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Executive Summary

Background

The U.S. Army Engineer Hurricane Protection Office (HPO) requested that
the USACE Engineering Research and Development Center (ERDC) at
Waterways Experiment Station perform a numerical modeling study for
the purpose of analyzing the hydrodynamic impacts of a proposed gate
structure to be built on the Gulf Intracoastal Waterway (GIWW) East of
the Michoud Canal.

The GIWW merges with the Mississippi River Gulf Outlet (MRGO) and
continues 5 miles further to the West where it joins the Inner Harbor Na-
vigation Canal (IHNC). The IHNC proceeds approximately 3 more miles
north from its intersection with the GIWW to connect with Lake Pontchar-
train at Seabrook. The section of the GIWW that is of interest for this
project extends southwest approximately 20 miles from its connection
with Lake Borgne to its confluence with the MRGO (Figure 1-1).

Hydrodynamic Numerical Model

A two-dimensional hydrodynamic model was used to analyze the effects of
a dual-gate structure on the GIWW. The model chosen for this study was
the Adaptive Hydraulics (ADH) model, a state-of-the-art model developed
at ERDC. The ADH model is among the Corps of Engineers’ standard
modeling tools for three-dimensional, open-channel flow and uses the fi-
nite element formulation. ADH also has adaptive meshing capability
which enables the model to create more resolution when needed during a
simulation to deal with complex geometry and flow conditions. The Sur-
face Water Modeling System (SMS; see Brigham Young University, 1997)
was used for model development and analysis.

Results

The base condition was simply a simulation performed using the existing
conditions in the Lake Pontchartrain System.

The plan alternative was analyzed by placing the Lake Borgne Surge Bar-
rier in the model using the Surface Water Modeling System (SMS) and
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performing two sets of simulations: (1) high flow under normal conditions
and (2) flow under a storm surge condition without a tidal component.

While the normal condition simulations did show that velocities in the
GIWW structure exceeded navigational thresholds, these events occurred
twice per tidal cycle at most and then only under spring tidal conditions
and/or during passage of weather fronts. An exceedance analysis illu-
strated the low frequency of the high velocity events.

Furthermore, sensitivity analysis simulations performed with the pro-
posed structure at Seabrook closed produced up to a 50 percent reduction
in flow velocity in the GIWW structure.

Storm surge simulations illustrated the impacts of each proposed structure
on system circulation including the structure at Seabrook. Vessel effects
simulations were performed in order to provide ERDC’s navigation per-
sonnel with currents resulting from vessel effects.

With the exception of the storm surge simulations, current velocities from
the modeling simulations were provided to ERDC’s navigation personnel
for input into ERDC’s ship simulator.
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Unit Conversion Factors

Multiply By To Obtain
acres 4,046.873 square meters
acre-feet 1,233.5 cubic meters
cubic feet 0.02831685 cubic meters
cubic inches 1.6387064 E-05 | cubic meters
cubic yards 0.7645549 cubic meters
degrees (angle) 0.01745329 radians
degrees Fahrenheit (F-32)/1.8 degrees Celsius
fathoms 1.8288 meters

feet 0.3048 meters
foot-pounds force 1.355818 joules

inches 0.0254 meters
inch-pounds (force) 0.1129848 newton meters
knots 0.5144444 meters per second
microns 1.0 E-06 meters

miles (nautical) 1,852 meters

miles (U.S. statute) 1,609.347 meters

slugs 14.59390 kilograms
square feet 0.09290304 square meters
square yards 0.8361274 square meters
yards 0.9144 meters
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Introduction

Background and Objective

The U.S. Army Engineer Hurricane Protection Office (HPO) requested that
the USACE Engineering Research and Development Center (ERDC) at
Waterways Experiment Station perform a numerical modeling study for
the purpose of analyzing the hydrodynamic impacts of a proposed gate
structure to be built on the Gulf Intracoastal Waterway (GIWW) East of
the Michoud Canal. This gate structure is part of the larger Lake Borgne
Surge Barrier that includes a gate structure on Bayou Bienvenue (BB), a
closure of the Mississippi River Gulf Outlet (MRGO) just south of BB, and
a floodwall between the various structures and the MRGO closure (Figure
1-2).

