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documented instances of program errors. Documented errors are bugs in the software
due to programming mistakes not model problems due to user-entered data.

This document contains references to product names that are trademarks or registered
trademarks of their respective owners. Use of specific product names does not imply
official or unofficial endorsement. Product names are used solely for the purpose of
identifying products available in the public market place.

Microsoft, Windows, and Excel are registered trademarks of Microsoft Corp.
ArcView is a trademark of ESRI, Inc.



Terms and Conditions of Use:

Use of the software described by this document is controlled by certain terms and
conditions. The user must acknowledge and agree to be bound by the terms and
conditions of usage before the software can be installed or used. The software described
by this document can be downloaded for free from our internet site
(www.hec.usace.army.mil).

The United States Government, US Army Corps of Engineers, Hydrologic Engineering
Center ("HEC") grants to the user the rights to install Watershed Analysis Tool (HEC-
RAS) "the Software" (either from a disk copy obtained from HEC, a distributor or
another user or by downloading it from a network) and to use, copy and/or distribute
copies of the Software to other users, subject to the following Terms and Conditions for
Use:

All copies of the Software received or reproduced by or for user pursuant to the authority
of this Terms and Conditions for Use will be and remain the property of HEC.

User may reproduce and distribute the Software provided that the recipient agrees to the
Terms and Conditions for Use noted herein.

HEC is solely responsible for the content of the Software. The Software may not be
modified, abridged, decompiled, disassembled, unobfuscated or reverse engineered. The
user is solely responsible for the content, interactions, and effects of any and all
amendments, if present, whether they be extension modules, language resource bundles,
scripts or any other amendment.

The name "HEC-RAS" must not be used to endorse or promote products derived from the
Software. Products derived from the Software may not be called "HEC- RAS " nor may
any part of the "HEC- RAS " name appear within the name of derived products.

No part of this Terms and Conditions for Use may be modified, deleted or obliterated
from the Software.

No part of the Software may be exported or re-exported in contravention of U.S. export
laws or regulations.

Waiver of Warranty:

THE UNITED STATES GOVERNMENT AND ITS AGENCIES, OFFICIALS,
REPRESENTATIVES, AND EMPLOYEES, INCLUDING ITS CONTRACTORS AND
SUPPLIERS PROVIDE HEC-WAT \"AS IS\" WITHOUT ANY WARRANTY OR
CONDITION, EXPRESS, IMPLIED OR STATUTORY, AND SPECIFICALLY
DISCLAIM ANY IMPLIED WARRANTIES OF TITLE, MERCHANTABILITY,
FITNESS FOR A PARTICULAR PURPOSE AND NON-INFRINGEMENT.
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Depending on state law, the foregoing disclaimer may not apply to you, and you may also
have other legal rights that vary from state to state.
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Limitation of Liability:

IN NO EVENT SHALL THE UNITED STATES GOVERNMENT AND ITS
AGENCIES, OFFICIALS, REPRESENTATIVES, AND EMPLOYEES, INCLUDING
ITS CONTRACTORS AND SUPPLIERS, BE LIABLE FOR LOST PROFITS OR ANY
SPECIAL, INCIDENTAL OR CONSEQUENTIAL DAMAGES ARISING OUT OF OR
IN CONNECTION WITH USE OF HEC-WAT REGARDLESS OF CAUSE,
INCLUDING NEGLIGENCE.

THE UNITED STATES GOVERNMENT’S LIABILITY, AND THE LIABILITY OF
ITS AGENCIES, OFFICIALS, REPRESENTATIVES, AND EMPLOYEES,
INCLUDING ITS CONTRACTORS AND SUPPLIERS, TO YOU OR ANY THIRD
PARTIES IN ANY CIRCUMSTANCE IS LIMITED TO THE REPLACEMENT OF
CERTIFIED COPIES OF HEC-WAT WITH IDENTIFIED ERRORS CORRECTED.
Depending on state law, the above limitation or exclusion may not apply to you.

Indemnity:

As a voluntary user of HEC- RAS you agree to indemnify and hold the United States
Government, and its agencies, officials, representatives, and employees, including its
contractors and suppliers, harmless from any claim or demand, including reasonable
attorneys' fees, made by any third party due to or arising out of your use of HEC- RAS or
breach of this Agreement or your violation of any law or the rights of a third party.

Assent:

By using this program you voluntarily accept these terms and conditions. If you do not
agree to these terms and conditions, uninstall the program and return any program
materials to HEC (if you downloaded the program and do not have disk media, please
delete all copies, and cease using the program.)
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Foreword

The U.S. Army Corps of Engineers’ River Analysis System (HEC-RAS) is software that allows you
to perform one-dimensional steady flow hydraulics; one and two-dimensional unsteady flow
river hydraulics calculations; quasi Unsteady and full unsteady flow sediment transport-mobile
bed modeling; water temperature analysis; and generalized water quality modeling (nutrient
fate and transport).

The first version of HEC-RAS (version 1.0) was released in July of 1995. Since that time there
have been several major releases of this software package, including versions: 1.1; 1.2; 2.0; 2.1;
2.2;3.0,3.1,3.1.1,3.1.2,3.1.3, 4.0, 4.1 and now version 5.0 in 2015.

The HEC-RAS software was developed at the Hydrologic Engineering Center (HEC), which is a
division of the Institute for Water Resources (IWR), U.S. Army Corps of Engineers.

The software was designed by Mr. Gary W. Brunner, leader of the HEC-RAS development team.
The user interface and graphics were programmed by Mr. Mark R. Jensen. The steady flow
water surface profiles computational module and the majority of the one-dimensional unsteady
flow computations modules was programmed by Mr. Steven S. Piper. The One-dimensional
unsteady flow matrix solution algorithm was developed by Dr. Robert L. Barkau (Author of UNET
and HEC-UNET).

The two-dimensional unsteady flow modeling capabilities were developed by Gary W. Brunner,
Mark R. Jensen, Steve S. Piper, Ben Chacon (Resource Management Consultants, RMA), and Alex
J. Kennedy.

The sediment transport interface module was programmed by Mr. Stanford A. Gibson. The
quasi unsteady flow computational sediment transport capabilities were developed by Stanford
A. Gibson and Steven S. Piper. The Unsteady flow sediment transport modules were developed
by Stanford A. Gibson, Steven S. Piper, and Ben Chacon (RMA). Special thanks to Mr. Tony
Thomas (Author of HEC-6 and HEC-6T) for his assistance in developing the quasi-unsteady flow
sediment transport routines used in HEC-RAS.

The water quality computational modules were designed and developed by Mr. Mark R. Jensen,
Dr. Cindy Lowney and Zhonglong Zhang (ERDC-RDE-EL-MS).

The spatial data and mapping tools (RAS-Mapper) were developed by Mark R. Jensen, Cameron
T. Ackerman, and Alex J. Kennedy.

The interface for channel design/modifications was designed and developed by Mr. Cameron T.
Ackerman and Mr. Mark R. Jensen. The stable channel design functions were programmed by
Mr. Chris R. Goodell.

The routines that import HEC-2 and UNET data were developed by Ms. Joan Klipsch. The
routines for modeling ice cover and wide river ice jams were developed by Mr. Steven F. Daly of
the Cold Regions Research and Engineering Laboratory (CRREL).



Many other HEC staff members have made contributions in the development of this software,
including: Mr. Vern R. Bonner, Mr. Richard Hayes, Mr. John Peters, Mr. Al Montalvo, and Dr.
Michael Gee. Mr. Matt Fleming was the Chief of the H&H Division, and Mr. Chris Dunn was the
director during the development of this version of the software.

This manual was written by Mr. Gary W. Brunner. Chapter 12 was written by Mr. Chris R.
Goodell, and Chapter 13 was written by Mr. Stanford Gibson.

Part of Chapter 2 (2D Computational Theory) was written by Mr. Ben Chacon (Resource
Management Consultants, RMA).

HEC-RAS uses the following third party libraries:

1. Hierarchical Data Format (HDF) — HEC-RAS uses the HDF5 libraries in both the User Interface
and the Computational engines for writing and reading data to binary files that follow the HDF5
standards. The HDF Group: http://www.hdfgroup.org/HDF5/

2. Geospatial Data Abstraction Library (GDAL) — HEC-RAS uses the GDAL libraries in the HEC-RAS
Mapper tool. These libraries are use for all Geospatial data rendering, coordinate
transformations, etc... GDAL: http://www.gdal.org/

3. Bitmiracle LibTiff .Net. LibTiff.Net provides support for the Tag Image File Format (TIFF), a
widely used format for storing image data. Bitmiricle: http://bitmiracle.com/libtiff/

4. Oxyplot — 2 dimensional X-Y plots in HEC-RAS Mapper. Oxyplot: http://oxyplot.org/

5. SQLite — Reading and writing database files. SQLite: https://www.sqlite.org/

6. cURL - HTTP support for GDAL http://curl.haxx.se/
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CHAPTER 1

Introduction

Welcome to the Hydrologic Engineering Center's River Analysis System (HEC-RAS). This software
allows you to perform one-dimensional steady, one and two dimensional unsteady flow
hydraulics, sediment transport/mobile bed computations, water temperature modeling, and
generalized water quality modeling (nutrient fate and transport).

This manual documents the hydraulic capabilities of the Steady and unsteady flow portion of
HEC-RAS, as well as sediment transport computations.

This chapter discusses the general philosophy of HEC-RAS and gives you a brief overview of the
hydraulic capabilities of the modeling system. Documentation for HEC-RAS is discussed, as well
as an overview of this manual.

Contents

m General Philosophy of the Modeling System

m Overview of Hydraulic Capabilities

m HEC-RAS Documentation

m Overview of This Manual
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General Philosophy of the Modeling System

HEC-RAS is an integrated system of software, designed for interactive use in a multi-tasking,
multi-user network environment. The system is comprised of a graphical user interface (GUI),
separate hydraulic analysis components, data storage and management capabilities, graphics
and reporting facilities.

The HEC-RAS system contains four one-dimensional river analysis components for: (1) steady
flow water surface profile computations; (2) unsteady flow simulation (one-dimensional and
two-dimensional hydrodynamics); (3) movable boundary sediment transport computations; and
(4) water quality analysis. A key element is that all four components use a common geometric
data representation and common geometric and hydraulic computation routines. In addition to
the four river analysis components, the system contains several hydraulic design features that
can be invoked once the basic water surface profiles are computed.

The current version of HEC-RAS supports Steady and Unsteady flow water surface profile
calculations; combined 1D and 2D hydrodynamics; sediment transport/mobile bed
computations; water temperature analysis; water quality analyses (Nutrient transport and fate);
and spatial mapping of many computed parameters (Depth, water surface elevation, velocity,
etc...). New features and additional capabilities will be added in future releases.

Overview of Hydraulic Capabilities

HEC-RAS is designed to perform one-dimensional (1D), two-dimensional (2D), or combined 1D
and 2D hydraulic calculations for a full network of natural and constructed channels. The
following is a description of the major hydraulic capabilities of HEC-RAS.

Steady Flow Water Surface Profiles. This component of the modeling system is intended for
calculating water surface profiles for steady gradually varied flow. The system can handle a
single river reach, a dendritic system, or a full network of channels. The steady flow component
is capable of modeling subcritical, supercritical, and mixed flow regime water surface profiles.

The basic computational procedure is based on the solution of the one-dimensional energy
equation. Energy losses are evaluated by friction (Manning's equation) and
contraction/expansion (coefficient multiplied by the change in velocity head). The momentum
equation is utilized in situations where the water surface profile is rapidly varied. These
situations include mixed flow regime calculations (i.e., hydraulic jumps), hydraulics of bridges,
and evaluating profiles at river confluences (stream junctions).

The effects of various obstructions such as bridges, culverts, weirs, spillways and other
structures in the flood plain may be considered in the computations. The steady flow system is
designed for application in flood plain management and flood insurance studies to evaluate
floodway encroachments. Also, capabilities are available for assessing the change in water
surface profiles due to channel improvements, and levees.

1-2
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Special features of the steady flow component include: multiple plan analyses; multiple profile
computations; multiple bridge and/or culvert opening analysis, and split flow optimization at
stream junctions and lateral weirs and spillways.

Unsteady Flow Simulation. This component of the HEC-RAS modeling system is capable of
simulating one-dimensional unsteady flow; two-dimensional unsteady flow; or combined 1D and
2D unsteady flow modeling through a full network of open channels. The 1D unsteady flow
equation solver was adapted from Dr. Robert L. Barkau's UNET model (Barkau, 1992 and HEC,
1997). This 1D unsteady flow component was developed primarily for subcritical flow regime
calculations. The 2D unsteady flow equation solver was developed at HEC, and was directly
integrated into the HEC-RAS Unsteady flow engine in order to facilitate combined 1D and 2D
hydrodynamic modeling.

The hydraulic calculations for cross-sections, bridges, culverts, and other hydraulic structures
that were developed for the steady flow component were incorporated into the unsteady flow
module. Additionally, the unsteady flow component has the ability to model storage areas and
hydraulic connections between storage areas; 2D Flow Areas; and between stream reaches.

Sediment Transport/Movable Boundary Computations. This component of the modeling system
is intended for the simulation of one-dimensional sediment transport/movable boundary
calculations resulting from scour and deposition over moderate time periods (typically years,
although applications to single flood events will be possible).

The sediment transport potential is computed by grain size fraction, thereby allowing the
simulation of hydraulic sorting and armoring. Major features include the ability to model a full
network of streams, channel dredging, various levee and encroachment alternatives, and the
use of several different equations for the computation of sediment transport.

The model is designed to simulate long-term trends of scour and deposition in a stream channel
that might result from modifying the frequency and duration of the water discharge and stage,
or modifying the channel geometry. This system can be used to evaluate deposition in
reservoirs, design channel contractions required to maintain navigation depths, predict the
influence of dredging on the rate of deposition, estimate maximum possible scour during large
flood events, and evaluate sedimentation in fixed channels.

Water Quality Analysis. This component of the modeling system is intended to allow the user to
perform riverine water quality analyses. The current version of HEC-RAS can perform detailed
temperature analysis and transport of a limited number of water quality constituents (Algae,
Dissolved Oxygen, Carbonaceuos Biological Oxygen Demand, Dissolved Orthophosphate,
Dissolved Organic Phosphorus, Dissolved Ammonium Nitrate, Dissolved Nitrite Nitrogen,
Dissolved Nitrate Nitrogen, and Dissolved Organic Nitrogen). Future versions of the software
will include the ability to perform the transport of several additional water quality constituents.
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HEC-RAS Documentation

The HEC-RAS package includes several documents, each are designed to help the modeler learn

to use a particular aspect of the modeling system. The documentation has been divided into the
following three categories:

Documentation Description

User's Manual

Hydraulic Reference Manual

Applications Guide

2D Modeling with HEC-RAS

This manual is a guide to using the HEC-RAS.
The manual provides an introduction and
overview of the modeling system, installation
instructions, how to get started, simple
examples, detailed descriptions of each of the
major modeling components, and how to view
graphical and tabular output.

This manual describes the theory and data
requirements for the hydraulic calculations
performed by HEC-RAS. Equations are
presented along with the assumptions used in
their derivation. Discussions are provided on
how to estimate model parameters, as well as
guidelines on various modeling approaches.

This document contains a series of examples
that demonstrate various aspects of the HEC-
RAS. Each example consists of a problem
statement, data requirements, general outline
of solution steps, displays of key input and
output screens, and discussions of important
modeling aspects.

This manual describes how to utilize the 2D
hydrodynamic modeling capabilities within
HEC-RAS. Discussions include: developing
terrain models for 2D modeling; developing
combined 1D/2D integrated models; running
the combined 1D/2D model; and viewing
output for combined 1D/2D models.
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Overview of This Manual

This manual presents the theory and data requirements for hydraulic calculations in the HEC-
RAS system. The manual is organized as follows:

[ Chapter 2 provides an overview of the hydraulic calculations theory in
HEC-RAS.
[ | Chapter 3 describes the basic data requirements to perform the various

hydraulic analyses available.

[ | Chapter 4 is an overview of some of the optional hydraulic capabilities
of the HEC-RAS software.

[ | Chapters 5, 6, 7, and 8 provide detailed discussions on modeling
bridges; culverts; multiple openings; inline structures (weirs and gated
spillways), and lateral structures.

[ | Chapter 9 describes how to perform floodway encroachment
calculations.

[ ] Chapter 10 describes how to use HEC-RAS to compute scour at bridges.

[ | Chapter 11 describes how to model ice-covered rivers.

[ | Chapter 12 describes the equations and methodologies for stable

channel design within HEC-RAS.

] Chapter 13 describes the equations and methodologies for performing
one-dimensional sediment transport, erosion, and deposition
computations.

[ Chapter14 describes how to perform a Dambreak study with HEC-
RAS.

[ | Appendix A provides a list of all the references for the manual.

[ | Appendix B is a summary of the research work on “Flow Transitions in

Bridge Backwater Analysis.”

[ ] Appendix C is a write up on the computational differences between
HEC-RAS and HEC-2.

[ ] Appendix D is a write up on the “Computation of the WSPRO Discharge
Coefficient and Effective Flow Length
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CHAPTER 2

Theoretical Basis for One-Dimensional and
Two-Dimensional Hydrodynamic
Calculations

This chapter describes the methodologies used in performing the one-dimensional (1D) steady
flow and unsteady flow calculations, as well as the two-dimensional (2D) unsteady flow
calculations within HEC-RAS. The basic equations are presented along with discussions of the
various terms. Solution schemes for the various equations are described. Discussions are
provided as to how the equations should be applied, as well as applicable limitations.

Contents

m General
m 1D Steady Flow Water Surface Profiles
m 1D Unsteady Flow Computations

m 2D Unsteady Flow Computations
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General

This chapter describes the theoretical basis for one-dimensional water surface profile
calculations and the two-dimensional hydrodynamic calculations. Discussions contained in this
chapter are limited to steady flow water surface profile calculations and unsteady flow routing
(1D, 2D, and combined 1D/2D).

1D Steady Flow Water Surface Profiles

HEC-RAS is currently capable of performing 1D water surface profile calculations for steady
gradually varied flow in natural or constructed channels. Subcritical, supercritical, and mixed
flow regime water surface profiles can be calculated. Topics discussed in this section include:
equations for basic profile calculations; cross section subdivision for conveyance calculations;
composite Manning's n for the main channel; evaluation of the mean kinetic energy head
(velocity weighting coefficient alpha); friction loss evaluation; contraction and expansion losses;
computational procedure; critical depth determination; applications of the momentum
equation; air entrainment in high velocity streams; and limitations of the steady flow model.

Equations for Basic Profile Calculations
Water surface profiles are computed from one cross section to the next by solving the Energy
equation with an iterative procedure called the standard step method. The Energy equation is
written as follows:

2 2
Z,+Y, +ﬁ: Zl+Y1+a;L+h
g

2-
2 e (2-1)

Where: Z,,Z, = elevation of the main channel inverts

Y., Y, = depth of water at cross sections
V..V, = average velocities (total discharge/ total flow area)
a,,a, = velocity weighting coefficients

g = gravitational acceleration

he = energy head loss
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A diagram showing the terms of the energy equation is shown in Figure 2-1.
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Figure 2-1 Representation of Terms in the Energy Equation

The energy head loss (he )between two cross sections is comprised of friction losses and

contraction or expansion losses. The equation for the energy head loss is as follows:

a2V22 _ a1V12

h,=LS, +C (2-2)
e f 29 29
Where: L = discharge weighted reach length
St = representative friction slope between two sections
C = expansion or contraction loss coefficient
The distance weighted reach length, L, is calculated as:
L — I-IonIob + Lcthh + Lronrob (2_3)

Qlob + Qch + Qrob
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where: |—|0b, Lch1 Lrob = cross section reach lengths specified for flow in the

left overbank, main channel, and right overbank,
respectively

Q,Ob + Qch + me = arithmetic average of the flows between sections for

the left overbank, main channel, and right overbank,
respectively

Cross Section Subdivision for Conveyance Calculations
The determination of total conveyance and the velocity coefficient for a cross section requires
that flow be subdivided into units for which the velocity is uniformly distributed. The approach
used in HEC-RAS is to subdivide flow in the overbank areas using the input cross section n-value
break points (locations where n-values change) as the basis for subdivision (Figure 2-2).
Conveyance is calculated within each subdivision from the following form of Manning’s equation
(based on English units):

Q=Ks" (2-4)
K = 1480 pgess (2-5)
n
where: K = conveyance for subdivision
n = Manning's roughness coefficient for subdivision
A = flow area for subdivision
R = hydraulic radius for subdivision (area / wetted
perimeter)
S¢ = slope of the energy gradeline

The program sums up all the incremental conveyances in the overbanks to obtain a conveyance
for the left overbank and the right overbank. The main channel conveyance is normally
computed as a single conveyance element. The total conveyance for the cross section is
obtained by summing the three subdivision conveyances (left, channel, and right).
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N1 n2 Nch N3

A1 Plg Az P>

Kiob = K1 + K2 Krob = K3

Kch

Figure 2-2 HEC-RAS Default Conveyance Subdivision Method

An alternative method available in HEC-RAS is to calculate conveyance between every
coordinate point in the overbanks (Figure 2.3). The conveyance is then summed to get the total
left overbank and right overbank values. This method is used in the Corps HEC-2 program. The

method has been retained as an option within HEC-RAS in order to reproduce studies that were
originally developed with HEC-2.

M N2 Nch ns A8 P8

Ach Pch
A1 P1

Koo =K1+ Ko+ Ks+ Ka Krob = Ks + Ks + K7 + Ks

Kch

Figure 2-3 Alternative Conveyance Subdivision Method (HEC-2 style)

The two methods for computing conveyance will produce different answers whenever portions
on the overbank have ground sections with significant vertical slopes. In general, the HEC-RAS
default approach will provide a lower total conveyance for the same water surface elevation.
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In order to test the significance of the two ways of computing conveyance, comparisons were
performed using 97 data sets from the HEC profile accuracy study (HEC, 1986). Water surface
profiles were computed for the 1% chance event using the two methods for computing
conveyance in HEC-RAS. The results of the study showed that the HEC-RAS default approach will
generally produce a higher computed water surface elevation. Out of the 2048 cross section
locations, 47.5% had computed water surface elevations within 0.10 ft. (30.48 mm), 71% within
0.20 ft. (60.96 mm), 94.4% within 0.4 ft. (121.92 mm), 99.4% within 1.0 ft. (304.8 mm), and one
cross section had a difference of 2.75 ft. (0.84 m). Because the differences tend to be in the
same direction, some effects can be attributed to propagation of downstream differences.

The results from the conveyance comparisons do not show which method is more accurate,
they only show differences. In general, it is felt that the HEC-RAS default method is more
commensurate with the Manning equation and the concept of separate flow elements. Further
research, with observed water surface profiles, will be needed to make any conclusions about
the accuracy of the two methods.

Composite Manning's n for the Main Channel
Flow in the main channel is not subdivided, except when the roughness coefficient is changed
within the channel area. HEC-RAS tests the applicability of subdivision of roughness within the
main channel portion of a cross section, and if it is not applicable, the program will compute a
single composite n value for the entire main channel. The program determines if the main
channel portion of the cross section can be subdivided or if a composite main channel n value
will be utilized based on the following criterion: if a main channel side slope is steeper than
5H:1V and the main channel has more than one n-value, a composite roughness n. will be
computed [Equation 6-17, Chow, 1959]. The channel side slope used by HEC-RAS is defined as
the horizontal distance between adjacent n-value stations within the main channel over the
difference in elevation of these two stations (See SL and SR of Figure 2.4).
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ROCKY RIVER TEST 2
Cross-section 3.000
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Figure 2-4 Definition of Bank Slope for Composite ncCaIcuIation

For the determination of nc, the main channel is divided into N parts, each with a known wetted
perimeter P; and roughness coefficient I;.

2/3

Y (pni)

_ =
n, = T (2-6)
Where: N, = composite or equivalent coefficient of roughness

P = wetted perimeter of entire main channel

)
n

i wetted perimeter of subdivision |
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n, = coefficient of roughness for subdivision

The computed composite n. should be checked for reasonableness. The computed value is the
composite main channel n value in the output and summary tables.

Evaluation of the Mean Kinetic Energy Head
Within the 1D river reach segments, only a single water surface and therefore a single mean
energy are computed at each cross section. For a given water surface elevation, the mean
energy is obtained by computing a flow weighted energy from the three subsections of a cross
section (left overbank, main channel, and right overbank). Figure 2-5 below shows how the
mean energy would be obtained for a cross section with a main channel and a right overbank
(no left overbank area).

<
I

mean velocity for subarea 1

V, = mean velocity for subarea 2

Figure 2-5 Example of How Mean Energy is Obtained

To compute the mean kinetic energy it is necessary to obtain the velocity head weighting
coefficient alpha. Alpha is calculated as follows:

Mean Kinetic Energy Head = Discharge-Weighted Velocity Head

V2 V.2
2 1 2
oY _ 29 29 (2-7)
29 Q +Q,
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2 2
20/ Q2 +Q, 2
2g 29 2-8
o _ .
(Ql + Qz)‘/ ’ -
g QW Q) (2-9)
(Q+QN?
In General:
e Qv + Qz\g\;z' Qi (2-10)

The velocity coefficient, a, is computed based on the conveyance in the three flow elements:
left overbank, right overbank, and channel. It can also be written in terms of conveyance and
area as in the following equation:

3 3 3
(A)Z[K';b e K;"b}
Alob Ach Arob

a= Kts (2-11)
Where: At = total flow area of cross section
A|0b : Ach ) Amb = flow areas of left overbank, main channel
and right overbank, respectively
Kt = total conveyance of cross section

Klob’ Kch’ Krob

conveyances of left overbank, main channel and right overbank

Friction Loss Evaluation

Friction loss is evaluated in HEC-RAS as the product of St andL (Equation 2-2), where St isthe

representative friction slope for a reach and L is defined by Equation 2-3. The friction slope
(slope of the energy gradeline) at each cross section is computed from Manning’s equation as
follows:
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s, =] 2-12)

Alternative expressions for the representative reach friction slope Sf in HEC-RAS are as follows:

Average Conveyance Equation

(Q+Q,)

Sy (2-13)
K, +K,
Average Friction Slope Equation
— S;,+S
S, = f1 f2
2 (2-14)
Geometric Mean Friction Slope Equation
St =451 xS, (2-15)
Harmonic Mean Friction Slope Equation
S 2 (S 11XS¢, )
Sy =—1 "2
Sf1+sf2 (2_16)

Equation 2-13 is the “default” equation used by the program; that is, it is used automatically
unless a different equation is selected by the user. The program also contains an option to
select equations, depending on flow regime and profile type (e.g., S1, M1, etc.). Further
discussion of the alternative methods for evaluating friction loss is contained in Chapter 4,
“Overview of Optional Capabilities.”

Contraction and Expansion Loss Evaluation
Contraction and expansion losses in HEC-RAS are evaluated by the following equation:

h :C|O‘1V12 _ 0’2V22|

ce (2-17)
| 2g 29

Where: C = the contraction or expansion coefficient

The program assumes that a contraction is occurring whenever the velocity head downstream is
greater than the velocity head upstream. Likewise, when the velocity head upstream is greater
than the velocity head downstream, the program assumes that a flow expansion is occurring.
Typical C values can be found in Chapter 3, “Basic Data Requirements.”
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Computation Procedure

The unknown water surface elevation at a cross section is determined by an iterative solution of
Equations 2-1 and 2-2. The computational procedure is as follows:

1. Assume a water surface elevation at the upstream cross section (or
downstream cross section if a supercritical profile is being calculated).

