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. DESCRIPTION

FLO-2D Pro, Build 16.06.16 Computational Engine (FLO-2D-
Software Name, Version, | Setup.exe) GDS Pro with VC2005-CON.dIl (VC2005-CON.dlII)

and Build Number:
Storm Water Management Model (SWMM) Version 5.0.022

FLO-2D Software, Inc., P.O. Box 66 Nutrioso, AZ 85932, USA
Supplier:
SWMM - U.S. Environmental Protection Agency (EPA)

FLO-2D-Setup.exe, Build 16.06.16: September 08, 2017, 878,449
kb

\ . FLOPRO.exe: October 29, 2016, 10,516 kb
File Date and size:

VC2005-CON.dII: October 28, 2016, 645 kb
The source code is proprietary and not readily available or
distributed by the originator.

FLO-2D Pro is a dynamic flood routing model that simulates
channel flow, unconfined overland flow and street flow. It can
simulate a flood over complex topography and roughness while
reporting on volume conservation — the key to accurate flood
distribution.

Software or Service
Description:

Summary of Conclusions

Based on the complete set of results for the manual calculations and the FLO-2D Pro calculations,
the FLO-2D Pro software is determined to be accurate. The comparison of the results indicates
acceptable consistency and accuracy and it is concluded that FLO-2D Pro is acceptable and
accurate for its intended use in modeling a flood due to a Local Intense Precipitation (LIP) and
lesser flood elevations. Testing of all critical characteristics was deemed to be acceptable, and it
is concluded that the FLO-2D Pro software is acceptable and accurate.

Non-conformances

This section describes all errors, discrepancies, or weaknesses discovered during testing or
reported by the software vender and the resolution or explanation of each. The applicable
features for FLO-2D were verified to be accurate and acceptable for use by comparing hand
calculations and/or benchmark cases to FLO-2D functions. Known deficiencies are corrected
through the use of new software builds issued by the software vender by downloading them from
the vendor’s website (https://www.flo-2d.com/download/)
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Software error discovery and notifications will be performed in accordance with NOP-SS-1001
(Reference 10). A condition report will be initiated in accordance with NOP-LP-2001, when an
error or failure is discovered (Reference 10).

Build 18-12-20

The newest version of the FLO-2D Pro software as of December 26, 2019 is Build 18.12.20.
Changes made to the FLO-2D software as compared to previous versions are documented in the
FLO-2D document titled Revisions, Enhancements and Bug Fixes (Reference 9) included as
Attachment 19. Reference 9 shows that several changes were made in the newest Build 18-12-
20 as compared to Build 16.06.16.

Unresolved Issues and Work Arounds

There are five known deficiencies involving the FLO-2D and SWMM 5.0 interaction. The
deficiencies and error resolutions are shown below:

1) When prompted to save the “SWMMFLO.DAT” file from the Graphical User Interface
(GUI), do not save the file but click “close” instead, as shown in Figure 1. The workaround
is to make all edits to the “SWMMFLO.DAT” file outside of the GUI in a text editor such as
notepad or wordpad. Saving the “SWMMFLO.DAT” file from the GUI corrupts the file and
the model will crash immediately when attempting to run the model.
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Figure 1: GUI to Save "SWMMFLO.DAT" File

2) The program will compute a NAN (Not A Number) values for volume conservation or crash
completely when trying to run a model that contains grid cells with completely blocked
Area Reduction Factors (ARFs) over storm drains, multiple channels, or other hydraulic
features. The workaround is to ensure that no ARFs are applied over grid celis that contain

these features.

3) Do not use storage node junctions in the SWMM interface of the program when modeling
storm drains. Figure 2 illustrates how the storage node junction appears in SWMM. The
storage node junction does not compute the flow correctly for flow entering or leaving the
node and also affects upstream nodes. The workaround is to not use this particular

function with FLO-2D.

N
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Figure 2: Storage Unit Node Location in SWMM

4) In addition to checking the “.CHK” (check) files after running a model, be sure to also

check the “FPRIMELEV.OUT” file after running a project with storm drains. This file lists
the grid cells and elevations that were changed to match the storm drain inlets. The FLO-
2D program will automatically change a grid cell elevation to match the elevation of the
rim inlet of storm drain. The ground elevations of the catch basins specified on drawings
will not always match exactly the ground elevation of the FLO-2D grid elements because
the FLO-2D ground elevations are averaged elevations for the specified grid area. In
some rare cases, the elevation data point averaging used to assign a grid cell elevation
may cause the catch basin inlet rim elevation to be higher than the FLO-2D grid elevation.
Therefore, in some instances, it may be necessary to adjust the catch basin depth (lower
the catch basin inlet rim to match the ground elevation) to allow overland runoff to enter
the storm drain system. Note that lowering the catch basin inlet in modeling space is done
to more realistically represent the storm drain inlet. If left unchanged, the FLO-2D model
will automatically adjust the grid cell elevation to match the rim elevation of the catch basin
inlet. This will create a false high point that would limit water from entering the catch basin
from the surrounding overland runoff. The catch basins with the ground elevations below
the FLO-2D elevations are generally left unchanged because the catch basins are usually
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somewhat lower compared to the surrounding area to improve hydraulic conditions of the
storm drain system (i.e., sump inlet).

5) The ‘FLOW DEPTH’ output in the TIMDEP.HDF5 output file is misidentified. The ‘FLOW
DEPTH’ parameter is the water surface elevation, not the water depth. The workaround
is to subtract the cell elevation from the water surface elevation value to determine the
water depth. No modification is required for the other output parameters.