The GIWW merges with the MRGO and continues 5 miles further to the
West where it joins the Inner Harbor Navigation Canal (IHNC). The
IHNC proceeds approximately 3 more miles north from its intersection
with the GIWW to connect with Lake Pontchartrain at Seabrook. The sec-
tion of the GIWW that is of interest for this project extends southwest ap-
proximately 20 miles from its connection with Lake Borgne to its conflu-
ence with the MRGO (Figure 1-1).
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Figure 1-2. Lake Borgne Surge Barrier (inset from Figure 1-1)
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Technical Approach

The TABS-MDS hydrodynamic numerical model developed in previous
studies (Martin et al, 2009) was modified for use as a two-dimensional
ADH model in this study. ADH was chosen over TABS-MDS due to the
specification that a 5 ft gap exist between the guidewalls of the GIWW
floodgate structure and the channel bottom thereby allowing flow under
the guidewalls.

Wind effects were incorporated into the model to properly simulate the
effects of frontal passage across the system. The previous model (Martin
et al, 2009) was modified to reflect updated bathymetry data gathered by
ERDC and to accurately represent the GIWW floodgate structure.

The boundary conditions used were data from January through December
2006. These data included river inflows, tides, and winds.

After the verification was completed, the model was run with and without
the plan alternative. The model results from the alternative simulation
were then analyzed and compared to navigation requirements in order to
evaluate the performance of the plan alternative for flow velocity and cur-
rent patterns. The plan alternative was then run using a storm surge con-
dition.
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2 Model Development

Model Description

A two-dimensional hydrodynamic model was used to predict the effects of
the Lake Borgne Surge Barrier on flow velocities and current patterns in
the GIWW floodgate structure. The model chosen for this study was ADH,
a state-of-the-art model developed at ERDC.

ADH is a finite element model that is capable of simulating three-
dimensional Navier Stokes equations, two and three-dimensional shallow
water equations, and groundwater equations. It can be used in a serial or
multiprocessor mode on personal computers, UNIX, Silicon Graphics, and
CRAY operating systems. The uniqueness of ADH is its ability to dynami-
cally refine the domain mesh in areas where more resolution is needed at
certain times due to changes in the flow conditions. ADH can simulate the
transport of conservative constituents, such as dye clouds, as well as sedi-
ment transport that is coupled to bed and hydrodynamic changes. The
ability of ADH to allow the domain to wet and dry within the marsh areas
as the tide changes is good for the shallow marsh environment. This tool is
being developed at CHL and has been used to model sediment transport in
sections of the Mississippi River, tidal conditions in southern California,
and vessel traffic in the Houston Ship Channel.

For this study, the two-dimensional shallow water module of ADH will be
used for all simulations. This tool solves for depth and depth averaged ve-
locity throughout the model domain. Due to velocities/turbulence in
GIWW the flow is well-mixed and therefore not subject to stratification.
The closure of MRGO removes the primary source of salinity stratification
in the system. Therefore, we can assume a 2-d behavior. In this case, den-
sity effects due to salinity or other factors are being ignored and therefore
their effects on the flow are not included in these simulations and results.
More details of the two-dimensional shallow water module of ADH and its
computational philosophy and equations can be found in Appendix A or at
https://adh.usace.army.mil.
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Mesh Development

The mesh was developed using the Surface-water Modeling System (SMS),
a graphical user interface developed by ERDC for increasing the modeling
productivity for a variety of Corps numerical models, including ADH (see
Appendix A). The entire model domain is shown in Figures 2-1 and 2-2
and an inset of the model showing the study area is shown in Figure 2-3.
Areas without elements (Figure 2-1) or without contours (Figures 2-2 and
2-3) should be considered as not part of the mesh. The mesh was devel-
oped by modifying the TABS-MDS mesh from a previous HPO study (Mar-
tin et al, 2009). The modifications consisted updating the bathymetry to
reflect data gathered by ERDC in the study area.

Figure 2-1. Model Domain

Although ADH has the capability to model wetting and drying, the inter-
tidal areas between Lake Borgne and the GIWW/MRGO were deemed to
provide little to no impact to the flow through the area of interest.