2. Based on the assumed water surface elevation, determine the
corresponding total conveyance and velocity head.

3. With values from step 2, compute St and solve Equation 2-2 for he.
4. With values from steps 2 and 3, solve Equation 2-1 for WS2.
5. Compare the computed value of WS2 with the value assumed in step 1;

repeat steps 1 through 5 until the values agree to within .01 feet (.003
m), or the user-defined tolerance.

The criterion used to assume water surface elevations in the iterative procedure varies from trial
to trial. The first trial water surface is based on projecting the previous cross section's water
depth onto the current cross section. The second trial water surface elevation is set to the
assumed water surface elevation plus 70% of the error from the first trial (computed W.S. -
assumed W.S.). In other words, W.S. new = W.S. assumed + 0.70 * (W.S. computed - W.S.
assumed). The third and subsequent trials are generally based on a "Secant" method of
projecting the rate of change of the difference between computed and assumed elevations for
the previous two trials. The equation for the secant method is as follows:

WS, = WS,.,—Err,*Assum_Diff/Err_Diff (2-18)
Where: WS,  =the new assumed water surface
WS;.1 = the previous iteration’s assumed water surface
WS, = the assumed water surface from two trials previous
Err., = the error from two trials previous (computed water surface minus

assumed from the I-2 iteration)

Assum_Diff = the difference in assumed water surfaces from the previous two trials. Err
Assum = WS|.2 - WS|.1

Err_Diff = the difference in the previous error (Err..2) and the current error (Err.;).
Err_Diff = Err; - Erriy

The change from one trial to the next is constrained to a maximum of 50 percent of the
assumed depth from the previous trial. On occasion the secant method can fail if the value of
Err_Diff becomes too small. If the Err_Diff is less than 1.0E-2, then the secant method is not
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used. When this occurs, the program computes a new guess by taking the average of the
assumed and computed water surfaces from the previous iteration.

The program is constrained by a maximum number of iterations (the default is 20) for balancing
the water surface. While the program is iterating, it keeps track of the water surface that
produces the minimum amount of error between the assumed and computed values. This
water surface is called the minimum error water surface. If the maximum number of iterations
is reached before a balanced water surface is achieved, the program will then calculate critical
depth (if this has not already been done). The program then checks to see if the error
associated with the minimum error water surface is within a predefined tolerance (the default is
0.3 ft or 0.1 m). If the minimum error water surface has an associated error less than the
predefined tolerance, and this water surface is on the correct side of critical depth, then the
program will use this water surface as the final answer and set a warning message that it has
done so. If the minimum error water surface has an associated error that is greater than the
predefined tolerance, or it is on the wrong side of critical depth, the program will use critical
depth as the final answer for the cross section and set a warning message that it has done so.
The rationale for using the minimum error water surface is that it is probably a better answer
than critical depth, as long as the above criteria are met. Both the minimum error water surface
and critical depth are only used in this situation to allow the program to continue the solution of
the water surface profile. Neither of these two answers are considered to be valid solutions,
and therefore warning messages are issued when either is used. In general, when the program
cannot balance the energy equation at a cross section, it is usually caused by an inadequate
number of cross sections (cross sections spaced too far apart) or bad cross section data.
Occasionally, this can occur because the program is attempting to calculate a subcritical water
surface when the flow regime is actually supercritical.

When a balanced water surface elevation has been obtained for a cross section, checks are
made to ascertain that the elevation is on the right side of the critical water surface elevation
(e.g., above the critical elevation if a subcritical profile has been requested by the user). If the
balanced elevation is on the wrong side of the critical water surface elevation, critical depth is
assumed for the cross section and a warning message to that effect is displayed by the program.
The program user should be aware of critical depth assumptions and determine the reasons for
their occurrence, because in many cases they result from reach lengths being too long or from
misrepresentation of the effective flow areas of cross sections.

For a subcritical profile, a preliminary check for proper flow regime involves checking the Froude
number. The program calculates the Froude number of the balanced water surface for both the
main channel only and the entire cross section. If either of these two Froude numbers are
greater than 0.94, then the program will check the flow regime by calculating a more accurate
estimate of critical depth using the minimum specific energy method (this method is described
in the next section). A Froude number of 0.94 is used instead of 1.0, because the calculation of
Froude number in irregular channels is not accurate. Therefore, using a value of 0.94 is
conservative, in that the program will calculate critical depth more often than it may need to.

For a supercritical profile, critical depth is automatically calculated for every cross section, which
enables a direct comparison between balanced and critical elevations.
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Critical Depth Determination

Critical depth for a cross section will be determined if any of the following conditions are
satisfied:

(2) The supercritical flow regime has been specified.
(2) The calculation of critical depth has been requested by the user.
(3) This is an external boundary cross section and critical depth must be determined

to ensure the user entered boundary condition is in the correct flow regime.

(4) The Froude number check for a subcritical profile indicates that critical depth
needs to be determined to verify the flow regime associated with the balanced
elevation.

(5) The program could not balance the energy equation within the specified

tolerance before reaching the maximum number of iterations.

The total energy head for a cross section is defined by:

av?
H=WS + (2-19)
29
Where: H = total energy head
WS = water surface elevation
av? '
= velocity head
29

The critical water surface elevation is the elevation for which the total energy head is a
minimum (i.e., minimum specific energy for that cross section for the given flow). The critical
elevation is determined with an iterative procedure whereby values of WS are assumed and
corresponding values of H are determined with Equation 2-19 until a minimum value for H is
reached.
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Figure 2-6 Energy vs. Water Surface Elevation Diagram

The HEC-RAS program has two methods for calculating critical depth: a “parabolic” method and
a “secant” method. The parabolic method is computationally faster, but it is only able to locate
a single minimum energy. For most cross sections there will only be one minimum on the total
energy curve, therefore the parabolic method has been set as the default method (the default
method can be changed from the user interface). If the parabolic method is tried and it does
not converge, then the program will automatically try the secant method.

In certain situations it is possible to have more than one minimum on the total energy curve.
Multiple minimums are often associated with cross sections that have breaks in the total energy
curve. These breaks can occur due to very wide and flat overbanks, as well as cross sections
with levees and ineffective flow areas. When the parabolic method is used on a cross section
that has multiple minimums on the total energy curve, the method will converge on the first
minimum that it locates. This approach can lead to incorrect estimates of critical depth. If the
user thinks that the program has incorrectly located critical depth, then the secant method
should be selected and the model should be re-simulated.

The "parabolic" method involves determining values of H for three values of WS that are spaced
at equal AWS intervals. The WS corresponding to the minimum value for H, defined by a
parabola passing through the three points on the H versus WS plane, is used as the basis for the
next assumption of a value for WS. It is presumed that critical depth has been obtained when
there is less than a 0.01 ft. (0.003 m) change in water depth from one iteration to the next and
provided the energy head has not either decreased or increased by more than .01 feet (0.003
m).
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The “secant” method first creates a table of water surface versus energy by slicing the cross
section into 30 intervals. If the maximum height of the cross section (highest point to lowest
point) is less than 1.5 times the maximum height of the main channel (from the highest main
channel bank station to the invert), then the program slices the entire cross section into 30
equal intervals. If this is not the case, the program uses 25 equal intervals from the invert to the
highest main channel bank station, and then 5 equal intervals from the main channel to the top
of the cross section. The program then searches this table for the location of local minimums.
When a point in the table is encountered such that the energy for the water surface
immediately above and immediately below are greater than the energy for the given water
surface, then the general location of a local minimum has been found. The program will then
search for the local minimum by using the secant slope projection method. The program will
iterate for the local minimum either thirty times or until the critical depth has been bounded by
the critical error tolerance. After the local minimum has been determined more precisely, the
program will continue searching the table to see if there are any other local minimums. The
program can locate up to three local minimums in the energy curve. If more than one local
minimum is found, the program sets critical depth equal to the one with the minimum energy.
If this local minimum is due to a break in the energy curve caused by overtopping a levee or an
ineffective flow area, then the program will select the next lowest minimum on the energy
curve. If all of the local minimums are occurring at breaks in the energy curve (caused by levees
and ineffective flow areas), then the program will set critical depth to the one with the lowest
energy. If no local minimums are found, then the program will use the water surface elevation
with the least energy. If the critical depth that is found is at the top of the cross section, then
this is probably not a real critical depth. Therefore, the program will double the height of the
cross section and try again. Doubling the height of the cross section is accomplished by
extending vertical walls at the first and last points of the section. The height of the cross section
can be doubled five times before the program will quit searching.

Applications of the Momentum Equation
Whenever the water surface passes through critical depth, the energy equation is not
considered to be applicable. The energy equation is only applicable to gradually varied flow
situations, and the transition from subcritical to supercritical or supercritical to subcritical is a
rapidly varying flow situation. There are several instances when the transition from subcritical
to supercritical and supercritical to subcritical flow can occur. These include significant changes
in channel slope, bridge constrictions, drop structures and weirs, and stream junctions. In some
of these instances empirical equations can be used (such as at drop structures and weirs), while
at others it is necessary to apply the momentum equation in order to obtain an answer.

Within HEC-RAS, the momentum equation can be applied for the following specific problems:
the occurrence of a hydraulic jump; low flow hydraulics at bridges; and stream junctions. In
order to understand how the momentum equation is being used to solve each of the three
problems, a derivation of the momentum equation is shown here. The application of the
momentum equation to hydraulic jumps and stream junctions is discussed in detail in Chapter 4.
Detailed discussions on applying the momentum equation to bridges can be found in Chapter 5.
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The momentum equation is derived from Newton's second law of motion:

Force = Mass x Acceleration (change in momentum)

Y F.=ma (2-20)

Applying Newton's second law of motion to a body of water enclosed by two cross sections at

locations 1 and 2 (Figure 2-7), the following expression for the change in momentum over a unit
time can be written:

P,-P+W, -F, =QpAV, (2-21)
Where: P = Hydrologic pressure force at locations 1 and 2.

WX = Force due to the weight of water in the X direction.

Ff = Force due to external friction losses from 2 and 1.

Q = Discharge

P = Density of water

AVX = Change on velocity from 2 to 1, in the X direction.
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Figure 2-7 Application of the Momentum Principle

Hydrostatic Pressure Forces:

The force in the X direction due to hydrostatic pressure is:

P =AY cosd (2-22)

The assumption of a hydrostatic pressure distribution is only valid for slopes less than 1:10. The
cos U for a slope of 1:10 (approximately 6 degrees) is equal to 0.995. Because the slope of
ordinary channels is far less than 1:10, the cos @ correction for depth can be set equal to 1.0
(Chow, 1959). Therefore, the equations for the hydrostatic pressure force at sections 1 and 2
are as follows:

P = 7A1\71 (2-23)

P, =AY, (2-24)
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Where: 7y = Unit weight of water
Ai = Wetted area of the cross section at locations 1 and 2
Yi = Depth measured from water surface to the centroid of the cross sectional area

at locations 1 and 2.

Weight of Water Force:

Weight of water = (unit weight of water) x (volume of water)

W = y(%j L (2-25)

W, =W xsing (2-26)

(2-27)
W, :;/(—Al ; AZJLSO
(2-28)
Where: L = Distance between sections 1 and 2 along the X axis
SO = Slope of the channel, based on mean bed elevations
Zi = Mean bed elevation at locations 1 and 2
Force of External Friction:
F, =zPL (2-29)
Where: ; = Shear stress
P = Average wetted perimeter between sections 1 and 2
r=yRS; (2-30)
Where: R = Average hydraulic radius (R = A/P)
S_f = Slope of the energy grade line (friction slope)
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A_ _
Fi = ES PL (2-31)
F =7(—A12A2j§f L (2-32)

Mass times Acceleration:
ma=QpAV, (2-33)

,0=€ and Avx:(ﬂlvl_ﬂZVZ)

ma= %(ﬂlvl - ,Bzvz)
g (2-34)

Where: B = momentum coefficient that accounts for a varying velocity distribution
in irregular channels

Substituting Back into Equation 2-21, and assuming Q can vary from 2 to 1:

wt e B B, o[ AR s g gy, s
ngzvz +A2V2+(A1—£AZJLSO— (Al-;AszSf _ngl 1 +A1Y1 (2-36)

2 — —
M+A2Y2+(M]Lso— (MjLsf Gl AT, e
gA, 2 2 gA

Equation 2-37 is the functional form of the momentum equation that is used in HEC-RAS. All
applications of the momentum equation within HEC-RAS are derived from equation 2-37.

Air Entrainment in High Velocity Streams
For channels that have high flow velocity, the water surface may be slightly higher than
otherwise expected due to the entrainment of air. While air entrainment is not important for
most rivers, it can be significant for highly supercritical flows (Froude numbers greater than 1.6).
HEC-RAS now takes this into account with the following two equations (EM 1110-2-1601, plate
B-50):
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For Froude numbers less than or equal to 8.2,
0.061F
D, =0.906 D (e) (2-38)

For Froude numbers greater than 8.2,

D, =0.620D ()™ (2-39)
Where: D, = water depth with air entrainment
D = water depth without air entrainment
e = numerical constant, equal to 2.718282
F = Froude number

A water surface with air entrainment is computed and displayed separately in the HEC-RAS
tabular output. In order to display the water surface with air entrainment, the user must create
their own profile table and include the variable “WS Air Entr.” within that table. This variable is
not automatically displayed in any of the standard HEC-RAS tables.

1D Steady Flow Program Limitations
The following assumptions are implicit in the analytical expressions used in the current version
of the program:

(2) Flow is steady.

(2) Flow is gradually varied. (Except at hydraulic structures such as: bridges;
culverts; and weirs. At these locations, where the flow can be rapidly
varied, the momentum equation or other empirical equations are used.)

(3) Flow is one dimensional (i.e., velocity components in directions other
than the direction of flow are not accounted for).

(4) River channels have “small” slopes, say less than 1:10.

Flow is assumed to be steady because time dependant terms are not included in the energy
equation (Equation 2-1). Flow is assumed to be gradually varied because Equation 2-1 is based
on the premise that a hydrostatic pressure distribution exists at each cross section. At locations
where the flow is rapidly varied, the program switches to the momentum equation or other
empirical equations. Flow is assumed to be one-dimensional because Equation 2-19 is based on
the premise that the total energy head is the same for all points in a cross section.

The limit on slope as being less than 1:10 is based on the fact that the true derivation of the
energy equation computes the vertical pressure head as:
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H,=dcosd
Where: H, = vertical pressure head
d = depth of the water measured perpendicular to the channel
bottom.
0 = the channel bottom slope expressed in degrees.

For a channel bottom slope of 1:10 (5.71 degrees) or less, the cos(0) is 0.995. So instead of
using d cos(0) , the vertical pressure head is approximated as d and is used as the vertical depth
of water. As you can see for a slope of 1:10 or less, this is a very small error in estimating the
vertical depth (.5 %).

If HEC-RAS is used on steeper slopes, you must be aware of the error in the depth computation
introduced by the magnitude of the slope. Below is a table of slopes and the cos(0):

Slope Degrees Cos ()
1:10 5.71 0.995
2:10 11.31 0.981
3:10 16.70 0.958
4:10 21.80 0.929
5:10 26.57 0.894

If you use HEC-RAS to perform the computations on slopes steeper than 1:10, you would need
to divide the computed depth of water by the cos(0) in order to get the correct depth of water.
Also, be aware that very steep slopes can introduce air entrainment into the flow, as well as
other possible factors that may not be taken into account within HEC-RAS.
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1D Unsteady Flow Hydrodynamics

The physical laws which govern the flow of water in a stream are: (1) the principle of
conservation of mass (continuity), and (2) the principle of conservation of momentum. These
laws are expressed mathematically in the form of partial differential equations, which will
hereafter be referred to as the continuity and momentum equations. The derivations of these
equations are presented in this chapter based on a paper by James A. Liggett from the book
Unsteady Flow in Open Channels (Mahmmod and Yevjevich, 1975).

Continuity Equation
Consider the elementary control volume shown in Figure 2-8. In this figure, distance x is
measured along the channel, as shown. At the midpoint of the control volume the flow and
total flow area are denoted Q(x,t) and Ar, respectively. The total flow area is the sum of active
area A and off-channel storage area S.

\V

> h(x,t)

AN N \%7 X

z . P

Inflow —

-_—

- Outflow

_— ]
\\\\\N X

N\ m
N N\

Figure 2-8 Elementary Control Volume for Derivation of Continuity and Momentum
Equations.

Conservation of mass for a control volume states that the net rate of flow into the volume be
equal to the rate of change of storage inside the volume. The rate of inflow to the control
volume may be written as:

_oQAx (2-40)

oxX 2
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the rate of outflow as:

0Q AX
+ =08 (2-41)
Q ox 2
and the rate of change in storage as:
A Ay (2-42)

ot

Assuming that Ax is small, the change in mass in the control volume is equal to:

Py _QAx) (4, 0QAX ]
P Ax_p[( ox 2) (Q+ax 2)+Q'} (2-43)

Where Q| is the lateral flow entering the control volume and p is the fluid density. Simplifying

and dividing through by pAxyields the final form of the continuity equation:

o ox - (2-44)

in which 0, is the lateral inflow per unit length.

Momentum Equation
Conservation of momentum is expressed by Newton's second law as:

dM
Fo=— -

Conservation of momentum for a control volume states that the net rate of momentum entering
the volume (momentum flux) plus the sum of all external forces acting on the volume be equal to
the rate of accumulation of momentum. This is a vector equation applied in the x-direction. The
momentum flux (MV) is the fluid mass times the velocity vector in the direction of flow. Three
forces will be considered: (1) pressure, (2) gravity and (3) boundary drag, or friction force.

Pressure forces: Figure 2-9 illustrates the general case of an irregular cross section. The
pressure distribution is assumed to be hydrostatic (pressure varies linearly with depth) and the
total pressure force is the integral of the pressure-area product over the cross section. After
Shames (1962), the pressure force at any point may be written as:
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Fo=1pg(h-y)T(y)dy (2-46)

O ey

where his the depth, ythe distance above the channel invert, and T () a width function which

relates the cross section width to the distance above the channel invert.

If Fp is the pressure force in the x-direction at the midpoint of the control volume, the force at
the upstream end of the control volume may be written as:

| _OFe Ax (2-47)
ox 2
and at the downstream end as:
F, + e AX (2-48)
ox 2

T(y)

|
[ [ [ [ [ =]

Figure 2-9 lllustration of Terms Associated with Definition of Pressure Force

The sum of the pressure forces for the control volume may therefore be written as:

oF, AX

_OFe AX] | OFp Ax
Poox 2

OX

Fp, =|F

Pn

b + Fg (2-49)

Where Fpn is the net pressure force for the control volume, and Fg is the force exerted by the
banks in the x-direction on the fluid. This may be simplified to:

Fo _ %o axs Fs

" ox (2-50)
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Differentiating equation 2-46 using Leibnitz's Rule and then substituting in equation 2-50 results
in:

oh " " aT(y)
Fo——oard D iTndy+ [(h-y)Z Y gy |+ F ]
o =—P0 ax£ (y) y+£( V=W |+ Fy (2-51)

The first integral in equation 2-51 is the cross-sectional area, A. The second integral (multiplied
by -pgAx) is the pressure force exerted by the fluid on the banks, which is exactly equal in
magnitude, but opposite in direction to Fs. Hence the net pressure force may be written as:

oh

Fo, =—p 9 A—AX (2-52)
P Py o

Gravitational force: The force due to gravity on the fluid in the control volume in the x-direction
is:

F,=p0gA sing AX (2-53)

here 6 is the angle that the channel invert makes with the horizontal. For natural rivers @ is

small and sin 0 ~ tan 0= —020 [ X , where Zis the invert elevation. Therefore the

gravitational force may be written as:

0z,

F =—pgA—2 AX (2-54)
g P9 OX

This force will be positive for negative bed slopes.

Boundary drag (friction force): Frictional forces between the channel and the fluid may be
written as:

Fi =-1,PAX (2-55)

where 7, is the average boundary shear stress (force/unit area) acting on the fluid boundaries,
and P is the wetted perimeter. The negative sign indicates that, with flow in the positive x-

direction, the force acts in the negative x-direction. From dimensional analysis, 7, may be

expressed in terms of a drag coefficient, C _ , as follows:
2
7, = pCpV (2-56)
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The drag coefficient may be related to the Chezy coefficient, C, by the following:

Cp = (2-57)

9
CZ

Further, the Chezy equation may be written as:

V =C[RS, (2-58)

Substituting equations 2-56, 2-57, and 2-58 into 2-55, and simplifying, yields the following
expression for the boundary drag force:

Fi =—pgAS; AX (2-59)

where Sf is the friction slope, which is positive for flow in the positive x-direction. The friction

slope must be related to flow and stage. Traditionally, the Manning and Chezy friction
equations have been used. Since the Manning equation is predominantly used in the United
States, it is also used in HEC-RAS. The Manning equation is written as:

QQn?
f T 2.208R*°A? (2-60)

where R is the hydraulic radius and n is the Manning friction coefficient.

Momentum flux: With the three force terms defined, only the momentum flux remains. The
flux entering the control volume may be written as:

oQV Ax
p{Q x 2} (2-61)

and the flux leaving the volume may be written as:

oQV Ax
p| QV +i— (2-62)
ox 2
Therefore the net rate of momentum (momentum flux) entering the control volume is:
_p RV Ax (2-63)
OX

Since the momentum of the fluid in the control volume is pQAXx, the rate of accumulation of

momentum may be written as:
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%(pQAX): praa—? (2-64)

Restating the principle of conservation of momentum:

The net rate of momentum (momentum flux) entering the volume (2-63) plus the sum of all
external forces acting on the volume [(2-52) + (2-54) + (2-59)] is equal to the rate of
accumulation of momentum (2-64). Hence:

pr@ = —paQ—VAx — pgAZ—hAx - pgAaaiAx — pgAS  AX (2-65)
X X

ot oX
The elevation of the water surface, z, is equal to ZO + h. Therefore:

0z oh oz,
=—+

g _ 2 Z% (2-66)
OX OX OX

where 0z / OX is the water surface slope. Substituting (2-66) into (2-65), dividing through by
pAx and moving all terms to the left yields the final form of the momentum equation:

@+—8QV +gA(@+Sfj=O (2-67)
ot oX OX
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Application of the 1D Unsteady Flow Equations within HEC-
RAS

Figure 2-10 illustrates the two-dimensional characteristics of the interaction between the
channel and floodplain flows. When the river is rising water moves laterally away from the
channel, inundating the floodplain and filling available storage areas. As the depth increases,
the floodplain begins to convey water downstream generally along a shorter path than that of
the main channel. When the river stage is falling, water moves toward the channel from the
overbank supplementing the flow in the main channel.

Figure 2-10 Channel and floodplain flows

Because the primary direction of flow is oriented along the channel, this two-dimensional flow
field can often be accurately approximated by a one-dimensional representation. Off-channel
ponding areas can be modeled with storage areas that exchange water with the channel. Flow
in the overbank can be approximated as flow through a separate channel.

This channel/floodplain problem has been addressed in many different ways. A common
approach is to ignore overbank conveyance entirely, assuming that the overbank is used only for
storage. This assumption may be suitable for large streams such as the Mississippi River where
the channel is confined by levees and the remaining floodplain is either heavily vegetated or an
off-channel storage area. Fread (1976) and Smith (1978) approached this problem by dividing
the system into two separate channels and writing continuity and momentum equations for
each channel. To simplify the problem they assumed a horizontal water surface at each cross
section normal to the direction of flow; such that the exchange of momentum between the
channel and the floodplain was negligible and that the discharge was distributed according to
conveyance, i.e.:

Q =, (2-68)
Where: QC = flow in channel,
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Q = total flow,

s = KUK 4K, )

KC = conveyance in the channel, and,
K, = conveyance in the floodplain,

With these assumptions, the one-dimensional equations of motion can be combined into a
single set:

o o@q) da-oX]_,
ot OX OX

c

(2-69)

aQ olore*/a) da-orQra )
ot OX OX

oz 0z
+0A 67+Sfc + 0A; aT-I_Sff =0(2-70)

c c f

in which the subscripts c and f refer to the channel and floodplain, respectively. These
equations were approximated using implicit finite differences, and solved numerically using the
Newton-Raphson iteration technique. The model was successful and produced the desired
effects in test problems. Numerical oscillations, however, can occur when the flow at one node,
bounding a finite difference cell, is within banks and the flow at the other node is not.

Expanding on the earlier work of Fread and Smith, Barkau (1982) manipulated the finite
difference equations for the channel and floodplain and defined a new set of equations that
were computationally more convenient. Using a velocity distribution factor, he combined the
convective terms. Further, by defining an equivalent flow path, Barkau replaced the friction
slope terms with an equivalent force.

The equations derived by Barkau are the basis for the unsteady flow solution within the HEC-
RAS software. These equations were derived above. The numerical solution of these equations
is described in the next sections.

Implicit Finite Difference Scheme
The most successful and accepted procedure for solving the one-dimensional unsteady flow
equations is the four-point implicit scheme, also known as the box scheme (Figure 2-11). Under
this scheme, space derivatives and function values are evaluated at an interior point, (n+0) At.
Thus values at (n+1) At enter into all terms in the equations. For a reach of river, a system of
simultaneous equations results. The simultaneous solution is an important aspect of this
scheme because it allows information from the entire reach to influence the solution at any one
point. Consequently, the time step can be significantly larger than with explicit numerical
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schemes. Von Neumann stability analyses performed by Fread (1974), and Liggett and Cunge
(1975), show the implicit scheme to be unconditionally stable (theoretically) for 0.5 <0 < 1.0,
conditionally stable for 8 = 0.5, and unstable for 8 < 0.5. In a convergence analysis performed by
the same authors, it was shown that numerical damping increased as the ratio A/Ax decreased,
where A is the length of a wave in the hydraulic system. For streamflow routing problems
where the wavelengths are long with respect to spatial distances, convergence is not a serious
problem.

In practice, other factors may also contribute to the non-stability of the solution scheme. These
factors include dramatic changes in channel cross-sectional properties, abrupt changes in
channel slope, characteristics of the flood wave itself, and complex hydraulic structures such as
levees, bridges, culverts, weirs, and spillways. In fact, these other factors often overwhelm any
stability considerations associated with 0. Because of these factors, any model application
should be accompanied by a sensitivity study, where the accuracy and the stability of the
solution are tested with various time and distance intervals.
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Figure 2-11 Typical finite difference cell.
The following notation is defined:
n
fj = fj (2-71)
and:
n+l n
then:
f," = f, +Af, (2-73)
The general implicit finite difference forms are:
1. Time derivative
of Af O5(Af), +Af)) -
ot At At
2. Space derivative
of At _(fa-f))+olafy, -af))
—R—= (2-75)
oX  AX AX
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3. Function value

f~f=05(f, +f,,)+050(af, +Af,,) (2-76)

j+l

Continuity Equation
The continuity equation describes conservation of mass for the one-dimensional system. From
previous text, with the addition of a storage term, S, the continuity equation can be written as:

S Rg -0 (2-77)
Where: x = distance along the channel,
t = time,
Q = flow,
A = cross-sectional area,
S = storage from non conveying portions of cross section,
q = lateral inflow per unit distance.

The above equation can be written for the channel and the floodplain:

0Q,  OA

_Tc4 = 2-78

P! (2-78)
and:

8Qf_|_5Af_|_§:qc_'_qI

O X+ ot ot (2-79)

where the subscripts c and f refer to the channel and floodplain, respectively, {; is the lateral

inflow per unit length of floodplain, and (|, and (; are the exchanges of water between the

channel and the floodplain.

NOTE: The HEC-RAS Unsteady flow engine combines the properties of the left and right
overbank into a single flow compartment called the floodplain. Hydraulic properties for the
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floodplain are computed by combining the left and right overbank elevation vs Area,
conveyance, and storage into a single set of relationships for the floodplain portion of the
cross section. The reach length used for the floodplain area is computed by taking the
arithmetic average of the left and right overbank reach lengths (L. + Lr)/2 = L;. The average
floodplain reach length is used in both the continuity and momentum equations to compute
their respective terms for a combined floodplain compartment (Left and right overbank
combined together).

