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Abstract

Flood wave routing methods are adapted for small, naturally meandering
streams. A simplified derivation of the Muskingum-Cunge equation is presented,
based on Perumal and Kalinin-Milyukov’s “characteristic reach lengthtept. The
derivation was extended to meandering streams, using the “parallel channels
analogy. “Cascading reservoirs”, a second approximate method, is shown to be a
special case of Muskingum-Cunge when properly formulated. Both approximate
methods were evaluated against two “fully dynamic” solutions: the UNEddbas
solver in HEC-RAS and the National Weather Service’s FLDWAYV program.

The four models were tested on four natural streams in northeastern Kansas.
Detailed procedures for creating “equivalent reaches” were developed. The
sensitivity of model stability was tested against variations inrdistatep size and
other controls. HEC-RAS and FLDWAYV gave nearly identical resultslfthetest
reaches. The two approximate methods also performed well, but with deviations
which are discussed. Recommendations were given for setting distande $idgs

dynamic solutions.
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Chapter 1

Introduction

1.1 Problem Statement

A fundamental step in the development of most hydrologic models is the
estimation of travel time and attenuation for flood waves traveling in rherels.

The governing equations in one-dimensional flow are the St. Venant's equations.
Methods of river routing based on St. Venant's equations are referrechyaleasulic

river routing” Numerical solutions of the complete St. Venant's equations require
extensive data and the solution of large systems of nonlinear equations, the solutions
of which can become unstable or difficult solve with limited computational resturc

To overcome this difficulty, most practical hydrologic models employ siredlifi

numeric methods which produce translation and attenuation of the inflow
hydrographs.

Perhaps the most widely used of the simplified methods is the Muskingum
method. Cunge (1969) demonstrated that with the proper selection of coefficients,
the Muskingum method is an approximation of the St. Venant equations. When used
with these proper coefficients, the method is knownviisskingum-Cungé. Despite
its popularity, the physical basis for the Muskingum-Cunge method is not well
presented in most texts and not well understood by most practicing engineers.

Several key myths exist about the nature of its performance and parameteref Mos



these myths have been dispelled in the academic literature, but refererstetsimp
textbooks and handbooks.

In addition, few studies address the unique aspects of flood routing in
compound, meandering natural channels or that examine the performance of flood
routing on streams of small drainage area. Typical values of input pararoeters f
realistic, small natural streams are not readily available.

The Federal Emergency Management Agency (FEMA) is currently in the
process of map modernization for floodplain studies throughout the nation. Incorrect
applications of flood routing and Muskingum-Cunge could have practical impacts on
the accuracy and efficiency of hydrology studies that support those mapsth©ver
last 10 years, the Johnson County government and cities of Johnson County have
invested over $10 million dollars to develop new floodplain studies for the County.
The data set available in Johnson County is unusually rich and provides an
opportunity to explore the nature of the Muskingum-Cunge routing method on real

streams.

1.2 Objectives
The objectives of this research project are to:
e Clearly establish the theoretical basis of the Muskingum-Cunge routing
method, using a physically intuitive derivation and emphasizing the concept

of the characteristic reach length.



Clarify the relationship between Muskingum-Cunge and another important
approximate method, the Cascading Reservoirs approach.

Explicitly consider the nature of two-stage, meandering naturabravet

provide a derivation of Muskingum-Cunge for that case.

Examine the performance of the variable-parameter Muskingum-Cunge
method and the Cascading Reservoirs method, using actual stream data typical
of small and mid-sized streams (48 square miles or less of drainage area),
exploiting the data available in Johnson County, Kansas, and using the
unsteady flow solver within the HEC-RAS modeling system as the full
dynamic reference solution.

Develop detailed methods for reducing geometric data on natural streams
down to summary values that can be used efficiently in the Muskingum-
Cunge methods.

Compare the performance for this data of two fully dynamic flow solveess: t
unsteady flow solver in HEC-RAS and the FLDWAYV model developed by the

National Weather Service.



Chapter 2

Literature Review

21 Overview of the Flood Routing Problem

Flood routing is the general name for methods used to estimate the travel time
and attenuation of flood waves as they move downstream in a river or channel. Itis
among the most important and common forms of unsteady flow dealt with by
engineers. Flood routing methods are applied to such problems as real-time flood
forecasting, dam-breach analyses, modeling of watershed hydrology, peak flow
estimation, and floodplain and flood insurance rates studies (USACE 1994,
Henderson 1966).
2.1.1 Background

A “hydrograph”is the plot of discharge versus time as observed at a single
point in a river system, reservoir or drainageway. As a flood wave moves
downstream through a river channel, the peak flow rate and overall shape of the flood
wave all change. These changes can be measured by plotting hydrogdifieseat
stations downstream. The essence of the flood-routing problem is to predict the
downstream hydrograph, using an input hydrograph upstream and information about
the reach through which the wave travels. The two changes of primary interest ar
attenuation and translation of the floodwavAtténuation”is the relative decrease in
the magnitude of the peak dischargéréahslation” is the delay in the time of peak

discharge, based on travel time of the water mass moving downstream. Flgure 2-



depicts the inflow and outflow hydrographs for a typical flood routing problem in a

river channel (USACE 1994, Bedient and Huber 1992).
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Figure 2-1. Typical Hydrographs for the Flood Routing
Problem in River Channels
(reprinted from USACE 1994)
Hydraulic channel models like the Corps of Engineer's HEC-RAS model
typically simulate a flood by assuming steady-state flow conditioresdbas

simultaneous peaks all along the channel. In recent years, interest baseddn

using unsteady models directly for flood modeling.



2.1.2 Flow Classifications

Open-channel flow is classified asnsteady”when the depth or discharge at
a fixed point changes with time Steady flow by contrast, indicates that the depth
or flow rate at a given location in a channel is constant with time. Bryitief,
flood wave problems are a form of unsteady flow.

Unsteady flows are further classified asgidly varied” or “gradually
varied” Rapidly varied flows are characterized by significant accetgrsin the
vertical direction and by large curvatures in the wave profile. Duringlyayadied
flow, the pressure distribution in the water column deviates from hydrostatic and
discontinuities in the profile often emerge. In gradually varied flow, by astthe
vertical acceleration of the flow is negligible and the pressureldistvn is
hydrostatic.

Flood routing problems typically involve long, gradual wave fronts that can be
categorized as gradually varied, unsteady flow. The initial stageda breach are
one exception, when rapidly varied conditions dominate.

Flood waves can be also be describetiraaslatory waves,”meaning that as
they propagate through an open channel, a significant movement of water mass
downstream occurs. This is in contrastdscillatory waves”in which the water
surface undulates, but for which very little net transport occurs (Chow 1959, pp. 4-7,
523).

A special form of translatory wave is thrmonoclinal rising wave”which is a

stable wave profile moves downstream at a constant velocity and without aige cha



in shape. Itis a form of unsteady flow calfediformly progressive flow’(Chow
1959, pp. 528-531). Although highly idealized, this wave type has proven a useful
concept for analyzing flood waves in natural channels.
2.1.3 Kinematic and Dynamic Wave Speed

The speed at which a flood wave moves is termedtdkefity” There are
various types of waves in open-channel flow, each of which can have a unique
celerity. The most familiar definition of celerity is dynamic célgigy, which is the
speed of a small disturbance in depth relative to the average velocity of flow in a
channel. For waves to travel at this velocity, they must have low amplitudes, long
periods, and travel with negligible losses of energy (Henderson 1966, pp. 38-40).

The equation for dynamic celerity is:

Cy = \/a/ , for wide rectangular channels, or (2-1)
A :
Cy =+49D = g? , for channels in general (2-2)

wherecqy is dynamic celerity, g is the acceleration due to gragitg,the cross-
sectional area of flowl is the top width of the free surfageis the depth of flow,
andD is the hydraulic depth, which is equal to cross-sectional area divided by top
width. For wide, rectangular channels, the hydraulic depth is equal to the fldw dept
(Henderson 1966, pp. 37-38; Chow 1959, pp. 13, 537-540).

Dynamic celerity is measured relative to the average velocity otdlber,u.
The disturbances move both upstream and downstream. To an observer standing on

the bank, the apparent velocity of the disturbance would be giver ag. The



most important dimensionless number in open-channel flow iFttoeide number”
(Fr), which is defined as the ratio of average water velocity to dynanadtgel.e.

u u u
Fr:—:—:

o, Joo [ A
-

When the Froude number is less than 1, the dynamic celerity is greater than
the channel velocity, and the disturbance can travel both upstream and downstream.
This condition is termedubcritical flowand is the most common condition over long
runs of river. When the Froude number is greater than 1, the channel velocity is
greater than the dynamic celerity, and all disturbances are swept dammsfrais is
known assupercritical flowand is typical of the swift flow found in river rapids or
steep flumesCiritical flow is the condition when channel velocity and dynamic
celerity are the sam&i1( = 1) and is an important reference condition in many open-
channel calculations.

While dynamic celerity describes the movement of small disturbanclegst
not describe the rate of passage of the major portion of large flood waves. Seddon
(1900, as reported in Chow 1959) found that for slow rates of rise in discharge, the
velocity of the major flood wave observed from the bank is approximately that of a
monoclinal rising wave. Seddon’s findings were made through a study of gage
records on the Missouri and Mississippi Rivers.

Figure 2-2 provides a diagram of the monoclinal rising wave as given by
Chow (1959). The speed of this wave is often called the kinematic celgoity

Kleitz-Seddon celerity. Mathematically, the situation in the figure is exes to a



pseudo-steady-state condition by solving relative to an observer moving dammstre

alongside the flood wave.
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Figure 2-2. Monoclinal Rising Wave
(adapted from Chow 1959)

From Chow’s derivation, the speed of this wave is approximated as (Chow

1959, pp. 528-531):

Ql_QZ _d_Q

C =+ —2=

CA-A dA
whereQ is discharge under steady-state conditionsAaiscthe corresponding cross-
sectional area of flow. The subscripts 1 and 2 refer to the locations upstream and
downstream of the wave front. This form of wave speed can be calculated directly
from steady-state conditions, and the relationship bet@esmmdA depends only on
the steady-state friction slope. The kinematic wave speed is repodtederé the

bank, not the flow of water, and proceeds only in the downstream direction.



Henderson considered the differences between kinematic and dynamty celeri
and reported that numerous studies had found that actual flood waves appear to travel
at rates close to the kinematic celerity (1966, pp. 365-373). He also reported on
theoretical studies by Lighthill and Whitham (1955), which described a connection
between the two expressions. The kinematic celerity was understood to drive the
bulk of the flood wave translation, while small disturbances moving at the dynamic
celerity would emanate away from the primary flood wave, producing atienua
over time.

Both kinematic and dynamic celerity expressions are important in flood
routing. Unfortunately, it has been common to use the single vaci&nldoth,
which can lead to confusion. In this paper, subscripts are used to distinguish between
ck andcy. Wherec alone is used, it always represents kinematic celetity
2.1.4 Saint Venant Equations

The classic hydraulic solution to the flood-routing problem was first proposed
in 1848 by Barré de Saint-Venant (Chow 1959, p. 528). His approach solves both the
continuity and momentum equations for a differential volume of one-dimensional
flow, where the forces on the control volume are limited to the effect of gravity
pressure variation, and friction or roughness of the channel walls. Mass is conserved
in the solution and the effect of acceleration within the control volume and
momentum flux across the upstream and downstream faces are considered
(Henderson 1966).

The resulting equations are known 8ant Venant equations:

10



Continuity:

R LA (2-3)
ox ot
Momentum:
S, =SO—$/— ujdu_[1)du (2-4)
dx \g/dx \g)dt
I i1l \Y V

whereQ is dischargeA is cross-sectional areajs distance measured along direction
of flow, t is time,& is the friction slope$, is the bed slops, is the depth of water
above bed, andis the longitudinal velocity of flow. The derivation of the Saint
Venant equations is presented in Chapter 3, Section 3.1.

There is no general solution to the Saint Venant equations. One approach to
practical computations is to simplify the equations by omitting one or nrons te
the momentum equation, (indicated in Roman numerals under eachkifi&atic
equatiori arises when all terms and forces are omitted from the momentum equation
except uniform friction and gravity (I and Il). When the influence of changes in
water-surface depth and pressure variation are retained (I, Il arithéllequation is
called ‘diffusion equatiori For situations of extremely flat slope or for localized
phenomena during rapidly varied flow, the role of momentum flux and acceleration
become more important, while the influence of friction can be omitted, yielding the
“gravity equation (terms Ill, IV, and V only). Approaches that consider all forces

and accelerations are termddll‘dynamic equatiori§Ponce and Simons 1977).

11



Until the advent of modern computing, direct use of the full Saint Venant
equations was infeasible for all but the most limited or well crafted cbash of
the early work on the Saint Venant equations utilized graphical techniques based on
the “method of characteristics.”Much effort was also expended in developing
simplified methods, some related loosely to the Saint Venant equations and others
strictly empirical in nature. In recent decades, the emphasis on ful\&aiant
solution has shifted to numeric methods, using finite difference techniques. Each of
these approaches is mentioned in the following sections.
2.1.5 Method of Characteristics

The method of characteristics is a solution procedure in which the Saint
Venant equations are transformed to ordinary differential equations (Chow 1959,
Henderson 1966). The method relies on the idea that one can follow the pathway of
an individual wave disturbance over time as it travels through the flow field. The
traces of these pathways in a grid of time versus distance along thelcrarcadled
the“characteristic curves’or, more simply, thécharacteristics.” There are two
characteristics produced for any disturbance.

The wave disturbance travels relative to the flow field at a velocitgl égu
the dynamic celerityc, = /gy . By replacing flow deptly in the Saint Venant

equations with the corresponding dynamic celerity, the number of independent
variables is reduced and solutions can be calculated strictly in terrabooity. This
substitution is most useful when the acceleration terms (IV and V) of Eq. (2-4) are

dominant. In subcritical flow, one characteristic moves upstream and the second

12



moves downstream. In supercritical flow, both characteristics are pointeal in t
downstream direction only.

The dynamic celerity is then calculated at specific intervals aleng t
disturbance pathway or characteristic. The solutions can be complex, so semi-
graphical techniques were developed to assist in the calculation.

2.1.6 Simplified Methods

For many problems, a full solution of the Saint Venant equations is
unnecessary. A variety of simplified methods exist. Many of the early metleyds
empirical in nature and involved numeric techniques that introduce translation or
attenuation to an inflow hydrograph. With time, attempts have been made to validate
these empirical methods by relating their coefficients or struatusinplified forms
of the Saint Venant equations. Methods that rely on empirical or highly sirdplifie
forms of the Saint Venant equations are typically termahfologic methodsf flood
routing, whereas full solutions to the Saint Venant equations are condiyeradlic
methods This evolution from empirical to theoretically justified methods can be

traced in the development of the Muskingum-Cunge method.
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2.2 Development of Muskingum and Muskingum-Cunge Methods
2.2.1 Muskingum Method

The Muskingum method is one of the best known and most widely adopted
hydrologic methods for flood routing. It was introduced by McCarthy in 1938 for use
by the Army Corps of Engineers in managing the Muskingum River basin in Ohio
(Chow 1959, Henderson 1966, Roberson et al. 1988). Its original formulation was
strictly empirical, with two coefficients that operated jointly to contrahsgtation and
attenuation. It was recognized early that one of the coefficients, ofteadKks is
related to the travel time or translation of the wave through the channel, wihereas
second coefficient, often writteXy had the greatest impact on attenuation. Xhe
coefficient was limited to the range 0 to 0.5 and graphical techniques wereddevise
estimate it from calibration data (Roberson et al. 1988). Because the original
Muskingum method was empirical, it was limited for use to cases whereatialibr
data existed. The Muskingum equation is derived in full in Section 3.2 and given at
Eq. (3-13).
2.2.2 Development of Variable Parameter Muskingum-Cunge

Cunge (1969; Miller and Cunge 1975) advanced the use of the Muskingum
method when he explained how the coeffici¢hndX could be related to the
hydraulic properties of a simplified, prismatic channel. In doing so, Cunge used a
linearized form of the diffusion equation, ignoring the effect of acceleration or
momentum flux and eliminating second order-effects whenever possible. He

described the Muskingum equation as a finite difference form of the kinematic

14



equation, in which the selection of time steps caused “artificial” diffusion.
Formulations of Muskingum method based on Cunge’s recommendations are now
referred to as thuskingum-Cunge method.”

Cunge’s derivation resulted in the following values for K and X

K = AX (2-5)
c:k

X = 1(1— Q j (2-6)
2 C TS AX

whereQ is a representative dischargeis the kinematic wave spe€lis the top
width of the channely, is the bed slope, ankk is the channel length or sub-length
being calculated.

Ponce and Yevjevich (1978b) drew attention toitiqgortance of allowing the
values ofK andX to vary with flow rate during Muskingum-Cunge siliadions.
Flood waves can be highly nonlinear and the usmo$tant values for the
coefficients is a source of error.
2.2.3 Perumal’s Derivations

Perumal (1992) provided an alternative derivatbthe Muskingum-Cunge
equation, tying it more closely to the diffusioruatjion. Perumal’s greatest insight
was to incorporate the concept dicharacteristic length” of channel as advanced in
the Kalinin-Milyukov method. The characteristiaggh is that length over which one
can assume a one-to-one relationship between fith déflow at the midpoint and
discharge at the downstream end. The Muskingung€Xrcoefficient is then

shown to be an extrapolation factor to estimatedtbeharge at the end of reaches

15



having a length different than the characterigitgth. A complete review of this
alternative derivation is given in Chapter 3 andhfe an essential prerequisite for an
improved understanding of the Muskingum-Cunge nektho

Perumal (1994a and 1994b) went on to derive a fafrthe Muskingum-
Cunge equation that could be used to simultaneamashpute the stage and discharge
hydrograph for a prismatic cross-section.
2.2.4 Extensions to Incorporate Inertial Effects

Attempts have been made to include a simplifiethfof the inertial
(acceleration) terms in the Muskingum-Cunge anateel methods. These
approaches invariably involve the incorporationh& Froude number in the basic
equations.

Perumal (1994a, Perumal and Ranga Raju 1999)ges@rganized form the

Saint Venant equation’s momentum equation thatmsdas to the following:

S, =S, —%(1—(n/1Fr)2) (2-7)

wheren is the coefficient applied to the hydraulic radinishe velocity equatiort, is
a shape factor to describe the channel sedtiois the Froude number and all other
terms are as defined previously for the Saint Veegnations. The friction equation

and shape factor relationships are as follows:

u:Cthn\/§

_pRJY _, g P
ﬂ“_PaNay R
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whereu is the mean longitudinal velocit{ is a friction factor for either Chezy or

Manning’s equationA is the cross-sectional area of floy, is the wetted perimeter,

R, is the hydraulic radius, equal[té‘ j and$ is the friction slope of the flow. The

first equation for the shape factomatches Perumal’s expression, whereas the
second equation was used by Chow (1959, p. 210 Manipulation, Chow and
Perumal’s equations can be shown equal. When @, wedtangular channel is
assumed, the shape factagquals one.

The expressiofiniFr )is defined by Chow as the Vedernikov numbésd

Ponce (1991) elaborates on the nature of the Véaernumber, which he explains
as the ratio of relative kinematic celerity (relatto the channel velocity) to the
dynamic wave speed, as follows:

Cd

Ved=

Wang (2003) arrived at modified forms of the $&lanant momentum
eqguation similar to that given at Eq. (2-7). Favide rectangular channel using

Chezy'’s friction formula(n = }/2) Wang gave an equation equivalent to

2
S, =5, —ﬂ(y Fr j (2-8)
dx 4

Dooge (1973; Dooge et al. 1982) appears to hage the first to propose an
inertial effects correction term of this type. dugh his format is a little different

that the equations above, the result was subdigritia same.
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Dooge et al. (1982) and Ponce and Lugo (2001) dackloped a modified
form of the Muskingum-Cunge X factor in terms thretlude these types of
corrections. Neither presented their resultsnmaaner entirely consistent with the

remainder of the derivations in this study. Pomed Lugo’s formula is equivalent to

the following:
X :1[1— Q [1—Ved2]j (2-9)
2 CTSAX

2.3 Other Hydrologic or Approximate Methods

Numerous other approximate methods have beenajeatfor flood routing.
While no longer in widespread use, several of timsthods shed light on the nature
of the flood routing problem.
2.3.1 Lag Method

The simplest method involves merely lagging thérbgraph in time based on
an estimated travel time through the reach. s tiethod, no amount of attenuation
is introduced and the shape of the hydrographdasgived intact (USACE 1998).
Although the effect of attenuation is slight congzhto the translation of a
hydrograph, the complete elimination of all attetrarais typically too crude an
approach for practical studies.
2.3.2 Kinematic Routing

The next simplest method is considefiedematic routing” and was

developed by French hydraulicians Kleitz and Graethe late nineteenth century, as

18



reported by Montes (1998). The model was elabdnap®n by Lighthill and
Whitham (1955). It proceeds from joint consideratof the one-dimensional
continuity equation and from the kinematic formtioé momentum equation. In
theory, kinematic routing should not produce angratation in the peak flow, but the
shape of the hydrograph will change because theniatic celerity at higher flow
depths is greater than at lower depths. This leadssteepening of the rising limb of
the wave profile. If allowed to continue long egbuthe steepening becomes as
sharp as to create a surge wave or moving hydrauhp, known askinematic
shock.”
2.3.3 Kalinin-Milyukov Method

As previously mentioned, the concept of a charatte reach was born out of
a method developed by Kalinin and Milyukov (1958)eveloped in the Soviet Union
in the 1950s, this method introduced the concephafacteristic reach length, upon
which Perumal’s modern understanding of Muskinguomg® is based. The
characteristic reach is a conceptual length of sbbfor which a one-to-one
relationship can be established between the dagtieimidpoint and the discharge at
the downstream end, at least for small deviatioms fsteady-state flow. The final
form of the Kalinin-Milyukov equations is distintbm Muskingum-Cunge, utilizing
various exponential relationships for coefficienfsuthoritative presentation of the

method is given by Miller and Cunge (1975) and Masn(t1998).
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2.3.4 Cascading Reservoirs Approximation

Another approach to flood routing on rivers isrtanic the flood routing
response of a stream with a series of reservding “modified Puls river routing
method described by the Corps of Engineers (USAE¥ 11998, 2000) is a
common formulation of this method. For simpliciéyi methods that utilize this
concept are collectively referred to as t@ascading Reservoirs Approximation.”

The river reach is approximated by a series afrdte routing elements, each
of which is assumed to behave like a level-poatmesir. Each storage node is
presumed to represent a given segment of the chamikeeach node is assumed to
have identical properties. The storage assocuatibdeach node is representative of
the volume of water under the steady-state prédilehe given length of channel, and
the stage-discharge curves are developed basediformu steady flow. In this
method, the channel must be divided into a wholelverN of identical reservoirs.

By running the inflow hydrograph through a senéshese reservoirs,
cascading one into the other in series, an outfigdrograph can be produced. The
number of individual nodes used to divide the cleghsergment is a calibration
parameter.