Software Applicability Statement

The FLO-2D Pro, Build 16.06.16 (FLO-2D) computer program is a dynamic flood routing model
that simulates channel flow, unconfined overland flow, and street flow. It can simulate a flood
over complex topography and roughness while reporting on volume conservation — the key to
accurate flood distribution.

FLO-2D Pro’s main intended use is for calculating stillwater elevations and inundation extents for
a flood caused by a LIP and floods caused by lesser precipitation events.

All known deficiencies of the software have been reviewed and have no effect on the accuracy of
the data created by this software. By monitoring the software provider's website, notifications of
errors (bugs) and updates are evaluated for significance and resolved in accordance with NOP-
SS-1001 (Reference 10).

Program Access/Security

The software is maintained on a designated computer as an executable file to prevent
unauthorized editing. Access to the computer is password protected to restrict access and
deletion. A backup copy of the software is also maintained in a fireproof safe in the document
control area.

Page 9 of 69 Revision 0



RFCA Number:
Software Name and Build: Software Test PY20170069 FLO2D, PY20170070
FLO-2D Pro Build 16.06.16 SWMM, PY20170071 ArcGIS,

PY20170074 Flooding Computer

. SOFTWARE EVALUATION

What is the safety function of the structure, system, or component (SSC) in which this
software or service will be installed or used?

The FLO-2D Pro computer software must accuratelymake a determination of the potential flood
water levels. Under-prediction of the maximum water surface elevation or flood duration could
potentially result in some SSCs being under protected against a LIP external flooding hazard.

What is the design function of the software or service? Describe how the software/service
functions and how the software/service will impact the results.

The FLO-2D Pro is a combined two-dimensional hydrologic and hydraulic model that is designed
to simulate river overbank flows as well as unconfined flows over complex topography and variable
roughness, split channel flows, mud/debris flows and urban flooding. Application of the model
requires knowledge of the site, the watershed setting, goals of the study and engineering judgment.

The FLO-2D Pro computer program will be used to identify water levels and hydraulic parameters
resulting from a flood caused by a LIP or any other rainfall event at areas of interest.

What are the ways in which the software or service could fail and the effects of these
failures? Will these failure modes be obvious?

Improper performance of the software could result in errors. The errors could lead to suspect or
incorrect water levels and hydraulic parameters determined by the software. These false water
levels and hydraulic parameters could be reported in the calculations. The errors may not be
obvious.

Potential Software Errors

Conceptual Error: obtained results are incorrect/inaccurate for calculations performed within the
specified range of use.

Arithmetic Error: obtained results are incorrect/inaccurate for calculations performed within the
specific range of use, engineering parameters.

Interface Error: obtained results are incorrect/inaccurate when computer program is installed and
interfacing with other programs, hardware or operating systems.
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lll. SOFTWARE CRITICAL CHARACTERISTICS TESTED

Based on the safety function(s) of the SSCs in which the software/service will be used for,
what characteristics are considered critical for ensuring that the software/service will
perform its intended safety function? Provide a statement of the engineering judgement
used to determine the critical characteristics, and the assigned tolerance, parameter or
boundary.

FLO-2D Pro includes functions for simulation of two-dimensional overland flow, channel flow,
channel floodplain interface, street flow, floodplain surface storage, area modification and flow
obstructions, levees, breaching, infiltration, sediment transport (mudflow), evaporation and
hydraulic structures (culverts). Functions to develop a two-dimensional grid and to simulate two-
dimensional overland flow, channel flow, channel floodplain interface, floodplain surface storage,
area modification and flow obstructions, levees and hydraulic structures (culverts) are tested. The
GDS Pro module does not contain any critical characteristics but is necessary for execution of
the FLO-2D Pro engine.

10CFR21 gives the definition of a critical characteristic as “those important design, material, and
performance characteristics of a commercial grade item that, once verified, will provide
reasonable assurance that the item will perform its intended safety function”. The following
software critical characteristics, shown in Table 1 were tested.

Table 1: Critical Characteristics, Acceptance Criteria, and Method(s) of Acceptance

Number Software Critical Characteristic Acceptance Criteria Acceptance Data
The software revision number
Verify that the Software was verified at the time of
1 Software revision number Build 16.06.16 is during software testing and was
software testing confirmed to be FLO-2D Pro
Build 16.06.16

Computer program is
2 Platform compatibility (operating system) | compatible with the
current operating system

Section V — Platform
Compatibility

Computer program is
3 Hardware compatibility compatible with current
hardware

Section V — Hardware
Compatibility

Functions/applications Section V - Test Case:

1. Overland Flow Simulation 1) Test Cases 1a and 2

2. Channel Flow Simulation 2) Test Cases 2 and 3

3. Channel-Floodplain Interface 3) Test Case 2

4. Floodplain Surface Storage Area ) 4) Test Cases 2 and 6
Modification and Flow Obstructions | Outputs are consistent 5) Test Cases 2 and 6

5. Rainfall-Runoff Simulation and accurate for various | gy Test Case 3

4 6. Hydraulic Structures applications. 7) Test Case 7

7. Levees 8) Test Case 5

8. Green-Ampt Infiltration 9) Test Cases 4a and 4b

9. EPA SWMM Model Interchange 10) Test Case 1a, 1b, and 3
and Pipe Flow 11) Test Case 1b

10. Inflow and Outflow Elements 12) Test Case 8

11.Multiple Channels
12. Topography
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Number Software Critical Characteristic Acceptance Criteria Acceptance Data
Outputs are consistent
5 Range (_input variables, limits of and accu_rate over a Test Cases 1 through 8
application) range of inputs and
applications

Outputs are

6 Accuracy . Test Cases 1 through 8
mathematically accurate
Outputs are consistent Since software is installed on
and accurate between only one computer, each test
multiple tests on the was run twice on the same

! Repeatability and Reproducibility same computer. Software | computer to verify repeatability

was installed on only one | and reproducibility. Results
computer. were identical from two runs.

