch Was ieduced by

only 2 percent by the 10-fold increase in the value of the dispersion coeffi- '
cient (see Table 1). The concentration contours are nearly identical after

24 hr (Plates 21 and 22). Based on these results and Elder's (1959) recommen-

dation, a value of 6 was used for C1 in this study.

%
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PART V: PRODUCTION RUNS

Flow Distribution Test

35. Two flow distribution tests were conducted in WIFM to examine how

flow from Fox River is distributed into three Lower Green Bay regions (Lower

East, Middle, and Peats Lake region; see Figure 5) under the existing and pro- %

posed CDF conditions. Ranges were established in WIFM across the east, north,

and west side of the Lower Green Bay to facilitate quantification of flow dis-

tribution into Lower Green Bay. I
36. In the first test, a constant flow of 2,000 cfs was applied as the

boundary condition at De Pere Dam. No other forcing conditions (no wind or

seiche transmission type boundary condition was applied at the northern open

water boundary) were used in the model.. A
37. In the second test, a constant flow of 4,000 cfs was applied at

De Pere Dam, and no other forcing conditions were used in WIFM. 0

38. Figu'es 6 and 7 present results from these tests and quantify the

distribution of flow from the Fox River into three Lower Green Bay regions

under the existing and proposed CDF conditions. It is seen that insignificant

exchange of water mass occurs between the Fox River mouth and Peats Lake

Bay. The discharge into the Lower Bay is slightly reduced by the proposed

CDF, while discharge into Middle Bay is increased by a corresponding amount.

,y jrodynamic Test Cases

39. On the basis of' the results presented for the numerical modc >31Ii-

bration, verification and flow distribution test, it can be conoluded WIFM ii

correctly simulating the Lower Green Bay hydrodynamics irnd can therefore he S

used for hydrodynamic input. to drive transport of a conservative substance.

140. Three synthetic hydrodynamic conditions were n3mulAted. The First

test was with a constant low flow of 1,000 ct's at lie iere Dam, the .,econid tes;t

with an intermediate flow of 2,0' 1O cfs at e i'cre Darn, and th,; third twt with

a high flow of a,000 ctf'; at Do ''e Dam. ites y 'O<].lrd i Hc scena.rl.os is

the fixed flow, mean se ih, and mean w nA condJit ions Jevelopod by " '.

(1984 ). Table 2 I ists tho sr ich, -I~rI i tilde, w in1 sn,,zd 'd ,ji rct in, and

app ,r i t, t t 1 , I tI'c.w c', tni, t , vr. i , . i i}'1. itjit r.i r' rA i T K-1 it o: , i t

%I,:

N,:-°



seiche data and wind data used in this study can be found in Patterson (1984).

41. The first test was conducted with the following forcing condi-

tions: flow at De Pere Dam = 1,000 cfs; seiche = 0.64 ft with a period of

12 hr was applied at open water boundary; wind speed = 7.60 knots; and wind

direction = 210 deg were applied to the entire study area. No other boundary

conditions were used in the model. I
42. Hydrodynamic results were simulated for a period of 36 hr using a .

60-sec time-step. Test conditions are given in Table 3. Plate 23 shows cal-

culated water surface elevations above the mean lake level for selected gage

locations for existing and CDF conditions. An examination of Plate 23 reveals

that hydrodynamic results repeat after 18 hr of simulation. Since the hydro- I
dynamics reached a near steady-state condition only 36 hr werc simulated.

43. A subset of the numerical grid was selected to save hydrodynamic

data for use in the transport code. This included cells 24 through 60 r<

(N = 24 to 60) in the longitudinal direction, and the entire b5 cells

(M I to 65) in the vertical direction. This region is shcown in Figure 3.

Results from the last 12 hr (from 24 to 36 hr) of simulation: were saved for

use in the transport tests.

44. Table 3 displays the data used to simulate the first tests and the

resulting flow distribution across the established ra_-nges fo(.r the existing and

proposed CUF conditions. The directions of flow in and out of the region are %

shown by arrows. The convention used to define a positive flow or a negative

flow into the region is the same as established in WIFM (u positive downward

and v positive to the right).