ERDC/CHL Floodgate Analysis Report

Mesh Elevation, meters

Study Area

Figure 2-2. Model Contours
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Figure 2-3. Study Area with Contours
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Boundary Conditions

One set of boundary conditions was developed for the base condition and
all alternatives. These boundary conditions included river inflows, tidal
forcings, and wind conditions.

The river inflows to the model domain were taken from the U.S. Geologic
Survey streamflow database for the year 2006. Daily average values were
applied to the model at six locations: the Pearl River, the Amite River, the
Blind River, the Tchefuncte River, the Tickfaw River, and the Tangipahoa
River. Ungaged flows were not factored into the model. The 2006 flows
for each of the rivers are shown in Figure 2-4. The Blind River was not in-
cluded on the plot as a constant flow of 216 cfs was used for this river.

The tidal forcings for the hydrodynamic model were generated using 2006
NOAA gage data located at the Waveland Yacht Club (gage #8747437) and
Pilots Station East, SW Pass (gage #8760922). The time series of observed
data for the endpoints of the tidal boundary are shown in Figures 2-5 and
2-6. First, the predicted tides were generated using version of NOAA’s
NTP program that was modified by ERDC personnel. This modified ver-
sion of the NTP program generated the predicted tide at two gage loca-
tions, the boundary endpoints, and interpolated the amplitudes and phas-
es between the endpoints to generated a predicted tide at each node along
the boundary. The next step was to add the meteorological forcing to the
tidal signal at each boundary node. This task was accomplished by sub-
tracting the predicted tide from the observed tide at both endpoints leav-
ing the meteorological forcing for each endpoint. These endpoints were
then linearly interpolated to generate a meteorological forcing at each
node along the tidal boundary. This linear interpolation used the distance
from each of the gages as a weighting factor in the calculation. The meteo-
rological forcings were then combined with the predicted tidal signals in
order to generate an interpolated observed tidal signal at each node.

The wind data used were obtained from the Joint Air Force and Army
Weather Information Network and the Air Force Combat Climatology Cen-
ter in Ashville, NC (see Figure 2-7). These data are hourly surface winds at
the New Orleans International Airport (Station 722310 — KMSY) for ca-
lendar year 2006. These stations were land stations and a land-sea correc-
tion was not performed on the data. This factor introduced some uncer-
tainty to the wind shear stress calculations within the model due to wind
speed differences over the land versus those over the water. No analyses
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were performed to compare the wind data from 2006 to prior years’ wind
data.

Additionally, no land-water correction was made to the wind data. As the
station is in close proximity to Lake Pontchartain and the predominant
wind direction is west of North, the boundary did not have sufficient time
to adjust to land conditions and the land-water correction was not necessi-
tated.

45,000

40,000

35,000

30,000

25,000

Flow, cfs

20,000

15,000

10,000

5,000 -

0 50 100 150 200 250 300 350

‘ — Pearl — Amite Tangipahoa Tchefuncte — Tickfaw

Figure 2-4. River Inflows for 2006
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Figure 2-6. Pilots Station East, SW Pass
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WesT
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Figure 2-7. Wind Boundary Condition

Model Verification

The model was verified in a previous HPO study (Martin et al, 2009) for
hydrodynamics using the TABS-MDS hydrodynamic code. However, a ve-
rification of the water surface elevations (Figure 2-8) and a tidal compo-
nent analysis for the principal lunar tide (M2), principal solar tide (S2),
Luni-solar (K1), and the long term (Mf) (Figures 2-9 and 2-10) were per-
formed for the present study. The same boundary conditions were used
for both models, ADH and TABS-MDS, with the only difference being that
the TABS-MDS model was 3-d and the ADH model was 2-d.

After the previous HPO study (Martin et al, 2009), ERDC gathered more
field data (Tate et al, 2009) in 2008 at several locations in the study area
(Figure 2-10) and the model was verified to the resulting discharge data
(Figures 2-11 thru 2-13 and tables 2-1 thru 2-3), using boundary conditions
generated from 2008 data. Additionally, average velocity data across each
transect from that same data gathering effort was compared to the ADH
model results with favorable agreement.
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Considering the above results of the various analyses performed, the mod-
el results produced acceptable agreement with the field measurements for
both the water surface elevations and the flow discharges. The average er-
ror between the computed and field discharge for line 1 was 11.26%, for
line 2 was 6.6% and for line 3 was 8.0%. There were outlliers in the data
and these were left out of the analysis. Overall the verification was consi-
dered to be reasonable.