FLO-2D features that are not tested and validated are listed below. These features were not
utilized in flooding calculation for Perry.

MODFLOW Interface
Coastal flooding
Levee and dam failure
Evaporation
Sediment transport
Mud and debris flow

Description of Critical Software Functions (Critical Characteristic #4) listed in the Table 1 are
provided below.

1. Overland Flow Simulation including Multiple Channel Flow

This FLO-2D Pro component simulates overland flow and computes flow depth, velocities, impact
forces, static pressure, and specific energy for each grid. Predicted flow depth and velocity
between grid elements represents average hydraulic flow conditions computed for a small-time
step. For unconfined overland flow, FLO-2D Pro applies the equations of motion to compute the
average flow velocity across a grid element boundary in eight directions one direction at a time.
The eight potential flow directions are the four compass directions and the four diagonal
directions. The surface storage area or flow path can be modified for obstructions including
buildings. Rainfall and infiltration losses can add or subtract from the flow volume on the floodplain
surface. The inflow elements provide inflow input into the model in a form of a hydrograph. The
outflow elements allow flow to be removed from the model domain. The outflow elements are
assigned to the area with the lowest elevations where flow is naturally discharged from the flood
plain or a channel. The purpose of the multiple channel flow component is to simulate the
overland flow in rills, gullies, swales rather than as overland sheet flow. Surface water is often
conveyed in small channels and simulating multiple channel flow concentrates the discharge with
higher depths and velocities to improve the model runoff timing.

2. Channel Flow Simulation

This component simulates channel flow in one-dimension. The channel is represented by natural,
rectangular or trapezoidal cross sections. Discharge between channel grid elements are defined
by average flow hydraulics of velocity and depth. Flow transition between subcritical and
supercritical flow is based on the average condition between two channel elements. River channel
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flow is routed with the dynamic wave approximation of the momentum equation and it is simulated
with either rectangular, trapezoidal or surveyed cross sections.

3. Channel Floodplain Interface

This FLO-2D Pro component exchanges channel flow with the floodplain grid elements in a
separate routine after the channel, street and floodplain flow subroutines have been completed.
An overbank discharge is computed when the channel conveyance capacity is exceeded. The
channel-floodplain exchange is limited by the available volume in the channel or by the available
storage volume on the floodplain. Flow exchange between streets and floodplain are also
computed during this subroutine. The diffusive wave equation is used to compute the velocity of
either the outflow from the channel or the return flow to the channel.

4. Floodplain Surface Storage, Area Modification and Flow Obstructions

This FLO-2D Pro component enhances detail by enabling the simulation of flow problems
associated with flow obstructions or loss of flood storage. This is achieved by the application of
coefficients (Area reduction factors [ARFs] and width reduction factors [WRFs]) that modify the
individual grid elements surface area storage and flow width. ARFs can be used to reduce the
flood volume storage on grid elements due to buildings or topography and WRFs can be assigned
to any of the eight flow directions in a grid element to partially or completely obstruct flow paths
in all eight directions simulating floodwalls, buildings or berms.

Limitation - In addition to ARF and WREF, raised grid cells can be used to model obstructions with
a FLO-2D Pro model. Raised grid cell prevent flow from lower grid cells onto the raised cells that
have elevations greater than the water surface elevations. Rainfall falling on the raised grid cells
may contribute to the ground surface runoff, for example runoff from roof drain system contributing
to the surface runoff. However, as a conservative approach a mild slope may be added to the
raised cell so that the rainfall from the raised cell contribute to the surface runoff without any delay.
This will cause higher than expected localized velocities in these lower grid cells due to difference
in elevation between two cells and artificial slope introduced to the raised cell.

5. Rainfall-Runoff Simulation

FLO-2D Pro is a physical process model that routes rainfall-runoff and flood hydrographs over
unconfined flow surfaces and/or in channels using the dynamic wave approximation to the
momentum equation.

6. Hydraulic Structures

Generalized culvert equations for inlet and outlet control are available in the FLO-2D Pro model.
Equations to compute culvert discharge for round and rectangular culverts by evaluating inlet and
outlet control have been implemented in the FLO-2D Pro model. The culvert discharge will be
computed using equations based on experimental and theoretical results from the U.S.
Department of Transportation procedures for the Hydraulic Design of Highway Culverts;
Publication Number FHWA-NHI-01-0260 revised May 2005. The equations include options for
box and pipe culverts and take into account different entrance types for box culverts (wingwall
flare 30 to 75 degrees, wingwall flare 90 or 15 degrees and wingwall flare 0 degrees) and three
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entrance types for pipe culverts (square edge with headwall, socket end with headwall and socket
end projecting).