45. Plates 24 and 25 and 26 and 27 present the nopnted current vector

fields for the existing and proposed CDF, respectiveiy. Plots are given for

the selected grid area for both flood and ebb conditions in the river. The

simulation time and the vector scale are given at the bottom of each plate.

46. The second test was conducted for a fixed flow of 2,000 cfs applied

at De Pere Dam. The forcing conditions are given in Table 4 along with the

calculated flow distribution across the established ranges for the existing

and proposed CDF conditions. Plate 28 displays calculated water surface S

elevations above the mean lake levei for selected gag(- locitlo,s for existing

CDF conditions. Plates 29--32 present the coinputd tor curron fields for % .

the existing and proposed CPU. Plots are given for the same area Id simuila-

tion tim':4 ued n th, fir ' st.

7,L



47. The final hydrodynamic test was simulation for a fixed flow of

41,000 cfs applied at De Pere Darn along with the appropriate seiche and wind
data (Table 2). Table 5 shows the data used in WIFM for this test along with

the resulting flow distribution across the established ranges for the existing

and proposed ODF conditions. Plate 33 displays calculated water surface

elevations above mean lake level for selected gage locations for existing CDF

conditions. Plates 34-~37 present the computed current vector fields for the

existing and proposed CDF. The plots are for the same area and simulation

times used in the first test.

48. Table 6 shows percentage change in flow distribution between bay

regions (Lower East, Middle, and Peats Lake) and the region near mouth of Fox

River. These tabulated results were calculated from Tables 3-5.

419. These results indicate that flow exchange differences caused by the P

existing and proposed CDF with Peats Lake Bay are insignificant. Results in-

dicate the ODF expansion simply redistributes flow by increasing discharge by

way of the main channel to Middle Bay while reducing discharge through the

cross section between Grassy Island and the expanded CDF.

Transport Test Cases

50. Two types of transport tests were made in the Lower Green Bay

area. An instantaneous injection of tracer, as described in the dispersion

sensitivity test, was made at the mouth of the Fox River for both a low and

high flow condition with and without the proposed CDF expansion, respec-

tively. Movement and dilution of the dye patch was followed for 214 hr.
51. The second type of test was a continuous injection of a conserva-

tive tracer across the boundary. A dye concentration of 6.0 mg/i was set at

the lower Fox River boundary and a value of 0.15 mg/i was set at the upper

open water boundary. These values are based on typical loading rates of0

biochemical oxygen demand (ROD) into the system (Patterson 19814). It should

be emphasized that the resulting concentrations from the tests are not exactly

equivalent to BOD since transport simulations are for a conservative sub-

stance. Additionally, material that moves across the open water boundary is

lost from the system. However, this test will indicate thc order of magnitude

of the change in ROD which might be expected for the CDF expansion compared to .

the present conditions. This boundary condition injection was run for 96 hr

and a cyclical pattern established.

19
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Transport Test Results

52. For the low flow instantaneous injection, concentration contours
for the existing and proposed CDF conditions are shown at 6 hr in Plates 38

and 39 and at 24 hr in Plates 40 and 41. At the gage locations shown in

Plate 42, concentration versus time profiles are shown in Plates 43-48. With

and without the CDF expansion in place, mass is initially advected up the Fox

River as indicated in the 6-hr contour plots (Plates 38 and 39) and the gage

located in the Fox River shown in Plate 49. By 6 hr the velocity vectors

(Plates 25 and 27) have reversed. The mass moves out of the river oack into

the lower bay area. With and without the CDF the material moves primarily

east of the main channel between the CDF and Grassy Island as shown in

Plates 40 and 41, while relatively low concentrations are found weft of" the

channel (Plate 45) toward the Peats Lake region. Only a small concentration

of dye reaches Gage 2 (Plate 44) which is in the main channel about one-half

mile north of the Fox River mouth.