The greatest difficulty in applying this methocestimating the proper
number of nodes needed to represent the routingeach. The more individual
nodes used, the closer the outflow hydrograph apgede pure translation, with
peak discharge unchanged. The minimum numberadsithan can be used is one,

in which the entire reach is treated like a singkeervoir (USACE 1994).
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The characteristic length described in the Kalidityukov method is
intended to represent the length of river thatlmamouted as if it were a single
reservoir, based on the steady-state volume amndrfite (Miller and Cunge, 1975,
Montes 1998). As such, it would seem that N shbeldelected so that each storage
node represented a segment of channel having thleqgal to the characteristic
reach length.

In an early presentation of the modified Puls radtfor river routing, the
Corps of Engineers suggested that, as a first appation,N should be estimated
such that each individual reservoir representsethgth of channel traveled by a
flood wave in one model time step (USACE 1994). Tdwalts of this approach
would be very different than when using the chanastic reach length, since it
would imply that the value dfl is not a fundamental channel property, but would
change with different user-defined time stepsthenmore recent HEC-HMS User’s
Manual (USACE 2000), an alternate formula is sutggesn which the number of
steps is a function of the channel length, flowtdegnd slope, but not based on time
step. These equations and issues are examinearedatail in Chapter 3.

A variation of the cascading reservoirs approado iassume that the storage
in each sub-reservoir is directly proportionallie tlischarge in each. This
approximation is known agifiear-storage models{Montes 1998);linear
reservoirs” (Ponce 1980), or as adscade of linear reservoirPonce 1989). The

Streamflow Synthesis and Reservoir Regulation mE&I8ARR) developed for the
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U.S. Army Corps of Engineers in 1956 also utilites LCR concept (Miller and

Cunge, 1975).

2.4  Accuracy Criteria for Muskingum-Cunge

Beyond the derivation of Muskingum-Cunge, the tgsiafocus of the
literature has been on estimating the accuracyianis of the method. There is also
a large commentary on several well known numerrcnsistencies that arise, such
as negative outflows during early stages of rouéind loss of volume when using
variable values for the paramet&sndX. Some of the accuracy limits are functions
of the linear nature of the Muskingum-Cunge equmetwehile others are more
fundamentally related to the use of the diffusignaion form of the momentum
equation instead of the full dynamic form.
2.4.1 Measures of Accuracy

A variety of tests can be considered to assesadtwracy of a method. An
ASCE task committee (ASCE 1993) reviewed the alblalanethods for assessing
accuracy of watershed models. For single-eventetspthe task force adopted the
recommendations of Green and Stephenson (1986)pvdpmsed that peak flow rate,
flow volume, hydrograph shape and timing be thenpry areas of evaluation. For

peak flow rate, the simple percent error in pedkRPcriterion was adopted:

pep— (Qan = Quss), 1 (2-10)

OBS

whereQogsis the observed peak flow rate &Qélv is the simulated peak flow rate.
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Likewise, a simple index of deviation in runofflume was considered

sufficient for volume conservation. The indey I3 given by

D, = M (2-11)
VOBS

whereVogsis the observed volume over the duration of trdrdgraph and/s)y is
the simulated volume.

For shape and timing, an index “G” was proposetlithalves a simple sum
of the square of the residuals between actualemr#tical discharges and the

modeled discharges, given by:

G= i(QOBS(ti ) — Qs (t; ))2 (2-12)

whereQogdti) andQsv(t)) are the flow rates at each point in timgi(t the observed
and simulated hydrographs, respectively.

An overall goodness-of-fit test based on resulimaltiple events was also
strongly recommended. Green and Stephenson prbpssgey both the total overall
sum of squared residuals (TSSR) and the total tsena of absolute residuals
(TSAR), similar to the index G. They also emphedithat graphical plots should be
used to supplement statistical tests, that mulgpknts be tested, and that multiple
criteria be evaluated, with emphasis then givethéaest that best represents the
purpose of the modeling. In particular, they noted

“no single statistical goodness-of-fit criteriongsifficient to assess

adequately for all purposes the fit between a cdegband an observed

hydrograph ... the criteria ultimately chosen shibdépend on the objective of
the modeling exercise.”
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Synchronization of the timing is a critical isdoe those methods that involve
residuals, such as the G, TSSR, and TSAR crité&imismatch in the timing of the
peak flows can significantly increase the repoggdr terms.

2.4.2 Limitations of the Diffusion Wave Assumption

The first constraints to the Muskingum-Cunge equmlie in the limits of the
diffusion equation. Ponce and Simons (1977) adghe theory of linear stability to
a dimensionless form of the full dynamic equatiarg] to various simplified forms,
including the kinematic, diffusion, steady dynanangd gravity wave forms. By
analyzing the impact of a small sinusoidal perttidmaof flow in the channel, they
defined expected ranges for given levels of acguiraoutflow calculations. They
later expanded the consideration to define expduotets on the accuracy of the
kinematic and diffusion wave assumptions, baselda physical dimensions of the
channel and upon how slowly the inflow hydrograpserand fell (Ponce et al.
1978a). The more slowly the hydrograph passednitre applicable the kinematic
or diffusion wave assumptions become, with the ikiagc wave assumption having
the most rigorous limit.

Ponce’s criteria were:

Kinematic Waves,

PSUs 5971 (2-13)

Yo
Diffusion Waves,

PSM, 30(Fr), or (2-14a)

Yo
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PS, \/yE > 30 (2-14b)

wherePis the total wave period of the sinusoidal distad®S, is the bed slopey,

is the steady uniform flow velocity andis the steady uniform flow depty,s the

: : . u
acceleration due to gravity, and the Froude nurfbés given by—— (Ponce et al.

v Yo
1978a, USACE 1994). Since Ponce’s work was baseaisinusoidal disturbance

with a peak that occurred in the middle of the wpggod, the above test is often

evaluated using the time to peak of the rising limdtead ), assumingP = 2t |

(Ponce 1989).

Ponce’s criteria for the kinematic wave soluti&u(2-13) was intended to
ensure that the peak flow rate was within 95% efuhlue from dynamic routing
after the wave had been traveling for a duratiamaétp one full wave period. For
the diffusion criteria, the test given at Eq. 2-1glintended to ensure that the wave
speed (celerity) with within 5% of the dynamic dan. A direct relationship to the
error of attenuation was not made (Ponce et aBd:97once 1989).

Crago and Richards (2000) reviewed Ponce’s acgunderia, based in part
on concerns that the small perturbation analysed g Ponce may not adequately
account for the large amplitude changes that oduating flood flows. They utilized
the FEQ model (Franz and Melching 1997) which sotliedull dynamic form of
Saint Venant equations and analyzed the widthefdbped rating curve that

emerged. The presence of a large loop or hysseeffeict was considered indicative
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of a non-kinematic wave, whereas a relatively gnglued relationship indicated a
channel and slope condition that could be amertatkenematic wave assumptions.
Crago and Richards concluded that the width ofdbp in the dimensionless rating
curve was closely related to Ponce’s wave periddr@.
2.4.3 Use of Variable Parameters and Averaging Schemes

Ponce and Yevjevich (1978b) compared a singlanmgu@vent using both
constant-parameter and variable-parameter fornonisof Muskingum-Cunge. The
inflow had a peak flow of 200 cubic feet per sec¢efd) per unit width of channel
and a time to peak of 48 hours and was routed ustAgpur time steps. The
reference values for determining coefficients andbnstant parameter case were
based on flow characteristics at peak flow, 2/gedk flow, and 1/4 of peak flow.

On the variable-parameter case, the Muskingum-Cuoag#Hicients were
evaluated at every time step, based on flow cantitat that time. Three different
averaging schemes were employed: a 2-point schased on inflow and outflow
values at the beginning of the time step only;@oBy scheme which also
incorporates the inflow value at the end of theetstep, which is known before the
routing takes place; and a 4-point scheme in wttiehunknown value of outflow at
the end of the time step is estimated and incluléde averaging, using an iterative
process until adequate convergence is obtained.

Ponce found that the results of the constant sllugkingum-Cunge method
were highly dependent on the reference value ehdigje used in calculating the

coefficients. Both travel time and attenuatiorb@dence) were impacted. By
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contrast, the variable parameter method gave eethat fell within the middle of the
constant parameter results. The 3-point and 4tpe®raging schemes each worked
well, but the 2-point scheme resulted in smallexkse slightly decreased rate of
travel, and a loss of volume over the simulation.

No other sources in the literature were found thatctly compare constant-
parameter versus variable-parameter methods.

2.4.4 Volume Conservation

While allowing the Muskingum-Cunge parameters iy waproves the
overall accuracy and shape of most hydrographs;d®and Chaganti (1994) noted
that the main drawback of the variable parametehatkis“a small but perceptible
loss of mass.”They found that the 3-point averaging methodtesedl greater loss of
mass than the 4-point methods and that the losge$ increased as the ratio of peak
flow to base flow increased. They concluded, havgthat the mass loss was not
strongly correlated with the resolution of the modgtime steps.

Ponce and Changanti did find the detailed methodHich the 3-point and 4-
point averages were calculated made a differengeliime conservation. Two key
parameters were needed in Ponce’s formulationeoétfuation: the kinematic
celeritycy, and the unit width discharge The kinematic celerity is a unique function
of unit discharge. They defined ttmnventional” method of averaging as one in
which bothck andq are calculated at each of the 3 or 4 computatipoigits and
averaged. By contrast,'modified” method was proposed whereby the valug of

was calculated and averaged, but the kinematicitsefer the system was then
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calculated directly from the resulting average kliz&gge. In a limited range of
numerical experiments using wide, rectangular ca®once and Changanti
reported that the modified method produced a shgihiconsistent improvement in
mass conservation. The constant-parameter Muskir@uinge method consistently
showed perfect conservation of mass.

The overall range of mass retention for the comast tested was 95% to 99%.
For the worst-case condition of mass retentionctireventional 3-point technique
retained 95.3% of its volume after routing, whergnesconventional 4-point iterative
technique retained 97.4%. When the modified avegagethods were used, the
volume accuracy improved very slightly, to 96.7% &8.4% respectively.

Tang et al. (1999a) further explored the issueobime conservation. They
provided an analytic proof for the observation ttatstant-parameter Muskingum-
Cunge conserves volume. They also conducted nameperiments on various
variable-parameter schemes, using a model basadimgle rectangular channel
with a Manning’s coefficient of 0.035, a synthetic inflow hydrograph with alpea
discharge of 900 s, and a time to peak of 24 hours. The tests wamnducted for a
range of slopes between 0.2% and 0.01%. A siegleeme-value test was also
conducted for a slope of 0.025%. Five differemgisteps, ranging from 0.25 hours
to 2 hours, were tested. Several different contjmutal distance steps were also
evaluated. They tested both the 3-point and 4t@saraging schemes, and they
used both the conventional and modified averaguogriiques discussed by Ponce

and Changanti. Tang also proposed an additiorehging technique that was a
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variation on the conventional method, but for whilech parameteX is evaluated

based on the average value of the quot%t .

k

From this work, Tang confirmed Ponce’s findingtttiee modified method of
averaging gave better results than the conventime#thod, and that the 4-point
average gave better results than the 3-point agerae results of the conventional
method and Tang’s variation were approximately efpraall cases, except in the
case of very mild slopes (0.01%). The effect dfiedent lengths of distance step
were small for steep channels (greater than 0.2%nbreased for milder slopes. All
of the 3-point averaging schemes were influencediftance step, whereas the
iterative 4-point schemes were relatively uninficesh By the same token, the time
step influenced results on the 3-point averagimgses, but had negligible effect on
the iterative 4-point schemes, except in steepanmdls.

2.4.5 Negative Outflow Values and Initial “Dip”

The Muskingum method is known to sometimes produrciitial dip in the
outflow hydrograph at the beginning of a simulaticdhen the base flow is
sufficiently low, this initial dip can cause thesfi several time steps to report a
negative value for flow in the outflow hydrograpRonce and Theurer (1982)
proposed a criterion for computational time andadfise steps to avoid negative
flows. To avoid a negative dip in the routing,ytmecommended that the distance

step should be kept below a maximum value, asvisiio

AX < 1(cAt + &j (2-15)
2 cTS
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whereAx is the computation distance stép,is the computational time steR,is the
kinematic celerity (or kinematic wave spee@y,is the reference dischargeis the
top width at the water surface, afgis the bed slope. The first term in the
parenthesis on the right side of the equation sgprts the distance that will be
traveled by the kinematic wave during one compoiteti time step, whereas the
second term is the characteristic length, to beudised in more detail in Chapter 3.

Perumal’'s (1992) derivation of Muskingum-Cunge exp this initial
negative outflow or dip. The dip occurs when thenputation distance step in the
initial phases of routing is longer than the cheeastic reach length. Because the
outflow discharges are extrapolated based on taeacteristic reach length, the
initial outflow values can be extrapolated below thitial discharges. As noted
above, this error is a function of the spatial heison in the model.
2.4.6 Computational Time and Distance Steps

As already noted, avoidance of a negative outflowing the early stages of
outflow routing has been one driver in setting tarib the size of the computation
distance step. Tang and Knight (1999b) reporteelp@rate numeric problem that
occurs in steep channels of compound shape - asails during the falling limb.
Whereas the control of the “dip” required an upgpait to the distance step, control

of the oscillations required a lower boundary:

AX > (cAt —&j (2-16)
¢ TS,
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Other potential considerations include the shdpgkeninflow hydrograph and
general timing. Nash (1959) proposed alternatedtaitions of Muskingum
coefficients when the time step for the model waissmall relative to the travel time
of the kinematic wave through the reach. Thesé#icants are not used in most
Muskingum-Cunge programs. To match the shape diydeograph, the HEC-1
User’'s Manual (USACE 1998) recommends that the stap be no larger than
1/20th of the time to peak. It further requiresttthe distance step not exceed the
total travel time of a kinematic wave through teacah.

2.4.7 Acceptable Range for theX” Parameter

One of the greatest myths surrounding Muskingunhotehas been the
acceptable range for theparameter. In its original formulation as a weiigd
scheme between inflow and outflow, it was understaohave a limit between 0 and
0.5 (Miller and Cunge 1975; Weinmann and Lauren@#9)l Based on Cunge’s
relationship, a requirement to keep ¥ealue positive places a lower limit on the
size of distance step that can be used (Weinmathih@mwenson 1979).

Ponce and Theurer’s (1982) proposed accuracyierf time and distance
steps suggested that as a practical measureinitisvias unnecessary and that
negative values of caused no computational difficulties. RecentBel&and Gasper
(2000) investigated the issue at length, and calecluhat the concept of weighting
parameters played no role in Muskingum-Cunge. Ftatioms with a negative X
were acceptable, and in some cases, lead to imgsiability and accuracy. Itis

Perumal’s derivation of Muskingum-Cunge and itstrefeship to the Kalinin-
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Milukov method, however, that clarifiedlas a length adjustment factor, with
negative values simply indicating a characterigtigth larger than the routing step.

The proper range of Muskingum-Cungés now understood to be»+o 0.5.

2.5 Computer Models

A variety of computer models perform channel rogitamd flow analyses.
Many of these program have been developed by vaagescies of the federal
government with responsibilities over water researcThe models used in this study
and some related models of interest are summarized.
2.5.1 Hydrologic Models - HEC-1

HEC-1 is a computer model that packages many contigdrologic
processes together in one modeling environment (LESA998). The original model
was developed by the Hydrologic Engineering Cefii&C) of the U.S. Army Corps
of Engineers and was first released in 1968. Vari@finements were issued 1970,
1973, 1981, 1990 and 1998. HEC-1 includes pro@=diar input precipitation
patterns and amounts, estimate net losses, cqmeeipitation to runoff, combine
hydrographs from multiple tributaries and routemousing a variety of methods,
including Muskingum-Cunge, modified Puls for riveuting (hereinafter referred to
as Cascading Reservoirs), and kinematic wave metfibd program also contains
models for flood damage analyses, parameter otioiz, and multiple plan

comparisons.
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The HEC-1 model describes a watershed as a séniedependent subareas
or processes, and within a subarea calculationsiade based on average or lumped
values of the parameters. In 2000, HEC released-HMS (Hydrologic Modeling
System), which is the successor to HEC-1. Moshefsame computational methods
were included in HEC-HMS, but with more advanced ugterface and
programming (USACE 2000).

25.2 HEC-RAS

HEC-RAS is a widely-used model for open-channelraylic analyses. A
successor to the original HEC-2 program, it alldarshe calculation of stage and
velocity for complex systems of natural streameluding routines for bridges,
culverts, weirs, and other hydraulic structurebe Dasic traditional use of HEC-RAS
has been for one-dimensional steady flow, with deageometry and roughness
characteristics input at various cross-sections.

Typically, a backwater analysis is performed fabaitical flows, in which a
downstream boundary condition is set to establistdbwnstream flow depth, then
an iterative method used to calculate the flow klgpthe next upstream section,
using the energy equation. Mixed-flow and supeoaiitsolutions can also be found.
In recent years, HEC-RAS has been expanded todedun unsteady flow solver,
based on the older UNET program. The unsteady ftmtines in HEC-RAS are
discussed in greater detail in the next sectioBCHRAS has also incorporated
additional subroutines for scour analyses at bedgel sediment transport (USACE

2002a and 2002b).
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2.5.3 Full Dynamic Models - General

Specialized modeling routines are needed to sblveomplete form of the
Saint Venant equations. Because the equationsoaréinear, analytical solutions do
not exist for most practical needs. Finite diffeze schemes are needed, whereby
values are calculated for the state variablesetiBp nodes along the channel at
specific times. Finite difference schemes canisenguished aséxplicit” or
“implicit.” Explicit schemes use the known values at a dpdtife step to estimate
the derivatives, and those values and derivatix@sised to extrapolate the state
variable to the next time step. These methodsasest to program but are only
accurate or stable when extremely small time stepsised.

By contrast, implicit schemes develop a systemqofations to describe the
values of the state variables and derivativeslf@patial nodes in the system at both
the beginning and ending time step. Implicit scesmllow for information from the
entire river reach to influence the solution atrgy@oint, producing greater accuracy
at larger time steps (Roberson et al. 1988, Batl®7, Fread and Lewis 1998).

One can think of any given point along the chameal specified time as
being bounded by a four-point box, or finite diflace cell, as shown in Figure 2-3,
which is reprinted from the HEC-RAS unsteady floecdmentation (Barkau 1997,
USACE 2002b). Part of the boundary is formed by spatial nodes, one upstream
and one downstream, signified by subscripts “” §md”, and part of the boundary
is formed by two discrete times, one prior and later, signified by subscripts “n”

and “n+1".
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All such individual boxes are then assembled atoatrix and numerical
solution techniques are used to simultaneouslyesivall unknowns. Although

significantly more complex, implicit schemes allawch larger time steps to be used

in the solution (Franz and Melching 1997).

. n+1

ot

—~— gt

i i+1

il |

Figure 2-3. Typical Box Scheme for Implicit Finite
Difference Solutions(reprinted from USACE 2002b)

To solve for conditions at the end of a given tstep, the initial values and
relationships for all the state variables mustpecsied at the beginning of the time
step. In addition, relationships are requiredcfamditions at the boundary of the
solution at the end of the time step (time n+1¢8érand Lewis 1998). For
subcritical flow, one boundary condition must bedfed at the downstream end and

one at the upstream end. Those boundary condgi@niypically inflow or outflow

discharges or a specified head (Barkau 1997).
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Implicit methods estimate the partial derivatietvieeen nodes differently for
space and time. For the individual box shown guFe 2-3, the derivative with
respect to time for any given state variable Spis estimated directly as the average

rate of change between the nodes:

oF _Af (R R (R )

2-17
ot 2 ot ( )

wheredt is the incremental time step between calculatsdegs, andF is any
continuous state variable for which the partiaiwdgive exists, with specific values
designated or calculated at specific nodes of angkdistance steps, the subscript
indicating the spatial location of the node andghgerscript indicating the temporal
position (Barkau 1997).

By contrast, a pure average on the spatial dévevaiin sometimes produce
unstable results. Instead, a weighted averageeid, @giving slightly more weight to
the value of the state variables at the end ofithe step. This extra weighting
produces greater stability, but at the cost of ceduaccuracy. In general, it is
recommended that the weighting factor, typicallpated thetaf]), be set between
0.55 and 0.60 (Barkau 1997, Fread and Lewis 1998der this scheme, the partial

derivative with respect to distance for a statealde is given as follows:

ﬁz9{(5”&1-F,—”“)}(l_g){(ﬁirﬁ”)} 2-18)

OX X X
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2.5.4 HEC-RAS Unsteady Flow Model (URAS)

One common computer program for solving the dycamave problem in
real rivers is the unsteady flow module incorpatateHEC-RAS Version 3.0 and
later (USACE 2002a and 2002b). This module is éhasethe older UNET model,
which was developed by Dr. Robert Barkau in codgamawith HEC. The original
UNET model was specifically designed to use inmtadrom HEC-2. The UNET
solution routines have now been embedded as d@ohyption in HEC-RAS. Input
data compatible for the unsteady solver is crediexttly from the basic geometry
data input into HEC-RAS through the use of a p@pssing routine. The original
UNET equations used a modified form of the St. \re¢mmuations (Barkau 1997).
The HEC-RAS unsteady module was selected as thehbeark model for routings in
this study. For convenience, the unsteady flovooptithin HEC-RAS will be
referred to as the (URAS) model in this report. &detail on the uRAS model is
given in Chapters 3 and 4.

2.5.5 NWS FLDWAYV Model

The National Weather Service also developed argéned flood routing
model called FLDWAYV (Fread and Lewis 1998). Thisdal was a replacement of
previous two previous models, DAMBRK and DWOPER, efthiocused on dam
break and river routing problems, respectivelymi&ir to FEQ, FLDWAYV also uses
a modified form of the St. Venant equations andvedl for input of natural channel
cross-sections. An implicit solution procedureised. Sinuosity factors are

introduced to account for meandering streams, la@ddriable nature of compound
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sections is handled by a table of depths versuwidilh. FLDWAYV allows for the
Manning’s n value to vary by depth or discharge.

The FLDWAYV model was used in a limited fashiorthrs study. It was used
to validate the performance of the uURAS model iatar 6. In Chapter 7, certain
operational features of the model are tested,asrilate to overall model stability.
A major limitation of the model is the lack of a desn graphical interface and a
cumbersome input routine. The FLDWAYV program iswell-suited to use in
complex, small streams. More detail on the inputines for FLDWAYV are given in
Chapter 6. For convenience, the FLDWAYV progran eften be abbreviated FLW
in this report.