This is different than what is done in the Steady Flow computational engine (described above
in the previous section), in which the left and right overbank are treated completely
separately.

Equations 2-78 and 2-79 are now approximated using implicit finite differences by applying
Equations 2-74 through 2-76:

AQ,  AA
A, At

C

=0 (2-80)

A _ _
Qf+A'A‘f+£:q +q (2-81)
Ax; At At e T

The exchange of mass is equal but not opposite in sign such that AX.(, = =0 AX; . Adding the

above equations together and rearranging yields:

AAC AAf AS

AQ+ Ax.+ I Axf+A—tAxf—6,=o (2-82)
Where: le = the average lateral inflow.
Ax, = the length of the main channel between two cross sections.
Ax; = the length of the floodplain between two cross sections (computed as

the arithmetic average of the left and right overbank reach lengths)

Momentum Equation
The momentum equation states that the rate of change in momentum is equal to the external
forces acting on the system. From Appendix A, for a single channel:

2Q . o(VQ) 0z
=<+ + gA(—+ =0 (2-83)
o Tk TGS

Where: { = acceleration of gravity

wn
1

friction slope,
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Vv = velocity.

The above equation can be written for the channel and for the floodplain:

0Q, . d(v.Q,) oz
4+ C+gA (=—+S)= 2-84
p ox. g °(8xc St)=Mj (2-84)
0Q, aV:Q,) oz
= 2-85
a T ax MG, TSHEM )

where M cand M ¢ are the momentum fluxes per unit distance exchanged between the

channel and floodplain, respectively. Note that in Equations 2-84 and 2-85 the water surface
elevation is not subscripted. An assumption in these equations is that the water surface is
horizontal at any cross section perpendicular to the flow. Therefore, the water surface elevation
is the same for the channel and the floodplain at a given cross section.

Using Equations 2-74 through 2-76, the above equations are approximated using finite
differences:

AQC A(VCQc) — AZ -
+ +OA(—+5, )= 2-86
At AXC gAc(AXC Sfc) Mf ( )
AQf A(Vfo) — Z _
= 2-87
At Ax, +9Af(AXf+sﬁ) Mo (2-87)

Note that AXCM ¢ = —AXf M ¢ (due to the horizontal water surface assumption).

Adding and rearranging the above equations yields:

A\Q.AX. + Q. AX A A<
(Qc cAth f)+A(VCQC)_|_ A(Vfo )-|— g(Ac + A]c )AZ-I— gAchcAXC + gAfSﬁAXf =0 (2-88)

The final two terms define the friction force from the banks acting on the fluid. An equivalent
force can be defined as:

gAS Ax, = gA S Ax_ + A, S AX, (2-89)
where: AXe = equivalent flow path,

S

friction slope for the entire cross section,
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A = A +A;.
Now, the convective terms can be rewritten by defining a velocity distribution factor:

— (Vc2 AC+V szf ): (VCQC+Vfo ) 0

VA oV (2-90)

B

then:

A(VQ)=A(V.Q,)+A(V(Q;) (2-91)

The final form of the momentum equation is:

A(QCAXC+QfAXf)
At

+A(AVQ)+gAAZ+gAS, Ax=0 (2-92)

A more familiar form is obtained by dividing through by AXe :

AQ Ax.+Q. A —
(Qc X Qf Xf)+A(ﬂVQ)+gA( Az +S_f):0 (2-93)
AtA X, AXe AXe

Added Force Term

The friction and pressure forces from the banks do not always describe all the forces that act on
the water. Structures such as bridge piers, navigation dams, and cofferdams constrict the flow
and exert additional forces, which oppose the flow. In localized areas these forces can
predominate and produce a significant increase in water surface elevation (called a "swell
head") upstream of the structure.

For a differential distance, dX, the additional forces in the contraction produce a swell head of

dh| . This swell head is only related to the additional forces. The rate of energy loss can be

expressed as a local slope:

dn,

" odx

The friction slope in Equation 2-93 can be augmented by this term:
0 oV 0z
QM) N2 s s )=0 (2:95)
ot OX OX

For steady flow, there are a number of relationships for computation of the swell head
upstream of a contraction. For navigation dams, the formulas of Kindsvater and Carter,
d'Aubuisson (Chow, 1959), and Nagler were reviewed by Denzel (1961). For bridges, the
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formulas of Yarnell (WES, 1973) and the Federal Highway Administration (FHWA, 1978) can be
used. These formulas were all determined by experimentation and can be expressed in the
more general form:

2
h = cV” (2-96)
29

where h| is the head loss and C is a coefficient. The coefficient Cis a function of velocity, depth,

and the geometric properties of the opening, but for simplicity, it is assumed to be a constant.
The location where the velocity head is evaluated varies from method to method. Generally,
the velocity head is evaluated at the tailwater for tranquil flow and at the headwater for
supercritical flow in the contraction.

If h; occurs over a distance AXe, then h| = S_hAXe and S_h = h| /AXe where S_h is the average

slope over the interval AXe . Within HEC-RAS, the steady flow bridge and culvert routines are
used to compute a family of rating curves for the structure. During the simulation, for a given
flow and tailwater, a resulting headwater elevation is interpolated from the curves. The
difference between the headwater and tailwater is set to h| and then Sh is computed. The

result is inserted in the finite difference form of the momentum equation (Equation 2-93),
yielding:

AtAX, AX AX

e

+S_hj =0 (2-97)

e

Lateral Influx of Momentum

At stream junctions, the momentum as well as the mass of the flow from a tributary enters the
receiving stream. If this added momentum is not included in the momentum equation, the
entering flow has no momentum and must be accelerated by the flow in the river. The lack of
entering momentum causes the convective acceleration term, a(VQ)/ax , to become large. To
balance the spatial change in momentum, the water surface slope must be large enough to
provide the force to accelerate the fluid. Thus, the water surface has a drop across the reach
where the flow enters creating backwater upstream of the junction on the main stem. When
the tributary flow is large in relation to that of the receiving stream, the momentum exchange
may be significant. The confluence of the Mississippi and Missouri Rivers is such a juncture.
During a large flood, the computed decrease in water surface elevation over the Mississippi
reach is over 0.5 feet if the influx of momentum is not properly considered.

The entering momentum is given by:
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M, =2V (2-98)
AX
Where: Q| = lateral inflow,
V| = average velocity of lateral inflow,
£ = fraction of the momentum entering the receiving
stream.

The entering momentum is added to the right side of Equation 2-97, hence:

A(QCAXC + Q¢ AX, )+ A(ﬁ)\(/Q)+ gK(AAZ +S, + S_h] _ fﬂ (2-99)

AtA A AX

xe e e e

Equation 2-99 is only used at stream junctions in a dendritic model.

Finite Difference Form of the Unsteady Flow Equations
Equations 2-77 and 2-83 are nonlinear. If the implicit finite difference scheme is directly
applied, a system of nonlinear algebraic equations results. Amain and Fang (1970), Fread (1974,
1976) and others have solved the nonlinear equations using the Newton-Raphson iteration
technique. Apart from being relatively slow, that iterative scheme can experience troublesome
convergence problems at discontinuities in the river gecometry. To avoid the nonlinear solution,
Preissmann (as reported by Liggett and Cunge, 1975) and Chen (1973) developed a technique
for linearizing the equations. The following section describes how the finite difference
equations are linearized in HEC-RAS.

Linearized, Implicit, Finite Difference Equations
The following assumptions are applied:

1. If f ef >>Af o Af,then Af e Af =0 (Preissmann as reported by Liggett and
Cunge, 1975).

2. If g =g(Q,z), then Ag can be approximated by the first term of the Taylor
Series, i.e.:
Ag, = 99 AQ, + (5_9J Az, (2-100)
0Q i oz )
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3. If the time step, At, is small, then certain variables can be treated explicitly;

- 1 -
hence hj ™ hjnand Ahj = 0.

Assumption 2 is applied to the friction slope, Sf and the area, A. Assumption 3 is applied to the

velocity, V, in the convective term; the velocity distribution factor, B; the equivalent flow path,
x; and the flow distribution factor, ¢.

The finite difference approximations are listed term by term for the continuity equation in Table
2-1 and for the momentum equation in Table 2-2. If the unknown values are grouped on the
left-hand side, the following linear equations result:

CQleQj +CleAZJ- +CQ2J-AQJ-+1 +C22jAZj+l :CB]- (2-101)

MQL;AQ; + MZ1,Az, + MQ2;AQ,,, + MZ2,Az;,, = MB; (2-102)

j+L

Table 2-1

Finite Difference Approximation of the Terms in the Continuity Equation

Term Finite Difference Approximation
AQ (Qj+1 - Q]) + e(AQjﬂ - AQ])
dAc dAC
oA ( j Azj + ( j AZj
AXc dz /. dz /.,
ot 0.5A X ‘ ’
At
dA dA
O0As (f) AZj + (f) AZj+1
A Xs dz J. dz "
ot 0.5A Xi At
ds ds
oS () Az; + (j AZjn
— AX¢ dz f dz j+1
ot 0.5A X At
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Table 2-2

Finite Difference Approximation of the Terms in the Momentum Equation

Term

Finite Difference Approximation

8(QCAXC + QfAXf)

0.5

(anjAch + anjAij + anj+1Ach + 6ij+lAij)

OtA X, A X Ot
ABVQ 1 0
J— AZ — | z: - Zi e —(Z _ Z)
gA j+1 i o . (21 - 7))
A Xe QA{ AXq + Axe,-(Az,1 Az,)} + OgAA Axe

GAG: * S OA(S; +5,) + 0.50A](ASga + ASy) +(ASy + ASy) | +0.50(S, +S,)(AA;+ AAL)
K 0.5(Aj+1 + AJ)
Si 0.5(Sfu + Sp)
oA (44)

dz) "~ %
0Ss (‘28]‘ dKj (2&)

huah R _

K dz ].AZ’ Q jAQJ

oA

O.5(A Aj + AAJ'+1)
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The values of the coefficients are defined in Tables 2-3 and 2-4.

2-40

Table 2-3

Coefficients for the Continuity Equation

Coefficient

CQY

czy,

CQ2;

CZ2,

CB;

-0
AXeJ

0.5

0
A XeJ

_ Qj+1 _Qj I Qj

AX,; AX

ej ej

(20 axs +
dz /, “

0.5 (dAc) Ax.
AtA x|\ dz /7

Value

dAs
dz

(o,

d

dS) ]
+ — | A X
Z7;
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Table 2-4

Coefficients of the Momentum Equation

Term

MQI,

MZ1,

MQ2,;

MZ2,

MB;

Value

O.5Axcj¢j + Axq(1-9;) ) B,V;6 .\ 9gx(sfj + Spy)

AXejAt Axej Qj
-gAd o ( )[ ej (dK) [sf,) (d_A) (ﬁj (dA)
A%, + 0.50(zju - Zj) Ax goA i) (K, + 5 vy + 0.50g S + S

0 B9A
+ i = a4 T +
j BJ+1VJ 1(Axejj QJ+1 (Sfj ' Shj l)

Poostea(p) (o () (22)o(5) (3 osul ) 65
AX +059(ZJ+1 ZJ) AXeJ egA_ dz j+ Kj+ ¥ dz j+l+ Aj+1 +Oseg dz /. (Sf+8h)

€] 1

_l(ﬂmvm Qja =5V Q {i}f %](Zm —Zj )+ QK(S_f +S, )]

AX,

0.5 Axcj¢j+1 + Axfj(l-d)jﬂ)](AX i At
o
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Flow Distribution Factor
The distribution of flow between the channel and floodplain must be determined. The portion
of the flow in the channel is given by:

Q

_ (2-103)
ch + ij

9

Fread (1976) assumed that the friction slope is the same for the channel and floodplain, thus the
distribution is given by the ratio of conveyance:

Kc'
¢j:—J (2-
Kg+t Ky

104)

Equation 2-104 is used in the HEC-RAS model.

Equivalent Flow Path
The equivalent flow path is given by:

_ chchXc-"ngﬁ Axs
Ax.= = (2-105)
AS;
If we assume:
p=—Ke (2-106)
Kc+ Kf
where ¢ is the average flow distribution for the reach, then:
K Ax +Z A Xy
Ay=—— 2 M (2-107)
A
Since Ax. is defined explicitly:
.+.+A.+ .+.+A.
AXej: (ACJ Aq 1) Xqj (Afj A 1) X (2-108)

Ajt Aja
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Boundary Conditions
For a reach of river there are N computational nodes which bound N-1 finite difference cells.
From these cells 2N-2 finite difference equations can be developed. Because there are 2N
unknowns (AQ and Az for each node), two additional equations are needed. These equations
are provided by the boundary conditions for each reach, which for subcritical flow, are required
at the upstream and downstream ends.

Interior Boundary Conditions (for Reach Connections)

A network is composed of a set of M individual reaches. Interior boundary equations are
required to specify connections between reaches. Depending on the type of reach junction, one
of two equations is used:

Continuity of flow:

>05,Q,=0 (2-109)

Where: | = the number of reaches connected at a junction,

Sgi =-1if i is a connection to an upstream reach, +1 if i is a connection to a

downstream reach,

Qi = discharge in reach i.

The finite differences form of Equation 2-109 is:

1-1
MU AQ, + MUQ,_AQ, =MUB,_ (2-110)
=1

Where: MUp, = 8 Sg,

MUQm = 9 SgK,

|
MUBn =- ) S,Q,
i=1

2-43



Chapter 2— Theoretical Basis for One-Dimensional Flow Calculations

Continuity of stage:

7, =1, (2-111)

where z, the stage at the boundary of reach k, is set equal to z., a stage common to all stage
boundary conditions at the junction of interest. The finite difference form of Equation 2-111 is:

MUZ, Az, - MU, Az, = MUB, (2-112)
where: MUZ,, =0,
MU, =0,
MUBm =2z.— 2z

With reference to Figure 2-12, HEC-RAS uses the following strategy to apply the reach
connection boundary condition equations:

. Apply flow continuity to reaches upstream of flow splits and
downstream of flow combinations (reach 1 in Figure 2-12). Only one
flow boundary equation is used per junction.

. Apply stage continuity for all other reaches (reaches 2 and 3 in Figure 2-

12). ZC is computed as the stage corresponding to the flow in reach 1.

Therefore, stage in reaches 2 and 3 will be set equal to ZC.

Upstream Boundary Conditions
Upstream boundary conditions are required at the upstream end of all reaches that are not
connected to other reaches or storage areas. An upstream boundary condition is applied as a
flow hydrograph of discharge versus time. The equation of a flow hydrograph for reach m is:

AQ™ =Q¢ -Q, (2113)
where k is the upstream node of reach m. The finite difference form of Equation 2-113 is:
MUQ, AdQ, =MUB,_ (2-114)

where: MUQ,, = 1,

MUB, = Q:"'-Q:".
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3

Flow Split Flow Combination

Figure 2-12 Typical flow split and combination.

Downstream Boundary Conditions
Downstream boundary conditions are required at the downstream end of all reaches which are
not connected to other reaches or storage areas. Four types of downstream boundary
conditions can be specified:

. a stage hydrograph,

. a flow hydrograph,

. a single-valued rating curve,

. Normal Depth from Manning's equation.

Stage Hydrograph. A stage hydrograph of water surface elevation versus time may be used as
the downstream boundary condition if the stream flows into a backwater environment such as
an estuary or bay where the water surface elevation is governed by tidal fluctuations, or where
it flows into a lake or reservoir of known stage(s). At time step (n+1)At, the boundary condition
from the stage hydrograph is given by:

AZ, =2 -7; (2-115)
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The finite difference form of Equation 2-115 is:
CDZ, AZ, =CDB, (2-116)

where: CDZ, 1,

CDBm = ZNn+1- ZNn.

Flow Hydrograph. A flow hydrograph may be used as the downstream boundary condition if
recorded gage data is available and the model is being calibrated to a specific flood event. At
time step (n+1)At, the boundary condition from the flow hydrograph is given by the finite
difference equation:

CDQ,AQ, =CDB, (2-117)

where: CDQp, 1,

CDBn, = Qv™- Q"

Single Valued Rating Curve. The single valued rating curve is a monotonic function of stage and
flow. An example of this type of curve is the steady, uniform flow rating curve. The single
valued rating curve can be used to accurately describe the stage-flow relationship of free

outfalls such as waterfalls, or hydraulic control structures such as spillways, weirs or lock and
dam operations. When applying this type of boundary condition to a natural stream, caution
should be used. If the stream location would normally have a looped rating curve, then placing
a single valued rating curve as the boundary condition can introduce errors in the solution. Too
reduce errors in stage, move the boundary condition downstream from your study area, such
that it no longer affects the stages in the study area. Further advice is given in (USACE, 1993).

At time (n+1)At the boundary condition is given by:

D, -D, .
Q, +0AQ, =D, , +ﬁ(zN +Az, -S,,) (2-118)
k — Yk4
Where: Dy = K" discharge ordinate,
Sk = K" stage ordinate.

After collecting unknown terms on the left side of the equation, the finite difference form of
Equation 2-118 is:

CDQ,AQ, +CDZ, Az, =CDB, (2-119)
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where: CDQm =0,
CDZ.= D« - Dka ’
Sk Ska
Dk - D«-
CDBm:QN+Dk—1+M(ZN - S1)-
k™ Ok-1

Normal Depth. Use of Manning's equation with a user entered friction slope produces a stage
considered to be normal depth if uniform flow conditions existed. Because uniform flow
conditions do not normally exist in natural streams, this boundary condition should be used far
enough downstream from your study area that it does not affect the results in the study area.
Manning's equation may be written as:

Q=K(s,f* (2-120)

where: K represents the conveyance and St is the friction slope.

Skyline Solution of a Sparse System of Linear Equations
The finite difference equations along with external and internal boundary conditions and
storage area equations result in a system of linear equations which must be solved for each time
step:

Ax =b (2-121)

in which: A = coefficient matrix,
x = column vector of unknowns,
b = column vector of constants.

For a single channel without a storage area, the coefficient matrix has a band width of five and
can be solved by one of many banded matrix solvers.

For network problems, sparse terms destroy the banded structure. The sparse terms enter and
leave at the boundary equations and at the storage areas. Figure 2-13 shows a simple system
with four reaches and a storage area off of reach 2. The corresponding coefficient matrix is
shown in Figure 2-14. The elements are banded for the reaches but sparse elements appear at
the reach boundaries and at the storage area. This small system is a trivial problem to solve, but
systems with hundreds of cross sections and tens of reaches pose a major numerical problem
because of the sparse terms. Even the largest computers cannot store the coefficient matrix for
a moderately sized problem, furthermore, the computer time required to solve such a large
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matrix using Gaussian elimination would be very large. Because most of the elements are zero, a

majority of computer time would be wasted.

@

Figure 2-13 Simple network with four reaches and a storage area.

XX XX
XXXX Reach 1
XX XX
XX XX
X X X
X X
XX XX
XX XX Reach 2
XX XX
XX XX
X X
X X
XX XX
XX XX Reach 3
XX XX
XX XX
X X
X XX  Storage area
X X X
XXXX
XXXX Reach4
XXXX
XXXX
XX

Figure 2-14 Example Sparse coefficient matrix resulting from simple linear system.
Note, sparse terms enter and disappear at storage areas and boundary equations.
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Three practical solution schemes have been used to solve the sparse system of linear equations:
Barkau (1985) used a front solver scheme to eliminate terms to the left of the diagonal and
pointers to identify sparse columns to the right of the diagonal. Cunge et al. (1980) and
Shaffranekk (1981) used recursive schemes to significantly reduce the size of the sparse
coefficient matrix. Tucci (1978) and Chen and Simons (1979) used the skyline storage scheme
(Bathe and Wilson, 1976) to store the coefficient matrix. The goal of these schemes is to more
effectively store the coefficient matrix. The front solver and skyline methods identify and store
only the significant elements. The recursive schemes are more elegant, significantly reducing
the number of linear equations. All use Gaussian elimination to solve the simultaneous
equations.

A front solver performs the reduction pass of Gauss elimination before equations are entered
into a coefficient matrix. Hence, the coefficient matrix is upper triangular. To further reduce
storage, Barkau (1985) proposed indexing sparse columns to the right of the band, thus, only the
band and the sparse terms were stored. Since row and column operations were minimized, the
procedure should be as fast if not faster than any of the other procedures. But, the procedure
could not be readily adapted to a wide variety of problems because of the way that the sparse
terms were indexed. Hence, the program needed to be re-dimensioned and recompiled for
each new problem.

The recursive schemes are ingenious. Cunge credits the initial application to Friazinov (1970).
Cunge's scheme and Schaffranek's scheme are similar in approach but differ greatly in efficiency.
Through recursive upward and downward passes, each single routing reach is transformed into
two transfer equations which relate the stages and flows at the upstream and downstream
boundaries. Cunge substitutes the transfer equations in which M is the number of junctions.
Schraffranek combines the transfer equations with the boundary equations, resulting in a
system of 4N equations in which N is the number of individual reaches. The coefficient matrix is
sparse, but the degree is much less than the original system.

By using recursion, the algorithms minimize row and column operations. The key to the
algorithm's speed is the solution of a reduced linear equation set. For smaller problems
Gaussian elimination on the full matrix would suffice. For larger problems, some type of sparse
matrix solver must be used, primarily to reduce the number of elementary operations.
Consider, for example, a system of 50 reaches. Schaffranek's matrix would be 200 X 200 and
Cunge's matrix would be 50 X 50, 2.7 million and 42,000 operations respectively (the number of
operations is approximately 1/3 n®> where n is the number of rows).

Another disadvantage of the recursive scheme is adaptability. Lateral weirs which discharge
into storage areas or which discharge into other reaches disrupt the recursion algorithm. These
weirs may span a short distance or they may span an entire reach. The recursion algorithm, as
presented in the above references, will not work for this problem. The algorithm can be
adapted, but no documentation has yet been published.

Skyline is the name of a storage algorithm for a sparse matrix. In any sparse matrix, the non-
zero elements from the linear system and from the Gaussian elimination procedure are to the
left of the diagonal and in a column above the diagonal. This structure is shown in Figure 2-14.
Skyline stores these inverted "L shaped" structures in a vector, keeping the total storage at a
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minimum. Elements in skyline storage are accessed by row and column numbers. Elements
outside the "L" are returned as zero, hence the skyline matrix functions exactly as the original
matrix. Skyline storage can be adapted to any problem.

The efficiency of Gaussian elimination depends on the number of pointers into skyline storage.
Tucci (1978) and Chen and Simons (1979) used the original algorithm as proposed by Bathe and
Wilson (1976). This algorithm used only two pointers, the left limit and the upper limit of the
"L", thus, a large number of unnecessary elementary operations are performed on zero
elements and in searching for rows to reduce. Their solution was acceptable for small problems,
but clearly deficient for large problems. Using additional pointers reduces the number of
superfluous calculations. If the pointers identify all the sparse columns to the right of the
diagonal, then the number of operations is minimized and the performance is similar to the
front solver algorithm.

Skyline Solution Algorithm

The skyline storage algorithm was chosen to store the coefficient matrix. The Gauss elimination
algorithm of Bathe and Wilson was abandoned because of its poor efficiency. Instead a
modified algorithm with seven pointers was developed. The pointers are:

1) IDIA(IROW) - index of the diagonal element in row IROW in skyline storage.

2) ILEFT(IROW) - number of columns to the left of the diagonal.

3) IHIGH(IROW) - number of rows above the diagonal.

4) IRIGHT(IROW) - number of columns in the principal band to the right of the diagonal.
5) ISPCOL(J,IROW) - pointer to sparse columns to the right of the principal band.

6) IZSA(IS) - the row number of storage area IS.

7) IROWZ(N) - the row number of the continuity equation for segment N.

The pointers eliminate the meaningless operations on zero elements. This code is specifically
designed for flood routing through a full network.
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Computational Procedure

The solution of the water surface elevation at all cross sections, storage areas, and 2D
Flow Area cells follows this computational procedure:

1. The solver makes an initial trial at the water surface, flows, derivatives etc...
The unsteady flow equations are solved in the implicit finite difference
matrix solver (we use a solver called the Skyline Matrix solver) for the 1D
nodes. A 2D implicit finite volume solution algorithm is used for the 2D flow
areas (See the 2D Theory section below in this chapter).

2. All computational nodes (cross sections, storage areas, and now 2D cells) are
checked to see if the computed water surface minus the previous values are
less than the numerical solution tolerance.

3. If the error is less than the numerical solution tolerance, then it is finished for
that time step; it uses those answers as the correct solution for the time
step, and moves on to the next time step.

4. If the numerical error is greater than the tolerance at any node, it iterates,
meaning it makes a new estimate of all the derivatives and solves the
equations again.

5. During the iteration process, if it comes up with a solution in which the
numerical error is less than the tolerance at all locations, it is done and it
uses that iteration as the correct answers, and goes on to the next time step.

6. During the iteration (and even first trial) process, the program saves the trial
with the least amount of numerical error as being the best solution so far. All
water surfaces and flows are saved at all locations.

7. Any iteration that produces a better answer, but does not meet the
tolerance, is saved as the current best solution.

8. If the solution goes to the maximum number of iterations (20 by default),
then it prints out a warning. However it uses the trial/iteration that had the
best answer. It also prints out the location that had the greatest amount of
numerical error and the magnitude of that error.

9. This happens even if one of the trials/iterations causes the matrix to go
completely unstable. It still does this process and often can find a trial that is
not unstable, but does not produce an error less than the numerical
tolerance, so it goes with that iteration and moves on.
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2D Unsteady Flow Hydrodynamics

Introduction

The Navier-Stokes equations describe the motion of fluids in three dimensions. In the context of
channel and flood modeling, further simplifications are imposed. One simplified set of equations
is the Shallow Water (SW) equations. Incompressible flow, uniform density and hydrostatic
pressure are assumed and the equations are Reynolds averaged so that turbulent motion is
approximated using eddy viscosity. It is also assumed that the vertical length scale is much
smaller than the horizontal length scales. As a consequence, the vertical velocity is small and
pressure is hydrostatic, leading to the differential form of the SW equations derived in
subsequent sections.

In some shallow flows the barotropic pressure gradient (gravity) term and the bottom friction
terms are the dominant terms in the momentum equations and unsteady, advection, and
viscous terms can be disregarded. The momentum equation then becomes the two dimensional
form of the Diffusion Wave Approximation. Combining this equation with mass conservation
yields a one equation model, known as the Diffusive Wave Approximation of the Shallow Water
(DSW) equations.

Furthermore, in order to improve computation time, a sub-grid bathymetry approach can be
used. The idea behind this approach is to use a relatively coarse computational grid and finer
scale information about the underlying topography (Casulli, 2008). The mass conservation
equation is discretized using a finite volume technique. The fine grid details are factored out as
parameters representing multiple integrals over volumes and face areas. As a result, the
transport of fluid mass accounts for the fine scale topography inside of each discrete cell. Since
this idea relates only to the mass equation, it can be used independent of the version of the
momentum equation. In the sections below, sub-grid bathymetry equations are derived in the
context of both; full Shallow Water (SW) equations and Diffusion Wave (DSW) equations.

In a subsequent section, the grid requirements are laid out and
further notation is defined in order to develop a numerical
solution algorithm.