53. This distribution of material is very similar for coth the propcsed

and existing CDF conditions. Small differences exist in phase for the move-

ment of the mass. Due to increased mixing induced by the slightly increased

velocities, there is a very slight decrease in concentrations which have

dropped from the initial value of 25.0 mg/i to less than 7.0 mg/ (see

Table 1) for, both the present CDF and the proposed facility.

54. Under the high flow condition, transport of mass is sirilar for the

instantaneous release condition with and without the exparnsic>r. M .ior

differences exist, however, in the movement of mass given the hi' few ccnJi-

tion as opposed to the low flow condition. For the high Flow conJ'tion, the

dye is riot initially moved as far back up the Fox River as would be expected.

At 6 hr no significant concentrations of the mass remain in the Fox Piver

(Plates 49 and 50) and virtually no mass reaches gage Doint 6 (Plate 58). A

significant portion of the material moves west of the channel 'Plates 51, 52,

and 55) for this flow condition under both present and proposed CDF conditions.

The 24-hr contours (Plates 51 and 52) indicate that for the high flow, as in .

the low flow case, the dye is diltited slightly :'aiter with the CPF -xpanso wn
in place than without it. Plates 53, 54, 56, 57, and 58 show dye mo-ement at

different gage locations.

5"i. i'tic) iQ t ()n o~ f' AI Iin~ bor; a v -H 't~ io!s At ain: qt, tit
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are shown in Plates 59-62. Concentrations at the six gage locations are shown

in Plates 63-68. For the gage points located in the Fox River and the main

channel (Plates 67 and 68), there are no significant differences in concentra-

tions with and without the expansion. The greatest differences occur at Gage

4 (Plate 66) which is located near the CDF and at Gage 1 (Plate 63) which is

located between the CDF and Grassy Island. At Gage 1 peak concentrations are

on the order of 5 percent higher with the expansion than without it. At

Gage 4 the peak value is slightly higher for the existing condition but higher

concentration material remains in that area for more of the cycle under ex-

pansion conditions.

56 Examination of the contour plots at 91 hr (Plates 59 and 60) illus-

trates the concentration gradient that forms across the channel particularly

during the river outflow cycle. For both the proposed and existing condition

an area of high concentration material moves out on the east side of the

channel. This is consistent with the observation that the peak concentrations

at Gage 5 located near the river mouth are lower than those at Gage 4 which is

farther in the bay but on the east side of the channel. Patterns of the con-

centration contours are similar for both the existing and proposed conditions.

57. The WDNR requested information at a series of gage points forming a

rectangle around the mouth of the Fox River and one-half mile into Green

Bay. This rectangle is bounded by a row of cells across the mouth of the Fox

River (N = 49, M = 37 to 40); a row of cells extending across the navigation

channel (N = 44, M = 30 to 46); a column of cells east of the navigation

channel but west of the CDF (M = 30, N z 44 to 47); and a column of cells west S

of the navigation channel (M 45, N 44 to 47). Time averaged coninntra-

tions in each of these cells for the last 12 hr cycie (84-96 hr) aro giver for-.

both the existing and proposed CDF conditions in Table 7. A time-a. i i'e'] ,

volume-weighted concentration for all cells in the area was calci]ated. For S

the existing conditions this average concentration was 2.75 mg Q and cr the

proposed condition this value was 2.76 mg,/l oi an aver-ge incrca,-, Ut'

0.4 percent for the area.

%
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PART VI: SUMMARY AND CONCLUSIONS

58. The hydrodynamic model WIFM was calibrated and verified by using ,

field data provided by WDNR and the US Department of' Interior, Geological

Survey, Madison, Wisconsin.

59. A flow distribution test was conducted to investigate the impact of

the proposed CDF on water mass circulation in Lower Green Bay and to calculate

the distribution of flow across established ranges parallel to and across the

Fox River channel. Test results indicated a reduction of flow into Lower East

Bay with the proposed CDF in place, and an increase in flow by the correspond-

ing amount into Middle Bay. An insignificant flow exchange with Peats Lake

Bay was noted.