2.5

15 A

WSE, ft
o
—
-_—
—
—]
R ———

N

—— Paris Rd Gage

-1.5 —— Model results

0 5 10 15 20 25 30 35
Days after 24 February 2006

40

Figure 2-8. Verification at Paris Rd
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Figure 2-10. Tidal Component Analysis at Paris Rd - Phase
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Lake Bourgne
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Figure 2-11. Field Data Transects
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TIME (hours) | Line 1 Field Discharge (cfs) | Line 1 Model Discharge (cfs) | % Error
5096 3468 2640 23.88
5408 1016 1185 -16.63
5411 1634 1650 -0.98

Table 2-1. Discharge Comparison - Line 1

TIME (hours) | Line 2 Field Discharge (cfs) | Line 2 Model Discharge (cfs) | % Error
5100 3468 2640 23.88
5408 1016 1185 -16.63
5410 3638 3304 9.18
5411 1634 1650 -0.98
5413 5510 4540 17.60

Table 2-2. Discharge Comparison - Line 2
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TIME (hours) | Line 3 Field Discharge (cfs) | Line 3 Model Discharge (cfs) | % Error
5100 18665 18669 -0.02
5408 18609 19475 -4.65
5410 16331 20756 -27.09
5411 13780 13775 0.04

Table 2-3. Discharge Comparison - Line 3
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3 Plan Alternatives

The plan alternative was developed with the aim at reducing flooding in
the region due to storm passage while at the same time allowing for con-
tinued navigation of the system. The plan alternative (Figures 3-1 thru 3-
4) was developed by modifying the mesh according to CAD drawings pro-
vided by HPO and consisted of several parts (Figure 3-1): 1. Dual gate
structure on the GIWW east of the Michoud Canal 2. 56 ft by 8ft structure
on Bayou Bienvenue 3. Secondary closure of MRGO (first closure is at La
Loutre) 4. Floodwall connecting first three items built to 100 yr specifica-
tions. A proposed sector gate structure at Seabrook (Figure 3-1) was not
included in the mesh but is part of a separate study (Tate et al). The sector
gate on the northern side of the structure and the barge gate on the south
were both 150 ft in width. The outer guidewalls were approximately 500 ft
in length and the inner guidewalls were approximately 310 ft in length
(Figure 3-2). The bottoms of the guidewalls were 5 ft above the channel
bottom. Figures 3-3 and 3-4 illustrate the mesh modifications and bathy-
metric changes, respectively, implemented for the GIWW structure.

The alternative was then run under an observed flow condition selected
from the 2006 boundary conditions. The plan alternative was also used to
simulate a storm surge condition without the tidal component.

Observed Flow Condition

The observed flow condition was selected as one that produced higher
than normal velocities in the GIWW. One such condition existed during
the selected month of June 2006. The maximum flood/ebb sequence oc-
curred on June 10-11 during a spring tide with winds of approximately 15
mph.

Storm Surge Condition

A suite of 152 storms was developed as part of the Flood Insurance Study
(FIS) for Southeastern Louisiana. The surge signal from storm 53 was se-
lected and applied along the tidal boundary (Figure 3-5). The effects of the
normal tide were not taken into account for this simulation.
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Figure 3-2. "GIWW Structure Configuration
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Figure 3-3. GIWW Floodgate Structure Mesh

Figure 3-4. GIWW Floodgate Structure Contours
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Figure 3-5. Storm Surge Signal
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4 Results

Observed Flow Condition

Four simulations with the surge barrier in place were run for the observed
flow condition. Currents from all four simulations were provided to ship
navigation personnel at ERDC for use in ERDC’s ship simulator. Pilots
familiar with the GIWW near New Orleans were then brought to ERDC to
navigate the GIWW structure with the model currents.

The first simulation was performed with all gates on all structures open.
The barge gate on the GIWW gate was closed for the second simulation.
The final two simulations were performed to represent vessel effects on
current patterns for two different size vessels (54 feet wide and 108 feet
wide) in the sector gate.