\\ | The section about numerical methods describes the details of
h : the finite volume implementation. That section details the way
I in which the different terms of the equations are discretized and
| how the non-linear problem is transformed into a system of
I equations with variable coefficients. The global algorithm to
: solve the general unsteady problem is also explained in detail.

datum l
Through this document it will be assumed that the bottom
surface elevation is given by z(x,y); the water depth is h(x,y,t); and the water surface elevation
is:
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H(x,y,t) = z(X,y) + h(x,y,1) (2-122)

Hydraulic Equations

Mass Conservation

Assuming that the flow is incompressible, the unsteady differential form of the mass
conservation (continuity) equation is:

oH o(hu) N a(hv) N
ot OX oy

q=0 (2-123)

where t is time, u and v are the velocity components in the x- and y- direction respectively and q
is a source/sink flux term.

In vector form, the continuity equation takes the form:

aa—T+V-hV+q=O (2-124)

where V=(u,v) is the velocity vector and the differential operator del (V) is the vector of the
partial derivative operators given by v = (8/6x,0/dy)-

Integrating over a horizontal region with boundary normal vector n and using Gauss’ Divergence
theorem, the integral form of the equation is obtained:

%jjde+HVondS+Q:0 (2-125)
Q S

The volumetric region Q represents the three-dimensional space occupied by the fluid. The side
boundaries are given by S. It is assumed that Q represents any flow that crosses the bottom
surface (infiltration) or the top water surface of Q (evaporation or rain). The source/sink flow
term Q is also convenient to represent other conditions that transfer mass into, within or out of
the system, such as pumps. Following the standard sign conventions, sinks are positive and
sources are negative

This integral form of the continuity equation will be appropriate in order to follow a sub-grid
bathymetry approach in subsequent sections. In this context, the volume Q will represent a
finite volume cell and the integrals will be computed using information about the fine
underlying topography.

Sub-grid Bathymetry. Modern advances in the field of airborne remote sensing can provide
very high resolution topographic data. In many cases the data is too dense to be feasibly used
directly as a grid for the numerical model. This presents a dilemma in which a relatively coarse
computational grid must be used to produce a fluid simulation, but the fine topographic
features should be incorporated in the computation.
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The solution to this problem that HEC-RAS uses is

| the sub-grid bathymetry approach (Casulli, 2008).

* | | “,‘ The computational grid cells contain some extra

: ] information such as hydraulic radius, volume and

4 cross sectional area that can be pre-computed from

| the fine bathymetry. The high resolution details are

= " i lost, but enough information is available so that the

‘ ' coarser numerical method can account for the fine
bathymetry through mass conservation. For many
applications this method is appropriate because the

. free water surface is smoother than the bathymetry
so a coarser grid can effectively be used to compute

—o |
the spatial variability in free surface elevation.

In the figure above, the fine grid is represented by the Cartesian grid in gray and the
computational grid is displayed in blue.

The volume triple integral of equation 2-125 represents the volume Q of a horizontally bounded
region. Assuming that it is a function of the water surface elevation H, the first term of the
equation is discretized as:

0 _0(H™)-0(H")
~ | i [da = " (2-126)

where the superscripts are used to index time-steps and the difference between two
consecutive time-steps is At.

If the cells are assumed to have a polygonal shape, the boundary double integral of equation 2-
125Error! Reference source not found. can be written as a sum over the vertical faces of the
volumetric region

[[vends =3V, enA(H) (2-127)
S k

where Vi and ni are the average velocity and unit normal vector at face k and A (H) is the area
of face k as a function of water elevation, in the spirit of the sub-grid bathymetry technique. In
Figure 2-15, the left figure represents the shape of a face as seen in the fine grid and the
corresponding function for face area A in terms of the water surface elevation H.
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face k

Ay

Figure 2-15. Cell Face Terrain Data and Property Table.

Equations 2-126 and 2-127 can be substituted back into equation 2-125 to obtain the sub-grid
bathymetry mass conservation equation:
Q(H n+l)_ Q(H n)
At

+> 'V, onA(H)+Q=0 (2-128)
k

Notice that this equation requires some knowledge of sub-grid bathymetry, mainly the cell
volume Q(H) and the face areas A« (H) as functions of the water elevation H. However, if this
information is not available, the classical “box scheme” can be very easily recovered by making

Q(H)=P*h and Ak (H) = Kk *h , Where P is the cell area, Kk is the length of the edge k (both
independently of H) and h=H-z is the water depth.

Some special considerations will be necessary for dry cells. Notice that in the case where the cell
volume Q is zero, dry cells remain dry until they have a volume gain from balancing an inflow
from one of their faces or from the source term. If the face k of a cell is dry, the area Ay is zero
and the system of equations will be missing the term V, so it is undefined. However, it will be
shown in subsequent sections that the momentum equation for dry cells will yield zero velocity
in the limit. Consequently, the process of wetting and drying is continuous and consistent with
the equations, even though computationally, dry cells must be handled as a special case.

Momentum Conservation
When the horizontal length scales are much larger than the vertical length scale, volume
conservation implies that the vertical velocity is small. The Navier-Stokes vertical momentum
equation can be used to justify that pressure is nearly hydrostatic. In the absence of baroclinic
pressure gradients (variable density), strong wind forcing and non-hydrostatic pressure, a
vertically-averaged version of the momentum equation is adequate. Vertical velocity and
vertical derivative terms can be safely neglected (in both mass and momentum equations). The
shallow water equations are obtained.

—+U—+V g +V
ot OX oy OX

2 2
ou ou a_u: oH t(22+2yl:j—cfu+fv (2-129)
X
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ov ov ov oH o’v 0%
ul 4 V| = +— |-¢c;v+ fu (2-130)
ox® oy
Where u and v are the velocities in the Cartesian directions, g is the gravitational acceleration, v;
is the horizontal eddy viscosity coefficient, cfis the bottom friction coefficient, R is the hydraulic
radius and f is the Coriolis parameter.

The left hand side of the equation contains the acceleration terms. The right hand side
represents the internal or external forces acting on the fluid. The left and right hand side term
are typically organized in such a way in accordance with Newton’s second law, from which the
momentum equations are ultimately derived.

The momentum equations can also be rendered as a single differential vector form. The
advantage of this presentation of the equation is that it becomes more compact and easily
readable. The vector form of the momentum equation is:

%w eVV =—gVH +Vv,V?V —c,V + fk xV (2-131)

where the differential operator del (V' ) is the vector of the partial derivative operators given by
V =(8/0x,8/dy) and k is the unit vector in the vertical direction.

Every term of the vector equation has a clear physical counterpart. From left to right there is the
unsteady acceleration, convective acceleration, barotropic pressure term, eddy diffusion,
bottom friction and Coriolis term.

A dimensional analysis shows that when the water depth is very small the bottom friction term
dominates the equation. As a consequence, equation 2-131 for dry cells takes the limit form V =
0. As before, dry cells are computationally treated as a special case, but the result is continuous
and physically consistent during the process of wetting or drying.

Acceleration. The Eulerian acceleration terms on the left, can be condensed into a Lagrangian
derivative acceleration term taken along the path moving with the velocity term:

DV oV

2V N vewv (2-132)

Dt ot

Other names usually given to this term are substantial, material and total derivative. The use of
the Lagrangian derivative will become evident in subsequent sections when it will be seen that
its discretization reduces Courant number constraints and yields a more robust solution method.

Gravity. If the flow surface is not horizontal, the weight of contiguous water columns with
different heights will produce a pressure gradient referred to in the uniform density case as a
barotropic pressure gradient. This is expressed by the first term on the right hand side of
equation 2-131.

Latitude affects the value of g by as much as £0.3%, due to the rotation of Earth and the
equatorial bulge. According to the Somigliana formula:
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H;
g=g 1+ksin® o (2-133)

| J1-e’sin? o

where @ is latitude, go = 9.7803267715 m/s? ( 32.0876862582 ft/s?) is the gravitational
acceleration at the equator, k =0.0019318514 is the normal gravity constant and e =
0.0066943800 is the square of the eccentricity of the Earth.

Eddy Viscosity. Turbulence is a complex phenomenon of chaotic (turbulent) fluid motion
and eddies spanning a wide range of length scales. Many of the length scales are too small to be
feasibly resolved by a discrete numerical model, so turbulent flow mixing is modeled as a
gradient diffusion process. In this approach, the diffusion rate is cast as the eddy viscosity
coefficient v.

The Eddy viscosity coefficient can be parameterized as follows,
v, = Dhu, (2-134)

where D is a non-dimensional empirical constant and u+ is the shear velocity, which can be
computed as:

U. =+/gRS =g[\/|= o V| (2-135)

176
R

R is the hydraulic radius and S denotes the energy slope, which can be computed using Chézy
formula from the next section, and further simplified using Manning formula, also explained
later.

The diffusion is assumed to be isotropic. The empirical values D, and Dy are assumed to be
identical. The mixing coefficient D is an empirical value that varies with the geometry and
bottom/wall surface. Some values for D are provided in table 5 below:
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Table 5. Eddie Viscosity Transverse Mixing Coefficients

D Mixing Intensity | Geometry and surface

0.11to0 0.26 Little mixing Straight channel, smooth surface

Gentle meanders, moderate surface

0.30to 0.77 Moderate mixing . -
irregularities

2.0to 5.0 Strong mixing Strong meanders, rough surface

Bottom Friction. Using the Chézy formula, the bottom friction coefficient is given by

_ 9V

" C™ R
Cis the Chézy coefficient and R is the hydraulic radius. Notice that the Chézy coefficient is not

dimensionless. It is measured in m¥?/s in the Sl system and ft*?/s in the U.S. customary system.

, Where g is the gravitational acceleration, M is the magnitude of the velocity vector,

Empirical results show that the Chézy coefficient can be approximated using the Gauckler-
Manning-Strickler formula, or Manning’s formula for short. This relation states that the Chézy
coefficient Cis related to the hydraulic radius R by the formula C=R¥¢/n , where n is an
empirically derived roughness coefficient known as Manning’s n. As expected, the coefficient n
is not independent of units and is usually measured in s/m*? in the SI system. To transform to
the U.S. customary system the conversion constant is 1.48592 (ft/m)*>.

Using Manning’s formula, the bottom friction coefficient is now given by:

(2-136)

Coriolis Effect. The last term of the momentum equation relates to the Coriolis Effect. It
accounts for the fact that the frame of reference of the equation is attached to the Earth, which
is rotating around its axis. The vertical component of the Coriolis term is disregarded in
agreement with the shallow water assumptions. The apparent horizontal force felt by any object
in the rotating frame is proportional to the Coriolis parameter given by:

f =2wsing (2-137)

where (, = 0.00007292115855306587/s is the sidereal angular velocity of the Earth and ¢ is the
latitude.

Diffusion Wave Approximation of the Shallow Water Equations
In the previous section, the Manning formula was used to estimate the Chézy coefficient. If
further constraints are assumed on the physics of the flow, a relation between barotropic
pressure gradient and bottom friction is obtained from the diffusion wave form of the
momentum equation. This relation is extremely useful due to its simplicity. However it must be
noted that it can be applied only in a narrower scope than the more general momentum
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equation studied before. Under the conditions described in this section, the Diffusion Wave
equation can be used in place of the momentum equation. It will be seen in subsequent sections
that the corresponding model becomes a one equation model known as the Diffusion Wave
Approximation of the Shallow Water equations (DSW).

Up to this point, we have described the hydraulics for momentum. From now on the discussion
will gear towards the formulation and numerics of the solution. It will be convenient to denote
the hydraulic radius and the face cross section areas as a function of the water surface elevation
H, so R= R(H), A=A(H).

Diffusion-Wave Form of the Momentum Equation. In shallow frictional and gravity
controlled flow; unsteady, advection, turbulence and Coriolis terms of the momentum equation
can be disregarded to arrive at a simplified version. Flow movement is driven by barotropic
pressure gradient balanced by bottom friction. Simplifying the momentum equation results in:

vV _

=-VH 2-138
(R(H)*? (2:438)

Dividing both sides of the equation by the square root of their norm, the equation can be
rearranged into the more classical form,

v - —(R(H)™* VvH

(2-139)
n |VH |1/2

where V is the velocity vector, R is the hydraulic radius, V H is the surface elevation gradient
and n is the empirically derived Manning’s n.

Diffusion-wave approximation of the Shallow Water Equations. When the velocity is
determined by a balance between barotropic pressure gradient and bottom friction, the
Diffusion Wave form of the Momentum equation 2-139 can be used in place of the full
momentum equation and the corresponding system of equations can in fact be simplified to a
one equation model. Direct substitution of Diffusion Wave equation 2-139 in the mass
conservation equation Error! Reference source not found. yields the classical differential form
of the Diffusion Wave Approximation of the Shallow Water (DSW) equations:

oH

/
Where: B = M
n|VH|

If bathymetry information is of interest, the Diffusion Wave equation 2-139 can also be
substituted into the sub-grid bathymetry form of the continuity equation 2-128 to obtain the
equation:
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Q(H “”l; QH")

~> aVH en+Q =0 (2-141)
k

2/3
Where ¢ = a(H ) = (R(H|)) |5‘;<( ) and as seen in equation 2-128, Q(H") is the cell volume
niVH

at time n and A(h) is the area of face k, as functions of water elevation.

Once the DSW equation has been solved, the velocities can be recovered by substituting the
water elevation back into the Diffusion Wave equation 2-140.

Boundary Conditions

At any given time step, boundary conditions must be given at all the edges of the domain.
Within HEC-RAS they can be of three different kinds;

. Water surface elevation: The value of the water surface
elevation H=Hp is given at one of the boundary edges.
. Water surface gradient: The slope of the water surface Sp in

the direction normal to the boundary is imposed. This condition
is expressed as:
VHen=§, (2-142)

. Flow: The flow Q» that crosses the boundary is provided. In the
continuity equation 2-125, this condition is implemented by
direct substitution into the flow formula of the corresponding
boundary faces. More formally, the surface integral in equation
2-125 is constrained by the condition:

[[vends=q, (2-143)

Where the integral is taken over the boundary surface on which the boundary condition applies.

If a sub-grid bathymetry approach is preferred, a constraint on the form of equation 2-128 must
be used and the boundary condition takes the form:

V, en,A(H)=0Q, (2-144)

Where again the index refers to the face on which the boundary condition applies.

Grid and Dual Grid

In order to efficiently take advantage of the numerical methods described later, the domain
must be subdivided into non-overlapping polygons to form a grid. To provide the maximum
flexibility, the solver does not require the grid to be structured or even orthogonal. However if
orthogonality exists in all or part of the grid, the numerical solver will take advantage of it to
improve computational speed. This will be covered in detail in the following section.
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The solver does not have any inherent restrictions with respect to the number of sides of the
polygonal cells (however, we have set a limit of 8 sides for efficiency and saving memory space).
However, it is required that grid cells are convex. It must be emphasized that the choice of a grid
is extremely important because the stability and accuracy of the solution depend greatly on the
size, orientation and geometrical characteristics of the grid elements.

Because of second order derivative terms and the differential nature of the relationship
between variables, a dual grid will be necessary in addition to the regular grid in order to
numerically model the differential equations. The dual grid also spans the domain and is
characterized by defining a correspondence between dual nodes and regular grid cells and
similarly between dual cells and regular grid nodes.
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In the figure above, the grid nodes and edges are represented by dots and solid lines; the dual
grid nodes and edges are represented by crosses and dashed lines.

|ll

From the mathematical point of view sometimes the grid is augmented with a cell “at infinity”
and analogously, the dual grid is augmented with a node “at infinity”. With these extra
additions, the grid and its dual have some interesting properties. For instance, the dual edges
intersect the regular edges and the two groups are in a one-to-one correspondence. Similarly,
the dual cells are in a one-to-one correspondence with the grid nodes and the dual nodes are in
a one-to-one correspondence with the grid cells. Moreover, the dual of the dual grid is the
original grid.

However, in the context of a numerical simulation, extending the grid to infinity is impractical.
The dual grid is therefore truncated by adding dual nodes on the center of the boundary edges
and dual edges along the boundary joining the boundary dual nodes. The one-to-one
correspondences of the infinite model do not carry over to the truncated model, but some
slightly more complex relations can be obtained. For instance, the dual nodes are now in one-to-
one correspondence with the set of grid cells and grid boundary edges. For this reason, the
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boundary edges are considered as a sort of topological artificial cells with no area which are
extremely useful when setting up boundary conditions.

In the context of the equations described in this document, it is convenient to numerically
compute the water surface elevation H at the grid cell centers (including artificial cells), the
velocity perpendicular to the faces (determining the flow transfer across the faces), and the
velocity vector V at the face points.

Numerical Methods

A hybrid discretization scheme combining finite differences and finite volumes is used to take
advantage of orthogonality in grids. The discrete solution for the hydraulic equations is
computed using a Newton-like solution technique explained later.

Finite Difference Approximations

A finite difference scheme expresses a derivative as the difference of two quantities. This
technique has already been tacitly used in equation 2-128, to discretize the volume derivative in
time as the difference of the volumes at times n and n+1 and divided by the time-step At,

@ N Q(H n+1)_Q(H n)
ot At

(2-145)

Finite differences in space work identically. Given two adjacent cells j; and j, with water surface
elevation H; and H; respectively, the directional derivative in the direction n’ determined by the
cell centers is approximated by

oH H,-H,

VH e n’ = ~ ;
on’ An

(2-146)

where An'is the distance between the cell centers.

The orientation of the derivative is important. In the example below (Figure 2-16), the derivative
is oriented from cell i; to cell iz, towards the right of the picture. To reverse orientation, just
reverse the position of the sub-indices.

R -1 = O .
".——7__7__‘ .

Figure 2-16. Cell Directional Derivatives

If the direction n’ happens to be orthogonal to the face between the cells, the grid is said to be
locally orthogonal at this face. This is the situation depicted on the left image in Figure 2-16. In
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this case, the formula above is sufficient to compute the normal water surface derivative of

equation 2-141. In general, this condition is not satisfied and the finite difference technique is
supplemented by a finite volume technique, as will be seen soon.

Finite Volume Approximations

A finite volume approach is used to discretize equation 2-141 when the grid is not locally

orthogonal. Moreover, the finite volume technique will also be used to approximate other
differential terms such as eddy viscosity.

In the spirit of the finite volume technique, the value of the gradient term V H at a grid face is

approximated as an average over dual cells and Gauss’ divergence theorem is applied to obtain
the formula

5£L H ndL
—

VH =~ (2-147)
Where L is the dual cells boundary and A is the area of the dual cells, shaded in the Figure 2-17.
As the dual cells form a polygon, the line integral can be written as a sum over the dual cell
faces. The dual face k" joining dual nodes j; and j, contributes a term ng li(H1+Hz)/2 to the line
integral, where I¢ is the length of dual face k’, n¢ is the unit outward normal vector at dual face

k” and Hj, H; are the water elevation values at the cell centers j; and j; as shown on the figure on
the left.
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Figure 2-17. Cell and Dual Cell Finite Volume Formulation

Grouping terms by cell index j, the finite volume approximation of the gradient becomes the
multi-linear formula
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VH chjHj (2-148)
i

where the sum is over all cells (dual nodes) around the calculation face, H; is the value of the
water elevation at the cell j and the vector constants C; = (nkl’lkl’ + nkglké )/ZA, depend on the
local grid geometry at the dual faces k’; and k’; neighboring dual node (cell) j and the dual area
A’, as seen on the figure. The values |k1r ) Ik; and the unit vectors nk{ , nké represent respectively

the length and the outward normal to the dual faces k’; and k’,.

Directional derivatives in an arbitrary direction T’ are readily computed using the formula

oH , ,
——=VHeT chjHj (2-149)
oT ;

where the scalar constants C;- = (nk1r|k£ + nkg Iké )'T '/(ZA') absorbed the dot product with T".

Applying a similar argument on the grid instead of the dual grid, the gradient of the velocity V vV
can be computed at a grid cell. The argument can be repeated sequentially in order to compute
higher order derivatives. For instance, once V Vis known at all grid cells, the Laplacian terms

V 2V can be computed at the grid nodes by the process described before.

Hybrid Discretization

As seen in previous sections, normal derivatives on the faces of an orthogonal grid can be
approximated using finite differences. If the grid is not locally orthogonal, the normal derivative
must be split as the sum of a finite difference and a finite volume approximation.

Let n be the direction normal to a face and T = k x n be the direction orthogonal to n, where k is
the unit vector in the vertical direction. Similarly, let n” be the direction determined by the cell
centers on both sides of the face and T’ = k x n’ be the direction orthogonal to n’.

An algebraic manipulation yields the relation

oH
on

coH

’

oH
= [ J ! [ ] ! — 2' O
(nen)=—+(neT )aT’ (2-150)

The first derivative on the right hand side is computed using the finite difference approximation,
while the other derivative is computed using the finite volume approximation.

Note that the formula is linear on H. It can be written as

H
VH onza—ch},Hj (2-151)
on 5

where the coefficients ¢’y are a combination of the finite difference terms +1/An’ and the finite
volume terms c’;.
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It is immediately evident that locally orthogonal grids produce two-point discretization stencils,
while non-orthogonal grids require a larger stencil. Consequentially, locally orthogonal grids
yield systems with smaller band-widths that can be solved more efficiently. A pre-process
routine is used to identify regions of local grid orthogonality and advising the discretization
techniques to implement purely finite difference approximations in those regions.

Numerical DSW Solver
Discrete Scheme for DSW Equations. Finite differences are used to discretize time
derivatives and hybrid approximations are used to discretize spatial derivatives. The generalized
Crank-Nicolson method is used to weight the contribution of variables at time steps n and n+1.
Equation 2-141 is rewritten grouping similar terms and taking advantage of the linearity of
equation 2-151,

OH™)+>a,(L-0H! +H™)=d (2-152)

i
where the sum is over all cells around the computational cell where the equation is being
solved. The coefficients aj are a function of terms At and  from equation 2-141 and ¢’y of

equation 2-151. The right hand side term is given by d= Q(H " )— AtQ .

Collecting together terms that refer to the same cell and moving all terms involving time step n
to the right hand side of the equation, the equation takes the form.

Q(H n+l)+ GzajH }‘” —d-(1- g)z a;H] (2-153)
i i

There is an equation of this form for every cell in the domain. Before proceeding, the system of
equation for all cells is written in a more compact vector notation.

Q(H)+¥YH =b (2-154)

Where Q is the vector of all cell volumes, H is the vector of all cell water elevations at time n+1,
W is the coefficient matrix of the system and b is the right-hand-side vector.

If the coefficients are lagged, the system of equations is mildly non-linear due to the
bathymetric relationship for Q as a function of H. The Jacobian (derivative) of Q with respect to
H is given by another bathymetric relationship P(H): the diagonal matrix of cell wet surface
areas. If this information is known, a Newton-like technique can be applied to solve the system
of equations, producing the iterative formula,

-1
H™ =H"—(P(H™)+ ¥ (Q(H")+ wH™ -b) (2-155)
where m denotes the iteration index (not to be confused with the time-step).
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Robustness and Stability. When there are no fluxes the coefficients are a;=0 and Q=0 so
the water surface is identical to the previous step. In particular, dry cells remain dry until water
flows into them.

Equation 2-141 implies that the coefficients a; of equation 2-153 will depend on the value of the
water surface. In order to maintain consistency with the generalized Crank Nicolson method, the

. 1 . .
terms a; must be evaluated at time n+9, H = (l— H)H? +6H ;H , creating a circular dependence

on the solution of the system of equations. This situation is typical of nonlinear systems and is
corrected through iteration. This is presented in steps 5-8 below.

The linearized scheme is unconditionally stable for 1/2 < @ <1. When 0 <1/2 the scheme is
stable if

At < L (2-156)
(Ax) 2-40
When 8=1, the scheme obtained is implicit. It corresponds to using backward differences in time
and positioning the spatial derivatives at step n+1. When 9=1/2, this is the Crank-Nicolson
scheme obtained from central differences in time and positioning the spatial derivatives at
n+1/2.

The linearized scheme is second order accurate in space. The time accuracy depends of the
choice of U; for instance, for 9=1 it is first order accurate and for §=1/2 it is second order
accurate.

Discrete Boundary Conditions. Flow boundary conditions are also discretized;

e The water surface elevation boundary condition is directly
implemented as H"*1=Hp.

e The water energy gradient condition is carried out simply as the
finite volume approximation of equation 2-142.

e The flow boundary condition is similarly implemented as a
condition on the water surface gradient using equation 2-
154Error! Reference source not found., a finite volume
approximation of Manning equation 2-139. A rotation of the local
coordinate system is necessary since in general the direction
normal to the boundary does not coincide with the Cartesian
directions.

Solution Algorithm. The complete solution algorithm is given here:

1. The geometry, local orthogonality and sub-grid bathymetry data is
obtained or pre-computed.

2. Solution starts with H° as the provided initial condition at time-step
n=0.

3. Boundary conditions are provided for the next time step n+1 .

4. Initial guess H"1=H".
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5. Compute the 8-averaged water elevation H = (1-6)H;" + 6H;"*!
and sub-grid bathymetry quantities that depend on it (face areas,
fluid surface areas, hydraulic radii, Manning’s n, etc.).

6. The coefficients aj are computed and the system of equations 2-
154 is assembled.

7. The system of equations 2-154 is solved iteratively using the
Newton-like algorithm with the given boundary conditions to obtain
a candidate solution H"*1.

8. If the residual (or alternatively, the correction) is larger than a
given tolerance (and the maximum number of iterations has not
been reached), go back to step 5; otherwise continue with the next
step.

9. The computed H"*! is accepted and the velocities V"1 can be
calculated using the discrete version of equation 2-139, using
equations 2- 146 and 2-148.

10. Increment n. If there are more time steps go back to step 3,
otherwise end.

The loop provided by steps 5-8 has the purpose of updating the coefficients a; so that the
solution of the nonlinear system (rather than its linearization) is obtained at every time step. As
expected, a fully nonlinear solution has very desirable properties such as wetting several cells or
updating coefficients that are evaluated at time n+3.

The implementation of this algorithm takes full advantage of computational vectorization and
parallelization. For instance, in step 5 the equation H= (1— H)H? +H ;H is computed using

vectorized operations and then in step 6 the coefficients a; are computed in parallel using either
all available cores or a number of cores determined by the user. Similarly, operations in steps 8
and 9 were also vectorized whenever possible. Additionally, the sparse linear system in step 7 is
solved using the Intel MKL PARDISO library. For large sparse linear systems, this solver uses a
combination of parallel left- and right- looking supernode pivoting techniques to improve its
LDU factorization process (Schenk, et al., 2004), (Schenk, et al., 2006). The solution of step 7
takes full advantage of the solver’'s memory efficiency and multi-thread features. Moreover, in
order to reduce overhead, all matrices are stored using the Compressed Sparse Row (CSR)
format consistent with the requirements of Intel PARDISO solver (Schenk, et al., 2011).

Numerical SW Solver
Discrete Scheme for SW Equations. The SW equations express volume and momentum
conservation. The continuity equation is discretized using finite volume approximations. For the
momentum equation, the type of discretization will vary depending on the term. The Crank-
Nicolson method is also used to weight the contribution of variables at time steps n and n+1.
However, the different nature of the equations will call for the use of a more elaborate solver
scheme.
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Mass Conservation. The continuity equation can be assembled following a process that
mimics the construction of the DSW scheme, Equation 2-128 is rewritten grouping terms
according to face index k around a given computational cell,

Q(H n+l) —Q(H n)
At

+ 3+ A (H)(A-0)(uy); +0(uy)™)+Q=0 (2-157)

where At is the time step, and the velocities have been interpolated in time using the
generalized Crank-Nicolson method (which is used to weight the contribution of velocities at
time steps n and n+1 ). Since the momentum equation is rotation invariant, it will be assumed

that T (UN) is in the outward direction orthogonal to the face k. The sign in the summation

term is chosen according to this orientation principle.

Following the same approach used for the DSW equations, the velocities will be expressed as a
linear combination of water surface elevation at neighboring cells and terms will be grouped
according to their spatial and time indices. All terms related to the time step n will be moved to
the right hand side yielding an equation of the form 2-154.