2.5.6 USGS FEQ Model

The FEQ (Full Equations) model was developed byUls. Geological
Survey, in cooperation with the lllinois DepartmehfNatural Resources. It was
developed in part to handle the flat streams wita floodplains that were
characteristic of the Chicago area. It solves difieal form of the one-dimensional
St. Venant equations for a sequence of open chawandl can also handle empirical
relationships for control structures such as biggealverts, dams, spillways, drop
structures, etc. Channel characteristics are preegsed into a series of tables, and
an implicit numerical solution calculated (Framdavielching 1997). The FEQ

model was not evaluated in this report.
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2.6  Compound and Meandering Channels

The majority of numeric comparisons of Muskingum-@eiand other flood-
routing method have been made on highly simplifvede rectangular channels or on
simple prismatic shapes, such a single stage toagezhannels. By contrast, most
practical flood routing problems apply to natuaéams, many of which are
characterized by small main-flow channels meandesiithin wide floodplains,
where the floodplains may be heavily vegetated withstantially greater roughness
than the main-flow channel. Geometric propertiey tme highly variable from
section to section.
2.6.1 General Tests

The Natural Resources Conservation Service (NR&8erly Soll
Conservation Service) evaluated the routing charstics of cross-sectional data
drawn from 20 watersheds in 17 states (YounkinMedkel 1988). A series of 12
typical sections were developed to represent aerahghannel geometries under
different flow conditions. Four of the typical siens represented a range of ratios in
top-width to flow area at bankfull (in-bank) flowsour of the typical sections
included overbank floodplains with shallow flowsisied on a 5- to 10-year storm
flow rate. The final four sections representedodeeerbank flows typical of 100-
year storms. Dimensionless geometric data wasla@seomposite results from 836
cross-sections drawn from these watersheds, anttdks-sections represented
channels having between 8 to 375 square milesrdfibating drainage. All data

was derived from NRCS offices, based on local plamor flood insurance studies.
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A series of hypothetical unsteady routings weréerfar each channel,
comparing both a constant-parameter and variablapeter diffusion routing
method, each similar to Muskingum-Cunge. A dynamdaclel using an implicit
four-point solution to the full St. Venant equasonas used as a benchmark. The
study found that the diffusion model results werasitive to the time-to-peak of the
hydrograph and length of channel, but were reltiuainfluenced by the Froude
number. Over 80% of testing runs satisfied theueszy criteria for match between
diffusion and full dynamic models. Those critenare (1) peak flows within 1%, (2)
time to peak within one increment of the model tstep, and (3) 95% correlation of
the shapes of the discharge and area hydrograptesstudy also found that the
variable-parameter model predicted timing and shweper, and that accuracy was
best on narrow, deep channels.

Tang and Knight (1999b) evaluated hypothetical goomd channels with
large overbank flows. They found that a significaelay can occur in the rising limb
once bankfull flow is reached, creating what theynted a “shoulder” in the
hydrograph. Mild slopes and rough overbanks eaanlriboted to increased
diffusion, and the roughened overbanks is assatiaith delayed travel times for the
peak. Overall flood-wave diffusion did not appdependent on the ratio of peak
discharge to bankfull flow.

Garbrecht and Brunner (1991) also tested hypathletompound cross-
sections, comparing results from variable-paramdieskingum-Cunge to a full

dynamic solution from the DAMBRK program developedthe National Weather
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Service. The overbank was modeled as an entieglgrate channel with periodic
junctions to allow rebalancing of flows between tiverbank and main-channel.
Under this scheme, they found that hydrograph paafigimes to peak were within
4% for most of the test cases, and that the Muskm@uinge approach represented
the overall hydrograph shape well.

2.6.2 Discharge Estimates for Compound Channels

In compound channels, flow estimates are develbyexkparating main-
channel and floodplain sections. Henderson (186&6¢ribed this approach, whereby
the water-surface elevation is taken as level adios entire composite section, and a
weighted average value of velocity head computedhi® entire section to find the
energy grade line. Henderson noted that this ndedlo@s not consider the impact of
exchanging flows between the main-channel and evérsections. A hypothetical
dividing line is needed to separate those flowd, tae orientation of that line has an
impact on calculation accuracy.

Stephenson and Kolovopoulos (1990) reviewed thelidig-line problem,
considering the effect of momentum transfer digg@hd provided a summary of the
major dividing-line methods. Thevértical division method’uses a vertical line at
each bank point to separate flows. It was notatlttis method generally predicts
too high a flow rate, which is attributed to ananect consideration of shear stress
on the main channel. Because flow in the main rllkis moving more rapidly than
the overbanks, any mixing of flows should haveralémncy to accelerate the

floodplain flows and provide a drag on the mainreted. A variation on the vertical
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division method involves counting the length of theetical division as part of the
wetted perimeter on the main channel, but ignoitsitength on the floodplain. They
termed this theK-method’

A second method tilts the vertical line at an artgards the center of the
channel, producing thalfagonal division methaod This method is intended to
approximate the effective location of the zero-ststgess layer between the main-
channel and floodplain.

A third method attempts to balance the momentutwdxn the adjacent
cross-sections based on an area correction, wittedirting a specific interface line.
This method is termed tharea method Stephenson and Kolovopoulos reported
the tests of previous researchers and concludedntharea method was the most
promising approach, because it yielded smallerad®nris in total flow rate and main-
channel to floodplain ratios. When momentum transffects are factored into the
discharge formula for compound sections, it prodweincrease in floodplain flow,
a decrease in main-channel flow and greater ddfusf the hydrograph, particularly
at lower depths.

Wormleaton and Merrett (1990) provided some ofetkigerimental evidence
used in Stephenson and Kolovopoulos’s paper. Waatoh and Merrett performed
flume experiments on compound channels and gathietaded data on point
velocities and boundary shear stresses. Thed fitieir results to solutions using the
vertical and diagonal interface method, with a ection factor proposed for each.

They found that the vertical division method caoduce significant inaccuracies in
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total discharge and flow proportioning, but thaige disparities could be reduced
with their correction factor. The disparities wgreatest where the floodplains were
roughest. The diagonal division method generadfggmed better than the vertical
method. The error in total discharge and main-okbproportions decreases with
greater overall discharge and floodplain depths.
2.6.3 Meandering in Two-Dimensional Planform

The considerations given above to compound sexapply for straight
reaches of river. Most natural streams have thaiaddl complexity of a
meandering plan form. Patra and Kar (2000) prowideverview of the literature on
meandering floodplains, which they found to be ledi They reported that some
researchers (Toebes and Sooky 1967) had propdsaikzantal fluid boundary as
more realistic than a vertical division. Patra &ad also conducted flume
experiments for meandering channels, from whicly teveloped various empirical
formulas which they proposed could better estirdegeharge. Each of their methods
involved use of a diagonal division method, with thvision angle based in part on
floodplain flow depth and the sinuosity of the chal Their experiments showed a
significant difference in velocities between theimaehannel and floodplain when
overbank flood depths were low, but that mean veéscin the two segments become
more similar at greater flow depths.

Ervine et al. (2000) also developed a seriessiftdirge predictors based on a

theoretical solution to the Navier-Stokes equatarturbulent flow in a sinuous
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channel, which included consideration of relativeghness between main-channel
and floodplain and the ratio of peak dischargeaokifull discharge.
At this point, it appears that predicting the iripaf meandering geometry on

discharge prediction is an area of ongoing research
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Chapter 3

Basic Derivations of Muskingum-Cunge and Related Methods

3.1 Derivation of the Saint Venant Equations

A complete description of one-dimensional unstegayn-channel flow is
given by the Saint Venant equations (Chow 195%ddeson 1966, Roberson et al.
1988).

The Saint Venant equations are based on the coiytemd momentum
equations for a segment of channel between tweseestions, as shown in Figure 3-
1. The channel segment has a lengthyof The parameters for the upstream cross-
section of Figure 3.1 are definedyas depth of flow in the channel, z = bed elevation
relative to a horizontal datur,= area of flowu = average velocity of the section
andQ = uA = discharge. Neglecting higher-order terms inTtaglor expansion, the

corresponding variables at the downstream crodsesesre

y+ (QJAX, A+ (a—Aij, u+ (a—uij andQ+ (@ij . The entire channel
oX OX oX OX

segment between the two cross-sections is theatartiume for this system. All
flow enters the segment through the upstream seiganeneaves through the
downstream segment.

The bed slope of the channeBs It is assumed that the bed slope is very

small, such tha®, = sin(@) wherea is the angle of inclination of the bed slope ietat
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to the horizontal plane. It is also assumed thawtiocity vectors are nearly parallel

to the bed and perpendicular to the upstream anthgtoeam cross-sections.

Upstream Section

Energy Gradeline

e Water Surface

Downstream Sectioh datum

Figure 3-1. Definition Sketch for the Saint Venant Equations
(adapted from Roberson et al., 1988)

Continuity Equation
The flow is assumed to be incompressible, so cuaten of mass is given by
the continuity equation, as follows:

oVOL
Qin - Qout - T
whereQi, = inflow dischargeQ,,: = outflow discharge, VOL = volume of fluid

stored within the channel segment a%\étcl' = rate of change in volume storage

over time. Substituting the values for the chamméligure 3-1 gives
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o (g4

ot Ox

AR _y (3-1a)

where Eq. (3-1a) is the first Saint Venant equatitins often useful to expand this
equation further into an alternate form, base®@on(UA) :

A LWOA L AN g (3-1b)
ot OX OX

Momentum Equation

The second Saint Venant equation comes from Nesv&Sfhlaw of motion,
which states that the sum of the forces acting ugyoa system of mass are equal to
the change in momentum of the system. For theitondn Figure 3-1, only the
forces and momentum changes in the longitudinakton of flow ) are
considered. In other words,

o(momentu
ZFX _ ( 6t rp)system (3_2)

where the system is defined as a given quantitgass.

To relate this to a fixed space, as shown in [E@id., the control volume
eqguation is used (Roberson and Crowe 1990). Theaiovolume equation, also
known as the Reynolds transport theorem, staté$ahany extensive property (i.e. a
conservative property related to the total magh®fystem, such as momentum or

energy), the relationship between the propertyfofead system of mass can be
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related to the properties within a control volur@®/f and to the flux across the
boundaries of the control volume, known as therabsurfaces (CS), as follows:

PBoren_ 2 [(np)avoL+ [bp(f e k) (3-3)
at at CVv CSs

whereB is any extensive propertly,is the corresponding intensive property (defined
as the amount of the extensive property per ungs;arB/mwherem is mass)p is

the mass density or mass per unit voluxi@L is the volume within the control

P . .
volume,U is the velocity vector of the total flow ardaK is an area vector for each

control surface, which has a magnitude equal teithe of the control surface and a
direction normal to the area and pointing outwartke dot produc(U o ) gives
the total discharge across a given control surfRcderson and Crowe 1990).

For the conditions in Figure 3-1, flow is only pdse across the upstream and

downstream sections, and all velocities are pelipatad to the cross-sections, so for
(P
each sectlon(U . dK)z (uA), =Q,.

Momentum is defined as mass times velo(Jityhj) and it is a vector quantity.
As stated previously, all velocities)(are assumed to be in the longitudindl (
direction, so the momentum of the system is sinfply) and the intrinsic form of
momentum is simply the velocity

The volume of the control volume is approximated@x) (neglecting the
incremental change in area over distance). Wgkdlsimplifications and

substitutions, Egs. (3-2) and (3-3) are combinefbk®ws:
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~ d(momentury)

system 0
z Fx ot . = pAXa[UA]‘F [pUQ]out - [qu]in

The last two terms on the right hand side reprettenhet efflux of momentum from

the control volume, and can be further reduced,

[uQl, — [puQl, = p{UQ+ %Ax - UQ} = p{a(giA)}Ax

which leaves,
> F = pr%(uA)+ pr%(uzA) (3-4)

There are three forces acting on the control velimthe longitudinal or x-
direction, as shown in Figure 3-2. Those forcestle component of gravity in the x-
direction (F ), the net pressure force acting on the upstreahtawnstream section
faces (F), and the resistance or friction force acting agaihe flow at the channel

sides (F). Forces are considered positive when they atttdrdownstream direction.

Figure 3-2. Sum of Forces on Control Volume
(adapted from Roberson et al., 1988)
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The force of gravity in the longitudinal (x) ditean is given by the
component of the control volume weight acting ie threction parallel to the bed
slope, i.e.

Fox = 7(AAX)sina ~ y(AAX)S,
wherey is the unit weight of the fluid, noting that = 7 where g is the acceleration
g

due to gravity ang is the mass density. This force is always pasitivthe
downstream direction.
To evaluate the net pressure force, an incremelgalent of flow is

considered, based on the cross-section shown urd-g}3.

Figure 3-3. Cross-Sectional Element of Flow
(adapted from Henderson 1966)

The incremental element has a cross-sectionahwifhB, a depth of; and a

length of Ax. The hydrostatic thrust on the upstream endettdgment is

2
%AB(yi )*and on the downstream end4'%AB(yi + ayij . Neglecting higher-

ox
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order terms, the net force due to hydrostatic piress therefore- ;/AB( Y, ?ij :
X

Summing this term for all the increments of widtalgs

oy
F =—y A= AX
P OX

If depth is increasing in the downstream directibis force is negative. If depth is
decreasing in the downstream direction, the fasqeositive.

The resistance or friction force represents tked tf all non-conservative
forces that cause energy loss in the system.nHists of an average frictional shear
force () applied over the entire channel wall of the segintigat is in contact with the
flow (i.e. wetted perimeteiP(,) times the channel lengthX)), and it always acts in
the negative (upstream) direction,

F, =-—t P,AX

The average shear force cannot be directly detexiniso it is assumed that
the friction force experienced during unsteady fiehe same as would be

experienced during steady flow conditions, and@raximated as:

T=y RS

whereR; is the hydraulic radquPA] and$ is the friction slope, or slope of the

energy grade line as calculated for the given @disg using a standard resistance
equation, such as Manning’s or Chezy’s formula (Hesoih 1966). This friction

force is given by the slope of the energy grade, lin
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Fi = 7(AAX)Sf

Combining these three forces in Eqg. (3-4) gives

A A — ol 9 (w2
7(AAX)S, yAaX Ax—y(AAX)S, = prat(uA)+ pIX— (u?A)

which after rearranging and simplifying, gives

0 0 ( , oy
ANS - S, )= = (uA)+ —(u?A)+ gaA=2
(085, -5 )= 2 0+ 2 (u7A) ga
O0A ou ou ,0A oy
AS -S. J=uZ+ A= 2Au—+u? =+ gAal
(9 )(" f) " T T Y T

(gAS, - S, )= A L A 4 gAY 4y Ay AU, A
ot OX OX ot OX  OX

From Eqg. (3-1b), the term in the brackets on tgktrhand side of the last equation

reduces to zero, leaving,

g)ot g)ox oOX
s, :so_@_(ﬂj@_(lj@ (3:5)
ox (g)ox (g)ot
(I | 1 v Vv

Eqg. (3-5) is the standard form of the second Sé&amant equation. Term |
arises from the friction force, Term Il from theagitation force, and Term IIl from
the net pressure forces on the control volume.

Term IV was created by convective accelerationiamtiie to the difference in
inertial between flows entering and leaving thetomrvolume (momentum flux). It

is positive when the velocity at the downstream efithe control volume is higher
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than at the upstream end (i.e. when there is aatle of the fluid as it passes
through the control volume). Term V is based andffect of temporal acceleration
and represents the rate of change of momentumnatitiei control volume. 1t is
positive when the velocity is higher at the endhef time step than at the beginning
(i.e. when there is a net acceleration of all flwithin the control volume over a time
step).

In cases of long flood waves, the values of Tevnand V are typically small
in magnitude compared to the other terms and cagnoeed (Henderson 1966).
Even if not negligible, the last two terms are ofteenerally opposite in sign during
passage of a flood wave, which means that it iseraocurate to ignore both terms
than just one (Ponce 1990). On the rising limha @bod wave, the convective
acceleration term would be negative, since thecitglof the flow at the upstream
end of the control volume would be greater thamatdownstream end. The
temporal acceleration, however, would be posituace the velocities at both ends of
the channel would be greater at the end of a tieethan at the beginning. The
situation is reversed on the falling limb.

For these reasons, these last two terms can loé@eglected for long flood

waves and Eqg. (3-5) is approximated as:

dy
S, =S, -2 3-6

This formula is known as tha#ffusion equatiorand represents the condition

when the friction slope at a given cross-sectiateiermined solely by the slope of
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the water surface. This approximation is geneiatigeptable except in the following
circumstances:
¢ in channels of very small slope;
e when the rate of change of discharge is very rapid;
¢ when the channel dimensions vary dramatically frgpetream to
downstream; or
e when there is a sharp curvature in the slope oividiter surface (for instance,
the leading edge of a dam-break wave or surge).
A resistance formula must be employed to calcutadriction slope %)
when using the Saint Venant or diffusion equatioimsthis study, Manning's formula

was used:
2 M 167 2
Q=C(S,)* = FA(Rh) (Sy) (3-7)

whereQ is the dischargeg is conveyance in the sectionis Manning's roughness
coefficient,M is a coefficient of 1.0 in S.I. units and 1.48@nglish unitsAis the

cross-sectional area of the flol, is the wetted perimeter, af is the hydraulic

radius equal tepA . Conveyance is denoté&instead oK in this study to avoid

w

confusion with the Muskingum coefficient.

3.2 Derivation of Muskingum Method
The Muskingum method uses the continuity equati@ham empirical term to

relate outflow discharge to changes in volume @veuting interval. The continuity
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equation in finite difference form as applied oaazhannel reach of lengtix is

given by
d_Q+d_A\z(O_I)+£\:O (3'8)
dx dt AX At
|_O= AX(A_AJ _AVOL (3-9)
At At

wherel is the inflow discharge rat@ is the outflow discharge ratat is the time
interval of a routing ste@\A is the change in average area of flow in the reaein
the time step, andVOL is the change in volume stored within the readr ¢he time
step. Expanding Eq. (3-9) across the time stepsgiv

l,+1, O+0, VOL,-VOL

3-10
2 2 At ( )

where the subscriptisand?2 refer to the values of the given parameters at the
beginning and end of the time step, respectively.

The values ofy, I, O, andVOL; are known for any given time step, and the
values 0fO,, andVOL, must be determined. The Muskingum method assumaés t
the volume can be approximated as weighted averfate inflow and outflow
(Roberson et al. 1988), given as

VOL = K[X(l)+ @~ X)(0)] (3-11)
whereK andX are constants to be determined for a given reach &vailable data or
assumed based on prior experience. This empmtationship, along with the

continuity Eq. (3-10) can be used to solve fortthe unknowns.
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A better expression of Eqg. (3-11) would be basethe difference in storage
across the time step instead of the absolute \odla®rage at any time, as shown
below:

VOL, -VOL, = K[X(l, - 1,)+ @~ X)(O,-0)] (3-12)

If the values oK andX are constant over all the routing steps, theretigeno
difference between Eq. (3-11) and (3-12). Howefaernatural channels, the value
of K andX are not constant. At any given routing steps thie rate of change in the
variables that is most needed, not the absoluteevah the remainder of this
investigation, the coefficients andX will always represent the incremental values as
implied in Eq. (3-12).

If Egs. (3-10) and (3-12) are combined and likengegathered and
rearranged, the traditional Muskingum equationsb@®son et al. 1988; Ponce and
Yevjevich 1978b) are found to be:

0,=C/l,+C,1,+C0O (3-13)

where

At + 2KX At — 2KX
C, = C,=
2K (1- X) + At 2K (1- X) + At

and c _[2Ka-X)-at
2K @-X) + At
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3.3 Derivation of Muskingum-Cunge
The key to Muskingum-Cunge is the establishmerat ohe-to-one

relationship between the storage found in a gieach and the discharge at a given

point within the reach, which is then related te thflow and outflow discharges.

Perumal (1992) began his derivation with the prertist such a relationship could

be defined. His derivation relies on the followiagsumptions:

1. For any given flow in the channel, there exastgrticular length of channel
such that there is a unique, one-to-one relatigniséiween the discharge at
the downstream end of the channel and the degdtbwefat the mid-point.
This length is denoted the characteristic lengthof the channel and is a

function of discharge.

2. The channel section is prismatic, with a cortsshape and roughness
throughout.
3. The dynamic terms of St. Venant's equationseaignored and the

momentum equation is solved by using Eq. (3-6) diffesion equation,
which means that the friction slope for the fld®) {s equal to the slope of the
water surfaceg,).

4, The water-surface slope is linear along thetlenfjthe reach.

5. The differences between the water-surface sdopiebed slope are small
enough that the rate of change in discharge dunsteady flow caused by a

change in water-surface slof) is approximately the same as the rate of

57



change in steady-state discharge resulting frorméas change in bed slope
()

6. The difference in flow depths throughout thecheare small enough that the
effective values for kinematic celerity and top thidre nearly the same
everywhere.

7. The volume stored beneath the water-surfacéefof any given water-
surface profile is approximately equal to the vodustored beneath the
steady-state profile having the same depth of watdre midpointy.

Figure 3-4 provides a schematic view of a rivechefar which assumption (7) might

hold.

Water Surface
Slope, §

v

Figure 3-4. River Channel Over a Characteristic Length
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The channel has a length qf &nd sections M at the midpoint and B at the
downstream end are indicated. Figure 3-4 showsyfheal case of a rising
hydrograph, wher& pivots around the midpoint of the reach &d S, In this
case, there is an extra volume stored in the wédlgeA’, which makes up for the
void in volume in the downstream end shown as w&ideB’. The situation
reverses whef < S..

This assumption is not strictly correct, sincedgbopen-channel sections
have banks and floodplains that slope outwardthaathere will always be slightly
more volume in the half with the deeper flows tigaoffset by the void in the part
with the shallower flows. For practical purpodeswever, the difference is often
small.

By assumption (3) and Eq. (3-7), the dischargeeation B is a function
solely of the water-surface slofe and of the section conveyance, which is assumed
to be a function that varies solely with dept).( In other words,

Qb = Q¥ Sw)

If the depth of water at section M is held consttren, by assumption (1), the
value of Q at section B must remain constant. Dhlewing approximation can then

be taken at section B:

_[9% 9 s = ]
dQ, _( ~ jAy+(aSWJASW =0 (3-14)
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From Figure 3-4, the surface profile A’-B’ showetchannel under steady-
state flow. The profile A-B shows the channel uralesing-limb hydrograph where
the depth in the middle of the section has not ghdn At section B, the following

relationship exists between flow depth and watefase slope:

- Ay Ay
AS, =—2 = (2= 3-15
T ( )Lu (3-15)

By assumption (5)

Loty 2 (3-16)

Q 0Q _
oS, S

w (o]

2 S 2S

(o] (o]

The combination of terms and cancellatiom\gfyields

Sr{a]2)

oy 28, L,
6@?{" = LQ; , or (3-17)

In some cases, it is more useful to express Eq7{&s:

0Q _Q (3-18)

o Z,
whereZ, = Ly(S) is the vertical drop in the steady-state watefagar profile across

the characteristic length of the river reach. Vakie of 6Q, /oy can be evaluated as:

Q2 ) 319)
oy  OA | dy

The first term on the right hand side has been shiovbe equal to the kinematic

wave speedcf) and the second term is simply the top width ef¢hannelT), and
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by assumption (5), the values of both can be eteduaased on steady-state

conditions, so:

Q
<= 2A (3-20)
T dA (3-21)
dy
Q
Do T (3-22)
Combining Egs. (3-17) and (3-22) yields
cT = %
LS,
L, = < (3-23)
c TS

For a channel with the given propertiexofT, andS,, any given reach of
lengthL, will produce a one-to-one relationship betweenstiagie of the water at the
midpoint and the discharge at the downstream &ydassumption (6), this then also
means that there will be a one-to-one relationbkiveen the volume stored in the
reach and the discharge at the downstream end.