All Gates Open

For June 2006, the maximum flood and ebb conditions occurred during a
spring tide on June 11. The maximum velocities are measured at the two
points in Figure 4-1 with the red point being the measurement location for
the flood condition and the green point for the ebb condition. The pre-
dicted model velocities for the GIWW floodgate are illustrated in Figures
4-2 and 4-3. Maximum flood velocity in the model was approximately 1.7
m/sec or 5.4 ft/sec. The maximum ebb velocity was approximately 1.1
m/sec or 3.7 ft/sec. These maximum conditions occurred for the boun-
dary conditions for 12 June 2006. An examination of the model results
showed the velocities moving back and forth across the channel. This
phenomenon is attributable to the rapid expansion of the cross-section
outside of the structure. The same phenomenon is observed on the flood
phase of the tide.

The navigation limitation on flow velocity is less than 3 miles per hour
which is 4.4 ft/sec or 1.34 m/sec. The maximum ebb velocity for June
2006 approaches this threshold and the maximum flood velocity exceeds
it. Depending upon weather conditions such as frontal passage, these ve-
locities could be higher or lower. It is important to remember, though,
that these conditions could occur at most once or twice during a tidal cycle
and even then most probably only during either strong frontal storms
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and/or strong spring tidal events. A closer examination of the boundary
conditions for 2006 supports this hypothesis. An exceedance plot cover-
ing the entire year of 2006 in Figure 4-4 illustrates the low frequency na-
ture of these high velocity events. Note that the percentile (y-axis) indi-
cates the percentage of velocities that are below the value (x-axis).
Therefore, Figure 4-4 shows that the navigational threshold of 4.4 ft/sec,
1.34 m/sec, is exceeded only 2 percent of the time annually for 2006.

Simulations performed with the proposed structure at Seabrook closed
(see Figure 4-5) showed that closing the Seabrook structure reduced veloc-
ities in the GIWW structure up to 50 percent (see Figures 4-6 and 4-7).
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Figure 4-3. Maximum Ebb Velocities in GIWW Structure
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Figure 4-5. Location of Seabrook Structure
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Figure 4-7. Maximum Ebb Velocities in GIWW Structure with Seabrook Structure Closed
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Barge Gate Closed

A simulations was also performed with the barge gate of the GIWW struc-

ture closed (Figures 4-8 and 4-9). The maximum velocities in the sector
gate of the GIWW structure were then compared back to the simulation

where all the gates were open (Table 4-1). Closing the barge gate increased
the velocities in the sector gate approximately 40 percent for both the ebb

and flood condition. The same measurement locations were used for this
simulation as the all open simulation. The barge gate closed simulation
was run for the January 2006 simulation but it is reasonable to assume a
similar increase in velocity for the June 2006 simulation which would re-
sult in ebb and flood velocities of 1.54 m/sec (5.05 ft/sec) and 2.38 m/sec
(7.8 ft/sec), respectively, for the barge gate closed scenario.

Structures Closed

Maximum Flood Velocity,
m/sec (ft/sec)

Maximum Ebb Velocity,
m/sec (ft/sec)

None

1.71 (5.61)

1.38 (4.53)

Barge Gate

2.44 (8.01)

1.93 (6.33)

Table 4-1. Velocity Comparison of All Structures Open to Barge Gate Closed

Figure 4-8. Maximum Flood Velocities in the GIWW Sector Gate with the Barge Gate Closed
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Figure 4-9. Maximum Ebb Velocities in the GIWW Sector Gate with the Barge Gate Closed

Boat Obstructing the Sector Gate

These simulations were performed to show the approximate vessel effects
in the sector gate of the GIWW structure. These effects were simulated by
placing a vessel in the sector during a flood condition. Two different width
vessels were tested: 54 foot and 108 feet. The dimensions of the two ves-
sels are illustrated in Figures 4-10 and 4-11. Figures 4-12 through 4-14 il-
lustrate the current pattern changes due to the presence of a vessel.
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Figure 4-10. 54 foot Vessel Footprint

Water Surface Elevation,m

Figure 4-11. 108 foot Vessel Footprint
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Figure 4-12. Flood Condition with no Vessel

Figure 4-13. Flood Condition with 54 ft Wide Vessel
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Figure 4-14. Flood Condition with 108 ft Wide Vessel

Storm Surge Flow Conditons

It should be noted that the storm surge condition was simulated with the
surge beginning at the boundary and propagating through the model. No
tidal component was included in the boundary conditions for the storm
surge simulations. The figures presented (4-15 through 4-20) represent
the maximum velocity condition through the structure. The same time
step was chosen for each of the conditions simulated. Table 4-2 shows the
head differences across the GIWW structure and the resulting maximum
velocity. The maximum velocity is measured in the same location as the
maximum flood conditions from the observed flow condition. The water
surfaces to the east and west of the gate were measured at distance of ap-
proximately 80 m (262 ft) from the center of the structure.