Momentum Equation. Since velocities are computed on the grid faces, the momentum
equations are not located on a computational cell, but rather on a computational face. The
discrete equations are built based on a semi-implicit scheme in which only the acceleration,
barotropic pressure gradient and bottom friction terms contain variables for which the equation
is solved. Other terms of the momentum equation are still computed based on the #-method,
but their contribution is smaller and so they are considered explicit forcing function terms and
moved to the right hand side of the linearized system.

Acceleration

Acceleration terms are discretized using a semi-Lagrangian approach. The Lagrangian form of
the advection shown in equation 2-132 is discretized as a derivative taken along the path
moving with the velocity term:

DV N V n+1 _Vxn
Dt At

(2-158)

Where V" is located at the computational face and V," is evaluated at a location X. This location
is found by integrating the velocity field back in time starting from the location of the
computational face. Location X does not in general correspond to a face, so an interpolation
technique must be applied. Interpolation in general will not be linear, since the cells are not
required to satisfy any constraint in terms of the number of edges. However it is required that
the interpolation algorithm gives consistent values at the boundaries between cells,
independent of which cell is used to compute the interpolation. Due to those conditions an
interpolation technique based on generalized barycentric coordinates is implemented.

Integration of the velocity is done in steps using the interpolated velocity field in each cell. In
practice, this is equivalent to subdividing the integration time step into smaller sub-steps with a
Courant number of one or less and increases the robustness of the computation. In contrast to
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the explicit Eulerian framework, the semi-Lagrangian scheme allows for the use of large time
steps without limiting the stability and with a much reduced artificial diffusion (regarded as the
interpolation error).

Barotropic Pressure Gradient

Recall that the momentum equation is computed at the nodes, but the water elevation term is
computed at the center of the cells. This makes equation 2-148 an ideal candidate to discretize
the barotropic pressure gradient:

—-gVH z—chj((l—e)Hj” +6H;‘*l) (2-159)
j

The sum is over all cells (dual nodes) around the node and the coefficients ¢;are computed as in
equation 2-148 . The gravitational acceleration g accounts for latitudinal variation as specified in
equation 2-133. The sum of 9—weighted terms accounts for the fact that the g-scheme is used

to compute H; at the cell j. As a consequence, the barotropic pressure gradient term will consist
of two parts; an implicit term with weight & and an explicit term with weight 1-0.

Eddy Viscosity

The eddy diffusivity coefficient is implicitly defined in terms of water surface elevations and
velocities. The coefficient must be updated for every iteration of the solution steps 6-10 of the
algorithm presented later.

The computation of the eddy diffusivity starts by calculating the shear velocity u+ using equation
2-135. The shear velocity formula itself relies on other quantities that must be previously
computed;

e The constant of gravitational acceleration g, pre-computed once
using equation 2-133;

e For every time-step and for every face, the hydraulic radius R
which is obtained from the sub-grid bathymetry data. The solver
must maintain a table relating the hydraulic radius to the water
elevation. This table will be pre-computed once from the fine grid
data.

e The Manning’s n, also depends on the sub-grid bathymetry. For
every time-step and for every face this quantity is interpolated
from a pre-computed table.

e The velocity vector is from the previous time-step V=V".

Once the shear velocity is computed at each face, equations 2-134 and 2-135 are used to
calculate the eddy diffusivity tensor.

The Laplacian terms will be computed as a field, at all nodes of the grid and then spatially
interpolated at the location X obtained from the acceleration advection. The Laplacian field is

2-69



Chapter 2— Theoretical Basis for One-Dimensional Flow Calculations

explicit in the numerical solution so it will depend only on values computed for the previous
time step. As a consequence, the Laplacian field is computed only once per time step even if the
solution process requires several iterations as in steps 6-10 of the solution algorithm below.

The Laplacian terms are calculated using a standard finite volume approach. Since the velocity is
known at the nodes, the gradients can be computed for the cells by a simple application of the
Gauss’ Divergence Theorem on a grid cell. Following a recipe completely analogous to the dual
of equation 2-148, the velocity gradient is given by:

A IATA (2-160)

where the sum is over all nodes around a cell and the vector coefficients ¢; are computed from
geometrical characteristics of the grid such as cell areas, face normals and face lengths. Notice
that the velocities are taken from the previous time step.

Once the gradients are known for the cells, the Gauss’ Divergence theorem can now be applied
on a dual cell. Again, an equation analogous to equation 2-148 is:

VA =D d, WV~ d)D eV (2-161)
j T

where, as a dual analogous to the previous equation, the first sum is over all cells around a node
and the vector coefficients d; are computed from the geometry of the dual grid. The last sum on
the right hand side of the equation is now indexed over all nodes around cell j. A linear equation
is obtained expressing the Laplacian of the velocity at a node as a linear combination of the
velocities at and around the node, and then interpolating to any location on the grid.

Once the Laplacian field is known, the Laplacian term is spatially interpolated using generalized

n
barycentric coordinates to obtain (VZV)X . The location X where this quantity is interpolated is
obtained from the acceleration advection.

The eddy diffusion term is finally assembled by multiplying the diffusion coefficient times the
Laplacian term.

Bottom Friction

The bottom friction coefficient ¢fis computed using equation 2-136. As in the previous section,
this term will also depend on other quantities such as the gravitational acceleration, hydraulic
radius, Manning’s n and the velocity.

However, extra care must be taken with the bottom friction due to the fact that the term is used
implicitly in the equations. Since a Crank-Nicolson type of scheme is being used, the coefficient
c¢ris computed from U-averaged variables located at time n+% and is therefore a 9-weighted
average of the corresponding values at times n and n+1. The bottom friction coefficient ¢y is
therefore not computed once per time step, but as many times as iterations are required for
convergence, through the iteration process of steps 6-10, as it will be seen in the algorithm
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description below. At each of those iterations, a new bottom friction term —c/V"*! is computed
similarly to other implicit terms. The velocity V used in the bottom friction formula is completely
implicit for stability purposes.

Coriolis Effect

The Coriolis term is typically the smallest magnitude term in the momentum equations, but it is
also the easiest to compute. The Coriolis parameter fis a pre-computed constant that does not
change between time-steps and does not depend on sub-grid bathymetry. According to the
generalized Crank-Nicolson formula along a streamline, the Coriolis term reduces to:

f(@-owy + o) J

— t(a-oyul + ) (2:162)

fk xV z(

in the Cartesian oriented system used for the velocities. The location X where this quantity is
interpolated is obtained from the acceleration advection.

As with other implicit terms in the momentum equation, this vector is computed once per
iteration.

Normal Velocity. The solution of the momentum equation uses a fractional-step technique.
The first fractional step contains only acceleration and Coriolis terms. The discretization
formulas described above yields a vector equation for the velocity. If the coefficients are lagged,
this equation is linear on the velocity terms V" and V"*! and the water surface elevation terms H"
and H™!, The momentum equation contains some velocity cross-terms arising from the Coriolis
force. Grouping velocity terms yields the formula:

1 —OAtf e iy - 0
u _ [ Ux + (1-6)Atfvy (2-163)
OAtf 1 v ) vy + (L- 9)Atful
where the right hand side is a linear formula in terms of the velocities and water surface

n+l
elevations. An explicit formula for V'™ without any cross-terms is obtained by

g (W (1 -ond Ul +(1- O)AtV] 2168
e a1 VD +(L- O)Atful

The second fractional step adds the pressure gradient, eddy viscosity and bottom friction terms
according to the discretization formulas developed earlier.

Finally, the normal component (uy)™? of the velocity is obtained by a dot product with the face
normal vector and substituting back in the continuity equation 2-157 an equation of the form 2-
154 is obtained.
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Robustness and Stability

When there are no fluxes into a cell the mass conservation equation becomes H:=0, so the water
surface is identical to the previous step. In particular, dry cells remain dry until water flows into
them.

In the momentum equation, as water depth decreases to zero, all forces tend to zero. However,
the bottom friction is the dominant force, so velocities also go to zero in the limit. As a
consequence, it is consistent to assume that dry cells have a flow velocity of zero. The
momentum equation for dry faces becomes dV/0t=0 and dry faces continue to have zero
velocity until water flows into them.

As seen in previous sections, both mass and momentum equations are non-linear. Similarly to
the DSW solver, an iterative process must be applied. This idea is presented in steps 6—9 below.

In contrast with an explicit Eulerian scheme, the semi-Lagrangian scheme for the computation of
acceleration has the advantage of avoiding a CFL condition based on velocity. For the case % < ¢
< 1, the main condition for stability results from the explicit diffusion term,

2
At < B

2-16
oV (2-165)

This condition allows a larger time step than typical stability conditions originating from Eulerian
advection schemes.

The linearized scheme is second order accurate in space. The time accuracy depends of the
choice of 3; for instance, for 9=1 it is first order accurate and for 9=1/2 it is second order
accurate.

Discrete Boundary Conditions

Flow boundary conditions are also discretized,;

e The water surface elevation boundary condition is directly
implemented as H™!=Hj,

e The water surface gradient condition is carried out simply as the finite
volume approximation of equation 2-142.

e The flow boundary condition can be implemented by directly using
equation 2-144. A rotation of the local coordinate system is necessary
since in general the direction normal to the boundary does not coincide
with the Cartesian directions.

Solution Algorithm
The complete solution algorithm is given here:

1. The geometry, local orthogonality and sub-grid bathymetry data is
obtained or pre-computed.
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2. Solution starts with H° and Uy as the provided initial condition at

time-step n=0.
3. Boundary conditions are provided for the next time step n+1.

. n+1 n
Initial guess H"™1 = H" and UN+ = Uy.

5. Compute explicit terms that remain constant through the time step
compute, such as the diffusion Laplacian field.

6. Compute 6—averaged water elevation H =(1- Q)HF +6H Jml and

sub-grid bathymetry quantities that depend on it (face areas, fluid
surface areas, hydraulic radii, Manning’s n, etc.).

7. A system of equations is assembled for the continuity at the cells
as described in the previous sections.

8. The system of equations is solved iteratively using the Newton-like
algorithm with the given boundary conditions to obtain a candidate
solution H"*1,

. 1 . .
9. Velocities U,Tl+ are computed according to equation 2-164.

10. If the residual (or alternatively, the correction) is larger than a
given tolerance (and the maximum number of iterations has not
been reached), go back to step 6; otherwise, continue with the
next step.

11. The computed solution is accepted.

12. Increment n. If there are more time steps go back to step 3,
otherwise end.

The loop provided by steps 6-10 has the purpose of updating the coefficients of the system of
equations, so that the solution of the nonlinear system (rather than its linearization) is obtained
at every time step. As expected, a fully nonlinear solution has very desirable properties such as
wetting several cells and propagating waves though several cells in a single time step.

Similar to the DSW solver, the implementation of this algorithm takes full advantage of
computational vectorization and parallelization. Vectorization is used extensively in terms with
an explicit discretization in terms of algebraic operations, such as the coefficients for diffusion,
Coriolis and bottom friction terms. Simple algebraic steps of the algorithm like steps 4, 6 and 9
are completely vectorized. Parallelization is implemented in terms with a more constructive
description such as algorithms, and conditional statements. Examples of such are the sub-grid
bathymetry table searches, continuity equation coefficients, semi-Lagrangian advection,
barotropic pressure gradient terms and the computation of the Laplacian in the eddy diffusion
term. Similarly, algorithmic operations in steps 7 and 8 were also parallelized.

As in previous sections, the sparse linear system in step 7 is solved using the Intel PARDISO
library, taking full advantage of its memory efficiency and multi-thread features. To reduce
overhead, all matrices are stored using the Compressed Storage Row (CSR) format consistent
with the requirements of PARDISO’s solver (Schenk, et al., 2011).
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CHAPTER 3

Basic Data Requirements

This chapter describes the basic data requirements for performing the one-dimensional flow
calculations within HEC-RAS. The basic data are defined and discussions of applicable ranges for
parameters are provided.

Contents

m General
m Geometric Data
m Steady Flow Data

m Unsteady Flow Data
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General

The main objective of the HEC-RAS program is quite simple - to compute water surface
elevations at all locations of interest for either a given set of flow data (steady flow simulation),
or by routing hydrographs through the system (unsteady flow simulation). The data needed to
perform these computations are divided into the following categories: geometric data; steady
flow data; unsteady flow data; sediment data; and water quality data. Geometric data are
required for any of the analyses performed within HEC-RAS. The other data types are only
required if you are going to do that specific type of analysis (i.e., steady flow data are required
to perform a steady flow water surface profile computation). The current version of HEC-RAS
can perform either steady or unsteady flow computations.

Geometric Data

The basic geometric data consist of establishing the connectivity of the river system (River
System Schematic); cross section data; reach lengths; energy loss coefficients (friction losses,
contraction and expansion losses); stream junction information; storage areas; and 2D Flow
Areas. Hydraulic structure data (bridges, culverts, spillways, weirs, etc...), which are also
considered geometric data, will be described in later chapters.

Study Limit Determination
When performing a hydraulic study, it is normally necessary to gather data both upstream of
and downstream of the study reach. Gathering additional data upstream is necessary in order
to evaluate any upstream impacts due to construction alternatives that are being evaluated
within the study reach (Figure 3-1). The limits for data collection upstream should be at a
distance such that the increase in water surface profile resulting from a channel modification
converges with the existing conditions profile. Additional data collection downstream of the
study reach is necessary in order to prevent any user-defined boundary condition from affecting
the results within the study reach. In general, the water surface at the downstream boundary of
a model is not normally known. The user must estimate this water surface for each profile to be
computed. A common practice is to use Manning’s equation and compute normal depth as the
starting water surface. The actual water surface may be higher or lower than normal depth.
The use of normal depth will introduce an error in the water surface profile at the boundary. In
general, for subcritical flow, the error at the boundary will diminish as the computations
proceed upstream. In order to prevent any computed errors within the study reach, the
unknown boundary condition should be placed far enough downstream such that the computed
profile will converge to a consistent answer by the time the computations reach the
downstream limit of the study.
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Figure 3-1 Example Study Limit Determination

The River System Schematic
The river system schematic is required for any geometric data set within the HEC-RAS system.
The schematic defines how the various river reaches, storage areas, and 2D flow areas are
connected, as well as establishing a naming convention for referencing all the other data. The
river system schematic is developed by drawing and connecting the various hydraulic elements
of the system within the geometric data editor (see Chapter 6 of the HEC-RAS User’s Manual for
details on how to develop the schematic from within the user interface). The user is required to
develop the river system schematic before any other data can be entered.

Each river reach on the schematic is given a unique identifier. As other river reach data are
entered, the data are referenced to a specific reach of the schematic. For example, each cross
section must have a “River”, “Reach” and “River Station” identifier. The river and reach
identifiers defines which reach the cross section lives in, while the river station identifier defines
where that cross section is located within the reach, with respect to the other cross sections for
that reach. The connectivity of reaches is very important in order for the model to understand
how the computations should proceed from one reach to the next. The user is required to draw
each reach from upstream to downstream, in what is considered to be the positive flow
direction. The connecting of reaches is considered a junction. Junctions should only be
established at locations where two or more streams come together or split apart. Junctions
cannot be established with a single reach flowing into another single reach. These two reaches
must be combined and defined as one reach. An example river system schematic is shown in
Figure 3-2.
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Figure 3-2 Example River System Schematic.

The example schematic shown in Figure 3-2 is for a dendritic river system. Arrows are
automatically drawn on the schematic in the assumed positive flow direction. Junctions (red
circles) are automatically formed as reaches are connected. As shown, the user is require to
provide a river and reach identifier for each reach, as well as an identifier for each junction.

HEC-RAS has the ability to model river systems that range from a single reach model to
complicated networks. A “network” model is where river reaches split apart and then come
back together, forming looped systems. An example schematic of a looped stream network is
shown in Figure 3-3.
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Figure 3-3 Example Schematic for a Looped Network of Reaches
The river system schematic shown in Figure 3-3 demonstrates the ability of HEC-RAS to model
flow splits as well as flow combinations. The current version of the steady flow model within
HEC-RAS does not determine the amount of flow going to each reach at a flow split, unless the
user turns on the split flow optimization option.

Cross Section Geometry
Boundary geometry for the analysis of flow in natural streams is specified in terms of ground
surface profiles (cross sections) and the measured distances between them (reach lengths).
Cross sections are located at intervals along a stream to characterize the flow carrying capability
of the stream and its adjacent floodplain. They should extend across the entire floodplain and
should be perpendicular to the anticipated flow lines. Occasionally it is necessary to layout
cross-sections in a curved or dog-leg alignment to meet this requirement. Every effort should be
made to obtain cross sections that accurately represent the stream and floodplain geometry.

An example of laying out cross sections is shown below in Figure 3-4. The general approach to
laying out cross sections is to ensure that the cross sections are perpendicular to the flow lines.
This requires an estimation of what the flow lines will look like in the overbank areas away from
the main channel. One option is to draw a stream center line down the main channel along
what is perceived to be the center of mass of flow. The same thing should be done for the left
overbank and the right overbank. The assumed flow paths for the channel and overbank areas
are shown as dashed lines in Figure 3-4. These lines will not only help in drawing the cross
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sections perpendicular to the flow lines, but they also represent the path for measuring the
reach lengths between the cross sections.

Ineffective Areas
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Figure 3-4 Example Cross Section Layout

Cross sections are required at representative locations throughout a stream reach and at
locations where changes occur in discharge, slope, shape, or roughness, at locations where
levees begin or end and at bridges or control structures such as weirs. Where abrupt changes
occur, several cross sections should be used to describe the change regardless of the distance.
Cross section spacing is also a function of stream size, slope, and the uniformity of cross section
shape. In general, large uniform rivers of flat slope normally require the fewest number of cross
sections per mile. The purpose of the study also affects spacing of cross sections. For instance,
navigation studies on large relatively flat streams may require closely spaced (e.g., 200 feet)
cross sections to analyze the effect of local conditions on low flow depths, whereas cross
sections for sedimentation studies, to determine deposition in reservoirs, may be spaced at
intervals on the order of thousands of feet.

The choice of friction loss equation may also influence the spacing of cross sections. For
instance, cross section spacing may be maximized when calculating an M1 profile (backwater
profile) with the average friction slope equation or when the harmonic mean friction slope
equation is used to compute M2 profiles (draw down profile). The HEC-RAS software provides
the option to let the program select the averaging equation.

Each cross section in an HEC-RAS data set is identified by a River, Reach, and River Station label.
The cross section is described by entering the station and elevation (X-Y data) from left to right,
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with respect to looking in the downstream direction. The River Station identifier may
correspond to stationing along the channel, mile points, or any fictitious numbering system. The
numbering system must be consistent, in that the program assumes that higher numbers are
upstream and lower numbers are downstream.

Each data point in the cross section is given a station number corresponding to the horizontal
distance from a starting point on the left. Up to 500 data points may be used to describe each
cross section. Cross section data are traditionally defined looking in the downstream direction.
The program considers the left side of the stream to have the lowest station numbers and the
right side to have the highest. Cross section data are allowed to have negative stationing values.
Stationing must be entered from left to right in increasing order. However, more than one point
can have the same stationing value. The left and right stations separating the main channel
from the overbank areas must be specified on the cross section data editor. End points of a
cross section that are too low (below the computed water surface elevation) will automatically
be extended vertically and a note indicating that the cross section had to be extended will show
up in the output for that section. The program adds additional wetted perimeter for any water
that comes into contact with the extended walls.

Other data that are required for each cross section consist of: downstream reach lengths;
roughness coefficients; and contraction and expansion coefficients. These data will be discussed
in detail later in this chapter.

Numerous program options are available to allow the user to easily add or modify cross section
data. For example, when the user wishes to repeat a surveyed cross section, an option is
available from the interface to make a copy of any cross section. Once a cross section is copied,
other options are available to allow the user to modify the horizontal and vertical dimensions of
the repeated cross section data. For a detailed explanation on how to use these cross section
options, see chapter 6 of the HEC-RAS user's manual.

Optional Cross Section Properties
A series of program options are available to restrict flow to the effective flow areas of cross
sections. Among these capabilities are options for: ineffective flow areas; levees; and blocked
obstructions. All of these capabilities are available from the "Options" menu of the Cross
Section Data editor.

Ineffective Flow Areas. This option allows the user to define areas of the cross section that will
contain water that is not actively being conveyed (ineffective flow). Ineffective flow areas are
often used to describe portions of a cross section in which water will pond, but the velocity of
that water, in the downstream direction, is close to zero. This water is included in the storage
calculations and other wetted cross section parameters, but it is not included as part of the
active flow area. When using ineffective flow areas, no additional wetted perimeter is added to
the active flow area. An example of an ineffective flow area is shown in Figure 3-5. The cross-
hatched area on the left of the plot represents what is considered to be the ineffective flow.

Two alternatives are available for setting ineffective flow areas. The first option allows the user
to define a left station and elevation and a right station and elevation (normal ineffective areas).
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When this option is used, and if the water surface is below the established ineffective
elevations, the areas to the left of the left station and to the right of the right station are
considered ineffective. Once the water surface goes above either of the established elevations,
then that specific area is no longer considered ineffective.

The second option allows for the establishment of blocked ineffective flow areas. Blocked
ineffective flow areas require the user to enter an elevation, a left station, and a right station for
each ineffective block. Up to ten blocked ineffective flow areas can be entered at each cross
section. Once the water surface goes above the elevation of the blocked ineffective flow area,
the blocked area is no longer considered ineffective.
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Figure 3-5 Cross section with normal ineffective flow areas
Levees. This option allows the user to establish a left and/or right levee station and elevation
on any cross section. When levees are established, no water can go to the left of the left levee
station or to the right of the right levee station until either of the levee elevations are exceeded.
Levee stations must be defined explicitly, or the program assumes that water can go anywhere
within the cross section. An example of a cross section with a levee on the left side is shown in
Figure 3-6. In this example the levee station and elevation is associated with an existing point
on the cross section
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The user may want to add levees into a data set in order to see what effect a levee will have on
the water surface. A simple way to do this is to set a levee station and elevation that is above
the existing ground. If a levee elevation is placed above the existing geometry of the cross
section, then a vertical wall is placed at that station up to the established levee height.
Additional wetted perimeter is included when water comes into contact with the levee wall. An
example of this is shown in Figure 3-7.
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Figure 3-6 Example of the Levee Option
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Figure 3-7 Example Levee Added to a Cross Section

Obstructions. This option allows the user to define areas of the cross section that will be
permanently blocked out. Obstructions decrease flow area and add wetted perimeter when the
water comes in contact with the obstruction. A obstruction does not prevent water from going
outside of the obstruction.

Two alternatives are available for entering obstructions. The first option allows the user to
define a left station and elevation and a right station and elevation (normal obstructions).

When this option is used, the area to the left of the left station and to the right of the right
station will be completely blocked out. An example of this type of obstruction is shown in Figure
3-8.
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Figure 3-8 Example of Normal Obstructions

The second option, for obstructions, allows the user to enter up to 20 individual blocks (Multiple
Blocks). With this option the user enters a left station, a right station, and an elevation for each

of the blocks. An example of a cross section with multiple blocked obstructions is shown in
Figure 3-9.
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Figure 3-9 Example Cross Section WIth Multiple Blocked Obstructions

Reach Lengths
The measured distances between cross sections are referred to as reach lengths. The reach
lengths for the left overbank, right overbank and channel are specified on the cross section data
editor. Channel reach lengths are typically measured along the thalweg. Overbank reach
lengths should be measured along the anticipated path of the center of mass of the overbank
flow. Often, these three lengths will be of similar value. There are, however, conditions where
they will differ significantly, such as at river bends, or where the channel meanders and the
overbanks are straight. Where the distances between cross sections for channel and overbanks
are different, a discharge-weighted reach length is determined based on the discharges in the
main channel and left and right overbank segments of the reach (see Equation 2-3, of chapter
2).

Energy Loss Coefficients
Several types of loss coefficients are utilized by the program to evaluate energy losses: (1)
Manning’s n values or equivalent roughness “k” values for friction loss, (2) contraction and
expansion coefficients to evaluate transition (shock) losses, and (3) bridge and culvert loss
coefficients to evaluate losses related to weir shape, pier configuration, pressure flow, and
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entrance and exit conditions. Energy loss coefficients associated with bridges and culverts will
be discussed in chapters 5 and 6 of this manual.

Manning’s n. Selection of an appropriate value for Manning’s n is very significant to the
accuracy of the computed water surface elevations. The value of Manning’s n is highly variable
and depends on a number of factors including: surface roughness; vegetation; channel
irregularities; channel alignment; scour and deposition; obstructions; size and shape of the
channel; stage and discharge; seasonal changes; temperature; and suspended material and
bedload.

In general, Manning’s n values should be calibrated whenever observed water surface elevation
information (gaged data, as well as high water marks) is available. When gaged data are not
available, values of n computed for similar stream conditions or values obtained from
experimental data should be used as guides in selecting n values.

There are several references a user can access that show Manning's n values for typical
channels. An extensive compilation of n values for streams and floodplains can be found in
Chow’s book “Open-Channel Hydraulics” [Chow, 1959]. Excerpts from Chow’s book, for the
most common types of channels, are shown in Table 3-1 below. Chow's book presents
additional types of channels, as well as pictures of streams for which n values have been
calibrated.
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Table 3-1 Manning's 'n' Values

Type of Channel and Description

A. Natural Streams

1. Main Channels

a. Clean, straight, full, no rifts or deep pools

b. Same as above, but more stones and weeds

c. Clean, winding, some pools and shoals

d. Same as above, but some weeds and stones

e. Same as above, lower stages, more ineffective slopes and

2. Flood Plains

sections

f. Same as "d" but more stones

g. Sluggish reaches, weedy. deep pools

h. Very weedy reaches, deep pools, or floodways with heavy stands
of timber and brush

a. Pasture no brush

1.
2.