To put this in more intuitive terms, if the watarrface slope across a reach is
changed, but the depth remains the same in thercemte is in effect pivoting the
water surface about the midpoint of the reachthdfwater-surface slope is increased,
the velocity of the water in the reach should iases but the depth of flow and hence
area downstream of the reach midpoint will decre&ection B is by definition the

specific location where these two effects are iamee, leading to no change in
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discharge. If the water-surface slope decreasen,the velocity in the reach would
decrease, but the depth and area of flow at thensioeam would increase, again
providing balance at section B. This balance iy strictly maintained for small
variations of water-surface slope around the stesale flow.

The values o, andT depend upon the discharge, so that the valuesof th
characteristic reach length,j is not constant for a channel, but also varigh wi
discharge. As a general rulg, will increase with increasin@.

Eq. (3-23) would be sufficient if a reach couldrays be divided into lengths
of exactlyL, for calculation, but in many instances other valitge a computation
distance step\x, may be desired. Furthermore, sihgeraries by discharge, some
means of adjusting the solution to report correstilts for the givenx over a range
of flows would be desirable.

The procedure given above can be extended toatteeaAx = L.
Assumptions 1 through 7 are taken as valid oveelttige reach lengthx, not just
the characteristic reach lendth Furthermore, an additional assumption (Perumal
1992) is made
8. The variation in discharge along the reachisdr, so that the discharge at

any location within the reach can be given by Imagerpolation between the

inflow | and the outflowD.
In the strictest sense, assumptions (4) and (8haoenpatible. Discharge is not a

linear function of depth, so the surface of theavand the rate of change of
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discharge in a channel cannot both be linears dssumed, however, that the error
introduced by making both assumptions simultangasgblerable.

Figure 3-5 shows the situation wheveis greater thah,. Section A refers to
the inflow, section M refers to the midpoint of tfleach, section B refers to the
downstream end of the characteristic relagland section C refers to the downstream

end of the routing reackx. The distance between sections B and C is dersied

and both_, andAx are centered on section M.

AX/I2 L./2 r

Jle >le >
N <

AX .

A

Figure 3-5. Channel Extrapolated to Length Other TharlL,

By assumption (8), the discharge at B is given by

-0 Q,-O
AX r
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Q, :(LJU ~0)+0

AX
Q =X(1-0)+0=Xl+(1-X)O (3-24)
whereX =r/Ax is a length adjustment factor to be used for limerpolation. This

definition of X is developed further, using Eq. (3-23):

N i(&_ij :1(1_ij (3-25)
AX\ 2 2 2 AX

X =1(1_ Q j (3-26)
2 CTSAX

Eq. (3-26) is recognizable as Cunge's definitioMaskingumX (Cunge 1969,

Roberson et al. 1988, Ponce and Yevjevich 1978lnore general form for it is

1, Q ]
X=> aQ (3-27)
dy

whereZ = (S)Ax is the vertical drop in water-surface profile &sthe computational
distance stepx.

Because there is a one-to-one relationship betdiseharge at section B and

the volume stored in the reach,

VOL, -VOL, = K[Q,, - Q] (3-28)
where
K - dVOL (3-29)
dQ,
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K =——AX
dqQ,

K = &X (3-30)
Ck

If the relationship between volume and dischasgeear, K will be a
constant. Typically, the relationship is not linaad therefore K varies with
discharge. This is the definition of K as propot@dviuskingum-Cunge (Cunge
1969, Roberson et al. 1988, Ponce and YevjeviclBlip7

From Eq. (3-24), the difference in flow rate attgen B at the beginning and
end of a time step is given as:

Q,,—Q, = X(I,- 1)+ @ X)(0,-0) (3-31)

SO

VOL, -VOL, = K[X (I, —1,) + - X)(0, - 0))]
which is precisely the same as Eq. (3-12) useldarMuskingum equation. The
relationships foK andX given by Egs. (3-30) and (3-26) are also precidaysame
as proposed by Cunge, and therefore it is showrtieaMuskingum-Cunge is an
approximate solution of St. Venant's equations dhasethe physical description
shown on Figures 3-1 and 3-2 and from assumptibnthfough (8).

The author presented a detailed review of thissdgon in a previous work

(Heatherman 2004).
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3.4 Physical Interpretation ofK and X.

The value oK has units of time and represents the amount & tiakes for
a flood wave, traveling at the kinematic celeritytravel down the reach a distance
equal to the computational distance step. Theevali depends upon the reference
discharge. It generally decreases as dischargeases, except in regions where
small increases in discharge open up expansiwe;fibaving floodplains. This
concept oK is well established in the traditional understagdsf Muskingum's
method.

It is important to observe, though, tikatlid not arise in the equations from
any explicit consideration of wave speed. It wasety a surrogate for the volume-
discharge relationship. As noted by Hendersong),9tbod waves appear from
empirical data to move at the kinematic wave spted the relationship between K
and travel time. If field calibration data, howevieund a deviation between
kinematic wave speed from theory and the actuainession speed at a station, one
should not necessarily adjust the valu&of

The value foK discussed in the previous section was for thewcs step
used in the actual computations. In most computatels, the value df is entered
based on the travel time through the entire reaicti,the computer internally
subdivides the reach into smaller computationaleiments. Values & are then
calculated internally for each computational step.

Traditional explanations of relied on the concept of prism storage and

wedge storage, where wedge storage is defineceamthme of flow above a plane
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that was established parallel to the stream bedraeadsecting the flow depth at the
channel outlet (Roberson et al. 1988, Montes 1988)ure 3-6 presents the
traditional understanding of prism and wedge steragth the prism represented by

that part below the dashed line.

Wedge Storage

B

—
—_— ——
— ——

Qutflow

AN SN

Figure 3-6. Traditional Explanation of Prism-and-Wedge Storage
(reprinted from USACE 1994)

The prism and wedge definition Xfis incorrect. Assumption (7) asserts that
the total of prism storage (as traditionally defipeithin a reach of characteristic
lengthL, is approximately equal to the value of steadyesstdrage in the reach
having a discharge equal to that of the outflovelisge. The plane of thprism™ is
properly drawn to intersect the water-surface attidpoint of the channel, as shown
in Figure 3-5, rather than the outlet. The=dge"on the half of the reach that lies
above this plane is more or less offset by'tled" found below that plane on the

opposite half.
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Instead X should be understood to be a length-adjustmetdrfaghere the
results for the characteristic lendthare interpolated or extrapolated to the user-
defined computational distance stiep A positive value oK indicates that the user-
definedAx s longer tharL,. It has a limiting value approaching + Y2Aasbecomes
very large. A negative value ¥fsimply means thatx as smaller thah, and that
the results are being interpolated to a point iote¢o the characteristic reach. There
is no limit to the negative value of X, it will apach s asAx becomes very small.

One might speculate that values<oflose to zero should give the best results,
as this would involve the least amount of interpolaor extrapolation. This would
mean that the distance steps used in a model sbptitdally be set td,,.

The values oK andX are not fundamental properties of a channel, tt a
dependent upon the computational distanceateprhe fundamental variables of
importance in defining a reach are the values ékiatic celeritydc) and the

characteristic reach length,j.

3.5 Muskingum-Cunge as Implemented in HEC-1

HEC-1 provides several different options for udihigskingum-Cunge in
routing. The most versatile method is the varigd@deameter Muskingum-Cunge
(VMC) method utilizing a user-input cross-sectiorhe user-input cross-section is
defined by eight station/elevation coordinates, iarttierefore known as an 8-point

cross-section (USACE 1998).
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The VMC is invoked using an "RD" card in HEC-1ethby inputting the
relevant parameters for the 8-point cross-sechansequence of "RC", "RX" and
"RY" cards. The eight station/elevation pairs diggcthe main-channel (bounded by
the third and sixth input pairs), the left overbdh&unded by the 1st to 3rd points)
and the right overbank (6th through 8th pointshgt values for channel length and
slope are input, as are roughness values for esarhank and the main-channel.
Alternatively, several simpler, pre-defined crosst®nal shapes are available, such
as trapezoidal, circular, triangular, and rectaagul

HEC-1 then uses an internal algorithm to divideitiput channel into time
and distance steps, based on the accuracy cstriarth by Ponce and Theurer
(1982). The time step\() is first determined and is set equal to the aNenodel
time step, unless it made shorter to ensure th&t{®) no more than 1/20th of the
time to peak of the inflow hydrograph, or (b) normsthan the travel time through the
reach. The distance step is then set equal to

AX = CAt

unless it needs to be set smaller to satisfy theviong constraint:

AX < 1(cAt + hj
2 TS,

whereQrer Was seQref = Qpaset (¥2) Qpeak- Qpasd aNdQpaseis the baseflow taken
from the inflow hydrograph (USACE 1998). Thesediand distance steps are set by

the program and are not subject to adjustment @yrtbdeler.
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The HEC-1 solution to VMC relies on a four-poitgrative averaging scheme
where the values & andX are evaluated separately for each node in theéspa
time" box (inflow and outflow points, both at beging and end of time step). Since
the outflow at the end of the time step is an umkmahe method requires an iterative
solution.

Another method by which Muskingum-Cunge can bel@mgnted is through
direct use of Muskingum's method using the "RM'ticafAs such, the user can input
the value oK for the reach and the valueXf The HEC-1 "RM" card allows the
user to subdivide a reach into multiple sub-reachgben this is the case, the value
of X is entered based on what is appropriate for eatikidual sub-reach, whereas
the value oK is for the entire series of subreaches. HEC-drmatlly divideK by
the number of sub-reaches to find Kyeo use in each reach.

HEC-1 guidance for Muskingum's method does nmatotly discuss the
selection of values fdf andX, but the previous derivation of Muskingum-Cunge's
equations suggest that both are found using Cudge'sation, and that the ideal
combination would be to set sub-reaches soXhatapproximately zero. This form
of the Muskingum equation does not allow for anyhaf parameters to adjust with

discharge, and can therefore be consideremiastant-parametémodel.

3.6 Cascading Reservoir Method

The Cascading Reservoir (CR) method treats thernehas a series of

reservoirs. The routing through each reservdnaisdled by using a level-pool

70



routing, usually called the modified Puls methoSACE 1994, 1998). For each
individual reservoir, the modified Puls method ilwes combining the continuity
equation and a table or graph that relates thenweln the reservoir to the elevation
(stage) of a flat water surface and a table orlgthpt relates the same stage to the
discharge through an outlet control structure,agiby a weir or orifice. In this
situation, there is a one-to-one relationship betwihe volume of storage in the
reservoir and the outlet discharge.
3.6.1 Routing Equation for a Single Reservoir

Returning to the continuity equation as showndn (8-10) and re-arranging,
one would have:

(1,+1,)-(0,+0,)= 2YOL ~VOL)

At
(1,+1,) 2(ol)+{ol+2 el 0,+2 N (3-32)
(1,+1,)-20)+R =P, (3-33)

where
p_ [oi . z%} (3-34)

Because the outlet flovD) and the stored volum& QL) are uniquely related,
there is a one-to-one relationship as well betweandO. A curve ofP vs.Ois
developed directly and used with Eq. (3-33) to edbr each subsequent time step.
All of the terms on the left are known at the be&gng of a time step, so the value of

P, can be calculated and related back to the valu&s andVOL,.
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3.6.2 Modeling Rivers, Finding the Optimal Number of Subreservoirs (N) in
Series

The routing characteristics of a level-pool res@rare significantly different
than those of a prismatic open-channel river redweta river, the water-surface
elevation over the reach is not flat, the dischatgge outlet is not uniquely related
to storage volume, nor is the discharge contrdifed simple structure such as a weir
or orifice. A series of cascading reservoirs, haesvecan be made to mimic the
results of a river routing provided that suitaldéestions are made for the overall
volume-discharge curve and for the number of idahtieservoirs in series (USACE
1994).

To apply CR to a river routing situation, the ffistep is to define the
relationship between storage and discharge faearstreach over a range of steady-
state flows, which is expressed in a table of vawmarsus discharge for the entire
reach. This relationship can be derived from astigeg backwater model, such as
HEC-RAS (USACE 1994).

The reach is then broken up into a numbgrdf identical sub-reservoirs,
where each sub-reservoir contalihi" of the entire reach's storage for any given
outflow. Depending upon the number of sub-resesvased, the model can be made
to represent anything between a reservoir routiwL] to a basin approaching pure
translation with no attenuation (as N approachgsiiy).

From the previous discussion of the Muskingum-Guaguation, it should be

clear that, by definition, each sub-reservoir usetthe Modified Puls method should
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represent a segment of the river having a lengtialeq the characteristic length.
This would result in a Muskingum's X equal to zexog therefore a routing in which
the storage in the reach was uniquely tied to th#taav. Based on this, the number

of sub-reservoirs needed is given by:

N = L(cTs) (3-35)
I-u Qo

whereN, is the optimal number of sub-basins for the re&gls the total length of
the river reach being modeled, dngd= characteristic length for the reach, as given in
Eq. (3-23).

In the CR method, the value of Muskingthis not explicitly determined, but
is implicit in the storage-discharge table. RegglEq. (3-28), the effective valke
for a discharge between thednd |" entry in the storage discharge table is
approximately:

K ~YOL ~VOL (3-36)
Q -Q

3.6.3 Direct Calculation of CR Input from HEC-RAS Data

Eq. (3-23) provides the value of characteristigte based on the evaluation
of known cross-sectional valuesaf T, andK. The primary use of the CR technique
is in natural river channels where values are etatliover an entire reach, as
opposed to at any single cross-section. Typictily,individual cross-sections in the
reach vary significantly, making the determinatadmepresentative values of T,

andK difficult. It would be useful to have a meanscafculatingX using only

overall reach data, such as that typically avaddimm HEC-RAS.
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For a reach of length, the optimal number of sub-reacliswill be selected
so that each sub-reach has a length nearly eqtia twharacteristic reach length,

Substituting Eq. (3-35) into Eq. (3-17)

RQR__Q

¥ (s

aQ _Q(N,)

vz

N, - (%j% (3-37)

where Z, = L(S) is total vertical drop in bed elevation (or steatigte water-surface

profile) over the total reach. Using EqQ. (3-2%9, can be broken down as follows:
y

d_Qz( dQ j dvoL) _ SA (3.38)
dy (dVOLA dy K
dvOL
where equals the surface ared4 of the steady-state water surface calculated

over the entire reach length. Eqg. (3-37) can foeeebe written as:

SA\Z,  SAZ) (3-39)

> (Yj Q Q(AVO% Q)

The values 08A Z;, andQ can all be found directly from HEC-RAS output
tables for any given river reach. The valu&afan be calculated from the values of

Q andVOL for any two given steady-state profiles run faglslly different values of

Q.
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The values oN, given in Eq. (3-39) are not based on any dirgutirof reach
length. This avoids the problem of determinind'effective length" when dealing
with natural channels for which the values of lénfgir channel, left overbank and
right overbank may be different. The differenaestéad become implicit in the
values of volume and surface area. In Chaptdredissue of evaluating Muskingum-
Cunge for meandering channels in which channeloaretbank lengths are different
is revisited, and it is found that Eq. (3-39) ipgarted in theory.

The Muskingum-Cunge method itself was derived dguaning that the
channel is prismatic, meaning that shape and ragghdo not change between
sections. This is clearly not the case when dgalith most natural channel systems.
However, all of the approximate routing methodsliaily assume the use of some
type of representative reach containing a prisnsgation that can be substituted for
the actual reach with variable geometry and rougfine

Presumably, any idealized river section with ac#pl length and slope that
matched the natural channel reach for the varieusd in Egs. (3-36) and (3-39) over
the entire range of flow could be defined as tipasentative section. Use of these
equations avoids the need to explicitly definertyesentative section; one can use
the composite reach properties only.

If K andN, are defined from reach data, one can also workviaas from
Egs. (3-30) and (3-35) to define nominal valueskinematic celerity and
characteristic length. A reference length of cledine:, would need to be specified,

and these nominal values would be relative toldragth. The length of the main
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channelln, is the most likely reference value to use. Tatronships would be as

follows:
Lf
c =—=° 3-40
= (3-40)
Lf
L == 3-41
i (3-41)

3.6.4 Evaluation of Strelkoff's Guidance for N
As mentioned in Chapter 2, the HEC-HMS Refereneambél (USACE 2000)
suggests an alternate equation for determiningptienal number of sub-reservoirs

(N) in the cascading reservoirs method:

S

Yo

N=2L (3-42)

whereL, is the total length of the river reach being modg® is the bed slope of the
channel and, is the normal flow depth associated with baseflothe channel.
Baseflow is not defined in the manual.

The equation is based on work by Strelkoff (198Belkoff's research was
based on numerous unsteady routing simulationg ukexmodified Puls (cascading
reservoirs), kinematic wave, and full dynamic §&nant's equation) solutions. Two
simplified cross-sections were evaluated: a simgdéangular section and a
composite section with rectangular main-channelagdntly sloping overbank.
Three downstream boundary were examined: normahgdeptical depth (free outfall

conditions), and imposed backwater depths.
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All channel properties were reduced to dimensesgrameters for
comparison. In his study, the terimaSeflow simply meant the reference discharge
used to evaluate channel properties. Inflow hydiplys were then routed and the
attenuation and wave speeds evaluated. Inflowdgydphs had peak discharges that
were either 5 or 20 times the baseflow.

For the modified Puls (cascading reservoirs) ntisdrelkoff experimented
with various numbers of subdivisions (N) on eadckche including N=1, 2, 4, 10 etc.
He found that there was an “optimal” number of suistbns for each reach that
appeared to match the fully dynamic solution thet.béle further found that number
of subdivisions’proved to be unrelated to the travel time througke subreach”
(Strelkoff 1980).

Strelkoff proposed an equation for the optimal benof subdivisions for a
reach that is mathematically equivalent to Eq. Z3-#&here the coefficient 2 was an
average value but actually ranged from 1.0 to 8@=dding upon the flow scenario.
(Strelkoff's original equation and coefficients wehe inverse of Eq. (3-42). The
optimal coefficients ranged between 1/3 and 1,%amdas selected as the average).
Strelkoff cautioned thédthis information is strictly empirical; no theorietal basis
has been found for the existence of such an ‘ofitiakie.”

In fact, a relationship between Strelkoff's eqoatand the characteristic reach
length can be established. To do so, one mughesaore fundamental definition of

characteristic reach length given in Eq. (3-17)
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RN _Q (3-17)

&y LS,
For simple cross-sectional shapes, the followopgagion can often be fitted to

the discharge-stage relationship:

Q=ay" (3-43)
wherea, andm are coefficients dependent upon the channel shiapdanning’s
eguation were used, an idealized triangular channald havem = 2.67, whereas a

very wide, rectangular channel would hawe 1.67. The partial derivative of

discharge with respect to depth is thus,

LS y™ (3-44)

oy

SO

Q ay"” y

Q) (may™) (m)
oy
Rearranging (3-17) and substituting the above gaveew relationship for the

characteristic reach length,,

Q y

L = = 3-45
u @ S (m)SO ( )

oy )

This expression can be substituted into Eq. (3t8%)eld an equation almost

identical to Strelkoff’s relationship given prevely as Eq. (3-42),

N =Lfoome > (3-46)
y
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Strelkoff's empirical coefficient ranged from 1®3.33. This range
encompasses the theoretical rangaridor semi-infinite rectangular channels and for
triangular sections. Because Strelkoff arrivetistcoefficients empirically, they
may also contain an embedded adjustment for tleeareée discharg®, used and for
the various different boundary conditions he exadin

Most natural channels consist of compound sectotisa narrow main-
channel and wide overbanks. These channels dgemetrally follow the simple
discharge relationship given in Eg. (3-43). Thisralso uncertainty as to the best
values to use for the coefficiemt(Strelkoff’'s range covers a factor of 3.33) and fo
the reference depth at “baseflow.” It is suffigiemnote that the structure of
Strelkoff's empirical equation lends support tophevious finding that characteristic
reach length be used to define the optimal numbsulareservoirs in the CR method.
3.6.5 Evaluation of Wave Speed-Time Step Method for Findiny.

In contrast to the methods derived previouslyNdrased on the characteristic
reach length, Corps of Engineer’s guidance (USAG#4]12000) has also suggested

the following expression as an initial estimateNor

_K_ L (3-47)
At ¢ At

whereK is the travel time through the reach, based oarkatic wave speed as given
in EQ. (2-5), and\t is the user-defined time-step for the model. threowords, the
number of reservoird\) would be set such that the wave will travel #megth of one

sub-reach during each time interval. Under thisnida, the valué is dependent
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upon the time step used in the model. Since n@sponding limits are provided for

time step, one would expect the method work equeadlly for any reasonable choice

of At. This is in distinct contrast to the methods dame characteristic length, where
time step of the model was not a factor in esthllgsN.

There is no theoretical justification for Eq. (3}4 The development of
Muskingum-Cunge relies on two separate relatiorsstope forK (based ory) and
one forX (based or.,). Unless a specific constraint were placed ortithe step,

Eq. (3-47) would reduce the routing to only onatiehship, that given fak.

Eq. (3-47) can easily be checked using any moeletldped for cascading
reservoirs. Various models could be developedjingiN andAt as appropriate, and
the sensitivity of modeling results examined. Tibist was performed early in the
study (detailed results not presented) and it waad that Eq. (3-47) is not valid.
The degree of diffusion in the hydrograph is veegsstive to the value df but

relatively uninfluenced by reasonable changes idehbbme step.

3.7 Overview of Unsteady RAS (URAS)

To verify the accuracy of calculations made ushegse approximate routing
methods, their results are compared against theseed from a complete solution to
the St. Venant equations, as implemented by the-RES unsteady flow model.

As mentioned previously, the unsteady model in HEAS was based on the

UNET program originally written by Dr. Robert L. Ba&u for the U.S. Army Corps
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of Engineers (Barkau 1997, USACE 2002a, and USAQ®8). In the remainder of
this study, the unsteady flow model within HEC-Ri&3eferred to as uRAS.

URAS simulates one-dimensional flow in open-chareeches. It provides
for separate specification of main-channel and lowek reaches and can
accommodate a number of complex features oftendfauniver engineering, such as
split flow and junctions, off-line storage basiaagrgy losses due to bridge piers,
weirs, and other flow obstructions, and laterdiows.

The solution proceeds by breaking the river systemdiscrete geometric
nodes, consisting either of river cross-sectionspecial structures, such as bridges,
culverts, weirs, storage ponds, etc. Cross-sexaoa defined using station/elevation
pairs and roughness coefficients, from which ciEssion properties of conveyance
and area per elevation are calculated. The disthatween adjacent cross-sections is
specified. Each cross-section in uRAS can be di/idto a main channel and an
overbank, with separate lengths defined for each.