7. Levees

The FLO-2D Pro model’s levee component confines flow on the floodplain surface by blocking
one or more of the eight flow directions in a grid cell. A levee crest elevation/height can be
assigned. When flow exceeds the levee height, the discharge over the levee is computed using
the broad-crested weir flow equation. Weir flow occurs until the tailwater depth is 85% of the
headwater depth above. Levee overtopping will not cause levee failure unless that model option
is invoked.

8. Green-Ampt Infiltration

Precipitation losses, abstraction (interception) and infiltration are simulated in the FLO-2D Pro
model. Infiltration is simulated using the Green-Ampt infiltration method. The infiltration
parameters can be assigned global or the spatial variation of infiltration over the gridsystem can
be modeled by assigning unique hydraulic conductivity and soil suction values to each grid
element.

9. EPA SWMM Model Interchange

This FLO-2D Pro component allows the 2-dimensional surface model (FLO-2D) to be coupled
with a 1-dimensional pipe model for the simulation of pressure flow within conduits. This feature
relies on the VC2005-CON.dII file.

10. Topography
The topographic data, representing the ground surface, are developed in ArcGIS software
program, as a digital surface in the form of an ASCII (text) file. The ASCII file represents the
topographical surface in the form of multiple points with x, y, and z coordinates. The ASCII file is
used as an input to build a topographic surface in FLO-2D.

Note on Impact Loading and Hydrostatic Loading: The FLO-2D Pro functions to calculate Impact
Loading and Hydrostatic Loading are not tested. These functions were intentionally not tested for
two reasons:

1. The Hydrostatic Loading function in FLO-2D Pro makes assumptions about the structure
on which loads are applied. The assumptions are that the structure is vertical and infinitely
tall. These assumptions may not always apply and therefore it is best if loads are
calculated outside of FLO-2D Pro, specific to the structure of interest.

2. Loads calculated with both functions are determined for the internally computed time step
where loading is at a maximum. A review of the loading calculated as a time series should
be performed to verify that numerical oscillations (instabilities) are not artificially
influencing the maximum value. As this time series requires external calculation, it is best
that the loads be calculated outside of FLO-2D Pro.
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IV. SOFTWARE TESTING METHODLOGY AND CRITERIA

All the applicable characteristics of the FLO-2D PRO computer program are tested consistent
with the “Method 1 — Special Tests and Inspection” requirements described in EPRI Technical
Report 1025243 (Reference 2).

Critical characteristics are examined using simple example problems with the comparison of
results with those of hand calculations and known benchmarks. The critical characteristics related
to software function were chosen by engineering judgment on the basis that they have the
greatest potential impact to the intended use of the program results (determination of maximum
water surface elevation and flood duration) and the boundary/tolerance assigned to each critical
characteristic would not impact the intended application of the results of the model.

The platform compatibility is verified by examining the requirements of the software provided in
the FLO-2D Data Input Manual (Reference 3) and comparing the software requirement to the
operating system.

The hardware compatibility is verified by examining the requirements of the software provided in
the FLO-2D Data Input Manual (Reference 3) and comparing the software requirement to the
computer’s hardware.

The accuracy of the FLO-2D Pro Model was verified using eight test case problems:
Test Case 1a and 1b

The FLO-2D Pro software is used to simulate normal flow along a straight flume for a constant
flow rate. Manning’s equation is used to determine the flow velocity. Results are compared to
the hand calculated results.

Test Case 1a and 1b hand calculations are provided in Attachment 3 which calculates flow depth
and velocity in a flume for comparison to FLO-2D computer model results. This test case verifies
the overland flow components of the model as shown in the Input (“FPLAIN.DAT”) and Output
(“DEPTH.OUT” and “VELFP.OUT”) files in Attachments 4a and 4b. This test verifies the overland
flow simulation component of the model.

Test Case 1 a and 1b - Acceptance Criteria

Depth and velocity results from FLO-2D Pro must be within 5% of the hand calculated results to
be considered acceptable. 5% is determined to be acceptable based on engineering judgement
on the basis that a 5% change in depth or velocity in the model would not adversely affect any
intended use application of the result from the model.

Test Case 2

The FLO-2D Pro software is used to recreate a flood hazard delineation project for the Truckee
River in response to recorded flooding of the Truckee River through Reno and the City of Sparks,
Nevada between December 31, 1996 and January 6, 1997. The FLO-2D Pro software is used to
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simulate a benchmarking test case using area reduction factors. The area reduction factors are
evaluated to confirm that they are performing as documented in the FLO-2D Pro manual. The
resulting output is compared to data available from USGS gage data along the reach.

Test Case 2 (Attachment 5 through Attachment 7) is a case study provided in Attachment 5 which
calculates water surface elevation, inundation extents, and velocities for an actual watershed
during a historic flood event. This test case verifies the rainfall-runoff simulation, overland flow,
channel flow, channel-floodplain interface, and floodplain surface area storage area modification
and flow obstruction components of the model.

Test Case 2 - Acceptance Criteria

Results from FLO-2D Pro must be within 10% of the peak flow rate reference data to be
considered acceptable. It has been documented that USGS gage data has some inherent error in
discharge readings between 5% to 10% (Reference 6), therefore, results within 10% are deemed
acceptable.

Test Case 3

The FLO-2D Pro software is used to simulate flow through a culvert. The upstream end of the
culvert is inundated. The estimated maximum upstream water surface elevation is compared to
hand calculated results.