60. Three hydrodynamic tests were conducted to generate input data for

a transport model. The forcing conditions for these tests included constant I
flow (Q = 1,0O, 2,000, and 4,000 cfs) at De Pere Dam, mean seiche at the open

boundary, and appropriate mean wind conditions. A subset of the numerical

grid was selected to save the hydrodynamic data from these tests for use in

the transport model. The hydrodynamic test results indicated flow exchar ey

differences caused by proposed CDF with Peats Lake Bay are insignificant.

Results show the CDF expansion simply redistributes flow by increasing dis-

charge by way of the main channel to Middle Bay and by reducing discharge

through the cross section between Grassy Island and the expanded CDF.

61. The ',000 and 4,000 cfs hydrodynamic simulations were used in

WIFM-SAL to drive transport. Two different types of transport tets.. were c n-

ducted in the Lower Green Ray area. These were an instantaneous inJect io: of

tracer and a continuous injection of tracer. Both tests were for the low flow

(Q C c ,c) and high flow (Q = 4,000 cfs) conditi;ons with and withoiit the

proposed CDF expansion in place.

62. For the instantaneous injection test cases, the presence of the CDF

expansion does not significantly affect the movement of material from the

mouth of the Fox Fiver through the Lower Green Bay area. The materia. is

diluted and moved in a similar fashion fCu both a high and low flow condition

wi'th and without the e:xpansic r, in place . A -light increase -i d l, tion rate

of' mtil i.; observed with the CDF expansion in plice. A
h 3. F r the eont i,. bound;irv in rct icn, ther, is v-r'Iy t le di f'- .r

' I r 1 ) 1 ,, t , 1I.. I. ) 1i t: i )cdt V, , v. r and in
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the main channel (area considered critical in terms of dissolved oxygen. The

gage point located adjacent to the CDF shows local changes in the concentra-

tions but the peak and trough values are still nearly equal even at this loca-

tion. At Gage 3, which is west of the main channel, with the CDF in place,

there is an insignificant increase in the peak concentration of material that

is moved into this area, but it moves back out and drops to a preexpansion

level in each seiche cycle. Similar patterns are observed in the concentra-

tion contours under proposed and expansion conditions. For the rectangular

area centered on the mouth of the Fox River, the time-averaged, volume-

weighted concentration changes by less than 1 percent following the CDF -

expansion.
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Table 11

Maximum Plume Concentration at 214 hr

Maximum Grid Element

Flow Condition m9/9 N, M Dispersion Constant

Low flow, existing CDF 7.0 16, 20 1.0

Low flow, existing CDF 6.9 16, 20 10.0

Low flow, existing COF 6.9 16, 20 6.0

Low flow, proposed CDF 6.8 19, 26 6.0 O

High flow, existing CDF

West of channel 6.0 17, 56 6.0

East of channel 4.7 20, 19 6.0

High flow, proposed CDF

West of channel 4.6 17, 56 6.0

East of channel 4.6 19, 214 6.0

Table 2

Hydrodynamic Test Conditions to Drive Transport

Flow at Mean Seiche Mean Wind
De Pere Damn Magnitude Speed Wind Direction

cfs ft knots deg

1,000 0.614 7.60 210
2,000 0.146 6.4o 210

4,000 0.60 8.04 210
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Table 6,'.
Percentage Change in Flow Distribution Between Bay Regions

and the Region Near Mouth of Fox River

Discharge Rate, cfs
Bay 1,000 2,000 4,000

Lower East -6 -10 -13

Middle 14 22 27

Peat Lake 0 1 -1
3 S

Note: A ()indicates a reduction in discharge toward Bay region.
A discussion of results presented in the above table is as fflowi:
Flow exchange differences caused by the existing and proposed ('I,! Witr
Peat Lake Bay are insignificant. Results for Middle or Lower FList B3,s
indicate CDF expansion qimply redistributes flow by increaing
discharge via the main channel to Middle Bay. Conz~qiicntlv, dischimif
through the small cross section between Grass3y 131land and th,u expirljod
CDF is reduced.