Unlike the HEC-RAS steady-state solution, uRASstloet account for
separate left and right overbanks. The input nastiallow for separate specifications
of each, but they are combined into a single ovecipaior to calculation. The
effective value of overbank length is taken asalerage between right and left
overbanks, regardless of the weighted area or g@amee in each overbank.

Special structures such as off-line storage, lesdgnd culverts are input
between the appropriate cross-sections, and erapiocenulas are used to define

their stage/discharge and stage/storage relatjpsishi
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The time-dependent features of unsteady flowrareduced by establishing
boundary conditions, such as inflow hydrographsirbgraphs at junctions, and
downstream stage or flow hydrographs.

A set of initial conditions for all the geometnodes is established. This is
typically done by using a steady-state dischargecaiculating the initial conditions
using standard backwater techniques.

URAS solves the continuity and momentum equatomes a time step using
an implicit finite-difference scheme, as describe@hapter 2. The partial
derivatives for each variable with respect to diseaand time are written as finite
differences between the four bounding nodes.

The two basic unknowns handled by uRAS/&Re(change in discharge
during time step) andz (change in water-surface elevation during the tste@). All
other variables, such as area and velocity, asteelto values d andz through the
use of tables for each node. These tables arelatdd prior to the uRAS run by
using a geometry pre-processor. During the actB&S calculations, approximate
values are interpolated from the previously esshleld tables.

The equations for all geometric nodes are writtetd assembled into a system
of equations that are solved simultaneously fotrelunknowns at the end of the
time step. The process is repeated for every gules¢ time step to be modeled.
Because St. Venant's equations are non-lineanrdg@uof simplifying assumptions

are made and a non-linear iterative techniqueed ts solve the system of equations.
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In general, the iterations continue until the tetabr of the entire system of equations
iS minimized.

The matrix which is assembled for the non-lingatem of equations can
become very large, with many zero entries. Fop&mnhannels without off-line
storage areas or special structures, the matriairenibanded, but when these
structures exist, non-zero entries emerge outbelbanded structure, complicating
the solution. A direct application of traditiomahtrix solutions would involve
numeric and memory storage difficulties. To e#fily handle the solution, Barkau
developed a “skyline solution algorithm” in whidietsize of the matrix is
compressed and pointers are used to define theplagation of occasional sparse

entries outside the primary band (Barkau 1997, US2RC02b).
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Chapter 4

Analyses of Meandering Channels within Overbanks

4.1 Conceptual Framework for Meandering Channels

The basic derivation for Muskingum-Cunge was presgkin Chapter 3. This
derivation proceeded from the assumption of a rppkmatic channel with a single
overall reach length.

Natural rivers are typically sinuous, having a noexing main channel within
a broader floodplain. Important components of flne found in both the main
channel and the overbanks. The length of flovhearhain-channel and each
overbank will be different due to meanders. Thifecence in lengths impacts the
calculations of both volume and effective conveyanif not accounted for, this
difference in lengths leads to errors in calculaiof both wave speed and
attenuation. An appropriate consideration of tifiieieince in channel and overbank
lengths must be made so that a proper "represegitatnannel reach can be defined.

This section provides a derivation specifically ttoe case of meandering
streams and describes three means by which thikimgseguations could be coded
into models. It also explores the approximatiordensn both HEC-RAS and uRAS
for solving meandering flow situations, and disagvaroblems with the formulation

of each.
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4.2 Derivation of Muskingum-Cunge for Meandering Channels

A derivation is needed for Muskingum-Cunge for $pecial case of an
idealized compound channel consisting of a meangafannel within a straight
floodplain. The most common approach to the meamglehannels problem is to
separate the main-channel and each overbank iptwage, parallel sections
(Henderson 1966).

The sections are assumed prismatic in the seaséhshape of the main
channel and the overbanks each do not change o ézrigth of the reach. The
overbank and the main channel each have a sepemngtd specified. The main
channel can be thought of as running parallel @ootherbank, with equal stages being
maintained between the main channel and overbapfopbrtional distances along
each. The water-surface elevation in the upstreraanis assumed to be the same in
both channel and overbank, and the same is trilne @ownstream end. The total
drop in water-surface elevations across the reachdth the main channel and the
overbank are assumed to be equal.

Water is assumed to flow freely between the mhamaoel and the overbank
as needed to maintain the equivalent stage, bbabuitioss or gain of momentum.
Because the main channel and overbanks are assaroedupy separate channels,
there is no turbulence or mixing of flows assumgdittue of having the meandering
channel running in a different direction than tleenthant overbank flows, or from
the momentum losses that might occur when overflaws cross over the

meandering channel beneath. In reality, as inelecat the literature, losses do occur
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at the interface between main-channel flows andb@arks. For the parallel channels
approach, it must be assumed that those lossesfkeeted in the choice of
Manning'’s roughness factor.

For this type of system, the value of surface ,aremme, and discharge will
each be given as the sum of the respective vatudbd channel and overbank, as
follows:

SA= TindLmg) + Ton(Lob) (4-1)

VOL = AndLmg + Aon(Lob) (4-2)

Q = Cmc\/ Sw,mc + Cob v\ Sw,ob = Cmc, f %mc + CObﬂ%ob (4'3)

whereSAis the surface area of the flow in the rea¢BL is volume of waterQ) is
the steady-state dischardeis the top width of the channel or overbahks the
length of the channel or overbarikjs the conveyance of the channel or overb@nk,
is the total vertical drop in water-surface protteough the reach, and subscripis
andob refer to the channel and overbanks, respectiviedy.these equations, the
friction slope is assumed equal to the slope ofathter surface, as given by the
diffusion equation.

Following the same procedure as used in Chapied8rive Muskingum-

Cunge, one begins with the continuity equation,

l,+1, 0,+0, VOL,-VOoL
2 2 At

(3-10)

and recognizes that

AVOL = AAndLmd + AAor(Lob)
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AVOL = Ay [TmdLmd + Tob(Lob)] (4-4)
It is then assumed that there is a specific reacth {, nc for the channel and, on
for the overbank) for the meandering channel ov@ckvthere is a one-to-one
relationship between stage at the middle of thehr@ad discharge at the end, which

is pictured in Figure 4-1.

Main Channel Profile
A A
Overbank Profile

Figure 4-1. Characteristic Length for Parallel,
Separate Length Channels

The same argument that led to Eq. (3-14) is uselgfine the following

eqguation for discharges at section B in a companadndering system:

0 0 0 0
Qb,mc Ay+ Qb,mc ASW . + Qb,ob Ay+ Qb,ob ASW o= O
ay aSw,mc ' ayob aSw,ob ’

(4-5)
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whereS ¢ is the water-surface slope in the main-charfagl,is the water-surface
slope in the overbank, ang is the change in depth of flow at the downstreach &
the characteristic reach.

Because the stage at the downstream end of timaeh@mains the same for
both channel and overbank, the valuapis also the same for both. For each given

part of the flow, then, the following relationshipsid:

— Ay Ay
AS,  .=——=(-2)—— 4-6
w,mc Lu’mc/z ( ) Lu'mc ( )

- Ay Ay
AS, ,=——=(-2)—— 4-7
w,0b LU’Ob/Z ( ) Lu’Ob ( )

By assumption (5) and Eg. (3-16) in the originatidation of Muskingum-

Cunge derivation,

aQI’T'IC — ch

4-8
68w,mc 28o,mc ( )
6Qob — Qob ( 4_9)
0S 2S

w,0b 0,0b

Finally, since changes in downstream stagg ére the same for both overbank and

the main-channel:

anc + aQob — aQ

(4-10)
oy oy oy
Combining these terms yields:
xQ Qe + Qo (4-12)

N LinSme LS

u,0b™>~0,0b
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The total drop in water-surface elevation across#ach was constant, so the
following equality holds:
Zy = LumdSo,md = Lu,odSo,00) (4-12)

which means that Eq. (4-11) can be simplified as:

@ — ch+Qob — g
oy Z, Z,

(4-13)
where Eq. (4-13) is precisely the general formhefgolution for characteristic length
of channel shown in Eq. (3-18).

This is also the same form as was developed itidpe8.6.3 for evaluating K
and X directly from reach data. In cases of meandgemulti-part channels, it may
be easiest to evaluate the reach based on totdl dedia, instead of by cross-section.

It should be noted that the derivations leadingauiaq. (4-13) would
generally hold true for any number of separatelfghichannels and is not limited to
two channels. Therefore, for any given overbarkmeandering channel condition,

Eq. (4-13) would be considered a valid conclusibthe parallel channel analogy.

If the characteristic reach length is referencettims of channel length as

Lumcthen
@ — Qtotal
ay Lu,mcSo,mc

— Qtotal

Lume = 4-14
u,mc (6(9]8 ( )
ay o,mc
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Eq. (4-14) defines the characteristic length rm&of channel length instead
of overbank length. Eq. (4-12) shows that lengiti slope terms are combined in the
equation to yiel&, which is the same for both the channel and tieglank. Either
one could be used as the measure of charactéeistth, provided that the
appropriate slope is then included in the equation.

The final step in applying Muskingum-Cunge isrterpolate or extrapolate
flows to the modeled outlet point whepmc# Axme. AS with the previous derivation
in section 2, section B is defined as the outletfthe characteristic channel. If the
assumption of linear change in discharge from mflo outflow point is maintained,
and if it understood that each point along the tlerod the overbank is related to a
point in the main-channel the same proportionahdise from the outlet, then just as
with the original derivation of Muskingum-Cunge:

Q, = X(I -0)+0=XI +(1-X)O
where X is the relative distance of section B fribi@ outlet as compared to the total
reach length. This relative proportion is the samthe overbank as it is for the

main-channel. Using the same derivation as ldfta3-25),

L
X _1 1-—" |, if evaluated for the main channel, (4-15)
2 AX.
or X = 1 1—M , If evaluated for the overbank (4-16)
2 AX,;,
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4.3 Representative Reaches - Separate Lengths Method

In theory, one could apply Muskingum-Cunge to nueaimg channels
directly using the equations in sections 4.2. fdpresentative sections would need
to be defined, including the location of the batdtiens separating the main-channel
from the overbanks. Separate values for channgtheand overbank length would
be specified.

This method of specifying the geometry of a readhbe referred to as the
"separate lengths method.Unfortunately, most computer programs for conuhggct
hydrologic flood routing, including HEC-1 and HEQw$, do not allow for the
specification of separate lengths in the main ckhand overbank. Other methods of
specifying representative reaches that utilize meandering equivalent cross-

sections must be found.

4.4  Representative Reaches - Modified Overbank Method

Two new methods are presented for specifying aivatgnt, non-meandering
channel that is capable of acting as a represeatagach. The first is termed the
"modified overbank method.”

For the modified overbank method, the main-chaterajth is selected as the
representative length and applied to both main méleaind overbank in the modified

section; i.e,Lmcea@ndLqpe are each set equal lig,.
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The shape and roughness of the overbank will bdifrad to maintain
equivalence at every flow depth between all theesgary variables, thus ensuring the
final results of flood routing are equivalent to$le prepared from the original,
"separate lengths methodtoss-section. Those variables are: surface(&#a
volume {OL), rate of change in volum&), and discharged).

The values of the various parameters in the algiross-section are
subscriptedrhc' and 'ob" for main-channel and overbank, respectively, ‘andée
and 'bbé" for the main channel and overbank in the effectivoss-section.

To simplify the calculations the ratio between thannel length and the
overbank length is defined as sinuosgi

SN=Lnc/ Lop

The surface area in the modified section is then:
SA: S'%me—i_ S'%be = S’%m + Spéb

T +T . JL =T L +T L
mce obe/™=mc mc—mc ob™—ob

T
(Tmce + Tobe) = Tmc + ( O%Nj (4_17)
which is satisfied if:
Tme=15c(Le-nochange)aﬁﬂme:(T%%gN)

For the volume of storage in the modified sections:

VOL=VOL,__+VOL,, =VOL _+VOL,

(Ance—'— A\)be)"mc = Anchc + AbbLob
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(Aot Ae) = A+ (4-18)

which likewise requires that

A...= A, (i.,e. no change) and,,, = (A}%Nj

To create a section that satisfies Eq. (4-17)wiaeh of the overbank in the
equivalent section must be reduced from that irotiggnal section by the proportion
SNfor every flow depth above bankfull. This wouésbult in an overall contraction

of the overbank, with every elevation point shifttowards the channel, as shown in

Figure 4-2.
Modified
Overbank (n=p,)
| Tob I !
L TofSh |
Main | | True
Ch_annel | | Overbank
(N=nyo) | i (N="yd

Figure 4-2. Cross-Section Adjustment for
Equivalent Channel - Modified Overbanks Method
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Since the area of the overbank can be expressau iagegration of depth and
topwidth,

A=]Tdy
the modification of overbank widths to meet Eql1@-would also produce an area-
depth relationship that satisfies Eq. (4-18).

Moving on to the discharge relationship,

Q = che+ Qobe = ch + Qob

(Crcet Cope \/Z mc% + Cob%

whereZ is the vertical drop in water-surface elevatioa®ss the reach, which is the

same for both main-channel and overbanks. Funtia@ipulation gives:

(Cmce+ Cobe) = Cmc + (Cobﬂ Ln% j
ob

(Cree+ Cape) = Cre + (Copv/SN|) (4-19)
which requires

C...=C,. (again, no change) ar@,. = C,,+/SN
Since the geometry of the overbank is completegciied by Eqgs. (4-17) and (4-18),

the only remaining way of satisfying Eq. (4-19pisadjustment of the Manning’s

roughness factor in the overbank.

C be — Cob \ SN
% %
1.486 A)be[ Ao J 1486 Am[ A ] JN (4-20)
nobe I:)w,obe no w,ob
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whereP,, is the wetted perimeter.

Generally, the depth of flow in the overbank Wil very small in relationship
to the width of flow and the wetted perimeter cartdken as approximately equal to
the top width, so th&@.y/Pobe> Ton/ Tobe Which by Eq. (4-17) yieldS o/ Tope = SN

Also, by Eq. (4-19)A./Acbe = SN After rearrangement and simplification,

n b
Ny = —2 4-21
obe (SN)% ( )

In summary, an equivalent section can be definedl that the length is equal
to the main-channel length, the main-channel csess$ion is unchanged, and the
overbank shape and roughness is modified in acnoedaith Egs. (4-17) and (4-21).
This modified cross-section will provide reasonaduggeement between the original
section and the modified reach for the values dbse area, storage, and discharge
for any given flow depth This section will nogwever, provide an appropriate

estimate of the velocity or velocity head in thedank.

4.5 Representative Reaches - Effective Length Method

In some instances, it may not be possible to mdd#yshape of the
representative cross-section and the modeler wareligér instead to achieve the
continuity requirement by using the original cregstion and specifying deffective

length,” L, instead.
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Since the shape of the cross-section is not dltéine top widths will be same
in both the original and equivalent section; iTg,s = Tmce@NdTop= Tore at all depths.

The relationship for surface area becomes:
SA: SAnce+ S'%be = SAnc + Spéb

(T ot Tope)le = ToncLne + Toolos

mce obe) mc—mc

(T +T )L =T, L..+T,L,

mcT—mc

which therefore dictates the valuelgfas

L Tncbme * Tookon
¢ T .+T,
To
me(Tmc+ %N)
L, = (4-22)
Tmc+Tob

The effective length is based on the weighted vafuep width with length. Since
top width varies with dischargke is not a constant but varies with flow.

To use this method, a reference value of dischiamggetermining.. must be
selected. The method will not necessarily roude/$l correctly for other discharges.
Also, the same overall drop in water surfaceacross the reach is the same as for the
original channel, which means that the effectiwpslused in the conveyance
calculation of the effective section will not matitie original slope. The continuity

equation becomes

Q = che+ Qobe = ch + Qob

(Crnce+ Cave) |_ Cocy[ % | +Co Z L
me ob
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(C,poat Cope) = /L +c, o / (4-23)

Because length and cross-sectional shape aresfudlgified, the discharge
relationship can be met only by modifying Manningisighness coefficient in both

the overbank and main channel. Pairing terms feaoh side of the equation,

C‘/

% %
1486, [ A 1486, (A | [
A\ﬂce( ] B n ATIC( P j ch

mce W mce mc w,mc

r]mce = nmc Lr% (4'24)

ob W,ob

%
1486 (A, )° 1486 (A, )
n A“ce( P ] n A\’b( j Kob

Loo (4-25)

Manning’s “n” is adjusted in both the main-chanaetl the overbank to preserve the
equivalent relationship between discharge and tlepth.

Since the channel length will typically be largjean the overbank length, the
above equations result in an increase in the roegghaf the main channel and a
decrease in the roughness of the overbanks. beatsualized that an artificial

roughness is needed to compensate for frictiorthetingt is lost in the effective
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main-channel section, as well as for the increastope of the effective main-
channel. Conversely, an artificial lowering of tieeighness is needed to compensate
for the excess friction length imposed on the eifecoverbank section and for the
drop in effective slope.

The final relationships to consider are volume tnedrate of change in
volume with discharge. The volume in the origirech using the separate lengths
method (subscriptedsep) is given by:

VOLsep= VOLnc + VOLgp

VOLsep= AmdLma) + Aon(Lonb)

Volume in the representative reach using the "@ffedengths” method (subscripted
“eqgV) is given by:

VOLeqy= (Amc + Aob)Le
The weighting based on top width and a weightingeldaon cross-sectional area
would not generally yield equivalent results, sgameral

VOLeqv# VOLsep
However, the absolute value of volume is not diyesh input into the routing
equations. It is only the rate of change in volumith discharge that dictates the

value ofK. Returning to Eq. (3-29):

dvoL _(dvoL) dy)_ (3.29)
dQ dy | dQ

If Le can be taken as approximately constant for srhalhges in depth, then
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dvOL

v SA, as given in Eq. (3-38), which has the same fain lloe effective length
y

and separated length methods (for small changaspth).

Likewise,(zlj—Q as given in Eq. (4-13) will be the same for bottimods. For
y

dQ

that reasonm can be considered similar for the two methodspitieshe fact

that absolute value of volume is not.

Sincele is not truly constant over the entire range oivBpit would be
expected that the plot of discharge versus volueteden the original section and the
representative one would yield slightly differentwes and thus different values for

K. This is a potential error which is inherenthie effective lengths method.

4.6 Effective Lengths and Conveyance for Steady-State HEC-RAS

Eq. (4-3), which describes the total flow rateotigh the meandering
channel/overbank system, is a consequence of gie &assumption of parallel flow.
It corresponds to the classic case of split flomdigh two parallel conduits, where
the total flow is divided between the two channelsuch a way as to ensure an equal
drop in head over each path. When the channelsaate of the same length, the flow
will be split between each in proportion to theings-sectional conveyance. When
the two channels are of different lengths, the propn of the flow carried by the

shorter channel will be greater than its relativeveyance.
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HEC-RAS users face this issue when developingigtetate models for cases
where the main channel meanders within an overbaifite where an entire channel
and valley bend towards a new direction. In theses, there will be different
lengths of flow in the main channel and each ouwekbdn steady-state HEC-RAS,
this situation is handled by dividing the chanmébithree separate conduits: main
channel, left overbank and right overbank, each witlifferent length specified.
HEC-RAS assumes that these three separate chanimpboents can be consolidated
into a single cross-section having an effectivgterwhich is a weighted average of
the individual lengths specified for each component

Maintaining a volume balance is not necessargtieady-state models. For
that reason, the continuity equation can be ignaretlan effective length defined to
satisfy only the energy loss equation. The efeckength defined under these
conditions will be denotele+. The equations for this case use three channel
segments: main channel, left overbank and rigbtlmank, which are subscripted

“mc’, “lob” and “rob,” respectively. The relationship is as follows:

Q = Qlob + ch + Q = CIobﬂ l_%-lob + Cmcwf %mc + Crobwf l_%-rob
= (Clob + Cmc + Crob )W’ l_%_e* (4-26)

2

Clob + Cmc + Crob (4_27)

Le* B Cy +Cmc +Crob
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whereH is the total drop in the elevation of the energgdeg line, including changes

in the steady-state velocity head. For steadg$i&8C-RAS, both the energy grade
line and the water surface are assumed to be devess a cross-section, separated by
a conveyance-weighted value for velocity head.

Using these equations, the effective length cbeldalculated directly from
channel and overbank conveyance and length data.steady-state calculation, the
value ofQ is known, and the value &f (energy head loss across the reach) is the
unknown. The values @qp, Cine, Ciob, and thud_e+ are functions of depth. The
depth is known for the downstream section, and anknat the upstream section.
The program would use an iterative solution to finealue for upstream depth that
provides the closest balance to all the variables.

The effective lengthe- is only used to calculate the overall drop in gger
grade line elevation between adjacent sectione@re upstream energy grade line
is established, the discharges and velocitiesah e&the distinct channels segments
would be calculated based on the actual slopeasf sagment, using the total drop in
flow line divided by the actual length of the chahar overbank. This operation

would have the effect of allocating flows to th#etient channel segments in
proportion to the value o€, /,/L, for each.

In actuality, HEC-RAS does not use Eq. (4-27)dtednine effective lengths
for steady-state solutions. Instead, the progrssnraes that the appropriate length is
a simple conveyance weighted average, which willdsgnated ad.{) (USACE

2002b).
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_ LionCiob  LionCrne + LintC

L _ =
Hiheerres CIob + Cmc + Crob

rob (4-28)

Once the drop in energy grade line is calculat#C-RAS assigns the

discharges to the main-channel and overbanks @ctdaroportion to their
conveyance, instead of by proportion(tp/ \/f, as suggested by Eq. (4-27)

These two approaches are obviously different. ilAlike reference materials
do not explain the original source of Eq. (4-28); does it appear to be justified by
the physical assumptions of parallel flow.

If Egs. (4-27) and (4-28) are simplified to corsidnly two channel
segments, the difference between the two can baiagd graphically. The segment
having the longer flow path is subscriptéoin’ and the segment with the shorter
path subscriptedshort'. Each equation can then be expressed in terris ex
dimensionless parameters: (1) the ratio of thetehfiow path to the longer flow

path (Lshon/ Llong); (2) the ratio of the conveyance in the longemnsegf to the
combined conveyance of both segme(mg,hg /Ctotal); and (3) the ratio of effective

length to the length of the longer segment, whidhhwe termed the effective length
ratio (ELR). The first ratio is a function of tigeometry alone, while the second two

ratios vary by flow rate. The ELR is equal(lg, / L,ong) for the proposed corrected
method an({LW/ L,Ong) for original HEC-RAS method.