Test Case 3 (Attachment 8 through Attachment 10) is a simple FLO-2D Pro model with a channel
and a culvert to verify the Generalized Culvert Routing routine in the model. Input files are in
Attachment 9 and results from this model run are in Attachment 10. The results are compared to
a hand calculation shown in Attachment 8. This test verifies the hydraulic structures and levees
components of the model.

Test Case 3 -Acceptance Criteria

The flow depth result from FLO-2D Pro must be within 1% of the hand calculated results to be
considered acceptable. 1% is determined to be acceptable based on engineering judgement on
the basis that a 1% change in flow depth in the model would not adversely affect any intended use
application of the result from the model.

Test Case 4a and 4b
Test Case 4a

The FLO-2D Pro software is used to simulate flow through a storm drain system. A simulation is
run where flow is routed from FLO-2D Pro to EPA SWMM 5.0 (storm drain flow) and then back.

Test Case 4a (Attachment 11a and Attachment 11b) is a simple FLO-2D model that has been
paired with a Storm Water Management Model version 5.0 (SWMM) to simulate the interaction
between a storm water drainage system with overland flow. The test case demonstrates
capability of FLO-2D and SWMM programs to communicate properly with each other. The input
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files and results are shown in Attachment 11a and Attachment 11b. This test verifies 2D
Floodplain to 1D EPA SWMM model Interchange.

Test Case 4a -Acceptance Criteria

The mass continuity error of the run must be preserved within 5%-7%. SWMM User’s Manual
(Reference 8) states the mass continuity errors for runoff, flow routing, and pollutant routing will
be displayed in the output files. These errors represent the percent difference between initial
storage + total inflow and final storage + total outflow for the entire drainage system. If they
exceed some reasonable level, such as 10%, then the validity of the analysis results must be
reviewed, and it may be acceptable due to difference in approach when comparing. Therefore,
as a stricter criterion for testing, results within 5%-7%, are deemed acceptable.

Test Case 4b

The SWMM software is used to simulate flow through a storm drain system for partial and full flow
pipe scenarios. Results are compared to the hand calculated results. Test Case 4b hand
calculations are provided in Attachment 12b. Test Case 4b (Attachment 12a) is a simple SWMM
model to simulate flow in the storm drain system. The inputs for SWMM model are listed in
Section V and output files are shown in Attachment 12a. This test verifies SWMM pipe flow
feature.

Test Case 4b -Acceptance Criteria

The flow depth result from SWMM must be within 5% of the hand calculated results to be
considered acceptable. 5% is determined to be acceptable based on engineering judgement on
the basis that a 5% change would not adversely affect any intended use application of the result
from the model.

Test Case 5

The FLO-2D Pro software is used to simulate infiltration using the Green- Ampt method. A hand
calculation is performed to calculate the same infiltration test case. This test verifies the Green-
Amptinfiltration component of the model.

Test Case 5 (Attachment 13 through Attachment 15) is a FLO-2D model which simulates the
Green-Ampt infiltration. Input files are in Attachment 14 and results from the model run are in
Attachment 15. The results are compared to a hand calculation shown in Attachment 13.

Test Case 5 -Acceptance Criteria

The model and hand calculated volume of infiltration must be within 10% to be considered
acceptable. Ten percent (10%) is determined to be acceptable based on engineering judgement
on the basis that the two-dimensional (2D) interaction by FLO-2D is much more complex than the
proposed one-dimensional (1D) hand calculation for infiltration.
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Test Case 6

This test case verifies that FLO-2D Pro model can accurately transform rainfall into surface runoff
(Rain feature) and appropriately represents modeling parameters such as ARF and WRF. The
input files and results are shown in Attachment 16 and Attachment 17.

Test Case 6 -Acceptance Criteria

The model and hand calculated rainfall runoff transformation must be within 1% to be considered
acceptable. 1% is determined to be acceptable based on engineering judgement on the basis
that a 1% change in runoff in the model would not adversely affect any intended use application of
the result from the model.

ARF and WRF test cases are verified by reviewing model outputs of the grid cells where ARF,
and WRF used in the FLO-2D model. ARF and WRF will be verified if FLO-2D model shows no
flow in grids that are blocked with ARF and WRF.

Test Case 7

This test case verifies that levee feature effectively controls flow to the top of the levee and that it
allows flow to overtop. The input and output files are shown in Attachment 18b and hand
calculations are shown in Attachment 18a.

Test Case 7 -Acceptance Criteria

For levees, FLO-2D model shows accumulation in cells behind the levee and it overtops when
water depth in the grid cell exceeds the height of levee.

The model and hand calculated levee overtopping must be within 5% to be considered
acceptable. 5% is determined to be acceptable based on engineering judgement on the basis
that a 5% change would not adversely affect any intended use application of the result from the
model.

Test Case 8

This test case verifies that FLO-2D Pro model can accurately assign elevations to individual grid
cells in the FLO-2D Pro Model. The average elevation assigned to an individual grid by the FLO-
2D model was compared to average elevation of individual elevation points in the grid cell from
GIS ASCll input files.

Test Case 8 -Acceptance Criteria

Grid elevations assigned by FLO-2D Pro model must be within 1% of the hand calculated
results to be considered acceptable. 1% is determined to be acceptable to account for
rounding when performing hand calculations and would not adversely affect any intended
use application of the result from the model.
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V. ACCEPTANCE CRITERIA TESTS AND RESULTS

This section goes over all of the acceptance criteria tests for all of the critical characteristics listed
in Section Ill, Table 1.