%I1
%. % %.
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Table 7

Time Averaged Concentrations for Existing

and Proposed CDF

Average Concentration Average Concentration
Coordinate mg/. Coordinate mg/f,

N, M Existing Proposed N, M Existing Proposed

44, 30 2.96 3.28 46, 37 3.78 3.48
44, 31 3.28 3.92 46, 38 3.27 3.25

44, 32 3.15 4.03 46, 39 1.50 1.664
44, 33 3.44 3.74 46, 40 1.42 1.55
44, 34 3.63 3.85 46, 41 1.57 1.68
44, 35 3.31 3.59 46, 42 1.3- 1.49
44, 36 3.53 3.69 46, 43 1.54 1.70
44, 37 2.47 1.66 46, 44 1. 44 1.64
44, 38 1.75 1.72 46, 45 1.67 1.83
44, 39 0.76 0.84 46, 46 1.'2 1.87 -. 1
44, 40 0.69 0.91 47, 30 4.05 3.89
44, 41 0.71 0.89 47, 31 3.914 3.85
44, 42 0.77 0.95 47, 32 4.22 4.07 0
44, 43 0.76 0.92 47, 33 4.46 4.26
44, 44 0.89 1.00 47, 34 4.68 4.43
44, 45 0.76 0.95 47, 35 4.65 4.42
44, 46 0.90 1.14 47, 36 4.57 4.31
45, 30 3.83 4.39 47, 37 4.32 4.17 -1
45, 31 4.35 4.25 47, 38 3.67 3.56
45, 32 4.39 4.22 47, 39 1.25 1.36
45, 33 4.32 3.96 47, 40 1.33 1.50
45, 34 4.06 3.65 47, 41 1.99 2.20
45, 35 3.72 3.31 47, 42 1.90 2. -1
45, 36 3.27 3.00 47, 43 2.12 2.13
45, 37 2.75 2.60 47, 44 1.7Ti 1.93
45, 38 2.69 2.60 47, 45 2.04 2.19
45, 39 0.79 1.01 48, 32 3.98 8.09
45, 40 0.78 1.02 48, 33 3.99 3.9"
45, 41 0.78 1.04 48, 34 4.38 4.17
45, 42 0.81 1.06 48, 35 4.66 1.47
45, 43 0.82 1.08 48, 36 1.i3 4.4
45, 44 0.92 1.17 48, 37 4.o 4.46
45, 45 0.87 1.114 48, 38 4. 4.32
45, 46 1.11 1-37 48, 39 1.9q 2.13

46, 32 4.76 4.61 49, 37 4. 7 .4 I
46, 33 4.73 4 *)5 49, 38 4. (7 L.
46 34 4.63 4. 0 49, 39 2.58

46, 35 4.39 4. -4 31)., 71
46, 36 4. 16 3 66
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APPENDIX A: NOTATION

a,b,c Regional constants derived from stretching transformation of
coordinate system

A,B Coefficient matrixes I

C Chezy friction coefficient

C1  Constant of proportionality

d Total depth of water column d n - h

f Coriolis parameter

Fx,F External forcing functions in x- and y-direction, respectivelyy (i.e., wind stress)

g Acceleration due to gravity

h Local ground (cell) elevation above datum

K* Dispersion coefficient

K ,K* Effective dispersion coefficients

k Integer time-step counter

n Dimensionaless parameter used to characterize stability criterion

R Rate of water volume change in the system (for example through
rainfall or evaporation)

s Vertically integrated constituent concentration

t Time

u Vertically averaged water velocity in x-direction

U Matrix consisting of n , u , and v as functions of x , y , and
t

U* Value of U at an intermediate time-step level (K+I) time level,
where k counts time levels

41

U* Shear velocity

v Vertically averaged water velocity in x-direction

V Largest velocity encountered at a computational cell

x,y Cartesian coordinate system axes names

X Physical distance

Z Computational distance

At Time-step

AxAy Length of computational cell in x- and y-directions

- Eddy viscosity coefficient

n Water-surface elevation above datum

na Hydrostatic water elevation due to atmospheric pressure differences

Two-dimensional differences operators

AlA

% -°%%0



Intermediate time-step level

3 Partial differential operator

6x,6 y Centered difference operators
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