Short grass
High grass

b. Cultivated areas

1.
2.
3.
c. Brush
1.

aprwN

d. Trees

No crop
Mature row crops
Mature field crops

Scattered brush, heavy weeds
Light brush and trees, in winter
Light brush and trees, in summer
Medium to dense brush, in winter
Medium to dense brush, in summer

Cleared land with tree stumps, no sprouts
Same as above, but heavy sprouts

Heavy stand of timber, few down trees, little
undergrowth, flow below branches

Same as above, but with flow into branches
Dense willows, summer, straight

3. Mountain Streams, no vegetation in channel, banks usually steep,
with trees and brush on banks submerged

a. Bottom: gravels, cobbles, and few boulders

b. Bottom: cobbles with large boulders

Minimum

0.025
0.030
0.033
0.035
0.040

0.045
0.050
0.070

0.025
0.030

0.020
0.025
0.030

0.035
0.035
0.040
0.045
0.070

0.030
0.050
0.080
0.100

0.110

0.030
0.040

Normal

0.030
0.035
0.040
0.045
0.048

0.050
0.070
0.100

0.030
0.035

0.030
0.035
0.040

0.050
0.050
0.060
0.070
0.100

0.040
0.060
0.100
0.120

0.150

0.040
0.050

Maximum

0.033
0.040
0.045
0.050
0.055

0.060
0.080
0.150

0.035
0.050

0.040
0.045
0.050

0.070
0.060
0.080
0.110
0.160

0.050
0.080
0.120
0.160

0.200

0.050
0.070
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Table 3-1 (Continued) Manning's 'n' Values

Type of Channel and Description

B. Lined or Built-Up Channels

1. Concrete

a.
. Float Finish

. Finished, with gravel bottom
. Unfinished

. Gunite, good section

SKQ Do o 0T

Trowel finish

Gunite, wavy section

. On good excavated rock
. On irregular excavated rock

2. Concrete bottom float finished with sides of:

a.
. Random stone in mortar

© a0 o

Dressed stone in mortar

Cement rubble masonry, plastered

. Cement rubble masonry

Dry rubble on riprap

3. Gravel bottom with sides of:

a. Formed concrete
b. Random stone in mortar
c. Dry rubble or riprap
4. Brick
a. Glazed
b. In cement mortar
5. Metal
a. Smooth steel surfaces
b. Corrugated metal
6. Asphalt
a. Smooth
b. Rough

7. Vegetal lining

Minimum Normal Maximum
0.011 0.013 0.015
0.013 0.015 0.016
0.015 0.017 0.020
0.014 0.017 0.020
0.016 0.019 0.023
0.018 0.022 0.025
0.017 0.020
0.022 0.027
0.015 0.017 0.020
0.017 0.020 0.024
0.016 0.020 0.024
0.020 0.025 0.030
0.020 0.030 0.035
0.017 0.020 0.025
0.020 0.023 0.026
0.023 0.033 0.036
0.011 0.013 0.015
0.012 0.015 0.018
0.011 0.012 0.014
0.021 0.025 0.030
0.013 0.013
0.016 0.016
0.030 0.500
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Table 3-1 (Continued) Manning's 'n' Values

Type of Channel and Description Minimum

C. Excavated or Dredged Channels

1. Earth, straight and uniform

a. Clean, recently completed 0.016
b. Clean, after weathering 0.018
c. Gravel, uniform section, clean 0.022
d. With short grass, few weeds 0.022
2. Earth, winding and sluggish
a. No vegetation 0.023
b. Grass, some weeds 0.025
c. Dense weeds or aquatic plants in deep channels 0.030
d. Earth bottom and rubble side 0.028
e.  Stony bottom and weedy banks 0.025
f.  Cobble bottom and clean sides 0.030
3. Dragline-excavated or dredged
a. No vegetation 0.025
b.  Light brush on banks 0.035
4. Rock cuts
a. Smooth and uniform 0.025
b. Jagged and irregular 0.035
5. Channels not maintained, weeds and brush
a. Clean bottom, brush on sides 0.040
b. Same as above, highest stage of flow 0.045
c. Dense weeds, high as flow depth 0.050
d. Dense brush, high stage 0.080

Normal

0.018
0.022
0.025
0.027

0.025
0.030
0.035
0.030
0.035
0.040

0.028
0.050

0.035
0.040

0.050
0.070
0.080
0.100

Maximum

0.020
0.025
0.030
0.033

0.030
0.033
0.040
0.035
0.040
0.050

0.033
0.060

0.040
0.050

0.080
0.110
0.120
0.140

Other sources that include pictures of selected streams as a guide to n value determination are
available (Fasken, 1963; Barnes, 1967; and Hicks and Mason, 1991). In general, these references

provide color photos with tables of calibrated n values for a range of flows.

Although there are many factors that affect the selection of the n value for the channel, some of
the most important factors are the type and size of materials that compose the bed and banks
of a channel, and the shape of the channel. Cowan (1956) developed a procedure for estimating
the effects of these factors to determine the value of Manning’s n of a channel. In Cowan's
procedure, the value of n is computed by the following equation:
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Where: Ny =  Base value for n for a straight uniform, smooth channel in natural

materials

n, = Value added to correct for surface irregularities

n, = Value for variations in shape and size of the  channel

N, = Value for obstructions
n, = Value for vegetation and flow conditions

M = Correction factor to account for meandering of the channel

A detailed description of Cowan’s method can be found in “Guide for Selecting Manning’s
Roughness Coefficients for Natural Channels and Flood Plains” (FHWA, 1984). This report was
developed by the U.S. Geological Survey (Arcement, 1989) for the Federal Highway
Administration. The report also presents a method similar to Cowan’s for developing Manning’s
n values for flood plains, as well as some additional methods for densely vegetated flood plains.

Limerinos (1970) related n values to hydraulic radius and bed particle size based on samples
from 11 stream channels having bed materials ranging from small gravel to medium size
boulders. The Limerinos equation is as follows:

(0.0926)R"
n= (3-2)

1.16 + 2.0Iog(de

84

Where: R = Hydraulic radius, in feet (data range was 1.0 to 6.0 feet)

d84 = Particle diameter, in feet, that equals or exceeds that of 84 percent of

the particles (data range was 1.5 mm to 250 mm)

The Limerinos equation (3-2) fit the data that he used very well, in that the coefficient of

correlation RZ = 0.88 and the standard error of estimates for values of n/RM = 0.0087.
Limerinos selected reaches that had a minimum amount of roughness, other than that caused
by the bed material. The Limerinos equation provides a good estimate of the base n value. The
base n value should then be increased to account for other factors, as shown above in Cowen's
method.

Jarrett (1984) developed an equation for high gradient streams (slopes greater than 0.002).
Jarrett performed a regression analysis on 75 data sets that were surveyed from 21 different
streams. Jarrett's equation for Manning's n is as follows:
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n=0.39S%¥R7* (3-3)

Where: S = The friction slope. The slope of the water surface can be
used when the friction slope is unknown.

R = The Hydraulic Radius of the main channel at bank full flow.

Jarrett (1984) states the following limitations for the use of his equation:

1. The equations are applicable to natural main channels having stable bed and
bank materials (gravels, cobbles, and boulders) without backwater.

2. The equations can be used for slopes from 0.002 to 0.04 and for hydraulic radii
from 0.5 to 7.0 feet (0.15 to 2.1 m). The upper limit on slope is due to a lack of
verification data available for the slopes of high-gradient streams. Results of
the regression analysis indicate that for hydraulic radius greater than 7.0 feet
(2.1 m), n did not vary significantly with depth; thus extrapolating to larger
flows should not be too much in error as long as the bed and bank material
remain fairly stable.

3. During the analysis of the data, the energy loss coefficients for contraction and
expansion were set to 0.0 and 0.5, respectively.

4. Hydraulic radius does not include the wetted perimeter of bed particles.

5. These equations are applicable to streams having relatively small amounts of
suspended sediment.

Because Manning’s n depends on many factors such as the type and amount of vegetation,
channel configuration, stage, etc., several options are available in HEC-RAS to vary n. When
three n values are sufficient to describe the channel and overbanks, the user can enter the three
n values directly onto the cross section editor for each cross section. Any of the n values may be
changed at any cross section. Often three values are not enough to adequately describe the
lateral roughness variation in the cross section; in this case the “Horizontal Variation of n Value”
should be selected from the “Options” menu of the cross section editor. If n values change
within the channel, the criterion described in Chapter 2, under composite n values, is used to
determine whether the n values should be converted to a composite value using Equation 2-5.

Equivalent Roughness “k”. An equivalent roughness parameter “k”, commonly used in the
hydraulic design of channels, is provided as an option for describing boundary roughness in
HEC-RAS. Equivalent roughness, sometimes called “roughness height,” is a measure of the
linear dimension of roughness elements, but is not necessarily equal to the actual, or even the
average, height of these elements. In fact, two roughness elements with different linear
dimensions may have the same “k” value because of differences in shape and orientation
[Chow, 1959].
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The advantage of using equivalent roughness “k” instead of Manning’s “n” is that “k” reflects
changes in the friction factor due to stage, whereas Manning’s “n” alone does not. This
influence can be seen in the definition of Chezy's “C” (English units) for a rough channel
(Equation 2-6, USACE, 1991):

12.2R}
(3-4)

C= 32.6Iogm[—
k
Where: C = Chezy roughness coefficient
R = hydraulic radius (feet)
k = equivalent roughness (feet)

Note that as the hydraulic radius increases (which is equivalent to an increase in stage), the
friction factor “C” increases. In HEC-RAS, “k” is converted to a Manning’s “n” by using the above
equation and equating the Chezy and Manning’s equations (Equation 2-4, USACE, 1991) to
obtain the following:

English Units:

1/6
__ 1486R (3-5)

32.6 log,, [12.25}

Metric Unit:

1/6
ne— R (3-6)

18 Iogw{lz.zﬂ

where:l = Manning’s roughness coefficient

Again, this equation is based on the assumption that all channels (even concrete-lined channels)
are “hydraulically rough.” A graphical illustration of this conversion is available [USACE, 1991].

Horizontal variation of “k” values is described in the same manner as horizontal variation of
Manning's “n” values. See chapter 6 of the HEC-RAS user’s manual, to learn how to enter k
values into the program. Up to twenty values of “k” can be specified for each cross section.

Tables and charts for determining “k” values for concrete-lined channels are provided in EM
1110-2-1601 [USACE, 1991]. Values for riprap-lined channels may be taken as the theoretical
spherical diameter of the median stone size. Approximate “k” values [Chow, 1959] for a variety
of bed materials, including those for natural rivers are shown in Table 3-2.
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Table 3-2

Equivalent Roughness Values of Various Bed Materials

k

(Feet)
Brass, Cooper, Lead, Glass 0.0001 - 0.0030
Wrought Iron, Steel 0.0002 - 0.0080
Asphalted Cast Iron 0.0004 - 0.0070
Galvanized Iron 0.0005 - 0.0150
Cast Iron 0.0008 - 0.0180
Wood Stave 0.0006 - 0.0030
Cement 0.0013 - 0.0040
Concrete 0.0015 - 0.0100
Drain Tile 0.0020 - 0.0100
Riveted Steel 0.0030 - 0.0300
Natural River Bed 0.1000 - 3.0000

The values of “k” (0.1 to 3.0 ft.) for natural river channels are normally much larger than the
actual diameters of the bed materials to account for boundary irregularities and bed forms.

Contraction and Expansion Coefficients. Contraction or expansion of flow due to changes in the
cross section is a common cause of energy losses within a reach (between two cross sections).
Whenever this occurs, the loss is computed from the contraction and expansion coefficients
specified on the cross section data editor. The coefficients, which are applied between cross
sections, are specified as part of the data for the upstream cross section. The coefficients are
multiplied by the absolute difference in velocity heads between the current cross section and
the next cross section downstream, which gives the energy loss caused by the transition
(Equation 2-2 of Chapter 2). Where the change in river cross section is small, and the flow is
subcritical, coefficients of contraction and expansion are typically on the order of 0.1 and 0.3,
respectively. When the change in effective cross section area is abrupt such as at bridges,
contraction and expansion coefficients of 0.3 and 0.5 are often used. On occasion, the
coefficients of contraction and expansion around bridges and culverts may be as high as 0.6 and
0.8, respectively. These values may be changed at any cross section. For additional information
concerning transition losses and for information on bridge loss coefficients, see chapter 5,
Modeling Bridges. Typical values for contraction and expansion coefficients, for subcritical flow,
are shown in Table 3-3 below.
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Table 3-3

Subcritical Flow Contraction and Expansion Coefficients

Contraction Expansion
No transition loss computed 0.0 0.0
Gradual transitions 0.1 0.3
Typical Bridge sections 0.3 0.5
Abrupt transitions 0.6 0.8

The maximum value for the contraction and expansion coefficient is one (1.0). Note: In general,
the empirical contraction and expansion coefficients should be lower for supercritical flow. In
supercritical flow the velocity heads are much greater, and small changes in depth can cause
large changes in velocity head. Using contraction and expansion coefficients that would be
typical for subcritical flow can result in over estimation of the energy losses and oscillations in
the computed water surface profile. In constructed trapezoidal and rectangular channels,
designed for supercritical flow, the user should set the contraction and expansion coefficients to
zero in the reaches where the cross sectional geometry is not changing shape. In reaches where
the flow is contracting and expanding, the user should select contraction and expansion
coefficients carefully. Typical values for gradual transitions in supercritical flow would be
around 0.01 for the contraction coefficient and 0.03 for the expansion coefficient. As the
natural transitions begin to become more abrupt, it may be necessary to use higher values, such
as 0.05 for the contraction coefficient and 0.2 for the expansion coefficient. If there is no
contraction or expansion, the user may want to set the coefficients to zero for supercritical flow.

Stream Junction Data
Stream junctions are defined as locations where two or more streams come together or split
apart. Junction data consists of reach lengths across the junction and tributary angles (only if
the momentum equation is selected). Reach lengths across the junction are entered in the
Junction Data editor. This allows for the lengths across very complicated confluences (e.g., flow
splits) to be accommodated. An example of this is shown in Figure 3-10.
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Figure 3-10 Example of a Stream Junction

Reach 1

Reach 2

As shown in Figure 3-10, using downstream reach lengths, for the last cross section in Reach 1,
would not adequately describe the lengths across the junction. It is therefore necessary to
describe lengths across junctions in the Junction Data editor. For the example shown in Figure
3-10, two lengths would be entered. These lengths should represent the average distance that
the water will travel from the last cross section in Reach 1 to the first cross section of the
respective reaches.

In general, the cross sections that bound a junction should be placed as close together as
possible. This will minimize the error in the calculation of energy losses across the junction.

In HEC-RAS, for steady flow hydraulic computations, a junction can be modeled by either the
energy equation (Equation 2-1 of chapter 2) or the momentum equation. The energy equation
does not take into account the angle of any tributary coming in or leaving the main stream,
while the momentum equation does. In most cases, the amount of energy loss due to the angle
of the tributary flow is not significant, and using the energy equation to model the junction is
more than adequate. However, there are situations where the angle of the tributary can cause
significant energy losses. In these situations it would be more appropriate to use the
momentum approach. When the momentum approach is selected, an angle for all tributaries of
the main stem must be entered. A detailed description of how junction calculations are made
can be found in Chapter 4 of this manual.
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For Unsteady flow computations, HEC-RAS has two options for the hydraulic computations at a
junction. The default option is a very simple assumption that the water surface computed at the
downstream side of a flow combining junction, is used for the cross sections just upstream of
the junction. If this is not a good assumption (such as for steeper river systems), there is an
option to perform an energy balance across the junction in order to compute the upstream
water surface elevations.

Steady Flow Data

Steady flow data are required in order to perform a steady water surface profile calculation.
Steady flow data consist of: flow regime; boundary conditions; and discharge information (peak
flows or flow data from a specific instance in time).

Flow Regime
Profile computations begin at a cross section with known or assumed starting conditions and
proceed upstream for subcritical flow or downstream for supercritical flow. The flow regime
(subcritical, supercritical, or mixed flow regime) is specified on the Steady Flow Analysis window
of the user interface. Subcritical profiles computed by the program are constrained to critical
depth or above, and supercritical profiles are constrained to critical depth or below. In cases
where the flow regime will pass from subcritical to supercritical, or supercritical to subcritical,
the program should be run in a mixed flow regime mode. For a detailed discussion of mixed
flow regime calculations, see Chapter 4 of this manual.

Boundary Conditions
Boundary conditions are necessary to establish the starting water surface at the ends of the
river system (upstream and downstream). A starting water surface is necessary in order for the
program to begin the calculations. In a subcritical flow regime, boundary conditions are only
necessary at the downstream ends of the river system. If a supercritical flow regime is going to
be calculated, boundary conditions are only necessary at the upstream ends of the river system.
If a mixed flow regime calculation is going to be made, then boundary conditions must be
entered at all ends of the river system.

The boundary conditions editor contains a table listing every reach. Each reach has an upstream
and a downstream boundary condition. Connections to junctions are considered internal
boundary conditions. Internal boundary conditions are automatically listed in the table, based
on how the river system was defined in the geometric data editor. The user is only required to
enter the necessary external boundary conditions. There are four types of boundary conditions
available to the user:

Known Water Surface Elevations - For this boundary condition the user must enter a known
water surface elevation for each of the profiles to be computed.
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Critical Depth - When this type of boundary condition is selected, the user is not required to
enter any further information. The program will calculate critical depth for each of the profiles
and use that as the boundary condition.

Normal Depth - For this type of boundary condition, the user is required to enter an energy
slope that will be used in calculating normal depth (using Manning’s equation) at that location.
A normal depth will be calculated for each profile based on the user-entered slope. In general,
the energy slope can be approximated by using the average slope of the channel, or the average
slope of the water surface in the vicinity of the cross section.

Rating Curve - When this type of boundary condition is selected, a pop up window appears
allowing the user to enter an elevation versus flow rating curve. For each profile, the elevation
is interpolated from the rating curve given the flow, using linear interpolation between the user-
entered points.

Whenever the water surface elevations at the boundaries of the study are unknown; and a user
defined water surface is required at the boundary to start the calculations; the user must either
estimate the water surface, or select normal depth or critical depth. Using an estimated water
surface will incorporate an error in the water surface profile in the vicinity of the boundary
condition. If it is important to have accurate answers at cross sections near the boundary
condition, additional cross sections should be added. If a subcritical profile is being computed,
then additional cross sections need only be added below the downstream boundaries. If a
supercritical profile is being computed, then additional cross sections should be added upstream
of the relevant upstream boundaries. If a mixed flow regime profile is being computed, then
cross sections should be added upstream and downstream of all the relevant boundaries. In
order to test whether the added cross sections are sufficient for a particular boundary condition,
the user should try several different starting elevations at the boundary condition, for the same
discharge. If the water surface profile converges to the same answer, by the time the
computations get to the cross sections that are in the study area, then enough sections have
been added, and the boundary condition is not affecting the answers in the study area.

Discharge Information
Discharge information is required at each cross section in order to compute the water surface
profile. Discharge data are entered from upstream to downstream for each reach. At least one
flow value must be entered for each reach in the river system. Once a flow value is entered at
the upstream end of a reach, it is assumed that the flow remains constant until another flow
value is encountered with the same reach. The flow rate can be changed at any cross section
within a reach. However, the flow rate cannot be changed in the middle of a bridge, culvert, or
stream junction. Flow data must be entered for the total number of profiles that are to be
computed.
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Unsteady Flow Data

Unsteady flow data are required in order to perform an unsteady flow analysis. Unsteady flow
data consists of boundary conditions (external and internal), as well as initial conditions.

Boundary Conditions
Boundary conditions must be established at all of the open ends of the river system being
modeled. Upstream ends of a river system can be modeled with the following types of
boundary conditions: flow hydrograph (most common upstream boundary condition); stage
hydrograph; flow and stage hydrograph. Downstream ends of the river system can be modeled
with the following types of boundary conditions: rating curve, normal depth (Manning’s
equation); stage hydrograph; flow hydrograph; stage and flow hydrograph.

Boundary conditions can also be established at internal locations within the river system. The
user can specify the following types of boundary conditions at internal cross sections: lateral
inflow hydrograph; uniform lateral inflow hydrograph; groundwater interflow; and Internal
Stage and flow hydrograph. Additionally, any gated structures that are defined within the
system (inline, lateral, or between storage areas and/or 2D flow areas) could have the following
types of boundary conditions in order to control the gates: time series of gate openings;
elevation controlled gate; navigation dam; Rules; or internal observed stage and flow.

Initial Conditions
In addition to boundary conditions, the user is required to establish the initial conditions (flow
and stage) at all nodes in the system at the beginning of the simulation. Initial conditions can be
established in two different ways. The most common way is for the user to enter flow data for
each reach, and then have the program compute water surface elevations by performing a
steady flow backwater analysis. A second method can only be done if a previous run was made.
This method allows the user to write a file of flow and stage from a previous run, which can then
be used as the initial conditions for a subsequent run.

In addition to establishing the initial conditions within the river system, the user must define the
starting water surface elevation in any storage areas and 2D flow area that are defined. This is
accomplished from the initial conditions editor. The user can enter a stage for each storage area
within the system. 2D Flow areas have several ways of establishing initial conditions within the
2D flow area.

For more information on unsteady flow data, please review chapter 8 of the HEC-RAS User’s
manual.
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CHAPTER 4

Overview of Optional Capabilities

HEC-RAS has numerous optional capabilities that allow the user to model unique situations.
This chapter describes some of the optional capabilities available for performing a hydraulic
analysis. For additional steady flow computational options, see Chapter 7. For information on
Unsteady Flow computational options, see Chapter 8. Some of the more commonly used option
capabilities include (but not limited to): multiple profile analysis; multiple plan analysis; optional
friction loss equations; cross section interpolation; mixed flow regime calculations; modeling
stream junctions; flow distribution calculations; split flow optimization; pressurized pipe flow;
estimating ungaged area inflows.

Contents

m Multiple Profile Analysis

m Multiple Plan Analysis

m Optional Friction Loss Equations
m Cross Section Interpolation

m Mixed Flow Regime Calculations
m Modeling Stream Junctions

m Flow Distribution Calculations

m Split Flow Optimization
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m Pressurized Pipe Flow

m Estimating Ungaged Area Inflows

Multiple Profile Analysis

HEC-RAS can compute up to 25000 profiles, for the same geometric data, within a single
execution of the steady flow computations. The number of profiles to be computed is defined
as part of the steady flow data. When more than one profile is requested, the user must ensure
that flow data and boundary conditions are established for each profile. Once a multiple profile
computation is made, the user can view output, in a graphical and tabular mode, for any single
profile or combination of profiles.

For an unsteady flow analysis, the user can have detailed output computed for the maximum
water surface profile, as well as profiles that represent specific instances in time during the
unsteady flow simulation. The user can request detailed output for up to 25000 specific time
slices.

Warning, as the number of profiles (steady flow) or time slices (unsteady flow) is increased, the
size of the output files will also increase.

Multiple Plan Analysis

The HEC-RAS system has the ability to compute water surface profiles for a number of different
characterizations (plans) of the river system. Modifications can be made to the geometry
and/or flow data, and then saved in separate files. Plans are then formulated by selecting a
particular geometry file and a particular flow file. The multiple plan option is useful when, for
example, a comparison of existing conditions and future channel modifications are to be
analyzed. Channel modifications can consist of any change in the geometric data, such as: the
addition of a bridge or culvert; channel improvements; the addition of levees; changes in n
values due to development or changes in vegetation; etc. The multiple plan option can also be
used to perform a design of a specific geometric feature. For example, if you were sizing a
bridge opening, a separate geometry file could be developed for a base condition (no bridge),
and then separate geometry files could be developed for each possible bridge configuration. A
plan would then consist of selecting a flow file and one of the geometry files. Computations are
performed for each plan individually. Once the computations are performed for all the plans,
the user can then view output in a graphical and tabular mode for any single plan or
combination of plans.
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Optional Friction Loss Equations

This option can be used in both steady flow and unsteady flow water surface profile
calculations. The friction loss between adjacent cross sections is computed as the product of
the representative rate of friction loss (friction slope) and the weighted-average reach length.
The program allows the user to select from the following previously defined friction loss
equations:

° Average Conveyance (Equation 2-13)

° Average Friction Slope (Equation 2-14)

° Geometric Mean Friction Slope (Equation 2-15)
° Harmonic Mean Friction Slope (Equation 2-16)
° HEC-6 Slope Averaging Method

Any of the above friction loss equations will produce satisfactory estimates provided that reach
lengths are not too long. The advantage sought in alternative friction loss formulations is to be
able to maximize reach lengths without sacrificing profile accuracy.

Equation 2-13, the average conveyance equation, is the friction loss formulation that has been
set as the default method within HEC-RAS. This equation is viewed as giving the best overall
results for a range of profile types (M1, M2, etc). Research (Reed and Wolfkill, 1976) indicates
that Equation 2-14 is the most suitable for M1 profiles. (Suitability as indicated by Reed and
Wolfkill is the most accurate determination of a known profile with the least number of cross
sections.) Equation 2-15 is the standard friction loss formulation used in the FHWA/USGS step-
backwater program WSPRO (Sherman, 1990). Equation 2-16 has been shown by Reed and
Wolfkill to be the most suitable for M2 profiles.

Another feature of this capability is to select the most appropriate of the preceding four
equations on a cross section by cross section basis depending on flow conditions (e.g., M1, S1,
etc.) within the reach. At present, however, the criteria for this automated method (shown in
Table 4-1), does not select the best equation for friction loss analysis in reaches with significant
lateral expansion, such as the reach below a contracted bridge opening.

The selection of friction loss equations is accomplished from the Options menu on the Steady
Flow Analysis window.

4-3



Chapter 4— Overview of Optional Capabilities

Table 4-1 Criteria Utilized to Select Friction Equation

Is friction slope at current cross
section greater than friction slope at
preceding cross section?

Profile Type Equation Used
Subcritical (M1, S1) Yes Average Friction Slope (2-14)
Subcritical (M2) No Harmonic Mean (2-16)
Supercritical (S2) Yes Average Friction Slope (2-14)
Supercritical (M3, S3) No Geometric Mean (2-15)

Cross Section Interpolation

Occasionally it is necessary to supplement surveyed cross section data by interpolating cross
sections between two surveyed sections. Interpolated cross sections are often required when
the change in velocity head is too large to accurately determine the change in the energy
gradient. An adequate depiction of the change in energy gradient is necessary to accurately
model friction losses as well as contraction and expansion losses. When cross sections are
spaced too far apart, the program may end up defaulting to critical depth.

The HEC-RAS program has the ability to generate cross sections by interpolating the geometry
between two user entered cross sections. The geometric interpolation routines in HEC-RAS are
based on a string model, as shown in Figure 4-1
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Figure 4-1 String Model for Geometric Cross Section Interpolation

The string model in HEC-RAS consists of cords that connect the coordinates of the upstream and
downstream cross sections. The cords are classified as “Master Cords” and “Minor Cords.” The
master cords are defined explicitly as to the number and starting and ending location of each
cord. The default number of master cords is five. The five default master cords are based on

the following location criteria:

1. First coordinate of the cross section (May be equal to left bank).
2. Left bank of main channel (Required to be a master cord).

3. Minimum elevation point in the main channel.

4. Right bank of main channel (Required to be a master cord).

5. Last coordinate of the cross section (May be equal to right bank).
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The interpolation routines are not restricted to a set number of master cords. At a minimum,
there must be two master cords, but there is no maximum. Additional master cords can be
added by the user. This is explained in Chapter 6 of the HEC-RAS user's manual, under cross
section interpolation.

The minor cords are generated automatically by the interpolation routines. A minor cord is
generated by taking an existing coordinate in either the upstream or downstream section and
establishing a corresponding coordinate at the opposite cross section by either matching an
existing coordinate or interpolating one. The station value at the opposite cross section is
determined by computing the proportional distance that the known coordinate represents
between master chords, and then applying the proportion to the distance between master
cords of the opposite section. The number of minor cords will be equal to the sum of all the
coordinates in the upstream and downstream sections minus the number of master cords.

Once all the minor cords are computed, the routines can then interpolate any number of
sections between the two known cross sections. Interpolation is accomplished by linearly
interpolating between the elevations at the ends of a cord. Interpolated points are generated at
all of the minor and master cords. The elevation of a particular point is computed by distance
weighting, which is based on how far the interpolated cross section is from the user known cross
sections.

The interpolation routines will also interpolate roughness coefficients (Manning’s n).
Interpolated cross section roughness is based on a string model similar to the one used for
geometry. Cords are used to connect the breaks in roughness coefficients of the upstream and
downstream sections. The cords are also classified as master and minor cords. The default
number of master cords is set to four, and are located based on the following criteria:

1. First coordinate of the cross section (may be equal to left bank).
2. Left bank of main channel.

3. Right bank of main channel.

4. Last coordinate of the cross section (may be equal to right bank).

When either of the two cross sections has more than three n values, additional minor cords are
added at all other n value break points. Interpolation of roughness coefficients is then
accomplished in the same manner as the geometry interpolation.

In addition to the Manning’s n values, the following information is interpolated automatically for
each generated cross section: downstream reach lengths; main channel bank stations;
contraction and expansion coefficients; normal ineffective flow areas; levees; and normal
blocked obstructions. Ineffective flow areas, levees, and blocked obstructions are only
interpolated if both of the user-entered cross sections have these features turned on.