Figure 4-3 shows a plot of these relationshipsfih Eq. (4-27) and (4-28)

for various values O(Lshort/ L,ong). For cases where the difference between lengths i
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low, the difference between the methods is obviplest. Likewise, the methods

converge if one or the other channel segments tencisry nearly all the flow (i.e.

conveyance ratio close to 0 or 1.0).
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Figure 4-3. Discrepancy in Effective Lengths,
Corrected Method vs. HEC-RAS Steady-State Method
When the difference in lengths is large and the/él are such that each
channel segment carries a portion of the loadditfierences in the methods are more
pronounced. The HEC-RAS method over-estimatesffieetive length in all cases,
which would lead to an under-estimation of the flinat can be conveyed for any

given stage (or conversely, to an over-estimatidiow depths needed to convey a
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given discharge). For example (f,,./Liy ) is (1/3) and the conveyance ratio
(CIong /Ctotal) is (0.5), the ratio o(Le* /Llong) is approximately (0.54), whereas the ratio
of (Le*(hecfras) /Llong)is (0.67), a difference of approximately 25%. ®incscharges

vary in inverse proportion to the square root ofjh, this leads to an

underestimation of the discharge rate at the gstage of approximately 10%

( Y os= 039).

From a theoretical point of view, Eq. (4-27) ipstior, and it is
recommended that USACE consider adding it to futersions of HEC-RAS.

There is also an alternative method availablerfaking the appropriate
adjustments within HEC-RAS. This second methoalves setting all channel
segments equal in length to the main-channel, amtifging the roughness in the
overbanks to compensate. Beginning again with(4&g6) and using the subscripts
“mce” “lobe” and ‘rob€’ to indicate the values in a modified cross-settiowhich

the overbank lengths have each been set to equaldin-channel length:

_ H [H H/ _ H
Q - CIob /Llob + Cmc /me + Crob /Lrob - (Clobe + Cmc + Crobe) Amc
CIobe + Cmce + Crobe = CIob] me L + Cmc + Crobw/ L,%
lob rob

which is accomplished if

C..=C,. (i.e. no change),

L L
Clobe - CIOb Y Llob , and CrObe = Crob %ob
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For steady-state solutions, the continuity equati&n be ignored and no
special constraints are placed on the area or whinthe sections. For that reason,
all the adjustments can be made to the roughne$Batent alone. Changes are

required only on the overbanks, since the main mblestays the same. For the left

overbank:
2
1.486A Agpe 7 _1.486A A, 7% an%
Niope e Pw,lobe Ny ° Pw,lob Lo
L
r]Iobe = nIob I%mc (4'29)

By similar treatment, for the right overbank:

n Lo (4-30)

=N
robe rob
me

Henderson (1966) suggested this technique inikcsisision of flow between
two adjacent sections on a curve, as follows:
"The easiest way of allowing for this effect i¥amy the Manning n; thus if a

berm has a smaller value dk than the main channel, we imagine its length

to be increased to that of the main channel andsg#iee of n reduced in

proportion to (x)*2."

As with the effective length method described @tt®n 4.5, this approach
would only be used to determine the head loss letwections. Discharges and
velocities would need to be apportioned to eacimoblesegment on the basis of
actual lengths and slopes.

Because Egs. (4-29) and (4-30) rely on all lenb#iag the same, they do not

run into errors due to HEC-RAS's use of EqQ. (4-2@pdifications of this type may
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be especially appropriate when modeling unusuallyais reaches or areas with
complicated and divergent overbank flow paths. eBam Figure 4-3, it appears that
caution is warranted anytime a significant fractodnthe conveyance is found in both
channel and overbank sections and the ratio of kmgths between overbank and
channel segments is greater than 1.5.

The error in assigning flow between main-channel averbanks may also be
of concern. By assuming that flow is assignedatthesegment in proportion to
conveyance, HEC-RAS assigns less of the flow tsHwter segments (such as the
inside of bends) than the parallel channel anatamygests. As such, the
corresponding average overbank velocity calcultdethe inside bends would be too
low, which may have consequences for sedimentgahsscour, or channel
protection calculations.

The error in the velocity calculation may alsoadice some errors in the
calculated head losses due to contractions or sxmas) as the contraction and
expansion loss terms are calculated based on chamgelocity head.

One should acknowledge that the underlying assompf treating main-
channel and overbank flows as parallel conduitsédf an approximation that
ignores the complicated hydraulics of meanderiogr$l. Main-channel flows above
bankfull stage will be heavily influenced by th@gsing and merging of overbank
flows. Centripetal acceleration may cause the thovthe inside of river bends to be
less than expected, despite the apparent decreflswridistance. The entire flow

condition is affected by the two- and three-dimenal nature of the flow path, all of
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which are beyond the explicit capability of one-dimsional models to directly
predict. On the other hand, Manning’'s n valuegtdas empirical data likely

include these effects.

4.7 Effective Lengths for Unsteady RAS (URAS)

The uRAS unsteady flow calculation software alsesuthe concept of
discrete, parallel channels in the developmentsajoverning equations. To simplify
the calculations and allow for the grouping of teyihis necessary in URAS to make
an assumption about how the flow is divided betwierchannel and overbank.
URAS makes the assumption that flow is distributethe channel and overbank in
proportion to their conveyance, irrespective of thiee the channel lengths are
different. This assumption is inconsistent with theory of parallel flows and would
likely lead to errors when applied to channelsightsinuosity. In the following
sections, the major concepts of the original uRABwation are presented, followed
by a recommended correction that better conforntisegarallel channel analogy.
4.7.1 Original uRAS Derivation

The uRAS derivation was originally presented i@ ttNET User’s Manual
(Barkau, 1997) and has since been re-presentetkiorganized but identical fashion
in the latest available HEC-RAS Hydraulic RefereManual, Version 3.1 (USACE
2002b). Where parenthetical references are magage numbers in the remainder

of this section, the references are to the USAQDBZB) reference document only.
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The uRAS derivation begins with a modified forntloé St. Venant equations
(ibid, p. 2-23, equation 2-44 and p. 2-28, equafi€gV):

Continuity:
—+—X+qL =0 (4-31)

Momentum:

@-FM-FQA{%-FSfj:O (4'32)
ot OX OX

whereQ is dischargeA is cross-sectional areg, is the lateral inflow per unit length,
u is the longitudinal velocity of flowz is the elevation of the water surfa&eis the
friction slope given by Manning’s equatianmis the acceleration due to gravikyis
distance measured along direction of flow, argltime.

Under this form of the equation, the effects ad bpe &) and flow depth
(y) are combined together into a single expressgéfor water-surface slope, which
X

is a more convenient form when dealing with irreguross-sections.

URAS then conceptualizes the river as having y@agate channels with a
horizontal water surface across the entire crossese(ibid, p. 2-29, figure 2-10) as
reprinted in Figure 4-4. A finite-difference schem used to solve the continuity and
momentum equations between any two cross-sectging a modified form of the
St. Venant’s equations developed separately fdr getividual channel.

There are apparent inaccuracies in the uURAS daivas presented by

Barkau. In this section, an attempt will be maaétlow the major concepts and
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style of the original derivation, but selected ections will be made and discussed as
they arise. Also, some nomenclature is adjusidzbtter conform to the conventions
used in this study. For example, in the uRAS dantation, the main-channel and
floodplain subscriptedc” and “f” respectively, while in this study the termméin
channel and “overbank are used and are subscriptedc' and “ob’. Terms without
subscripts indicate that the values apply for thal tsystem; however, the subscript

“total’ will be used in a limited fashion for clarity emphasis.

(T
U

=

N

Figure 4-4. Channel and Floodplain Flows in uRAS
(reprinted from USACE 2002b)

For continuity, uRAS presents a set of equationsife main-channel and
overbanks separately in implicit finite differerfoem (ibid, p. 2-33 and 2-34,

equations 2-78, 2-79, 2-80 and 2-81), as follows:
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Continuity for the Main-channel:

AA,. AQ
e | T ¥¥me _ 4-33
At ax, O (4-33)

Continuity for the Overbank:

A'Abb +AQob
At AX,

= Qo (4-34)
whereAxn: andAxqp, are the lengths between computational cross-sectarrthe
main-channel and overbanks, respectively, grandqge, are the average lateral
exchanges of flow between the main-channel andvkebank, per unit length of
each. Inthe uRAS manual, it appears that theogpiate subscripts fagn. andgoen
are reversed (shown in the uRAS derivationeandgy). The algebra used to
combine the equations, however, supports the favengere for Eq. (4-33) and (4-
34). The uRAS derivation also contains terms lergtorage from nonconveying
portions of the cross-section and for lateral wfloom adjacent areas into the
overbank. Those terms are not a part of the geder&ation of the Muskingum-
Cunge equation and are not subject to testingisnstindy. For that reason, they have
been neglected here.

Eqg. (4-33) and (4-34) are combined by recognitivag the net lateral

exchange of flow between the main-channel and avnd®over a given segment is

Zero.

qchch + qobAXob =0 (4_35)
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AA AA,
AQ +AQ, + ©AX .+ AX, =0
mc ob At c At Xob

AQtotal +

A‘ nc AA)b
Aan + A =0 4-36
! t Cc , t Xob ( )

This is the basic finite-difference form of the atjan used by uRAS to express the

continuity relationship. A separate expressioncfamtinuity is mentioned in the

URAS documentation (ibid, p. 2-30, equation 2-6Bhat particular form uses a

problematic flow conveyance ratio (discussed laded is less clear on the handling

of the main-channel and overbank cross-sectiomalsar It is unclear at this point to

what degree that alternative form is used by uRA&ctual computations.

For momentum, Eq. (4-32) can be presented sepafatehe main-channel

and overbank and converted to implicit finite-diéiece form (ibid, pp. 2-34 to 2-35,

equations 2-84, 2-85, 2-86, and 2-87), as follows:

Momentum for the Main-channel:

M AQudluc) , gp [ 42 g oy (4-37)
At AX AX . '
Momentum for the Overbanks:
AQOb + A(QObUOb) + gpbb Az + Sf ob [~ |\/lob (4'38)
At AX, AX,

whereAnc andA,p, are the average cross-sectional areas of the chaimael and
overbanksAzis the total drop in elevation of the water suefhetween
computational cross-sectiornc andS o are the friction slopes for the main-

channel and overbanks given by Manning’s formutal M, andM,, are the
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momentum fluxes between the main-channel and onkghger unit width of each.
As with the continuity equation, there is an appaggror in the uRAS documentation
regarding the subscripts bf,,c andM,;, (shown in URAS a1 andMy). A corrected
form consistent with the rest of the uRAS derivati® shown above.

The net exchange of momentum flux between thectvemnels is zero, which

allows the two equations above to be combined (fi@-35, equation 2-88),

M chch +M obAXob =0 (4'39)

AQmACtAch n AQ(ZtAXob + A(chumc)+ A(Qobuob)+

gA’nc(AZ + Sf ,chch)+ gAbb (AZ + Sf ,obAXob) =0 (4_40)

AQnAXme AJ; AQuAy A(Qunclne) + A(QupUgy )+

gAZ(Anc + Abb)+ (gAnch ,chch) + (gAA)be ANAL &8 ) =0 (4-41)

In the original URAS derivation, the first termIed|. (4-41) is written instead

as A(chAme:r QM) Both forms are numerically equivalent sintcg,. andAxop

are each constants. It is a subtle transformatiowever, that can be misleading. In
the formulation of the matrix coefficients to SOMRAS, the actual calculation
appears to be handled in a manner closer to tioatrsin Eq. (4-41), and so that form
will continue to be used.

In order to further combine the second and therchs in Eq. (4-41), uRAS
defines a velocity distribution factds, as follows (ibid, p. 2-35, equation 2-90 and 2-

91):
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= Qe + Qupllop (4-42)
Qtotal utotal

which yields
A(Quelime) + AQupllan ) = A Qi) (4-43)
URAS also defines a terix, as the equivalent flow path (ibid, p. 2-35,
equation 2-89), which is used to combine the frictierms (fifth and sixth terms)
given in Eq. (4-41):

(gAnch ,chch)+ (gAbef ,obeob) = (ngtal Sf Axe)

(Aﬂcsf ,chch ) + (Abbsf ,obAXob ) (4_44)

AX, =
Aotal Sf

where$ is an effective friction slope to be used in Mamysnequation for the entire

section. Before proceeding further, the meaningach of the three friction slopes

should be made clear (ibid, p. 2-26, equation 2-60)

2 2 2
S, = _g;ta' . S = Qr;c , ands, = Q_%b (4-45)
total mc ob

Combining Eqgs. (4-41), (4-42) and (4-44) and divgdall by the new term

AXxe gives the following relationship (ibid, p. 2-35ca2-36, equations 2-92 and 2-93)

AQu e+ AQuAXy,  AAQU) (AZ o | (4-46)
AtAX, AX, A '

which is the finite-difference form of the momenteguation used by uRAS.
As of this point, however, the value &% is not yet defined. To solve for it,
one must make some determination of the relatigegeof the friction slope terms

(S, Simc.andS op).
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Barkau made the assumption that flow would beibtisted in the main-
channel and overbank sections in strict proportitotine conveyance widths of the

two channels, so that

ch — Cmc =, and QOb — COb :(1_(1)) (4'47)
Qtotal Ctotal Qtotal Ctotal

where® is a flow distribution factor and represents tteefion of the total flow
found in the main-channel (ibid, p. 2-29 and 2-30he consequence of this
assumption is that friction-slope terms used faheaf the individual channels are the

same as for the full channel:

Qe _ Qb _ Quia | 50 S

C. C, C

mc total

=S¢ 00 = S (4-48)

f, mc

which means that that equivalent flow path defiaeBq. (4-44) simplifies an area-

weighted flow length (ibid, p. 2-43, equations 2310Arough 2-108) :

(AmAchli + (Apo) (4-49)

AX, =
4.7.2 Corrections to the uRAS Derivation

If the parallel-channel analogy is fully develogeduRAS, Barkau’s
assumption regarding flow distribution via Eq. (A+4s incorrect and unneeded. In
the parallel-channel analogy, the total drop ihesitenergy head or water surface
between computation nodes is assumed to be theaass all channels, but the
friction slope varies based on the difference awflengths. Just as with the energy

loss equation in HEC-RAS, the optimal definitiom &fective length in the uRAS

momentum equation is given by a form of Eqgs. (4-&&) (4-27)
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Q = ch + Qob = Cmc1 } A%ch + Cobw } A}/Axob ’ (4_50)
but als0,Q =C,, /A}/Ax; , SO

2

Cmc + Cob
E+Cy —
Ach AXob

where Ax;is a corrected form of the equivalent flow-lenggiotbr that could have

A =| (4-51)

mc

been used in RAS. Unlike the steady-state HEC-Fo®ula, the vertical dropzin
Eq. (4-50) is referenced against the water-surgbmge, not the energy grade line.
That is because changes in velocity head due &b twaconvective acceleration are
handled in uURAS by other terms in the momentum &guavhereas velocity head
changes are included in the iterative calculationshe energy equation used by
HEC-RAS in steady-state mode.

If this corrected flow length would have been usedRAS, the relationship

shown at Eqg. (4-44) would have reduced to a singaetity, as follows:

(Ancsf ,chch) + (AA)be ,obeob)

AX:? B A'A\otal Sf
4 4
(R
AX, =
V4
A'A\Otal [AX(;J
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If this correction is used, theh' could be used to represent the corrected flow

distribution coefficient, as follows:

@ 4 ch — Cmc AXE

Qtotal Ctotal AXmc

and(]_—CD'): Qob — Cob AXe (4_52)
Qtotal Ctotal AXob

Because the derivation presented here is morestenswith the parallel-
channel analogy than the derivation presented biaBait is recommended that
URAS be re-configured to base its calculationsfigicéive length as shown in Eq. (4-

51) and flow distribution based on Eq. (4-52).
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Chapter 5

Preparation of Natural Stream Data

5.1 Overview

Steady-state, multiple-profile HEC-RAS models evdeveloped for four
natural stream reaches in order to generate V s€psand A versus Q relationships
for each stream. Each stream reach was then aségsfing. These HEC-RAS
models also serve as a basis for unsteady HEC-RédIndeveloped in the next
chapter.

The reaches are all located in Johnson Countys&anData for each of the
stream reaches was reduced to a format appropoithie various models used in this
study. The base data were obtained from a full H&G model developed as part of
regional flood studies undertaken for Johnson GouRtom these base models,
several forms of simplified data were developedluding direct tabular output of
reach data and an 8-point typical section. Thedlgdy of each reach was also
evaluated, using data from the regional flood ssidiA simplified input hydrograph
was developed for each reach, based on the pealafid volumes of the estimated
100-year flood.

This chapter details the data evaluation and pagdipa process. Summary
results for all four channels are presented. Dtajalculations for Reach No. 3 are

provided to illustrate the methodology.
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5.2  Selection of Stream Reaches and General Description
5.2.1 Data Sources and Reach Selection

The four natural channel reaches were represasiad data from two
watershed flood studies prepared for several ctinesthe county government within
Johnson County, Kansas, a suburban area of theaK&itsy metropolitan region.

The streams chosen represented a range of corsditiand in suburban and rural
areas of Johnson County. The streams are smalbtierate in size, with tributary
drainage areas ranging from 1 to 48 square miles.

The first watershed study was prepared for thedfmwk Creek basin (PEI
1997), which comprises a 23.4-square-mile drairzga in the east-center part of the
County, including portions of the cities of OveraiRark, Leawood and Olathe.

The second watershed study was performed for line Biver basin, which
has a drainage area of 86 square miles at thelisiateetween Kansas and Missouri,
of which 76 square miles lie within Johnson Countfe Blue River basin lies to the
south of the Tomahawk Creek Basin and includesribetaries Negro Creek, Coffee
Creek, Wolf Creek, and Camp Branch (CDM 2005).uFegh-1 shows the general
location of both watersheds in Johnson Countygufé 5-2 shows the location of the
four stream reaches within those watersheds. R&acl is in the Tomahawk Creek

watershed and the other reaches are in the Bluer Riatershed.
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Figure 5-1. Watersheds Examined for Study,
Johnson County, Kansas
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Figure 5-2. General Location of
Stream Reaches Studied
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Both watershed studies were prepared as partnatséer program of
floodplain remapping in Johnson County. The progveas led by the Johnson
County Stormwater Management Program (JCSMP), wiriclhided copies of the
study data.

Planimetric data for the Blue River watershed wlatsined from the Johnson
County Automated Information Mapping System (AIM®)ata included elevation
points and aerial photography. Access to the Wataprovided courtesy of the
JCSMP and AIMS. Aerial photography was availablevarious years between
1996 and 2006. Elevation models were developed &erial flights conducted
between 1998 and 2000 as part of the support vaorth€ Blue River study and the
other County-led watershed studies. The elevataia is referenced to the NAVD
1988 datum (Kent Lage, Johnson County Public Wgkssonal communication,
July 10, 2008).

Except as noted in the discussion of the individeaches, the original cross-
sections from the Blue River study were used f@ skudy, using methods similar to
those discussed in this chapter. The AIMS plamimeata were used as a
supplement. The Tomahawk Creek Flood Study wasdbas an earlier planimetric
data set that was not easily recoverable for thidys The newer Johnson County
AIMS data from 1998 to 2000 was used to recreaestbvation data in the
Tomahawk Creek basin.

The four stream reaches were selected based wal gissessments of the

work maps from the two watershed studies. Potier@@ehes were eliminated if they
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appeared to have been channelized, straightenegkder armored in a significant
way. Reach limits were also set to avoid havingfloences with significant
tributaries within the study reaches. From the mdqdotential stream reaches
remaining, the final four reaches were then setetteepresent a range of
contributing watershed area, slopes, and meandterps

The lengths of potential stream reaches to bedesere kept between 3,700
feet and 10,200 feet, or between 0.7 and 1.8 miléss provided sufficient length to
average out individual section parameters, whikeaiaing short enough to retain
uniform hydrologic conditions. Reach lengths tua too long risk incorporating
channel segments with systematic changes fromagratto downstream, given that
contributing drainage area and flow rates are ssirg over the given length of
channel. The average cross-section spacing vaeadeen 400 to 1,000 feet,
depending upon the stream reach.

Reaches were also selected to avoid large embant&rassociated with road
crossings and to avoid any unique geometries tbatdwend to produce excessive
backwater. While natural streams frequently contlaese features, they are ignored
in the Saint Venant equations and in the derivatioMuskingum-Cunge. Any small
bridges, in-line weirs or other unique structuresaintered in the reaches were

removed from the HEC-RAS model.
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A summary of the location information and watesdeainage area for the
four natural channel reaches is given in Table Bahle 5-2 provides an overview of
the hydraulic characteristics of each. Estimafesrmosity and bed slope for each
reach were calculated using the methods descrétedih this chapter. Table 5-3
summarizes the land cover conditions of each raachey currently exist and reports
the Manning'’s n roughness values as used in tigghatiwatershed studies. As
described later, a standardized roughness conddramain-channel and overbanks
was established for the detailed testing conductéiis study.

Table 5-1. Stream Reaches Examined
Drainage Area at

Upstream Water-
Reach Reach Name and General Boundary shed
No. Location (sq. miles) Study
Trib. 12 of Tomahawk Creek,
West of Antioch Road and South Tomahawk
1 of 131st St. 1.02 Creek
Coffee Creek, East of Pflumm
2 Road and South of 159th St. 8.31 Blue River
Wolf Creek, West of Antioch Road
3 and South of 175th St. 24.5 Blue River
Blue River, between Metcalf Ave.
4 and Mission Road, near 167th St. 47.9 Blue River
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Table 5-2. Hydraulic Reference Data for Stream Reaches

Main-
Channel Main-
Reach Stationing of Reach Length Sinu- Channel

No. Boundaries (ft) osity Slope
1 104+87 to 68+21 (in feet) 3,666 1.73 0.54%
2 13.664 to 12.428 (in miles) 6,523 1.52 0.17%
3 10.937 to 9.583 (in miles) 7,149 1.38 0.21%
4 6.870 to 4.938 (in miles) 10,199 1.36 0.084%

Table 5-3. Land Cover and Hydraulic
Roughness of Stream Reaches

Typical Manning's n used in
Reach Typical Land Cover Conditions Along |  Original Watershed Study
No. Main Channel and Riparian Area Main
Channel Overbanks
1 Wooded park in residential area. 0.045 0.06 to 0.08
, 0.035 and
2 Partially wooded, undeveloped. 0.035 to 0.040 0.090
3 Heavily wooded nature reserve. 0.030 to 0.035 "
4 Partially wooded, mostly undeveloped 0.030 to 0.035 "

5.2.2 General Description of the Selected Reaches

This section contains a general description ohexic¢he four selected stream
reaches. Figures 5-3 through 5-6 present an aeeialof each stream reach area,
based on Johnson County AIMS photography take®@62 These figures provide
an overview of the physical conditions in each tmraand give reference to

surrounding landmarks. The figures also displ&ydineam centerline and cross-
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section locations, which are used later in thislgtuMore detailed topographic
information for each of the four reaches followtetan this chapter.
5.2.2.1 Reach No. 1

This reach is located on a tributary of Tomahaw#e® within an urbanized
portion of Overland Park, in the vicinity AntioctoRd and 138 Street. The tributary
was labeled Tributary 12 in the Tomahawk Creek &I8tudy (PEI 1997). The
specific reach to be examined begins immediatelyndtream of 131 Street and
ends at a point approximately 410 feet west (upstjeof Antioch Road, as measured
perpendicular to the road. Flow proceeds from weestist. The main channel has a
length of 3,666 feet between the upstream and diogare bounding cross-sections
of the study reach.