With the base simulation (Figure 4-15), most of the flow enters the study
area through the MRGO. Once the Lake Borgne Surge Barrier is implet-
mented (Figure 4-16), the flow now enters the study area through the
GIWW and BB only. Closing the barge gate on the GIWW structure (Fig-
ure 4-17) does not change how the flow enters the study area but it does
change the flow velocities in the GIWW structure. Closing the BB struc-
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ture only (Figure 4-18) now sends all the flow into the study area through
the GIWW and increases the velocities in the GIWW structure and beyond.
These increases are greater than those resulting from only closing the
barge gate. Closing the barge gate on the GIWW structure in conjunction
with the proposed Seabrook structure (Figure 4-19) does increase the flow
velocity in the GIWW structure somewhat but does not change the overall
circulation when compared to the scenario with all structures open. Fur-
thermore, this condition shows the effects closing the proposed Seabrook
structure has over closing the barge gate alone. Figure 4-20 illustrates the
effects of closing the barge gate, the BB structure, and the proposed Sea-
brook structure.

Examination of Table 4-2 reveals that even though the BB closed scenario
and the scenario with BB, Seabrook, and the barge gate closed have similar
head differences but noticeably different velocities. This condition is attri-
butable to the closure of the Seabrook structure which was shown to re-
duce velocities in the observe flow scenario.

Closed Structures Water Surface Water Surface Head Difference Maximum Velocity,
Elevation (m), West | Elevation (m), East of across GIWW m/sec
of the Structure the Structure Structure

None 2.19 2.7 0.52 3.72

BB 1.91 2.59 0.68 4.26

Barge Gate (GIWW) 1.67 2.83 1.16 5.37
Barge Gate (GIWW) 2.63 3.02 0.39 2.97

and Seabrook
Barge Gate (GIWW), 2.25 2.95 0.7 4.07
Seabrook, and BB

Table 4-2. GIWW Structure Head Differences and Velocities
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Figure 4-15. Storm Surge - Base Configuration

Figure 4-16. Storm Surge - Barrier with all gates open
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Figure 4-17. Storm Surge - Barge Gate Closed

Figure 4-18. Storm Surge - BB Structure Closed
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Figure 4-20. Storm Surge - Barrier with Seabrook Structure Closed, Barge Gate Closed, and
BB Structure Closed
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5 Conclusions

Numerical model simulations show that implementation of the Lake
Borgne Surge Barrier does produce velocities in the GIWW floodgate
structure which exceed thresholds set by the navigation industry. Howev-
er, these events are low frequency events and most likely occur under
spring tidal conditions that are exacerbated by passage of weather fronts.

Furthermore, closing the proposed structure at Seabrook reduces the ve-
locities in the GIWW floodgate structure by at least 50 percent. This ve-
locity reduction puts the structure velocities well within limits set by the
navigation industry.

Storm surge simulations illustrated the impacts of each proposed structure
on system circulation including the structure at Seabrook. Vessel effects
simulations were performed in order to provide ERDC’s navigation per-
sonnel with currents resulting from vessel effects.
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Appendix A: Description of the ADaptive
Hydraulics (ADH) Modeling System