Platform Compatibility

The FLO-2D Pro model is developed for 64-bit multi-core processor computers. It cannot be run
on a 32-bit computer (Reference 3). Figure 3 lllustrates the operating system installed for FLO-
2D Pro Build 16.06.16 testing is a 64-bit operating system. As shown in Figure 3, the operating
system meets the requirements.

Precision Tower 3620
& Dispia DESKTOP-QFEVOOF
I Apps & features Rename PC

Organization WORKGROUP

installed RAM 540 GB

Related settings

Figure 3: Computer Platform and Hardware

Therefore, the software’s critical characteristic for platform compatibility is accepted based on the
acceptance criteria that the computer program is compatible with the current operating system.
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Hardware Compatibility

Recommended minimum computer requirements are at least 4 GB RAM (Reference 3). Figure
3 lllustrates the hardware installed for FLO-2D Pro Build 16.06.16 testing has 64 GB RAM.

Therefore, the software’s critical characteristic for hardware compatibility is accepted based on
the acceptance criteria that the computer program is compatible with the current hardware.

Test Case 1a — Overland Flow

Test Case 1a (Overland Flow) Model Setup

For this test case, the method used consists of a comparison of a hand calculation solution for
overland flow (Attachment 3) to FLO-2D Pro Model output data (i.e. flow depth and velocity)
produced for a simple flume model (Attachment 4a). This test case verifies the overland flow
component of the model and shows that the FLO-2D Pro model accurately simulates unconfined
overland flow and yields an exact solution for steady, uniform overland flow.

The local intense precipitation (LIP) Calculation specifies that “... Manning’s n-values for two-
dimensional modeling differ from the Manning’s n-values for one-dimensional modeling and are
not interchangeable. In a two-dimensional model, the flow resistance is represented by a
composite n-value that includes consideration for bed irregularities, obstructions, vegetation,
variation in channel geometry, channel expansion and contraction, potential rapidly varying flow,
and variable river planform.”. The range of n-values for 2D application were empirically derived
by FLO-2D and/or others and are specified in the FLO-2D Manual. The LIP Calculation applied
n-values within the prescribed ranges that has been developed from research experiments.

The inputs for both the FLO-2D Pro model and the test case hand calculation are as follows:

1. The simple flume model is 60 elements long by 4 elements wide, each element being 50
ft by 50 ft. (Resulting in a flow width of 4 x 50 ft, or 200 sq.ft);

2. Afloodplain slope of 0.003;
3. A uniform Manning’s n-value (roughness coefficient) is 0.05.

4. A steady discharge of 8,000 cfs spread across four inflow nodes (2,000 cfs per inflow
element) is used.

These inputs are required by the FLO-2D Pro model to estimate the flow depth and velocity within
the lower reach of the flume. Three floodplain cross sections were created in FLO-2D Pro to track
flow along the flume (i.e., output locations). The inputs described above are presented in Figure
4 through Figure 6. The data input files are included in Attachment 4a.
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Figure 4: Test Case 1a (Overland Flow) Model Representation
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Figure 5: Grid Cell Attributes
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Figure 6: Grid Element Ground Surface Elevations

Test Case 1a (Overland Flow) Results

The FLO-2D results are provided in Attachment 4a. The results from the FLO-2D Pro Model
output and the hand calculation are presented in Table 2.

Table 2: Comparison of Results — Test Case 1a

Method of Hand Percent
Computation REO-2 Fro Model Calculation Difference
n=0.05
Flow Depth (ft) 6.8242 6.8 0.36%
Velocity (ft/s) 5.8959 5.9 0.07%

n =0.08
Flow Depth (ft) 9.0349 9.05 0.17%
Velocity (ft/s) 4.4901 4.42 1.56%

Using the average values reported by the FLO-2D Pro Model, the FLO-2D Pro model predicted a
flow depth and velocity range within 5% of the hand calculation, excluding grid cells 237 through
240. These grid cells are outfall cells outside of the flume boundary and are excluded from the
result analysis.
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Inflow and Outflow elements are also verified by comparing the input and outflow in FLO-2D
outputs at grid cells 237-240. Limitation- Flow appears with the cells without a velocity vector.

The LIP flooding model represents 2D, unsteady-state flooding simulation with the n-values
selected appropriately for such simulation within the ranges specified in the FLO-2D Manual. The
test model simulates a scenario equivalent to what is computed in the hand calculation (i.e. a
forced replica of a 1D steady state flow pattern). This demonstrates that the number input into
the program is processed in the algorithms/calculations of the software with results that can be
validated. While n-values for the 1D and 2D simulations are not interchangeable and should be
different for the actual model, the approach used to verify the software is appropriate since it
demonstrates that the software computational processes are performed accurately.

To demonstrate repeatability of the results, the test run was performed with n=0.08 and the hand
calculation was done using the same n-value. As shown in Table 2, The test run results closely
match the hand calculation results with the changed n-value. Therefore, accurate repeatability is
confirmed.

The results of the test case meet the acceptability criteria specified in Section IV. Therefore, tested
software module is determined to function correctly.

Test Case 1b — Multiple Channel Feature
Test Case 1b (Multiple Channel) Model Setup

The Test Case 1a model was slightly modified for the multiple channel feature verification case.
The multiple channel was added along the model domain with the flow restricted using area
reduction factors (ARFs) to the multiple channel. This is necessary in order to simulate conditions
that are possible to verify with a hand calculation using Manning’s equation. If flow is not physically
restricted to the multiple channel, naturally overland flow elements will share the flow with the
multiple channel elements and a steady inflow condition required for the hand calculation will be
broken.