Cross section interpolation is accomplished from the user interface. To learn how to perform
the interpolation, review the section on interpolating in Chapter 6 of the HEC-RAS user's
manual.
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Mixed Flow Regime Calculations

The HEC-RAS software has the ability to perform subcritical, supercritical, or mixed flow regime
calculations. The Specific Force equation is used in HEC-RAS to determine which flow regime is
controlling, as well as locating any hydraulic jumps. The equation for Specific Force is derived
from the momentum equation (Equation 2-37). When applying the momentum equation to a
very short reach of river, the external force of friction and the force due to the weight of water
are very small, and can be ignored. The momentum equation then reduces to the following
equation:

2 2
Q1 ﬂl_'_AlVl:QZ 2 +A2?2 (4-1)

gA gA,
Where: Q = Discharge at each section

3 =Momentum coefficient (similar to alpha)

A = Total flow area

Y = Depth from the water surface to centroid of the area

= Gravitational acceleration

The two sides of the equation are analogous, and may be expressed for any channel section as a
general function:

2 —
SF = Q°/p + AY (4-2)
gA

The generalized function (equation 4-2) consists of two terms. The first term is the momentum
of the flow passing through the channel cross section per unit time. This portion of the equation
is considered the dynamic component. The second term represents the momentum of the static
component, which is the force exerted by the hydrostatic pressure of the water. Both terms are
essentially a force per unit weight of water. The sum of the two terms is called the Specific
Force (Chow, 1959).

When the specific force equation is applied to natural channels, it is written in the following
manner:

2 J—
sF=S P LAY (4-3)

Where: Am = Flow area in which there is motion

At = Total flow area, including ineffective flow areas
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The mixed flow regime calculations for steady flow analysis in HEC-RAS are performed as

follows:

First, a subcritical water surface profile is computed starting from a
known downstream boundary condition. During the subcritical
calculations, all locations where the program defaults to critical depth
are flagged for further analysis.

Next the program begins a supercritical profile calculation starting
upstream. The program starts with a user specified upstream boundary
condition. If the boundary condition is supercritical, the program
checks to see if it has a greater specific force than the previously
computed subcritical water surface at this location. If the supercritical
boundary condition has a greater specific force, then it is assumed to
control, and the program will begin calculating a supercritical profile
from this section. If the subcritical answer has a greater specific force,
then the program begins searching downstream to find a location
where the program defaulted to critical depth in the subcritical run.
When a critical depth is located, the program uses it as a boundary
condition to begin a supercritical profile calculation.

The program calculates a supercritical profile in the downstream
direction until it reaches a cross section that has both a valid subcritical
and a supercritical answer. When this occurs, the program calculates
the specific force of both computed water surface elevations.
Whichever answer has the greater specific force is considered to be the
correct solution. If the supercritical answer has a greater specific force,
the program continues making supercritical calculations in the
downstream direction and comparing the specific force of the two
solutions. When the program reaches a cross section whose subcritical
answer has a greater specific force than the supercritical answer, the
program assumes that a hydraulic jump occurred between that section
and the previous cross section.

The program then goes to the next downstream location that has a
critical depth answer and continues the process.

An example mixed flow profile, from HEC-RAS, is shown in Figure 4-2. This example was
adapted from problem 9-8, page 245, in Chow's "Open Channel Hydraulics" (Chow, 1959).
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Mixed Flow Project Plan: Mixed Flow Plan
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Figure 4-2 Example Mixed Flow Regime Profile from HEC-RAS

As shown in Figure 4-2, the flow regime transitions from supercritical to subcritical just before
the first break in slope.

Modeling Stream Junctions

This option is only available for steady flow water surface profile calculations. Stream junctions
can be modeled in two different ways within HEC-RAS. The default method is an energy based
solution. This method solves for water surfaces across the junction by performing standard step
backwater and forewater calculations through the junction. The method does not account for
the angle of any of the tributary flows. Because most streams are highly subcritical flow, the
influence of the tributary flow angle is often insignificant. If the angle of the tributary plays an
important role in influencing the water surface around the junction, then the user should switch
to the alternative method available in HEC-RAS, which is a momentum based method. The
momentum based method is a one dimensional formulation of the momentum equation, but
the angles of the tributaries are used to evaluate the forces associated with the tributary flows.
There are six possible flow conditions that HEC-RAS can handle at a junction:

1. Subcritical flow - flow combining
2. Subcritical flow - flow split
3. Supercritical flow - flow combining

4. Supercritical flow- flow split
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5. Mixed flow regime - flow combining
6. Mixed flow regime - flow split

The most common situations are the subcritical flow cases (1) and (2). The following is a
discussion of how the energy method and the momentum based method are applied to these
six flow cases.

Energy Based Junction Method
The energy-based method solves for water surfaces across the junction by performing standard
step calculations with the one dimensional energy equation (Equation 2-1). Each of the six cases
are discussed individually.

Case 1: Subcritical Flow - Flow Combining.

An example junction with flow combining is shown in Figure 4-3. In this case, subcritical flow
calculations are performed up to the most upstream section of reach 3. From here, backwater
calculations are performed separately across the junction for each of the two upstream reaches.
The water surface at reach 1, station 4.0 is calculated by performing a balance of energy from
station 3.0 to 4.0. Friction losses are based on the length from station 4.0 to 3.0 and the
average friction slope between the two sections. Contraction or expansion losses are also
evaluated across the junction. The water surface for the downstream end of reach 2 is
calculated in the same manner. The energy equation from station 3.0 to 4.0 is written as
follows:
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Reach 1

Reach 2

Figure 4-3 Example Junction with Flow Combining.
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Case 2: Subcritical Flow - Flow Split

For this case, a subcritical water surface profile is calculated for both reaches 2 and 3, up to river
stations 2.0 and 3.0 (see Figure 4-4). The program then calculates the specific force
(momentum) at the two locations. The cross section with the greater specific force is used as
the downstream boundary for calculating the water surface across the junction at river station
4.0. For example, if cross section 3.0 had a greater specific force than section 2.0, the program
will compute a backwater profile from station 3.0 to station 4.0 in order to get the water surface
at 4.0.
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Reach 3

Figure 4-4 Example Flow Split at a Junction

Currently the HEC-RAS program assumes that the user has entered the correct flow for each of
the three reaches. In general, the amount of flow going to reach 2 and reach 3 is unknown. In
order to obtain the correct flow distribution at the flow split, the user must perform a trial and
error process. This procedure involves the following:

1. Assume an initial flow split at the junction.

2. Run the program in order to get energies and water surfaces at all the locations
around the junction.

3. Compare the energy at stations 2.0 and 3.0. If they differ by a significant
magnitude, then the flow distribution is incorrect. Re-distribute the flow by
putting more flow into the reach that had the lower energy.

4, Run the program again and compare the energies. If the energy at stations 2.0
and 3.0 still differ significantly, then re-distribute the flow again.

5. Keep doing this until the energies at stations 2.0 and 3.0 are within a reasonable
tolerance.

Ideally it would be better to perform a backwater from station 2.0 to 4.0 and also from station
3.0 to 4.0, and then compare the two computed energies at the same location. Since the

program only computes one energy at station 4.0, the user must compare the energies at the
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downstream cross sections. This procedure assumes that the cross sections around the junction
are spaced closely together.

Case 3: Supercritical Flow - Flow Combining

In this case, a supercritical water surface profile is calculated for all of reach 1 and 2, down to
stations 4.0 and 0.0 (see Figure 4-5). The program calculates the specific force at stations 4.0
and 0.0, and then takes the stream with the larger specific force as the controlling stream. A
supercritical forewater calculation is made from the controlling upstream section down to
station 3.0.

ReaCh 1 Reach 2

Reach 3

Figure 4-5 Example Supercritical Flow Combine
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Case 4: Supercritical Flow - Flow Split

In this case a supercritical water surface profile is calculated down to station 4.0 of reach 1 (see
Figure 4-6). The water surfaces at sections 3.0 and 2.0 are calculated by performing separate
forewater calculations from station 4.0 to station 2.0, and then from station 4.0 to 3.0.

l Reach 1

Reach 2 Reach 3

Figure 4-6 Example Supercritical Flow Split

Case 5: Mixed Flow Regime - Flow Combining

In the case of mixed flow, a subcritical profile calculation is made through the junction as
described previously (see Figure 4-7). If the flow remains subcritical during the supercritical flow
calculations, then the subcritical answers are assumed to be correct. If, however, the flow at
either or both of the cross sections upstream of the junction is found to have supercritical flow
controlling, then the junction must be re-calculated. When one or more of the upstream
sections is supercritical, the program will calculate the specific force of all the upstream
sections. If the supercritical sections have a greater specific force than the subcritical sections,
then the program assumes that supercritical flow will control. The program then makes a
forewater calculation from the upstream section with the greatest specific force (let’s say
section 4.0) to the downstream section (section 3.0).
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Reach 3

Figure 4-7 Example of Mixed Flow Regime at a Flow Combine

The program next computes the specific force of both the subcritical and supercritical answers
at section 3.0. If the supercritical answer at section 3.0 has a lower specific force than the
previously computed subcritical answer, then the program uses the subcritical answer and
assumes that a hydraulic jump occurred at the junction. If the supercritical answer has a greater
specific force, then the program continues downstream with forewater calculations until a
hydraulic jump is encountered. Also, any upstream reach that is subcritical must be
recomputed. For example, if reach two is subcritical, the water surface at section 0.0 was based
on a backwater calculation from section 3.0 to 0.0. If section 3.0 is found to be supercritical, the
water surface at section 0.0 is set to critical depth, and backwater calculations are performed
again for reach 2. If there are any reaches above reach 2 that are affected by this change, then
they are also recomputed.
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Case 6: Mixed Flow Regime - Split Flow

l Reach 1

Reach 2 Reach 3

Figure 4-8 Example of Mixed Flow Regime at a Flow Split

In this case, a subcritical profile through the junction is computed as described previously. If
during the supercritical flow pass it is found that section 4.0 (Figure 4-8) is actually supercritical,
the program will perform forewater calculations across the junction. The program will make a
forewater calculation from section 4.0 to 2.0 and then from 4.0 to 3.0. The program will then
calculate the specific force of the subcritical and supercritical answers at sections 2.0 and 3.0.
Which ever answer has the greater specific force is assumed to be correct for each location.
Normal mixed flow regime calculations continue on downstream from the junction.

Momentum Based Junction Method

The user can choose a momentum-based method to solve the junction problem instead of the
default energy based method. As described previously, there are six possible flow conditions at
the junction. The momentum-based method uses the same logic as the energy based method
for solving the junction problem. The only difference is that the momentum-based method
solves for the water surfaces across the junction with the momentum equation.

Also, the momentum equation is formulated such that it can take into account the angles at
which reaches are coming into or leaving the junction. To use the momentum based method,
the user must supply the angle for any reach who’s flow lines are not parallel to the main stem’s
flow lines. An example of a flow combining junction is shown below in Figure 4-9. In this
example, angles for both reaches 1 and 2 could be entered. Each angle is taken from a line that

is perpendicular to cross-section 3.0 of reach 3.
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Figure 4-9 Example Geometry for Applying the Momentum Equation to a Flow
Combining Junction

For subcritical flow, the water surface is computed up to section 3.0 of reach 3 by normal
standard step backwater calculations. If the momentum equation is selected, the program
solves for the water surfaces at sections 4.0 and 0.0 by performing a momentum balance across
the junction. The momentum balance is written to only evaluate the forces in the X direction
(the direction of flow based on cross section 3.0 of reach 3). For this example the equation is as
follows:

SFy =Sk, cos6, - F,  +W, +SFcos0,-F, +W, (4-5)

Where: SF = Specific Force (as define in Equation 4-3)

The frictional and the weight forces are computed in two segments. For example, the friction
and weight forces between sections 4.0 and 3.0 are based on the assumption that the centroid
of the junction is half the distance between the two sections. The first portion of the forces are
computed from section 4.0 to the centroid of the junction, utilizing the area at cross section 4.0.
The second portion of the forces are computed from the centroid of the junction to section 3.0,
using a flow weighted area at section 3.0. The equations to compute the friction and weight
forces for this example are as follows:
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Forces due to friction:

Fi. = St Lo A, 06, + S, , Ligp Q (4-6)
- 2 2 Q;
L ~ L..0
=S, —~2Acosf, +S¢,, ——=2A =2 4-7
fos fo 5 A 2 fo 5 A; Q, (4-7)

Forces due to weight of water:

L L
W, =S, —=2A,c080,+S, —2A Q (4-8)
4-3 4-3 2 4-3 2 Q3
W, =S, Los A, cosf, + S, ﬂAs Q
0-3 0-3 2 0-3 2 QS (4_9)

To solve the momentum balance equation (Equation 4-5) for this example, the following
assumptions are made:

1. The water surface elevations at section 4.0 and 0.0 are solved
simultaneously, and are assumed to be equal to each other. This is a rough
approximation, but it is necessary in order to solve Equation 4-5. Because of
this assumption, the cross sections around the junction should be closely
spaced in order to minimize the error associated with this assumption.

2. The area used at section 3.0 for friction and weight forces is distributed
between the upper two reaches by using a flow weighting. This is necessary
in order not to double account for the flow volume and frictional area.

When evaluating supercritical flow at this type of junction (Figure 4-9), the water surface
elevations at sections 4.0 and 0.0 are computed from forewater calculations, and therefore the
water surface elevations at section 3.0 can be solved directly from equation 4-5.

For mixed flow regime computations, the solution approach is the same as the energy based

method, except the momentum equation is used to solve for the water surfaces across the
junction.

An example of applying the momentum equation to a flow split is shown in Figure 4-10 below:
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Reach 1

Reach 2

Figure 4-10 Example Geometry for Applying the Momentum Equation

To a Flow Split Type of Junction

For the flow split shown in Figure 4-10, the momentum equation is written as follows:

Sk, =SF,cos6, + F, -W, +SF,cos6, F, -W, (4-10)

Xy

For subcritical flow, the water surface elevation is known at sections 2.0 and 3.0, and the water
surface elevation at section 4.0 can be found by solving Equation 4-10. For supercritical flow,
the water surface is known at section 4.0 only, and, therefore, the water surface elevations at
sections 3.0 and 2.0 must be solved simultaneously. In order to solve Equation 4-10 for
supercritical flow, it is assumed that the water surface elevations at sections 2.0 and 3.0 are
equal.

Mixed flow regime computations for a flow split are handled in the same manner as the energy
based solution, except the momentum equation (Equation 4-10) is used to solve for the water
surface elevations across the junction.
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Flow Distribution Calculations

The general cross section output shows the distribution of flow in three subdivisions of the cross
section: left overbank, main channel, and the right overbank. Additional output, showing the
distribution of flow for multiple subdivisions of the left and right overbanks, as well as the main
channel, can be requested by the user.

The flow distribution output can be obtained by first defining the locations that the user would
like to have this type of output. The user can either select specific locations or all locations in
the model. Next, the number of slices for the flow distribution computations must be defined
for the left overbank, main channel, and the right overbank. The user can define up to 45 total
slices. Each flow element (left overbank, main channel, and right overbank) must have at least
one slice. The user can change the number of slices used at each of the cross sections. The final
step is to perform the normal profile calculations. During the computations, at each cross
section where flow distribution is requested, the program will calculate the flow (discharge),
area, wetted perimeter, percentage of conveyance, hydraulic depth, and average velocity for
each of the user defined slices. For further details on how to request and view flow distribution
output, see Chapters 7 and 8 of the HEC-RAS User’s manual.

The computations for the flow distribution are performed after the program has calculated a
water surface elevation and energy by the normal methodology described in Chapter 2 of this
manual. The flow distribution computations are performed as follows:

1. First, the water surface is computed in the normal manner of using the
three flow subdivisions (left overbank, main channel, and right overbank),
and balancing the energy equation.

2. Once a water surface elevation is computed, the program slices the cross
section into the user defined flow distribution slices, and then computes an
area, wetted perimeter, and hydraulic depth (area over top width) for each
slice.

3. Using the originally computed energy slope ( Sf ), the cross section
Manning’s n values, the computed area and wetted perimeter for each slice,
and Manning’s equation, the program computes the conveyance and
percentage of discharge for each of the slices.

4. The program sums up the computed conveyance for each of the slices. In
general, the slice computed conveyance will not be the same as the
originally computed conveyance (from the traditional methods for
conveyance subdivision described in Chapter 2 of this manual). Normally, as
a cross section is subdivided further and further, the computed conveyance,
for a given water surface elevation, will increase.

5. Inorder to correct for the difference in computed conveyances, the
program computes a ratio of the original total conveyance (from the normal
calculations) divided by the total slice conveyance. This ratio is then applied
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to each of the slices, in order to achieve the same conveyance as was
originally computed.

6. The final step is to compute an average velocity for each slice. The average
velocity is computed by taking the discharge and dividing by the area for
each of the user defined slices.

An example of the flow distribution output is shown in Figure 4-11.

B Flow Distribution Output 1 w =

File Type Options Help

River: ICrih’ﬁI Cr. ;I Profile: IlDO ¥r ;I
Reach IUpper Reach j RS: |12 j ﬂﬁPlan: IExist Cond j
Plan: Exist Cond Critical Cr.  Upper Reach RS: 12 Profile: 100
Pos | LeftSta Right 5ta Flow Area W.P, Percent Hydr Velodity Shear Power
(ft) (ft) (cfs) (sq ft) (ft) Conv__ |Depth{ft) | (ft/s) | {bfsqft) | (b/fts)

1(LOE |0.00 144,00 1188,86 424,30 122,50 13.21 3.48 2.80 1.48 4,15
2(LOB | 144.00 288.00 1047.96 | 420.84 145.02 11.64 2.82 2.49 1.24 3.09
3|LOB |2B88.00 432.00 1329.09 |485.54 145,17 14.77 3.37 274 1.43 3.92
4(LOB [432.00 576.00 1061.19 | 422.84 144.01 11.79 2.54 2.51 1.26 3.15
5(LOB |576.00 720,00 901,16 383,44 144,11 10,01 2,66 2,35 1.14 2.68
6|Chan | 720.00 724.50 40.64 10,27 5.67 0.45 2.28 3.96 0.77 3.07
7|Chan | 724.50 729,00 190,14 26,30 5.89 2,11 5.84 7.23 1.91 13.82
8|Chan | 729.00 733.50 447.72 41.90 5.22 4,97 9.31 10.68 3.44 36.71
9| Chan | 733.50 738.00 600,64 47.52 4,60 8.67 10,56 12.64 4,492 55.89

10 |Chan [ 733.00 742.50 669.24 50.61 4,58 s 11.25 13.22 4,73 62.55
11|Chan | 742,50 747.00 603,69 47.85 4.64 68.71 10.63 12,62 4.41 55.62

12 |Chan | 747.00 751.50 4138.81 39.86 5.09 4.65 8.86 10.51 3.35 35.21

13| Chan | 751.50 756,00 245,25 28,89 5.08 2,73 6.42 8,49 2,43 20,66
14|Chan [ 756.00 760.50 120.56 18.77 5.01 1.34 4,17 6.42 1.60 10.29

15| Chan | 760.50 765.00 34.29 83.83 5.01 0.38 1.86 3.89 0.75 2,93 -

5, Warnings and Motes
Warning: The velodty head has changed by more than 0.5 ft (0.15 m). This may indicate the need for additional cross
sections.
Warning: The energy loss was greater than 1.0 ft (0.3 m). between the current and previous cross section. This may indicate
the need for additional cross sections.

}:Inw in subsection defined by left and right stations

Figure 4-11 Output for the Flow Distribution Option.

In general, the results of the flow distribution computations should be used cautiously.
Specifically, the velocities and percentages of discharge are based on the results of a one-
dimensional hydraulic model. A true velocity and flow distribution varies vertically as well as
horizontally. To achieve such detail, the user would need to use a three-dimensional hydraulic
model, or go out and measure the flow distribution in the field. While the results for the flow
distribution, provided by HEC-RAS, are better than the standard three subdivisions (left
overbank, main channel, and right overbank) provided by the model, the values are still based
on average estimates of the one-dimensional results. Also, the results obtained from the flow
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distribution option can vary with the number of slices used for the computations. In general, it
is better to use as few slices as possible.

Split Flow Optimization

This feature is for Steady Flow Analyses only. The HEC-RAS software has the capability to
optimize flow splits at lateral weirs/spillways, hydraulic connections, storage areas, and stream
junctions. This feature is available by selecting “Split Flow Optimizations” from the “Options”
menu of the Steady Flow Analysis” window. When this option is selected, a window will appear
as shown below.

Steady Flow Analysis - Flow Optimization

Junctions 5...Lat§:[al.SHJ..lEhJ[ESJHiHEESiaﬂS.EI Reach-Storage Areas | Pumps

River Reach RS
Spruce Creek  |Upper River 1150 LS

Figure 4-12 Split Flow Optimization Window

When the split flow optimization is turned on, the program will calculate a water surface profile
with the first assumed flows. From the computed profile, new flows are calculated for the
hydraulic structures and junctions and the profile is re-run. This process continues until the
calculated and assumed flows match within a given tolerance. For more information on split
flow optimization, please review Example 15 of the Applications Guide.
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Pressurized Pipe Flow

HEC-RAS has the ability to model pressurized pipe flow for both steady flow and unsteady flow
analyses. Pipes (other than culverts through a roadway, which are handled with the culvert
hydraulics routines) can be modeled by using cross sections (to represent the bottom half of the
pipe/tunnel) with the Lid option to represent the top of the pipe. An example plot of cross
sections with a lid is shown in Figure 4-13.

Tunnel Test Data set Plan: 5X5 Tunnel StageFlow Tunnel Test Data set Plan: 1) 5X5
River = Tunnel Reach =Reachl Upstreamend River = Tunnel Reach=Reachl Upstreamend
) 015 1 | 015 %
Legend
1109 _eg.en_ 106 Legend
Ground —
L]
Bark Sta 104 Gro:md
Bank Sta
1051 102
~ 100
£
g g
é 100 kS 98
H 8
] ]
96
957 94
92
907 *® [ O s e L £ s B E s B
—————— 0 1 2 3 4 5
0 1 2 3 4 5 .
) Station (ff)
Station (ft)

Figure 4-13 Example Cross Sections with Lids

Steady Flow Hydraulics. For a steady flow analyses the program solves the energy equation,
just as it normally would for any cross section. The only difference is that the area and wetted
perimeter are limited to the open area between the cross section bottom and lid. When the
program computes a water surface greater than the top of the open conduit, the water surface
line is representative of the hydraulic gradeline. The flow area and wetted perimeter are still
being computed from the available open area, but the balance of the energy equation requires
the computation to use the hydraulic gradeline instead of the water surface elevation in order
to achieve a balance of energy. An example of this is shown in Figure 4-14.
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Tunnel Test Data set Plan: 5 ft Circular Tunnel

Tunnel Reachl
120 1 Legend

Energy Gradeline
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Figure 4-14 Water Surface Profile with Hydraulic Gradeline and Energy

For steady flow hydraulics, the user is not required to turn on any special option to get this to
work. Just simply add the lid to any cross sections and this will happen when the energy
equation is solved. Note: If the user does not make the top of the lid high enough, and the
hydraulic gradeline (water surface elevation) goes above the top of the lid, the program will
use the area above the lid as available flow area.

Unsteady Flow Hydraulics. For unsteady flow hydraulic computations, the modeling of
pressurized conduit flow requires the use of Priessmann Slot theory. Closed conduits can
experience both open channel flow and pressure flow within the same pipe. Generally, pressure
flow is most often analyzed using waterhammer equations, which are presented below for a
circular pipe (Streeter and Wylie, 1979).

Momentum:

fv
V%+ﬂ+la—h+gsin9+ﬂ:0 (4-11)
ox ot pox 2D
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Continuity:
itv@ a—h)+a28—\/=o (4-12)
p\ oOx ot oX
Where: vV = Velocity
h = piezometric head
p = fluid density
g = gravity
6 = bed slope
f = Darcy-Weisbach friction factor
D = Pipe diameter
t = time
X = distance

These hyperbolic partial differential equations describe the translation of pressure waves
through an elastic medium. Impulses travel at a rate given by the characteristic directions:

dx

—~ -V +a (4-13)
dt

Because the wave celerity a is on the order of 1000 times larger than the water velocity V, the
advective terms in equations 14-11 and 14-12 are often dropped and the characteristic
directions become (Streeter and Wylie, 1979):

X _ta (4-14)

For pressure flow, the celerity of an acoustic wave (sound wave) with a correction for elasticity

of the conduit material is:
1 Dec )|
C
a= E[E+ - el ﬂ (4-15)

Where: Yy = specific weight of water
K = bulk modulus of elasticity of water
D = Conduit diameter
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e = conduit thickness
G = conduit support parameter, typically 0.91
E = Young’s modulus of elasticity

If the conduit is buried or bored through rock, e is large and the elasticity correction becomes

insignificant, hence:

0.5

a= (g 5) (4-16)
v

If the bulk modulus of elasticity K is 43.2 x 10° Ibs/ft?, then the celerity a = 4721 ft/s.

The shallow water equations, can be written using velocity V and depth h as the
dependent variables.

Momentum:
oV oV oh
—+V—+g—+g9l|S, -S,)=0 (4-17)
ot ox | 9ax 9(8, -3,
Continuity:
Twa—h+VTwa—h+ AY _o (4-18)
ot OX OoX
Where: A = the cross-sectional area

Tw Top width of the flow

Like the water hammer equations, these equations are hyperbolic partial differential equations
for which the impulses travel at a rate given by characteristic directions:

dx

—=V+c (4-19)
dt

In the above equation, c is the celerity of a gravity wave. The celerity of a gravity wave is:

c=./gD (4-20)
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Where: C

the wave celerity
D = the hydraulic depth, A/Tw

Equations 4-16 and 4-20 are identical except for the values of the wave celerities. Recognizing
this fact, Priessmann (Cunge et al., 1980) suggested that pressure waves can be approximated
by the shallow water equations if the celerity c is set to the acoustic celerity. Priessmann
proposed the insertion of a slot of constant width and infinite height above the top of the
conduit (Figure 4-15).

Orleans Parish Example Madel Plan: Katrina Existing Conditions Mo Slats

023 3

Priessmann Slot

Elervation (i)

Station (1)

Figure 4-15 Box shaped Pipe with Priessmann Slot.

The width of the slot is determined by equating the wave celerity of a gravity wave (equation
14-20) to the acoustic wave celerity (14-16) and solving for the top width:

T, = Ar (4-21)
K
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In which A is the full flow area of the pipe (not including the slot). Thus the wave celerity of a
gravity wave , when the water surface is in the slot, is equivalent to that of an acoustic wave.
The procedure has great utility in that both open channel flow and pressure flow can be solved
with the same equation set in the same model. The penalty in accuracy is a very slight
attenuation due to the increase in area associated with the slot. However, because the total
slot area at a head of 200 ft is 2.98 x 10 times the area, the increase in storage is negligible.

Within HEC-RAS the user can model any shape of pipe by entering the bottom half as a
cross section and the top half as the lid. The Priessmann slot method is an option that must be
turned on for each cross section that has a lid. To learn how to turn this option on in the User
Interface, please review the section called “Modeling Pressurized Pipe Flow” in Chapter 6 of the
HEC-RAS User’s manual.

During the unsteady flow calculations, as flow transitions from open channel flow to
pressure flow, there can be a significant drop in conveyance as the water hits the top of the pipe
and pressurizes. This is due to the large increase in wetted perimeter (friction) with little
increase in flow area. Thus, the computed conveyance will drop as the water hits the top of the
pipe. This drop in conveyance can cause an instability in the numerical solution as flow
transitions from open channel flow to pressure flow. Because of this, the conveyance curves
computed by HEC-RAS are cut off at the conveyance associated with a full flowing pipe, rather
than going up to the theoretical maximum conveyance (right before the pipe pressurizes) and
then coming back down to the full flowing pipe value (see Figure 14-16).
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Figure 14-16 Theoretical and Computed Conveyance
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Estimating Ungaged Area Inflows

Estimating ungaged inflow is a new feature for HEC-RAS version 4.0. In order to use this option,
a given reach must have an upstream hydrograph boundary, a downstream hydrograph
boundary, and one or more additional internal boundaries. The internal boundary (or
boundaries) is typically a stream gage location. An estimate of the ungaged inflow can be made
between the upstream boundary and the gage (or between two gages). The ungaged inflow is
estimated by creating a Double Boundary Condition(s) (DBC) at the location of the gage(s) (the
UNET program referred to this as a Null Internal Boundary Condition), and breaking the given
reach up into one or more “routing reaches.” A routing reach is a section of river between two
gages, or between a gage and the upstream boundary.