ADH is a state-of-the-art ADaptive Hydraulics Modeling system developed by the US
Army Engineer Engineering Research and Development Center Coastal and Hydraulics
Laboratory. It is capable of simulating both saturated and unsaturated groundwater, over-
land flow, three-dimensional Navier-Stokes flow, and two- or three-dimensional shallow
water problems with the current study utilizing the two-dimensional shallow water mod-
ule. The 2D shallow-water equations used for this application are a result of the vertical
integration of the equations of mass and momentum conservation for incompressible flow
under the hydrostatic pressure assumption. Written in conservative form, the 2D shallow
water equations are:

oU oF 0G
b —
ot ox oy

H=0

(1)
where
fh\
U=<uh}
vh )
uh
F=qu?h+igh?—hZx!
~ P ®)
uvh — h—2
\ Y )
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where:
o) = fluid density
g = gravitational acceleration
Zb = riverbed elevation
n = Manning's roughness coefficient
h > flow depth
u = x-component of velocity
v = y-component of velocity

(4)

V

(®)
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Co = dimensional conversion coefficient (1 for SI units, 1.486 for
U.S. customary units)

o's = the Reynolds stresses due to turbulence, where the first sub-
script indicates the direction, and the second indicates the
face on which the stress acts.

The Reynolds stresses are determined using the Boussinesq approach to the gradient in
the mean currents:

P ou
Oy = ,OVt& (6)

=20V, —
and

Wy A ou ov
O-xy_o-yx_ ,OVt a_y—i_& (8)

where v, = kinematic eddy viscosity (which varies spatially).

The ADH shallow-water equations are placed in conservative form so that mass balance
and the balance of momentum and pressure are identical across an interface. This is im-
portant in order to match the speed and height of a surge or hydraulic jump.

The equations are represented in a finite element approach. The quality of the numerical
solution depends on the choice of the basis/trial function and the test function. The trial
function determines how the variables are represented and the test function determines
the manner in which the differential equation is enforced. In the Galerkin approach the
test functions are chosen to be identical with the trial functions. When the flow is advec-
tion-dominated, the Galerkin approach produces oscillatory behavior. The Galerkin form
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of the test function cannot detect the presence of a node-to-node oscillation and so allows
this spurious solution. The approach used in ADH is to enrich the standard Galerkin test
function with an additional term that can detect and control this spurious solution.

This Petrov-Galerkin method used here is based on elemental constants for coefficients.
This reduces the stabilization to the nonconservative form. This is not a problem for con-
servation since the stabilization is only applied within the elements and uses the Galerkin
test function to enforce “flux” balance across element edges. For illustration, consider
the shallow-water equations in nonconservative form

oV +A8U +88—U+H =0
ot OX oy ®©)

oF 0G
where A = aT and B = W . The trial functions (or interpola-

tion/basis functions) are the Lagrange polynomials. These are piecewise linear functions
that are continuous across element boundaries. Spatial derivatives, however, are not con-
tinuous across these element edges. Each of the dependent and independent variables is
interpolated via these trial functions. For example,

(10)

u(x) =3 ¢, (u;

means that the approximate solution is made up of the sum of the products of the trial
function for node j and the nodal value at that location. The test function is chosen as:

*

?

where,
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0.51|vev+ gh + 1
At

(12)
1 = (Q¢)V/2, the square of the element area
v = (U,V), the element average velocity components
At = time step size

The finite element statement becomes:

j ¢i6U'—a¢i , 6¢G+¢H dQ +
Q ot 0 X oy

[ ol G ], o 2, 2

oy

QE#A—A,QEiukB,GU +H,|[=0
ot OX oy (13)

Where, the subscript | indicates the finite element approximation. The Petrov-Galerkin
contributions are integrated over the interior of the elements, but not across element
edges. This contribution stabilizes the Galerkin approach. This scheme utilizes a single
scaling factor, & . This is different from the scheme reported in Berger and Stockstill
(1995). That scheme involved scaling each eigenvalue, but that method does not con-

verge using the iterative solver in ADH. Instead, a single value scaling (Equation 12) is
used.
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One of the major benefits of ADH is its ability to adapt the mesh in areas where addition-
al resolution is needed to properly resolve the hydrodynamics. This process is done by
normalizing the results so that an error quantity is determined for each element. If this
error exceeds the tolerance set by the user, then the element is refined. ADH is also able
to unrefined previously refined areas when the added resolution is no longer needed.
ADH contains other essential features such as wetting and drying, completely coupled
sediment and salt transport, and wind effects. A series of modularized libraries make it
possible for ADH to include vessel movement, friction descriptions, as well as a host of
other crucial features. ADH can run in parallel or on a single processor and runs on both
Windows systems and UNIX based systems.