For this test case, the method used consists of a comparison of a hand calculation solution for a
channel flow (Attachment 3) to FLO-2D Pro Model output data (i.e. flow depth) produced for a
simple multiple channel model (Attachment 4a). This test case verifies the multiple channel flow
component of the model and shows that the FLO-2D Pro model accurately simulates channel flow
and yields an exact solution for steady, uniform channel flow.

The inputs for both the FLO-2D Pro model and the test case hand calculation are as follows:

1. The simple flume model is 60 elements long by 4 elements wide, each element being 50
ft by 50 ft. (Resulting in a flow width of 4 x 50 ft, or 200 sq.ft);

2. Afloodplain slope of 0.003;

3. A multiple channel is set to 5 ft wide;
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4. A Manning’s n-value (roughness coefficient) is 0.05 for the multiple channel elements and
0.1 for the rest of the model.

5. A single inflow element with a steady discharge of 10 cfs is used.

Two floodplain cross sections were used to track flow along the flume (i.e., output locations). The
inputs described above are presented in Figure 7. The data input files are included in Attachment

4b.

T Qutflow Elements

— Multiple Channe! Elements
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\ Cross Secticns
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i

//

ARFs Restricting Flow to Multiple Channel

2 Inflow Element

Figure 7: Test Case 1b (Multiple Channel) Model Representation

Page 24 of 69

Revision 0



RFCA Number:
Software Name and Build: Software Test PY20170069 FLO2D, PY20170070
FLO-2D Pro Build 16.06.16 SWMM, PY20170071 ArcGIS,

PY20170074 Flooding Computer

Test Case 1b (Multiple Channel) Results

The FLO-2D results are provided in Attachment 4b. The results from the FLO-2D Pro Model
output and the hand calculation are presented in Table 3.

Table 3: Comparison of Results — Test Case 1b

Method of FLO-2 Pro Model Hand Percent
. (Cross Section 1, . .
Computation . Calculation Difference
grid #78)
Flow Depth (ft) 1.30 1.34 3.03 %
Velocity (ft/sec) 1.54 1.48 3.97 %

Using the average values reported by the FLO-2D Pro Model, the FLO-2D Pro model predicted a
flow depth range within £5% of the hand calculation.

The results of the test case meet the acceptability criteria specified in Section IV. Therefore, tested
software module is determined to function correctly.

Limitations for the multiple channel feature.

This feature must be used with careful consideration of the actual conditions. Multiple channels
are used to simulate rill and gully flow, usually in a desert environment but also can be used to
simulate concentrated flow in urban development. Typically, multiple channels are 3 to 5 ft wide
with flow depth generally under 3 ft. Once the flow gets into a rill and gully channel that typical on
a desert alluvial fan, the multiple channel will widen when the flow reaches bankfull. There is not
much sheet flow on desert environments, which is the intent in creating this component. The
feature could be used to also represent urban flow scenarios, but care should be exercised to
represent the actual site conditions as close as reasonably possible. Additionally, minor
instabilities could be observed at the multiple channel elements. Therefore, the multiple channel
elements should be checked for volume conservation errors and unusually high velocities at the
end of the simulation

Test Case 2 — Truckee River Overland Flow Case Study

Test Case 2 (Truckee River Overland Flow Case) Model Setup

The FLO-2D model used in the Truckee River Case Study (Truckee River FLO-2D Model)
presented in Attachment 5 is one of the benchmark models used by the software vendor for
verifying the overland flow, channel flow, flood channel interface, and floodplain storage area
modification and flow obstruction components of the model. The Truckee River FLO-2D model
was originally created and calibrated by a third-party engineering firm (TetraTech, Inc.) using
FLO-2D Version 2009.06 to conduct a flood hazard delineation project for the Truckee River in
response to recorded flooding of the Truckee River through Reno and the City of Sparks, Nevada
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between December 31, 1996 and January 6, 1997. The model simulates 15 miles of the Truckee
River as shown in Figure 8.

This model is included in the FLO-2D software package as a sample project when purchased
from the software vendor. The FLO-2D input data are included in Attachment 5.

The U.S. Environmental Protection Agency (EPA) (Attachment 1) and the Flood Control District
of Maricopa County Arizona (Attachment 2) have performed additional verification test cases for
both the SWMM program and the FLO-2D program, respectively, which are detailed more
extensively than the test cases presented in this Test Report. The program user is encouraged
to review these verification and quality assurance reports for a better understanding of the specific
program functions that may not be detailed fully in program user manuals or this Test Report

Vista Gage

*»3%.:% il !:
(;,ng& e

Figure 8: Google Earth Image of Sparks Truckee Meadows Area

Two U.S. Geological Survey (USGS) stream gages, Vista gage (USGS 10350000 Truckee River
at Vista, NV) and Reno gage (USGS 10348000 Truckee River at Reno, NV) are located along the
reach of the river inclgded in the model. The New Vista gage is located at the downstream end
of the simulated reach. The New Vista gage includes almost all of the return flow from the
overbank discharge in the Truckee Meadows area. The Reno gage is located upstream of the
Truckee Meadows area. Data for the calibration of the model by others included recorded flood

Page 26 of 69 Revision 0



Software Name and Build:
FLO-2D Pro Build 16.06.16

RFCA Number:

PY20170069 FLO2D, PY20170070
Software Test | g\vmm, PY20170071 ArcGIS,
PY20170074 Flooding Computer

stages and discharges from the aforementioned USGS gages and numerous surveyed high-water
marks through the inundated area (Attachment 6).