The ungaged inflow is optimized to reproduce either a stage hydrograph or a flow hydrograph at
the DBC station. When optimizing the stage hydrograph, the reproduction of flow is secondary,
being dependent on the calibration of the model. Similarly, when optimizing the flow
hydrograph, the reproduction of stage is secondary, also being dependent on the calibration of
the model. Optimizing stage is generally used for flood forecast modeling, where stage accuracy
is the primary goal. Optimizing flow is used whenever the observed flow record must be
maintained, such as a period of record frequency analysis. In either case, the ungaged inflow
compensates for all the errors in the measurement of stage and flow, for systematic changes in
roughness and geometry that may not be included in the model, and any other errors in
calibration, data, or the numerical solution. Hence, great care should be exercised when using
this feature.

In order to compute the ungaged inflow, the user should start with a calibrated HEC-RAS river
model. In addition, the user will have to specify: observed internal hydrographs (stage or stage
and flow); the location and distribution of the ungaged flows; maximum number of ungaged
flow iterations; tolerances; simultaneous or sequential optimization; ungaged hydrograph time
interval; and optional maximum and minimum ungaged inflow. (This is covered in detail
below.) After the data has been entered, HEC-RAS can compute the ungaged inflow in a single
program execution (the program will automatically lag the inflows and rerun the model). The
final ungaged lateral inflow hydrograph(s) will be output to DSS. The results can be viewed from
inside HEC-RAS, or used with any other DSS compatible program.

Theory
The DBC is inserted between two identical cross-sections that are separated by a small distance
(HEC-RAS creates the identical cross-section automatically). Given the small distance, the DBC
assumes that the stage and flow at the two cross-sections should be the same; hence, if the
upstream cross-section is number j, then

Z;‘ =2"

j+l

QT = Q?Jrl

(4-22)
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in which Z is the stage and Q is the flow.

When optimizing stage, the river reach is effectively broken into two routing reaches. The stage
hydrograph is used as the new downstream boundary for the upstream reach and the stage
hydrograph is used as the new upstream boundary for the downstream reach; cross-sections j
and j+1 are the downstream and upstream boundaries respectively.

When optimizing flow, the flow hydrograph is applied as the upstream boundary at cross-
section j+1 and serves as the upstream boundary of the downstream reach. The stage
hydrograph is still applied at cross-section j and serves as the downstream boundary of the
upstream reach.

After running the model, the flow at j is the routed flow from upstream. Since the ungaged
inflow is unknown and not entered, the flow at j is missing the ungaged inflow. For the
downstream reach, the flow at j+1 contains the ungaged inflow. If the flow at j+1 is computed
from a stage boundary condition, the flow is generated by the hydrodynamics and the geometry
of the reach downstream. The ungaged inflow is the difference between the flow hydrographs
at j and the flow at j+1,

1

Qu = Q?ﬂ - QT (4-23)
. . 1. . . .
in which QU is the ungaged inflow for iteration 1.

The ungaged inflow enters between the upstream boundary of the upstream reach and cross-
section j, the downstream boundary. To use the ungaged inflow in a model, the program lags
the flow backward in time and inserts it in the model as point and/or uniform lateral inflow(s).
Point inflow occurs at known ungaged tributaries and the remainder is uniform inflow. The user
can delineate any number of point inflows and uniform lateral inflows. The distribution of flow
between the inflows must be specified (often this is based on drainage area) and the user must
also enter the lag time for each inflow.

The DBC is best used at principal gage locations where the stage or flow records are the most
accurate. Generally, these locations are the USGS (U. S. Geological Survey) gaging stations. If a
reach includes k interior gages, inserting DBC at each of the gages creates k routing reaches.
For example, for the Missouri River between Rulo, Nebraska and St. Charles, Missouri, DBC’s are
inserted at the USGS gages at St. Joseph, Kansas City, Waverly, Boonville, and Hermann,
breaking the model into five routing reaches. Ungaged inflow cannot be optimized between
Hermann and St. Charles because St. Charles is a stage gage in the backwater of the Mississippi
River.
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Optimization of Ungaged Inflow
Ungaged inflow is automatically optimized by the program by successively applying ungaged
inflow to the upstream reach. The initial estimate of ungaged inflow is computed using
equation 2 and ungaged inflow is successively corrected using:

Qy=Qy" + (Q?u - QT) (4-24)

This iterative procedure usually requires three to five iterations to converge. The user can set
the maximum number of iterations.

For a free flowing river, such as the Missouri River, the ungaged inflow can be optimized for the
routing reaches simultaneously, since, the flow computation at j+1 is not affected by the
ungaged inflow downstream. This procedure is called simultaneous optimization.

For flat streams, when a stage hydrograph is applied, backwater from downstream of the DBC
will affect the convergence of the ungaged inflow for the upstream reach. For instance, the flow
at cross-section j+1 is computed from the stage hydrograph. If cross-section j+1 is influenced
by backwater, the flow changes with the degree of backwater. Hence, the flow at j+1 changes
as ungaged inflow is applied downstream, and the optimization of ungaged inflow begins to
oscillate. The computed flow at cross-section j+1 is dependent on the ungaged inflow
downstream. Generally, this problem occurs on streams with a gradient less than 0.2 feet per
mile. Optimizing the routing reaches one routing reach at a time can eliminate this problem.
This procedure is called sequential optimization.

Another example is the Illinois River from Lockport to Grafton. Ungaged inflow optimization
reaches extend from Lockport to Marseilles TW; Marseilles TW to Kingston Mines; and Kingston
Mines to Meredosia. The DBC stations at Marseilles TW and Kingston Mines are influenced by
backwater. Meredosia is not affected because ungaged inflow is not optimized downstream.
Ungaged inflow from Lockport to Marseilles TW is optimized first, without ungaged inflow in the
Marseilles TW to Kingston Mines reach. Ungaged inflow is then optimized from Marseilles TW
to Kingston Mines with the ungaged inflow from Lockport to Marseilles TW. The process is
repeated until the ungaged inflow for both reaches converge.

The user can decide whether to use simultaneous or sequential optimization. However, when
ungaged inflow is optimized simultaneously, the routed flow hydrograph at cross-section j will
have an error. This error can be significant. Sequential optimization corrects these errors as the
optimization moves downstream. Therefore, even after simultaneous optimization, the
program will still do a sequential optimization to correct the residual errors.
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Simultaneous Optimization of Independent Reaches
The steps in simultaneous optimization follows:

1)

2)

3)

4)

5)
6)

7)

8)

9)

Observed stage hydrographs and flow hydrographs (if optimizing to
flow) are applied at the DBC stations.

The model is run.

Ungaged inflow is computed upstream of the DBC stations, using
equation 2.

The ungaged inflow is distributed as point and uniform lateral inflow
and lagged backward in time.

The program reruns the model.
The ungaged inflow is corrected using equation 3.

Computed flow is compared at the DBC stations at cross-section j and
j+1. If convergence is satisfactory, the simultaneous iteration is
concluded. Go to step 9.

Iteration continues with step 4.

One pass of sequential iteration is performed to correct errors.

Sequential Optimization
The steps in sequential optimization follows:

1)

5)

6)

7)

8)

An observed stage hydrograph and a flow hydrographs (if optimizing to
flow) are applied at the at the first DBC station. No observed
hydrographs are applied at downstream stations.

The model is run.
Ungaged inflow is calculated for the first reach using equation 2.

The program reruns the model and ungaged inflow for the first reach is
corrected using equation 3.

If the flow hydrographs at cross-sections j and j+1 have converged go
tostep 7.

Go to step 4.

Move to the next downstream DBC station. Remove observed
hydrographs at all upstream DBC stations. Apply a stage hydrograph
and a flow hydrograph (if optimizing to flow) to the DBC station. No
observed hydrographs are applied to downstream stations.

The program reruns the model.
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9) Ungaged inflow is calculated for the first reach using equation 2.

10) The program reruns the model and ungaged inflow for the first reach is
corrected using equation 3.

11) If the flow hydrographs at cross-sections j and j+1 have converged go
to step 13.

12) Go to step 10.
13) If the last DBC, the iteration is complete. Otherwise go to step 7.

The time interval for the ungaged inflow is based on the Hydrograph Output Interval (see the
HEC-RAS Unsteady Flow Analysis editor). For instance, if the Hydrograph Output Interval is one
hour, then the ungaged inflow will be computed as a series of hourly flows. The final ungaged
inflow hydrograph will also be output to the DSS file at this same time interval. When
determining the ungaged inflow, the program will average the flow over the given time interval.
For hourly data, for example, the program will average the ungaged inflow for a half hour before
and a half hour after the specified time—the 1:00 inflow is the average of the ungaged flow
from 12:30 to 1:30.

Short time intervals may, in some instances, cause spikes and dips in the resulting hydrograph.
For instance, a one hour time interval might bounce between a high and low flow value. In
order to smooth this out, the user can set a time frame to average the flows over (i.e.,
smoothing window). For example, the user could choose a three hour smoothing window to go
along with the one hour hydrograph interval. In this case, the flows will be computed each
hour, but each computed flow will be the flow that is averaged from one and a half hours before
the specified time until one and a half hours after the specified time.

The user can also enter a minimum and maximum ungaged inflow. This will put limits on the
ungaged inflow and may be needed for stability and/or to maintain hydrologically reasonable
answers.

The flow tolerance convergence is based on an average least squared difference. For each time
step of the unsteady flow model, there is a difference between the computed flow and the
known (observed) flow at the gage. This flow difference for each time step is squared and then
summed for all of the time steps. The sum is then divided by the number of time steps and,
finally, the square root is taken in order to determine an average flow difference over the entire
simulation. The unknown inflow is considered to have converged if this flow difference is within
the tolerance specified by the user.
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CHAPTER 5

Modeling Bridges

HEC-RAS computes energy losses caused by structures such as bridges and culverts in three
parts. One part consists of losses that occur in the reach immediately downstream from the
structure, where an expansion of flow generally takes place. The second part is the losses at the
structure itself, which can be modeled with several different methods. The third part consists of
losses that occur in the reach immediately upstream of the structure, where the flow is
generally contracting to get through the opening. This chapter discusses how bridges are
modeled using HEC-RAS. Discussions include: general modeling guidelines; hydraulic
computations through the bridge; selecting a bridge modeling approach; and unique bridge
problems and suggested approaches.

Contents
m General Modeling Guidelines

m Hydraulic Computations Through the Bridge
m Selecting a Bridge Modeling Approach

m Unique Bridge Problems and Suggested Approaches
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General Modeling Guidelines

Considerations for modeling the geometry of a reach of river in the vicinity of a bridge are
essentially the same for any of the available bridge modeling approaches within HEC-RAS.
Modeling guidelines are provided in this section for locating cross sections; defining ineffective
flow areas; and evaluating contraction and expansion losses around bridges.

Cross Section Locations
The bridge routines utilize four user-defined cross sections in the computations of energy losses
due to the structure. During the hydraulic computations, the program automatically formulates
two additional cross sections inside of the bridge structure. A plan view of the basic cross
section layout is shown in Figure 5-1. The cross sections in Figure 5-1 are labeled as river
stations 1, 2, 3, and 4 for the purpose of discussion within this chapter. Whenever the user is
performing water surface profile computations through a bridge (or any other hydraulic
structure), additional cross sections should always be included both downstream and upstream
of the bridge. This will prevent any user-entered boundary conditions from affecting the
hydraulic results through the bridge.

Cross section 1 is located sufficiently downstream from the structure so that the flow is not
affected by the structure (i.e., the flow has fully expanded). This distance (the expansion reach
length, Le) should be determined by field investigation during high flows, however, is generally
not likely that a large event will occur during the scope of your project. Therefore modelers
must estimate this distance from known information. The expansion distance will vary
depending upon the degree of constriction, the shape of the constriction, the magnitude of the
flow, and the velocity of the flow.

Table 5-1 offers ranges of expansion ratios, which can be used for different degrees of
constriction, different slopes, and different ratios of the overbank roughness to main channel
roughness. Once an expansion ratio is selected, the distance to the downstream end of the
expansion reach (the distance Le on Figure 5-1) is found by multiplying the expansion ratio by
the average obstruction length (the average of the distances A to B and C to D from Figure 5-1).
The average obstruction length is half of the total reduction in floodplain width caused by the
two bridge approach embankments. In Table 5-1, b/B is the ratio of the bridge opening width to
the total floodplain width, nob is the Manning n value for the overbank, nc is the n value for the
main channel, and S is the longitudinal slope. The values in the interior of the table are the
ranges of the expansion ratio. For each range, the higher value is typically associated with a
higher discharge. The values shown in this table should be used as rough guidance for placing
cross section 1, and determining the expansion reach length.
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Table 5-1

Ranges of Expansion Ratios

b/B =0.10 S =1 ft/mile
5 ft/mile

10 ft/mile

b/B =0.25 S =1 ft/mile
5 ft/mile

10 ft/mile

b/B = 0.50 S =1 ft/mile
5 ft/mile

10 ft/mile

nob/nc=1

14-36
1.0-25
1.0-2.2

16-3.0
15-25
15-20

14-26
13-21
1.3-20

nob/nc=2

1.3-3.0
08-20
08-20

14-25
1.3-2.0
13-20

13-19
12-16
12-15

nob/nc=4

12-21
0.8-20
0.8-20

1.2-20
1.3-2.0
13-20

12-14
1.0-1.4
10-14

Typical flow transition .-~/

pattern - /
T /

Expansion Reach

Idealized flow transition
pattern for 1-dimensional
modeling

Figure 5-1 Cross Section Locations at a Bridge

A detailed study of flow contraction and expansion zones has been completed by the Hydrologic
Engineering Center entitled “Flow Transitions in Bridge Backwater Analysis” (RD-42, HEC, 1995).
The purpose of this study was to provide better guidance to hydraulic engineers performing
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water surface profile computations through bridges. Specifically the study focused on
determining the expansion reach length, Le; the contraction reach length, Lc; the expansion
energy loss coefficient, Ce; and the contraction energy loss coefficient, Cc. A summary of this
research, and the final recommendations, can be found in Appendix B of this document.

The user should not allow the distance between cross section 1 and 2 to become so great that
friction losses will not be adequately modeled. If the modeler thinks that the expansion reach
will require a long distance, then intermediate cross sections should be placed within the
expansion reach in order to adequately model friction losses. The ineffective flow option can be
used to limit the effective flow area of the intermediate cross sections in the expansion reach.

Cross section 2 is located a short distance downstream from the bridge (i.e., commonly placed
at the downstream toe of the road embankment). This cross section should represent the
natural ground (main channel and floodplain) just downstream of the bridge or culvert. This
section is normally located near the toe of the downstream road embankment. This cross
section should Not be placed immediately downstream of the face of the bridge deck or the
culvert opening (for example some people wrongly place this cross section 1.0 foot downstream
of the bridge deck or culvert opening). Even if the bridge has no embankment, this cross section
should be placed far enough from the downstream face of the bridge to allow enough distance
for some flow expansion due to piers, or pressurized flow coming out of the bridge.

Cross section 3 should be located a short distance upstream from the bridge (commonly placed
at the upstream toe of the road embankment). The distance between cross section 3 and the
bridge should only reflect the length required for the abrupt acceleration and contraction of the
flow that occurs in the immediate area of the opening. Cross section 3 represents the natural
ground of the channel and overbank area just upstream of the road embankment. This section
is normally located near the toe of the upstream road embankment. This cross section should
Not be placed immediately upstream of the bridge deck (for example some people wrongly
place this cross section 1.0 foot upstream of the bridge deck). The bridge routines used
between cross sections 2 and 3 account for the contraction losses that occur just upstream of
the structure (entrance losses). Therefore, this cross section should be place just upstream of
the area where the abrupt contraction of flow occurs to get into the bridge opening. This
distance will vary with the size of the bridge opening.

Both cross sections 2 and 3 will have ineffective flow areas to either side of the bridge opening
during low flow and pressure flow. In order to model only the effective flow areas at these two
sections, the modeler should use the ineffective flow area option. This option is selected from
the cross section data editor.

Cross section 4 is an upstream cross section where the flow lines are approximately parallel and
the cross section is fully effective. In general, flow contractions occur over a shorter distance
than flow expansions. The distance between cross section 3 and 4 (the contraction reach
length, Lc) should generally be determined by field investigation during high flows.
Traditionally, the Corps of Engineers guidance suggests locating the upstream cross section one
times the average length of the side constriction caused by the structure abutments (the
average of the distance from A to B and C to D on Figure 5-1). The contraction distance will vary
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depending upon the degree of constriction, the shape of the constriction, the magnitude of the
flow, and the velocity of the flow. As mentioned previously, the detailed study “Flow Transitions
in Bridge Backwater Analysis” (RD-42, HEC, 1995) was performed to provide better guidance to
hydraulic engineers performing water surface profile computations through bridges. A
summary of this research, and the final recommendations, can be found in Appendix B of this
document.

During the hydraulic computations, the program automatically formulates two additional cross
sections inside of the bridge structure. The geometry inside of the bridge is a combination of
the bounding cross sections (sections 2 and 3) and the bridge geometry. The bridge geometry
consists of the bridge deck and roadway, sloping abutments if necessary, and any piers that may
exist. The user can specify different bridge geometry for the upstream and downstream sides of
the structure if necessary. Cross section 2 and the structure information on the downstream
side of the bridge are used as the geometry just inside the structure at the downstream end.
Cross section 3 and the upstream structure information are used as the bridge geometry just
inside the structure at the upstream end. The user has the option to edit these internal bridge
cross sections, in order to make adjustments to the geometry.

Defining Ineffective Flow Areas
A basic problem in defining the bridge data is the definition of ineffective flow areas near the
bridge structure. Referring to Figure 5-1, the dashed lines represent the effective flow boundary
for low flow and pressure flow conditions. Therefore, for cross sections 2 and 3, ineffective flow
areas to either side of the bridge opening (along distance AB and CD) should not be included as
part of the active flow area for low flow or pressure flow.

The bridge example shown in Figure 5-2 is a typical situation where the bridge spans the entire
floodway and its abutments obstruct the natural floodplain. This is a similar situation as was
shown in plan view in Figure 5-1. The cross section numbers and locations are the same as
those discussed in the “Cross Section Locations” section of this chapter. The problem is to
convert the natural ground profile at cross sections 2 and 3 from the cross section shown in part
B to that shown in part C of Figure 5-2. The elimination of the ineffective overbank areas can be
accomplished by redefining the geometry at cross sections 2 and 3 or by using the natural
ground profile and requesting the program's ineffective area option to eliminate the use of the
overbank area (as shown in part C of Figure 5-2). Also, for high flows (flows over topping the
bridge deck), the area outside of the main bridge opening may no longer be ineffective, and will
need to be included as active flow area. If the modeler chooses to redefine the cross section, a
fixed boundary is used at the sides of the cross section to contain the flow, when in fact a solid
boundary is not physically there. The use of the ineffective area option is more appropriate and
it does not add wetted perimeter to the active flow boundary above the given ground profile.
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| I

Tl T

A. Channel Profile and cross section locations

B. Bridge cross section on natural ground

C. Portion of cross sections 2 & 3 that is ineffective for low flow

Figure 5-2 Cross Sections Near Bridges

The ineffective area option is used at sections 2 and 3 to keep all the active flow in the area of
the bridge opening until the elevations associated with the left and/or right ineffective flow
areas are exceeded by the computed water surface elevation. The program allows the stations
and controlling elevations of the left and right ineffective flow areas to be specified by the user.
Also, the stations of the ineffective flow areas do not have to coincide with stations of the
ground profile, the program will interpolate the ground station.

The ineffective flow areas should be set at stations that will adequately describe the active flow
area at cross sections 2 and 3. In general, these stations should be placed outside the edges of
the bridge opening to allow for the contraction and expansion of flow that occurs in the
immediate vicinity of the bridge. On the upstream side of the bridge (section 3) the flow is
contracting rapidly. A practical method for placing the stations of the ineffective flow areas is to
assume a 1:1 contraction rate in the immediate vicinity of the bridge. In other words, if cross
section 3 is 10 feet from the upstream bridge face, the ineffective flow areas should be placed
10 feet away from each side of the bridge opening. On the downstream side of the bridge
(section 2), a similar assumption can be applied. The active flow area on the downstream side
of the bridge may be less than, equal to, or greater than the width of the bridge opening. As
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flow converges into the bridge opening, depending on the abruptness of the abutments, the
active flow area may constrict to be less than the bridge opening. As the flow passes through
and out of the bridge it begins to expand. Because of this phenomenon, estimating the
stationing of the ineffective flow areas at cross section 2 can be very difficult. In general, the
user should make the active flow area equal to the width of the bridge opening or wider (to
account for flow expanding), unless the bridge abutments are very abrupt (vertical wall
abutments with no wing walls).

The elevations specified for ineffective flow should correspond to elevations where significant
weir flow passes over the bridge. For the downstream cross section, the threshold water
surface elevation for weir flow is not usually known on the initial run, so an estimate must be
made. An elevation below the minimum top-of-road, such as an average between the low
chord and minimum top-of-road, can be used as a first estimate.

Using the ineffective area option to define the ineffective flow areas allows the overbank areas
to become effective as soon as the ineffective area elevations are exceeded. The assumption is
that under weir flow conditions, the water can generally flow across the whole bridge length
and the entire overbank in the vicinity of the bridge would be effectively carrying flow up to and
over the bridge. If it is more reasonable to assume only part of the overbank is effective for
carrying flow when the bridge is under weir flow, then the overbank n values can be increased
to reduce the amount of conveyance in the overbank areas under weir flow conditions.

Cross section 3, just upstream from the bridge, is usually defined in the same manner as cross
section 2. In many cases the cross sections are identical. The only difference generally is the
stations and elevations to use for the ineffective area option. For the upstream cross section,
the elevation should initially be set to the low point of the top-of-road. When this is done the
user could possibly get a solution where the bridge hydraulics are computing weir flow, but the
upstream water surface elevation comes out lower than the top of road. Both the weir flow and
pressure flow equations are based on the energy grade line in the upstream cross section. Once
an upstream energy is computed from the bridge hydraulics, the program tries to compute a
water surface elevation in the upstream cross section that corresponds to that energy.
Occasionally the program may get a water surface that is confined by the ineffective flow areas
and lower than the minimum top of road. When this happens, the user should decrease the
elevations of the upstream ineffective flow areas in order to get them to turn off. Once they
turn off, the computed water surface elevation will be much closer to the computed energy
gradeline (which is higher than the minimum high chord elevation).

Using the ineffective area option in the manner just described for the two cross sections on
either side of the bridge provides for a constricted section when all of the flow is going under
the bridge. When the water surface is higher than the control elevations used, the entire cross
section is used. The program user should check the computed solutions on either side of the
bridge section to ensure they are consistent with the type of flow. That is, for low flow or
pressure flow solutions, the output should show the effective area restricted to the bridge
opening. When the bridge output indicates weir flow, the solution should show that the entire
cross section is effective. During overflow situations, the modeler should ensure that the
overbank flow around the bridge is consistent with the weir flow.
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Contraction and Expansion Losses
Losses due to contraction and expansion of flow between cross sections are determined during
the standard step profile calculations. Manning's equation is used to calculate friction losses,
and all other losses are described in terms of a coefficient times the absolute value of the
change in velocity head between adjacent cross sections. When the velocity head increases in
the downstream direction, a contraction coefficient is used; and when the velocity head
decreases, an expansion coefficient is used.

As shown in Figure 5-1, the flow contraction occurs between cross sections 4 and 3, while the
flow expansion occurs between sections 2 and 1. The contraction and expansion coefficients
are used to compute energy losses associated with changes in the shape of river cross-sections
(or effective flow areas). The loss due to expansion of flow is usually larger than the contraction
loss, and losses from short abrupt transitions are larger than losses from gradual transitions.
Typical values for contraction and expansion coefficients under subcritical flow conditions are
shown in Table 5-2 below:

Table 5-2 Subcritical Flow Contraction and Expansion Coefficients

Contraction Expansion
No transition loss computed 0.0 0.0
Gradual transitions 0.1 0.3
Typical Bridge sections 0.3 0.5
Abrupt transitions 0.6 0.8

The maximum value for the contraction and expansion coefficient is 1.0. As mentioned
previously, a detailed study was completed by the Hydrologic Engineering Center entitled “Flow
Transitions in Bridge Backwater Analysis” (HEC, 1995). A summary of this research, as well as
recommendations for contraction and expansion coefficients, can be found in Appendix B.

In general, contraction and expansion coefficients for supercritical flow should be lower than
subcritical flow. For typical bridges that are under class C flow conditions (totally supercritical
flow), the contraction and expansion coefficients should be around 0.03 and 0.05 respectively.
For abrupt bridge transitions under class C flow, values of 0.05 and 0.1 may be more
appropriate.

Hydraulic Computations through the Bridge

The bridge routines in HEC-RAS allow the modeler to analyze a bridge with several different
methods without changing the bridge geometry. The bridge routines have the ability to model
low flow (Class A, B, and C), low flow and weir flow (with adjustments for submergence on the
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weir), pressure flow (orifice and sluice gate equations), pressure and weir flow, and highly
submerged flows (the program will automatically switch to the energy equation when the flow
over the road is highly submerged). This portion of the manual describes in detail how the
program models each of these different flow types.

Low Flow Computations
Low flow exists when the flow going through the bridge opening is open channel flow (water
surface below the highest point on the low chord of the bridge opening). For low flow
computations, the program first uses the momentum equation to identify the class of flow.
This is accomplished by first calculating the momentum at critical depth inside the bridge at the
upstream and downstream ends. The end with the higher momentum (therefore most
constricted section) will be the controlling section in the bridge. If the two sections are
identical, the program selects the upstream bridge section as the controlling section. The
momentum at critical depth in the controlling section is then compared to the momentum of
the flow downstream of the bridge when performing a subcritical profile (upstream of the
bridge for a supercritical profile). If the momentum downstream is greater than the critical
depth momentum inside the bridge, the class of flow is considered to be completely subcritical
(i.e., class A low flow). If the momentum downstream is less than the momentum at critical
depth, in the controlling bridge section, then it is assumed that the constriction will cause the
flow to pass through critical depth and a hydraulic jump will occur at some distance downstream
(i.e., class B low flow). If the profile is completely supercritical through the bridge, then this is
considered class C low flow.

Class A low flow. Class A low flow exists when the water surface through the bridge is
completely subcritical (i.e., above critical depth). Energy losses through the expansion (sections
2 to 1) are calculated as friction losses and expansion losses. Friction losses are based on a
weighted friction slope times a weighted reach length between sections 1 and 2. The weighted
friction slope is based on one of the four available alternatives in the HEC-RAS, with the average-
conveyance method being the default. This option is user selectable. The average length used
in the calculation is based on a discharge-weighted reach length. Energy losses through the
contraction (sections 3 to 4) are calculated as friction losses and contraction losses. Friction and
contraction losses between sections 3 and 4 are calculated in the same way as friction and
expansion losses between sections 1 and 2.

There are four methods available for computing losses through the bridge (sections 2 to 3):
- Energy Equation (standard step method)
- 