The stream primarily lies within Windham CreekIa public park owned
by the City of Overland Park. The surrounding laisds are largely residential, with
the 100-year floodplain extending into surroundegns.
5.2.2.2 Reach No. 2

This reach comprises a portion of Coffee Creele, airthe two tributaries that
form the headwaters of the Blue River in Johnsour®po It is located on various
tracts of private property in an undeveloped afg@werland Park, between Pflumm

Road and Quivira Road, south of 5Street. Flow proceeds from west to east.
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Figure 5-4. Aerial View of Reach No. 2
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Figure 5-5. Aerial View of Reach No. 3
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Figure 5-6. Aerial View of Reach No. 4
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Land cover appears to be a mixture of woodedsh®de zones, pasture, and
farm fields. Upstream of Pflumm Road lies Heritégek, a large regional park
owned by Johnson County. The detailed examinatid®each No. 2 begins at a
point in the channel approximately 1,000 feet dast édownstream) of Pflumm Road
and ends at a point approximately 730 feet due wfeQuivira Road. The main-
channel length between bounding cross-sectionb&3deet.
5.2.2.3 Reach No. 3

Reach No. 3 is a portion of Wolf Creek that fladwvsough two large tracts of
land owned and preserved by the City of Overlan#t.P&/olf Creek is a major
stream that runs through southern Johnson Cowxgng with Coffee Creek, it
forms the headwaters of the Blue River.

The lower portion of Reach No. 3 lies along a ligdurested area that is
currently preserved as the Overland Park Arboretiifiis portion of river appears to
be largely untouched by agriculture or developmdrite upper portion of the river
runs through a separate tract owned by Overlankl liexwn as the Kemper Farm.
This tract is also maintained by the City of Ovedd&ark and is currently
undeveloped. The Kemper Farm area shows morereads past agricultural
activity, and the stream-side corridor is a mixtafevoodland and cleared pasture or
grassland. The downstream limit of this Reach3is.located approximately 1,900

feet south of 170 Street and 580 feet west of Antioch Road. Betvihere
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bounding sections, Reach No. 3 has a main-chalaveléngth of 7,149 feet. As
with the other reaches in this study, flow is framst to east.
5.2.2.4 Reach No. 4

Reach No. 4 is a portion of main stem of the BRiser, downstream of the
confluence of its headwaters, Coffee Creek and Wadkk. The specific reach
analyzed in this study comprises a portion of theeBRiver between Metcalf Avenue
and Mission Road. The study reach begins at & ppjproximately 1,000 feet east
(downstream) of Metcalf Avenue, which is also apprately 2,300 feet due south
of 167" Street. The study reach ends approximately Fd@Owest (upstream) of
Mission Road. This location is also approximatR00 feet upstream (measured
along the stream) of the confluence of Blue Rivighwa major tributary, Camp
Branch. The stream runs in a northeasterly doactReach No. 4 has a main-
channel flow length of 10,199 feet.

The river in this area runs primarily through jatie property. Land uses vary
from agricultural land, sod farming, and undistutlferested areas. A portion of the
left overbank in the downstream reach of this rived been developed, with a
portion of the floodplain being converted into athaed mitigation area. Since the
time of the study, additional development has aszbialong a portion of the left
overbank in the downstream reaches, resultingnmesidl placement at the outer
edge of the floodplain fringe. This later develais not reflected in the modeling

conducted for this study.
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5.2.3 Standardization of Manning’s Roughness Values

The original Blue River Watershed Study assignegjhoess values to main-
channels based on stream order and degree of meand&he range specified was
generally between 0.030 and 0.050, with enginegudgment applied to strongly
meandering sections. For Reach No. 2, the mainrgidManning’s n was generally
assigned 0.035. For Reaches No. 3 and No. 4, #iechannel Manning’s n varied
between 0.030 and 0.035.

Roughness values in the overbank were assigned loaisland cover. For
Reaches No. 2 through No. 3, the values generidignated between 0.090 assigned
for trees and brush and 0.035 assigned for paatdemall grasses. Horizontal
variations in values were established, so indiMiduass-sections contained multiple
regions of both in each overbank (CDM 2005).

For Reach No. 1, which was studied as part offteahawk Creek Flood
Study, the original main-channel Manning's n wasgaed as 0.045, with overbank
roughness ranging between 0.06 and 0.08. Thesesralere based on a
consideration of stream size and sinuosity fomtiaén-channel and land cover for the
overbanks (Phelps 1998).

To simplify this study and allow for a more meayfil comparison of results
between the reaches, a single reference conditg@nselected to apply to all four
channels. Reach No. 3 is the least impacted bymmde activities and is generally
in a forested state. Land cover conditions fordRddo. 3 were taken as the reference

condition. Like the other three reaches, Reach3\khows a moderate degree of
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sinuosity. Using the HEC-RAS Hydraulic Referenc&ACE 2002b) as a guide, the
main-channel roughness for Reach No. 3 was se0#®)0which corresponds to a
main-channel on a natural stream thatlsdn, winding, some pools and shdals.
The same main-channel roughness was also applirdaches No. 2 and No. 4. All
three of these reaches are of sufficient size totaa a baseflow in the center
channel.

Reach No. 1 is an intermittent stream with mogaificant vegetation growth
within the main-channel. A slightly larger mainacimel roughness of 0.045 was
selected for this location. This would fall withime range for main-channels similar
to Reach No. 3, but withweeds and stones, lower stages, more ineffecopesland
sections'

The overbank roughness for all four reaches wia®<®100, which is
consistent with HEC-RAS guidance for floodplainaaeontainingheavy stand of

timber, few down trees, little undergrowth, flowdve branches.

5.3 Hydrologic Inputs for Testing

Inflow hydrographs were developed to simulatedlevents in each of the
four stream reaches. The objective was to proaidaseline hydrograph to give a
reasonable simulation of the inflow conditions dgra 100-year flood in that reach.
This would require that the peak of the hydrogrbate a discharge equal to an
estimated 100-year peak dischar@ep) and that the overall volume and shape of the

hydrograph be reflective of realistic flood conalits. Synthetic hydrographs that
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closely matched the watershed studies’ hydrogragne developed using gamma
distributions. These gamma-distribution hydrogsaplosely matched the peak
discharge and the hydrograph width at the half-gkséharge. The hydrograph tails
of the watershed study hydrographs were cut offidlde discussed and illustrated in
Section 5.3.3.
5.3.1 Original Watershed Study Methods
Both the Tomahawk Creek Flood Study (PEI 1997)thedBlue River
Watershed Study (CDM 2005) were developed as parfloodplain remapping
effort for Johnson County. Both studies had tHiewang characteristics in common:
o HEC-1 was used as the hydrologic modeling platform.
. County-wide aerial photography, planimetric dataj elevation
models were used to define watershed characterigtiduding watershed

boundaries, stream networks, impervious surfacesynatershed slopes.

o Watersheds were divided into subareas of approeimna60 acres.
. NRCS soil types and data were used to classifyipas\areas.
. Master-plan and land-use data from local governmemete used to

supplement land-use data for urbanized areas.

. The precipitation estimates were based on a syattesign storm
option in HEC-1, which defines a "balanced" or syetmcal design storm
using the intensity-duration-frequency curves farlson County and a range

of return periods, including 100-year.
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o Net rainfall was transformed to runoff using thenstard NRCS unit
hydrograph for subareas.

) Lag times for individual subareas were calculateidgiwatershed
characteristics such as maximum flow length, watsnisslope, and degree of
imperviousness or improved channels.

o Hydrographs from individual subwatersheds wereaowand
combined based on the stream network and charstateri Significant
detention structures and ponds, if present, weaé/aed as reservoirs.

. Modeled projections were calibrated using availalat, including
gage records from the US Geological Survey (wheadable) and the
Overland Park and Johnson County ALERT flood wagragstem

(www.stormwatch.com

Key differences between the two studies includddhewing:
o The Tomahawk Creek study used the Green-Ampt farwitalculate
losses from rainfall. Individual subbasins weradkd into three sub-
components, one each for the proportion of the eogared by silt loams,
silty clay loams, and impervious surface. The BRieer study used the
NRCS curve number (CN) method, based on the cor&pokthe pervious
and impervious surfaces.
o The Tomahawk Creek study used a 6-hour total durdtir the design

precipitation event; the Blue River study used &@dr storm duration.
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o The Tomahawk Creek study defined the antecederdtuorei
conditions (AMC) for the Green-Ampt formula as tflecapacity”, which is a
moderately moist initial condition. The Blue Rivafatershed Study set the
AMC condition for the NRCS CN method as a functidresign storm
length and return period. For the 100-year ewbrt AMC was set to 2.75.

. Lag times for subwatersheds were calculated usifeyeht methods.
The Blue River study used a method in which thesfi@th is separated into
four components: sheet flow, shallow concentréitadl, secondary channel
flow, and primary channel flow. For each of thés& elements, GIS
procedures were used to define the longest flow, @aterage slope, and
geometric shape. The Tomahawk Creek study usedexgly similar
methodology, but the flow components were basechore idealized flow
path, with GIS procedures used to extract londest path and basin slopes.
o The Tomahawk Creek study used the variable-pararivkiskingum-
Cunge method for channel routing, based on animbhB-point cross-section
having a main-channel sized for the 1.5-year stamcha 10:1 constant side
slope for overbank flows. The Manning’'s roughnessies were established
by calibration and were approximately double tlaglitional text-book values.
For tributaries, the values used were 0.120 fontaa-channel at 0.200 for
the overbanks. The Blue River study used the "fremtiPuls" method for
channel routing as defined in the HEC-1 User's MA(USACE 1998).

Volume-discharge tables were developed from HEC-RAia for the actual
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reach, as part of an iterative process. The nuwi®&ibreaches was defined

using the recommendation in the HEC-1 User’'s Mathatl the length of an

individual reach be the distance that a kinematgenvspeed would travel
during one time-step of the model. This form cduzhel routing is similar to
the Cascading Reservoirs method described in Chapéxcept that the
number of hypothetical reservoirs chosen was ng¢déhe characteristic
length.

5.3.2 Synthetic Hydrograph by Gamma Distribution

This study required a simple, synthetic hydrogragpsimulate inflows, one
that could produce a single-peak, curvilinear shapd positive skew (rising limb
shorter and steeper than the falling limb).

The probability density function for thgdmma distribution’generates
hydrographs with these attributes. The gammaildigton has been shown
equivalent to a reorganized form of tHeeglarson Type Il distribution’{Bras 1990).
Both terms are used interchangeably in the liteeatu

The standard NRCS curvilinear unit hydrograph aréginally developed by
graphical means, but it can be closely fitted ]mgamma distribution. When used to
define an inflow hydrograph, the NRCS (2007) forhthe@ gamma distribution

equation is:

ol et
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wheret is the time from the beginning of direct runoffaspecific ordinate on the
hydrograph] is the inflow discharge at that timg,is the peak (maximum) inflow
given by the hydrograply, is the time from the beginning of direct runoffvihen
the peak discharge occurs, also referred to a4ithe to peak andm s a skewness
or shape factor. This form of the equation isehsionless, with only one variable,
m, being required to define the dimensionless shape.

Values ofl, andt, are used to scale the hydrograph to fit the sitrarla The
traditional NRCS dimensionless unit hydrograph lsarapproximated by Eq. (5-1)
with m set equal to 3.70. Tabular values of this gamistailoution hydrograph are
given in Table 5-4.

Full dynamic solutions to St. Venant’s equatioguiee the specification of a
baseflow or minimum stream discharge for computaictability. In Chapter 7, it is
shown that the minimum baseflow value has an inteeon model stability and
accuracy. In each of three flood routing compptegrams used in this study,
baseflow values can easily be superimposed onquslyi calculated hydrographs.
For these reasons, Eq. (5-1) was used to defigdibgraphs in this study, with
baseflow values superimposed afterwards. A singtograph shape witim =3.7

was used for all calculations.
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Table 5-4. Tabular Values of Dimensionless
Inflow Hydrograph, Gamma Distribution, m=3.7

tt, 1,

0.0 0.000
0.2 0.050
0.4 0.310
0.6 0.664
0.8 0.918
1.0 1.000
1.2 0.937
1.4 0.791
1.6 0.618
1.8 0.456
2.0 0.321
2.2 0.218
2.4 0.144
3.0 0.036
4.0 0.003
5.0 0.000

5.3.3 Inflow Peak Discharges and Times to Peak

An input hydrograph was defined to simulate th@-$0ar storm in each
reach. Hydrographs from the simulations in the &bawk Creek Flood Study (PEI
1997) and the Blue River Watershed Study (CDM 20@&e extracted for each
reach. Table 5-5 provides a summary of the hydiolparameters extracted from the
studies for each reach. The hydrologic calculatiode nearest the upstream cross-

section was used to characterize the reach.
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Table 5-5. Hydrologic Data from Watershed Studies

Data at Hydrologic Reference Point
Nearest the Upstream Boundary of Reach

Reach| prainage | 100-Yr. Discharge, Hydrologic
No. Area Quoo (€fS) Watershed Model
(sq. Model Reference
. per as .
miles) model  rounded Point ID

1.02 2,902 2,900 Tomahawk Cl2D

8.31 11,002 11,000 Blue River CCCO035
24.5 23,502 24,000 Blue River CWC112
47.9 35,409 36,000 Blue River CBRO0O15

A WN P

Reach No. 2 was a special case. A major sidetai of Coffee Creek
upstream of this reach is controlled by storage liacreational lake in Heritage Park.
The Blue River Watershed Study incorporated theagteffect of this lake in its
model, which dramatically lowered peak flow comatiig in this tributary and
introduced delay in the release of a significamhponent of the flow volume into
Reach No. 2. In order to better generalize theltesf this study, the hydrology for
Reach No. 2 was modified by eliminating the stonageée and modeling the
upstream conditions as uncontrolled. The peakhdige reported in Table 5-5 is
based on this modified version of the Blue Rivern®shed study model.

An equivalent synthetic hydrograph using the gandmtaibution was then
developed to provide the same peak discharge agasanable fit of hydrograph
shape and volume to those in the original watershadies. For testing purposes, the
actual values of the peak discharge were roundesldsignificant digits. By error,
the peak discharge for Reach No. 4 was rounded mgisvia 36,000 cubic feet per

second (cfs) instead of 35,000 cfs.
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The time to peak was then adjusted to providesamable match of the shape
and volume of each hydrograph. A spreadsheet wastrticted in which the
completed hydrograph for the 100-year storm froendhginal watershed study could
be plotted relative to a synthetic gamma-distrinutnydrograph. The time base of
the plot was adjusted so thaD occurs at the beginning of direct runoff in the
synthetic gamma-distribution hydrograph. Trialued of time to peak,, were then
used to find a hydrograph that matched the voluntbe upper half of the original
hydrograph.

The original watershed study hydrographs contaloed leading and lagging
extensions of lower flow that could not be simuliateth a single gamma-distribution
plot. This additional flow volume was not consiel@important for peak flow routing
and was ignored.

All time-to-peak values were rounded to the ndames-minute increment.
Goodness of fit was determined by visual examimatiothe hydrograph, with
particular emphasis on the overall fit of volumel @hape in the range of flow above
the 50% of the hydrograph peak. The relative locadf the time to peak varied
slightly between the synthetic hydrographs andbtiginal study.

Table 5-6 presents a summary of the peak dischamye times to peak for
input hydrographs to each reach. Figures 5-7 tiit&ii110 present the fitted

hydrographs for all four reaches in this study.
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The total volume of each synthetic hydrograpHss aresented, in terms of

net runoff relative to the basin size. The synthieydrographs in this study produce

runoff discharges between 3.5 and 4.2 inches.

Table 5-6. Parameters for Synthetic
Inflow Hydrographs to Simulate the 100-Year Flood

Contributing Net Runoff
Peak Timeto Hydrograph  Watershed Represented by

Reach Discharge, Peak,t, Volume Size Hydrograph
No. I, (cfs)  (minutes) (acre-ft) (sg. miles) (inches)
1 2,900 36 192 1.02 3.53
2 11,000 88 1,780 8.31 4.02
3 24,000 124 5,460 24.5 4.18
4 36,000 160 10,600 47.9 4.15

5.4  Processing Software

Various computer programs were used to procesgatzefor this study.
Planimetric and spatial data were manipulated ugingIS™ , version 9.2. ArcGIS
is a geographic information system (GIS) platformikable from Environmental
Systems Research Institute (ESRI). It consistsgfite of programs, including
ArcMAP™ for displaying and manipulating data and ArcCaj&fofor managing
files. A variety of data file formats can be maedgvithin ArcGIS, including

geodatabases and shapefiles (Ormsby et al. 2004).
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Sophisticated planimetric modeling requires the afsvarious extensions to
ArcGIS. 3D Analyst" provides specialized tools for three-dimensioaskin
analysis, including creation of digital elevatiooaels (Booth 2000). Spatial

Analyst™

provides tools for analyzing raster data (Ormsbgl. 2004).

HEC Geo-RAS (version 4.0) is an extension joidyeloped by ESRI and
the Hydrologic Engineering Center of the U.S. Ar@yrps of Engineers. It provides
customized tools for building HEC-RAS models fronc@&lIS data and for
converting HEC-RAS results back to ArcGIS form&SACE 2005). Geo-RAS
requires 3D Analyst and Spatial Analyst to run.

HEC-RAS models for the Blue River Watershed Stwdye originally
developed using earlier versions of HEC-Geo RA$ ukad the ARC/INFO program
as the GIS platform (CDM 2005).

HEC-RAS (version 3.1.3) is a hydraulic analysisgram developed by the
Hydrologic Engineering Center of the U.S. Army Cogd Engineers. It offers tools
for both steady and unsteady analyses, as des@ibegbusly. Several internal data
management and graphing routines were also employaacess and review data
(USACE 2002a and 2002b).

Finally, Microsoft® Office Excel® 2007 is a mulbdrpose spreadsheet that
was used extensively for data management and grgphi
5.4.1 Conventions for Describing Software Commands

Software procedures in this study are describeggneral terms when they are

reasonably well-known to the hydraulic engineegogimunity. Detailed
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descriptions are given when procedures are ledskwelvn. For Windows-based
programs, menu options or commands are displaybdlthformat. Specific
sequences of menu choices, command buttons, agdiaix options are described in
a narrative format or shown in sequential ordgrassted by thg(pipe) symbol.
When this abbreviated format is used, the nambheptogram itself may be shown
as the first step, if needed for clarity. Contdlphrases within a dialog box are
shown in bold, whereas user-input text, such amapater file name, are given in
italics.

For example, the command to run a steady-statgsssian HEC-RAS could
be described a4EC-RAS | Run | Steady Flow Analysis | Compute Additional
explanations of dialog box choices (such as "clsggritical Flow Regimé' or
"selectflow.f0las theSteady Flow File) follow in narrative format.

In general, the names of computer software are/shio bold only if they are

being used as part of a detailed explanation ofncands.

5.5  Creation of the Base HEC-RAS Models

A base model of the geometry of each reach wademten HEC-RAS. The
primary tools werércGIS, including the3D AnalystandSpatial Analyst
extensions, thelEC Geo-RAS (Geo-RASkextensionHEC-RAS calculations in
steady-state mode, aiMicrosoft Excel spreadsheets. In general, the following
process was followed:

e Create a digital elevation model (DEM) of the exigtreach.
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e Create the basic HEC-RAS geometry, including méaiaroel alignment and
cross-section alignment and elevations. For Resaldloe 2, No. 3 and No. 4,
the previously prepared geometry from the Blue Riwatershed study was
retained and modified.

e Set the initial alignment of the valley flow pathdaoverbank flow lengths.
Set initial left and right bank stations.

e Set the Manning’s roughness values for the maimitblaand overbank
conditions.

e Calculate the bed slope.

e Define a family of reference discharges to useeady-state flow to evaluate
reach geometry.

e Produce the initial HEC-RAS run for steady-stateditions.

e Revise the valley flow alignment based on the gesiteverbank flow.

Revise the left and right bank stations.
e Finalize the HEC-RAS geometry file, through itevatprocessing.
5.5.1 Detailed Procedures, Using Reach No. 3 as Example
The detailed procedures used to develop the lheadysstate HEC-RAS
models are presented in this section. The pratgsdiReach No. 3 is given as an
example because many of the basic processing atepegell represented. Additional
details on site processing steps then follows éndiscussions of Reaches Nos. 1, 2,

and 4.
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55.1.1 Generating the Digital Elevation Model

A digital elevation model of the region aroundleaegach was developed
using Johnson County AIMS data. The mass poirds3atimensional breakline files
were extracted from the Johnson County masterAetip boundary was delineated
by drawing a polygon iArcGIS that encompassed the upper and lower limits of the
reach and which extended laterally a sufficientagise to completely contain the
floodplains. The boundary was also drawn to prexadiisual context of the
surrounding topography. Mass points were extralsteselecting those points within
the polygon and exporting as a shapefile. Breaklwere extracted using
ArcToolbox | Analysis Tools | Extract | Clip.

3D Analyst was then used to generate a triangular irreg@tawark (TIN) of
the region since a TIN is required by HEC GeoRASsecond clip boundary
polygon was drawn inside the original. The TIN wasated using th@D Analyst |
Create/Modify TIN | Create TIN From Features function, with the mass points,
breaklines, and clip boundary as input. An imafggne resulting TIN is shown in
Figure 5-11. The figure also shows the streameckné¢ and cross-section locations.

The outer edges of the TIN for Reach No. 3 coethiareas of erroneous zero
elevation. These areas do not affect the remamiadysis and were ignored. To
improve visualization of the TIN, the elevation gas were reclassified into nine
"quartiles” using théayer Properties | Symbology | Classify | Classification
Method option (accessed by right-clicking on the TIN layethe display menu and

selectingProperties). After reclassification, the TIN for Reach NoillBstrates
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topography having an elevation range generally betwd14 and 987 feet of

elevation.

— Main Channel
- Cross-Sections

Figure 5-11. Digital Terrain Model, Reach No. 3

Contours at 10-foot and 2-foot intervals were tgenerated from the TIN

using the3D Analyst | Surface Analysis | Contour These contours were compared

with contour data from the Johnson County AIMS reaset. Contours generally
matched, except for slight deviations and in tlggaes at the outer edges of the TIN
with zero elevations.
5.5.1.2 Establishing the Stream Centerline and Cross-Section Alignments

A stream centerline was defined through the re&ar.all four reaches, the

centerline previously delineated in the Blue RMéatershed Study or Tomahawk
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Creek Flood Study was used. Each study's cendetthita was available as an
ArcGIS polyline shapefile. The polylines were exted from the master data set and
clipped so that they extended only short distanpssream and downstream of the
reach boundaries and so that they remained witleilbbundaries of the TIN
coverage. All tributary centerlines were remowvexhf the data set. The location of
the stream centerline was confirmed against the TIN

Cross-sections were then delineated. In genbrakross-sections established
in the original watershed study were used if appabg@. Cross-sections should be
aligned perpendicular to the anticipated flow patld extend laterally a sufficient
distance to fully contain the flood inundation limi They should be spaced closely
enough to accurately depict those changes in tapbgrthat may affect flow. In
addition, HEC GeoRAS uses the end points of thesesections to define a bounding
polygon that controls delineation of the floodplagtween sections. Cross-sections
must extend laterally a sufficient distance to eashat the bounding polygon does
not exclude intermediate areas, as can happeas$ections are not closely spaced
through curves. Where main-channel or overbankdlourve, the cross-sections
should be bent or "dog-legged"” to remain perpenaido flow across the entire
range (USACE 2002). The cross-sections shoulcebgepdicular to the contour
lines in the overbanks.