The FLO-2D model is shown in Figure 9.

sjeix| O/

Figure 9: Truckee River Model Representation
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Test Case 2 (Truckee River Overland Flow Case) Results

The maximum inundated area and depth of flow are presented in Figure 10.

Maximum Flow Depth (ft.)
3 0.100 - 0.260
B 0.261 - 0.650
i 0.651 -1.190
e 1.191 - 1.860
1.861 -2.520
2.521 -3.200
3.201 -4.010
4.011 - 4.900
4.901 -5.910
5.911 -7.030
100 7.031 -8.210
[ 8.211 -9.460
I 9.461 -10.950
I 10.951 - 14.550
B 14.551 - 20.150

Figure 10: Maximum Depth of Flow

A review of the model calculation mass balance is presented in Table 4, originally from the
“SUMMARY.OUT” file. The mass balance ensures that the hydraulic calculations are accurately
conserving the volume of water in all routing calculations. FLO-2D recommends a maximum
acceptable continuity error of 2%. A review of the Truckee model results suggests the maximum
continuity error is within this acceptable range, and therefore the model is accurately solving the

flow equations and conserving mass.

Table 4: Comparison of Results — Test Case 2

Total Inflow (acre-ft.) 175282.673
Total Outflow and Storage (acre-ft.) 175282.672
Maximum Inundated Area (acres) 20941.385
Maximum Wetted Channel Area (acres) 654.355
Maximum Continuity Error (%) 0.00

Page 28 of 69

Revision 0



RFCA Number:

Software Name and Build: Software Test PY20170069 FLO2D, PY20170070
FLO-2D Pro Build 16.06.16 SWMM, PY20170071 ArcGiIS,
PY20170074 Flooding Computer

A comparison of the predicted discharge hydrograph resulting from the Truckee River model run
using FLO-2D Pro at the Vista gage location (grid cell 4969) and the actual recorded USGS data
at the Vista gage are shown in Figure 11. The data from the flow comparison of the USGS Vista
gage and FLO-2D Pro gage location (grid cell 4969) is in Attachment 6. The output file containing
the flow at the Vista gage location (grid cell 4969) from the FLO-2D model is in Attachment 7.

Comparison of FLO-2D Observed USGS Vista Gage
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Figure 11: FLO-2D Pro Predicated Discharge for the 1997 Flood at Vista Gage

The simulated discharge at the Vista gage shows that FLO-2D Pro is accurately predicting the
channel — floodplain flow interchange. The channel conveyance at the gage is less than half the
observed peak flow during the early January 1997 floods. Most of the flood hydrograph is
therefore conveyed over the floodplain. In order for the model to accurately predict the discharge
at the Vista gage, it has to accurately predict the volume of overbank flow, channel flood routing,
the overland flood routing and channel-floodplain exchange.

The maximum discharge of the Vista gage (USGS 10350000) occurs on time step 88 at 1/2/1997
16:00, at a flow of 18,500 cfs. The corresponding flow from the FLO-2D Pro model at the Vista
gage location (grid cell 4969) at a flow of 19,826.88 cfs. The results also show that FLO-2D Pro
is accurately predicting the contribution of rainfall to the total runoff within 10%.
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The results of the test case meet the acceptability criteria specified in Section IV. Therefore, tested
software modules are determined to function correctly.

Test Case 3 — Culvert Routing Hand Calculation

Test Case 3 (Culvert Routing) Model Setup

For this test case, the method used consists of a comparison of a hand calculation solution for
culvert routing presented in Attachment 8 to FLO-2D Pro output data (i.e. flow and flow depth)
produced for a simple model with a channel and a culvert. The hand calculation solution is based
on the Federal Highway Administration Publication No. FHWA-NHI-01-020, Hydraulic Design
Series Number 5 — Hydraulic Design of Highway Culverts (Reference 6). This test case verifies
the generalized culvert routing routine of the model and shows that FLO-2D Pro accurately
simulates the headwater elevation for a given flow through a culvert.

The model inputs are as follows:

1. System and numerical stability control files (Attachment 9, “CONT.DAT” and
“TOLER.DAT”);

2. File for Images, shape files and polylines to project when open (Attachment 9,
“‘SUPPLEMENT.DAT”);

3. The model was 13 grid elements long by 10 grid elements wide (130 total grid elements)
with each element having dimensions of 50 feet by 50 feet (Attachment 9, “FPLAIN.DAT”,
“CADPTS.DATY);

4. A 600-foot-long rectangular channel having dimensions of 6 feet wide and 5 feet deep (12
grid elements) (Attachment 9, “CHAN.DAT” and “CHANBANK.DAT");

5. A uniform Manning’s roughness coefficient n-value for both the floodplain and channel
was arbitrarily set at 0.04 for the 130 elements (Attachment 9, “MANNINGS_N.DAT");

6. A channel slope of 0.018 (Attachment 9, “TOPO.DAT”);

7. A 100-foot long, 3-foot diameter (2 grid elements) circular culvert (Attachment 9,
‘HYDSTRUC.DAT");

8. The culvert entrance loss (ke) of 0.9 (Attachment 9, “HYDSTRUC.DAT”);
9. A culvert Manning’s n roughness<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>