Reach No. 3 is bounded by cross-section 10.93A@npstream side and
section 9.583 downstream. Stationing for Reach Ro3 and 4 were all given in

river miles, since these three reaches were pahieoBlue River Watershed Study.
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Reach No. 1 was stationed in feet. The originassisection alignments for Reach
No. 3 appeared adequate and were shown in Figlile S-hese alignments were
reviewed against the aerial photographs, the Tl cbntours, and the 100-year
floodplains as previously delineated in the BluedRiWatershed Study.

Geo-RAS requires that stream centerlines be digsstream-to-downstream
and that cross-sections be drawn left-to-righplaserved looking downstream. The
orientation of these data sets was verified by izning the polylines with end
arrows. All polylines were properly oriented.
5.5.1.3 Establishing the First Estimates of Valley Flow Path and
Overbank Flow Lengths

HEC-RAS accommodates meandering channels by alfpseparate flow
path lengths to be established for the left ovekb#re right overbank and the main-
channel. Itis customary in floodplain studiesi&hineate three separate pathways,
with the left overbank flowpath remaining leftwantithe stream centerline and the
right overbank flow path always remaining rightward

For natural meandering streams, this traditionsthmd of flow delineation
would tend to over-estimate the average travel phthe overbank flows, insofar as
the overbank pathways are lengthened by the neadbid crossing the main-
channel. For this study, an alternate conceptaiadiz of the flow was used, in which
all the overbank flow is assumed to travel alongléey flow path which may cross
above the stream centerline flow path. AlthoughCHEAS does not analyze flow in

this manner, the scenario will be simulated asetyoas possible by setting the left
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and right overbank flow paths equal to the vallewfpath. The delineation of the
valley flow path is discussed below.

The first estimate of the valley flow path was mdy visually tracing a
pathway through the center of the valley. FiguE25resents the first estimate of
valley flow path for Reach No. 3. The TIN and ftt®-year floodplain limits from
the original Blue River Watershed study models wesed as backgrounds during the
tracing to allow for better visualization and persiive of the proper flow path.
Between the upstream and downstream bounding sexd®ns, this initial valley

path has a length of 5,039 feet.

= Main Channel
= Valley Flow Path, Ist est
== Cross-Sections

100yr Floodplain

Figure 5-12. Initial Estimate of Valley Flow Path, Reach No. 3
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This first estimate was inherently subjectiverdeptions of appropriate
valley pathway vary in part on the depth of flowrgeconsidered. Once an initial
HEC-RAS model is created, the estimates of areadapth of flow in the floodplains
are used to revise the valley flow length estimafBse revision involves an iterative
cycle of HEC-RAS modeling.

55.14 Deriving the Basic HEC-RAS Geometry File from GeoRAS

The basic HEC-RAS geometry file was then creabe@éch reach, using the
planimetric data derived thus far and BW&S Geometrytools inGeoRAS A
summary of the processing steps is presented bdlmtailed software procedures
are given in Chapters 4, 5 and 7 of the GeoRAS'&)8éanual (USACE 2005).

a) Open a nevArcMap project file(*.mxd) to store data for the work session.

b) Load a new data frame using BeoRAS | ApUtilities | Add Mapmenu
function.

c) Load the ground surface TIN. This action also Hetrojected coordinate
system for the data frame to match that of the TIN.

d) Use theGeoRAS | RAS Geometry | Create RAS Layers | Athenu tool to
create an ArcGIS geodatabdsendb) file to house all the geometric data to
be used by GeoRAS. Although a large number otifeatlass categories are
generated, the only three needed for this study Wer stream centerline
(Riven, flow path centerlinedqowpathg, and cross-section alignmenky

CutLineg features.
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e) OpenArcCatalog and find the geodataba@emdb) file. Use thd_oad Data
command (right-click menu under each feature) tm¢h theSimple Data
Loader dialog box. Load the stream centerline asRherfeature. Load the
stream a second time, this time dda@wpathfeature. Load the valley flow
path (initial estimate) as an additiofdbwpathfeature. Load the cross-
section alignments as tixS CutLinedeature.

f) Reopen thércMap project(*.mxd) file again and confirm that the geometric
elements have been loaded correctly. Assign trdrdil reference identifier
to each element in the geodatabase withi@eRAS | ApUtilities | Assign
UniquelD menu option.

g) Use theGeoRAS | River IDmenu tool to assign a river and reach name to the
stream centerline.

h) Use theGeoRAS | Assign LineTypemenu tool to identify the stream
centerline and valley flow paths. Define the stmezenterline as @hannel
linetype and the valley flow path at.eft linetype (theRight line type is not
assigned). The GeoRAS tool assumes a traditioettiad of overbank
delineation in which three alignments are definéle Geo-RAS manual
cautions that overbank alignments should not ditossnain-channel, a
condition which is clearly violated by the valldgw path. However, no
problems were experienced in using the tool withwalley flow path
crossing the main channel.

i) Open theGeoRAS | RAS Geometry | Layer Setupialog box and designate
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the TIN file and the layers f@tream CenterlineXS Cut LinesandFlow
Path Centerlines

]) Use theGeoRAS | RAS Geometry | Stream Centerline Attributes |
Topology andStream Centerline Attributes | Lengths/Stationamenu tools
to assign remaining attribute data to Rieer feature.

k) Use theGeoRAS | RAS Geometry | XS Cut Line Attributes | Reach/River
NamesandXS Cut Line Attributes | Stationing menu tools to assign reach
and river data to each section and to calculateaia¢ive stationing of each
section. Use th¥S Cut Lines | Downstream Reach Lengthasenu tool to
calculate the stream centerline and valley flovhghstances between
sections. Bank stationing was not assigned ussmRAS.

[) Use theGeoRAS | RAS Geometry | XS Cut Line Attributes | Elevations
menu tools to extract the elevation data from ti¢ dhd store it within a
feature class calledSCutLines3D.View the cross-sections for initial data
verification using th&eoRAS | XS Plotmenu tool.

m) Use theGeoRAS | RAS Geometry | Extract GIS Datamenu tool to export
the data to an intermediate ASCII file that is regHEC-GeoRAS. The
export file carries the extensichRASExport.sdf).

n) StartHEC-RAS and create a new project. Open the Geometric Ehitar
and use thélEC-RAS | Edit | Geometric Data | File | Import Geometry
Data | GIS Formatmenu tool to import the GeoRAS d&taRASExport.sdf).

Thelmport Options dialog box regulates the process. Save the imghorte
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geometry as a new HEC-RAS geometry (iig01). The import process

provides the basic cross-section and reach datdE@-RAS modeling. It

also provides the coordinate data needed to shewsttham centerline and
cross-sections schematically in tBeometric Dataplan view screen.
0) Complete the downstream flow length assignmentse tdeHEC-RAS |

Edit | Geometric Data | Tables | Reach Lengthdialog box to review the

calculated downstream flow path lengths. The estunder the Channel and

LOB (left overbank) columns match the stream cdintand valley flow

path lengths. The ROB (right overbank) columnlank since these were not

defined in GeoRAS. The LOB values are pastedtimdROB column.

The above procedure was performed for each dbilnereaches analyzed in
this study.

For Reaches No. 2 through No. 4, however, thdteestithis process were
not directly used to create the baseline HEC-RA8eholnstead, the actual baseline
model was extracted from the original Blue Rivertévshed Study data, with this
latest processing being used for quality assureszxgew and to extract particular
pieces of supplemental data. The master HEC-RA&maised in the Blue River
Watershed Study were derived from similar GIS psees as described above. The
next section describes the alternate procedurevasiused to extract a geometric file
from the previously developed Blue River WatersBaatly. Use of this alternate
procedure simplified the management of data maaledspreserved the connections

in naming conventions and stationing that has Ise¢forward in the original study.
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Reach No. 1 was developed using the procedurtkssisection because the
Tomahawk Creek Flood Study was developed from dreealanimetric data source
which was not easily recoverable and because itdeasloped without the benefit of
GeoRAS tools.

5.5.15 Isolating an Equivalent Geometry File from the Original

Watershed Study

For the three reaches derived from the Blue RiVatershed Study, an
alternate procedure was used to isolate and upltat@iginal study data. The
original master geometry file was copied and @utaries and unneeded river
reaches were deleted using HIEEC-RAS | Edit | Geometric Data | Edit | Delete
ReachandDelete Junctiontools. New dummy reaches and junctions were then
inserted using thelEC-RAS | Edit | Geometric Data | River Reactbutton to break
up the remaining reach into segments. Upstreandamwistream segments were
then deleted, along with the dummy reaches andipmg Any remaining cross-
sections upstream or downstream of the target esasgkre deleted using th#C-
RAS | Edit | Geometric Data | Cross Section Data | Options | Delé@eoss Section
tool.

The original reach locations were selected tocboidges and embankments
that create complications in the volume and bac&nainditions. Any remaining
small obstructions or special structures were resddvom the model. Likewise, all
levees and areas of blocked or ineffective flowen@moved. Any necessary

blocked-flow areas were then reassigned. No sggmft modifications were needed
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for Reach No. 3.

Finally, the overbank flow lengths were updateithgishe distances for the
valley flow path as described previously. The taféerbank and right overbank
values in the new geometry file were overwritteirngghe values calculated by
GeoRAS for the initial valley flow path. The mathannel lengths were not
changed, because the original stationing of thesesections was based on those
values. The differences were negligible.
5.5.1.6 Evaluating Cross-Sections and Setting Bank Stations

The cross-sections in each reach were evaluatepfoopriateness. To the
extent possible, stations were used without sigarfi adjustment. Blocked-flow
areas were established if a cross-section hadcceperd a major side tributary or
contained other unusual features that would haeestated the area available for
flow. No blocked-flow areas were required for Re&o. 3.

Left and right bank stations were also set fohesertion, using theEC-
RAS | Edit | Geometric Data | Tools | Graphical Cross Section Edibol. Bank
stations are used in HEC-RAS to separate conveyaalcelations between the main-
channel, left overbank, and right overbank regiofise bank stations also define the
limits between the Manning’s n roughness valuesbéished for each region. A
series of factors were considered for each seanatyding:

a) Location of the most obvious slope breaks on eatthaf the main-channel;
b) Consistency of channel width between bank stations;

c) Consistency in flow depths below the bank statieng) elevations being set
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on both sides of the channel to match the beginoirayerbank flow on the

lowest side.

No single factor governed the setting of bank@tat For Reaches No. 2
through 4, the bank stations assigned in the aiddtue River Watershed Study
were used as the initial estimate. For Reach Nthellocation of the obvious slope
break was used for the initial estimate. Bankatatwere then adjusted as the model
was further developed, using the steady-statelpsofienerated from modeling runs
(described later) to better evaluate inconsistezdsa

An index of the cross-section locations and staitilentifiers for Reach No. 3

is shown in Figure 5-13.

Figure 5-13. Cross-Section Index, Reach No. 3
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A sample of six cross-sections from Reach Na. @ven in Figure 5-14. The
final bank station locations are shown as modelddo shown on these cross-
sections are the water surfaces from two steadg-dtacharge profiles. The upper
surface corresponds to tRgqo flow rate, and the lower surface corresponds¢o th
profile for a steady-state discharge of 3,840wfsch is 16% 0fQ100

As discussed in more detail later, a series @fdstestate discharge profiles
were developed for each reach. For Reach Noe3jiitharge rate of 3,840 cfs
appeared to represent tHeahkfull discharge(Qpankiu) OVer a majority of the reach,
with the depth of flow lying near the top of bar&weation on the lower bank, and
with the inundation limits either being containedhm the main channel or just
beginning to spread out into the floodplain. Doi¢he natural variability of the
cross-sections, no single discharge fits “bankfatlall cross-sections. The ratio of
Q100 that best approximation dyankiun Will be evaluated separately for the other
three reaches.

Figure 5-15 presents a profile view of the firedt ind right overbank
elevations for Reach No. 3, as assigned. Qg discharge profile is also shown,
illustrating the overall fit. Table 5-7 summarizee main-channel width for each
cross-section, based on the final assignment df betions. The average main-
channel width between assigned bank stations wasf&8t. The average depth from

the lowest assigned bank station was 9.0 feet.
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158



Elevation (ft)

Elevation (ft)

RS =10.300

A % .04 % 1 *%
94Oi \ Legend
935
] \ / WS Q100
930 — .
1 WS 16% of Q100
925i \ / Ground
9207 — Bank St
] — ~_ f ank Sta
915+ N e
910 \ g
905
900 \ \ \ \ T \ \ |
0 100 200 300 400 500 600 700 800 900
Distance along Section (ft)
(c) Station 10.300 (miles)
RS =10.129
1 %OLP%; 1 *%
940~ / Legend
935
] / WS Q100
930 —_—
] \ || WS 16% of Q100
il , _ ~
925 , / Ground
920 \ .
, - - Bank Sta
915+ - 1 T
910- \ /
905+ L
900

T T T T T T T T T T T T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900 1000 11001200

Distance along Section (ft)

(d) Station 10.129

(miles)
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Figure 5-15. Profile of Left and Right Bank Stations, Reach No. 3

Table 5-7. Main-Channel Definition and
Bank Stationing, Reach No. 3

Cross-Section

Width between

Depth from Lowest Bank

Station Bank Stations (ft) Station to Flowline
10.937 92.1 7.9
10.842 102.1 9.6
10.800 94.5 8.6
10.571 93.8 8.4
10.464 75.3 7.1
10.300 90.1 4.7
10.243 108.9 9.6
10.129 75.9 11.5
9.896 76.3 8.7
9.786 60.8 10.6
9.607 78.9 11.5
9.583 81.2 9.3
Average (ft) 85.8 9.0
Std. Dev. (ft) 13.5 1.9
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As expected on natural streams, the cross-sectiths any of the four

reaches show wide variations. Some sections ghgyhtontained, with very little

expansion of floodplain flows, whereas others contary shallow main channels

and broad overbanks. The relative diversity ofdtuss-sections in a single reach

was viewed by plotting them all simultaneously agraph of top width versus depth.

The graph was created by exporting top width ao flepth information from the

HEC-RAS steady state output, described in mordldater. Figure 5-16 shows this

plot for the cross-sections in Reach No. 3, basethe final HEC-RAS geometry for

that reach.
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Figure 5-16. Top Width vs. Flow Depth for

Cross-Sections in Reach No. 3
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While the plotted ordinates of each line showthimgraph were dependent

upon the specific flow rates calculated, the adigadd of the line and relationship

between depth and top width for any given sectondependent of the flow rates.
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HEC-RAS in this instance serves as a convenientizbr of the channel geometry.

Most cross-sections show a sharp "break,” whezesthep profile of main-
channel flow ends and the flattened overbank bedtus a majority of the cross-
sections, the width of flow where this break ocdarsetween 70 and 90 feet. The
depth at the “break” lies between 7 and 11 feetrfost sections. These ranges
correspond reasonably well with the 85.8 feet ayeraidth of channel between
assigned bank stations and the 9.0 average defitwobbelow the lowest assigned
bank station elevations. The cross-section atddtd0.300 deviates significantly
from the overall trend, with an initial widening fddw beginning near 3 feet of depth.

Moving further out, all of the cross-sections shemweventual steepening
again of the top width vs. depth relationship, vishicas interpreted as beginning of
the valley wall. Station 10.129 appears to haeevttdest available floodplain,
extending to 940 feet of width before being corgdiby the valley wall. By contrast,
Station 10.842 appears to be the most highly id¢ciegth a floodplain width of no
more than 320 feet before being contained by thieywevall.
5.5.1.7 Assigning Manning's n Roughness

As discussed previously, Manning's roughness gdiuethe base line model
were established for each reach using a presuragdast reference condition. The
overbank Manning's n was set to 0.100 for bothae#t right overbank on all reaches.
The main-channel was set to 0.040 for Reaches N$023 and No. 4 and 0.045 for
Reach No. 1. The new Manning's roughness values|foross-sections were then

entered into the appropriate columns utdBC-RAS | Edit | Geometric Data |
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Tables | Manning's n or k values.
5.5.1.8 Calculating Bed Slope

An effective hydraulic slope is required for urastg flow modeling, both to
define the geometry of simplified “representativeach, and for use in setting the
normal depth slope for downstream boundary conastia~or this study, the average
bed slope was used to estimate this effective lidralope. The minimum bed
elevations from each cross-section were extracted HEC-RAS, along with the
downstream main-channel length, and imported intBxxel spreadsheet. A plot of
the bed profile relative to the channel centenir@s made and the linear trend-line
feature used to plot a best fit line. The slop#efbest-fit line was taken as an
estimate of the main-channel bed slope. Figuré Shbws the bed profile and best
fit slope line for Reach No. 3. The calculated bkxgbe was 0.0021 using this
method. Bed slopes were rounded to two signifidagits.

Bed slope can only be approximated in this maniiérs method assumed
that the planimetric data captured the actual lomtpof the stream, which was not
always the case. The AIMS planimetric data werevdd from planning-scale aerial
photography, so the actual elevation being recoisléie water surface at the time of
the aerial flight. For smaller streams, such asdRéNo. 1 and No. 2, the depth of
flow above that true flowline may be close. Ondfiger hand, flowlines may be

difficult to determine from aerial photography mall, heavily wooded streams.
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Figure 5-17. Bed Slope Profile, Reach No. 3

For larger streams, such as Reach No. 4 withgkju@re miles of tributary
area, the depth of channel that may be hiddenallsgder base flow. The overall
profile of the water surface during base flow caiotis should be approximately
parallel to the actual bed slope, however, padityif it is evaluated over a large
enough distance. Given a lack of field surveytf@se reaches, this slope calculation
was assumed sufficient.
5.5.1.9 Establishing a Family of Reference Flows

As mentioned in the discussion of cross-sectioedain reach parameters
must be evaluated with reference depths and fleasaappropriate to the expected
range of flows. This means that some aspects dehuevelopment are iterative,
with initial estimates being made to run the modasl then updated based on

preliminary model results. To allow for these enadions, a consistent family of
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steady-state discharges was developed for allreaghes. The estimated 100-year
peak discharge rat€{oo) at the upstream end of the reach, as shown ite b

after rounding, was selected as a reference digehdfor Reach No. 3, the reference
discharge was 24,000 cfs.

Based on this reference value, a family of 30 prtvpnal steady-state
discharge values was specified. These 30 valdlestréow conditions ranging from
0.1% to 140% 00Q100. The intermediate discharges are not uniformécsg, but are
segregated into ranges to allow greater clusteinglues at low discharges and a
more uniform spacing of the overall flow depthdie$e 30 discharge values were
entered as separate profiles into a HEC-RAS stetatg-flow file, to be used
uniformly throughout the reach. Table 5-8 presémesrelative flow rates used.

Table 5-8. Flow Rates Relative t@;oo,
Used for Steady-State Profiles

0.1% 3% 10% 20% 50% 100%
0.5% 4% 12% 25% 60% 110%
1.0% 5% 14% 30% 70% 120%
1.5% 6% 16% 35% 80% 130%
2% 8% 18% 40% 90% 140%
5.5.1.10 Running HEC-RAS for Initial Geometry and Steady-Flow

Steady-state analyses were performed for each tesaeg HEC-RAS. The
initial geometry file and family of discharge vatueere used. The downstream
boundary conditions for each discharge profile vgsteas normal depth, using the

reach-averaged bed slope as the hydraulic slopsafoulation.

Results from the initial steady-state runs weetdus refine the estimates of
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reach properties, including valley length and bstakions. These results were also
used to develop the top width versus depth relaligs for each cross-section,
shown previously. An iterative process was usedttioe at a final HEC-RAS file.
Only one or two iterations were needed to obta@isoaably consistent results.
5.5.1.11 Revising the Valley Flow Path and Flow Distances

The initial valley flow path was based on a visasgessment of the valley
planform and previously defined 100-year floodplaffter the initial HEC-RAS
model was run, a revised estimate of the valley fhath could be defined that was
less subjective.

In concept, the valley flow path represents thmary pathway followed by
the flood flows that travel above the main-chanri@gure 5-14 showed selected
cross-sections with the water surfaces for the yi-dischargel;00) and the
estimated bankfull discharg®dankru) plotted. The area lying between these profiles
represents the portion of the 100-year flow thataseling above the main-channel at
the peak of the 100-year event. If the horizont@point of this “above-bankfull”
region was calculated for each section, the midpaiauld be plotted in plan view
and an alignment fitted through them. The resglpathway could be treated as an
approximation of the valley flow path.

The use of cross-sectional area is important [sscansteady modeling relies
heavily on conservation of volume for accuracy. UBing a cross-sectional area
based method, the valley flow-path calculation $thallow for a reasonable estimate

of the reach volume.
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This process was followed in the current studgdttmate a revised valley
flow length. Various procedures could be usedaloudate the horizontal midpoint
location. For this study, the “Flow Distributioféature in HEC-RAS was used to
calculate cross-sectional areas for each prdfieG-RAS | Run | Steady Flow
Analysis | Options | Flow Distribution Locationg. When using this feature, HEC-
RAS divides each cross-section into a series akbotal subsections and calculates
the flow area for each. The horizontal divisioesiain the same for all profiles, so
the difference in flow area between Qg andQpanksui profiles for each subsection
can be calculated. The subsection containing tldeamt of flow can be isolated
and linear interpolation used to estimate a spelo@iation for the midpoint.

Table 5-9 summarizes the calculated midpoint \&foeReach No. 3. Figure
5-18 displays a plot of these midpoints and thésesl/valley pathway that was fitted
to them. The alignment does not fit preciselygsifitting a line through all of the
midpoints would have involved some sharp localizecves. The revised line
represents a reasonable fit of the midpoints arelusad as the final alignment of the
valley flow path. The main-channel centerline ssrsections, and initial valley flow
path are shown in Figure 5-18 for reference.

The valley midpoint calculation was based on aerimediate version of the
HEC-RAS model for the reach. An iterative solutcmuld have been used to refine
the midpoint locations. However, the calculatiowl anapping of these midpoints
was a laborious process, and the refinements thed be gained were judged to be

minor. The valley flow paths revision from thestiiteration was taken as final.
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Table 5-9. Location of Valley Flow
Midpoints, Reach No. 3
Cross-Section  Location of Valley Flow Midpoints,

Identifier from Left Edge of Cross-Section (feet)

10.937 314
10.842 397
10.800 452
10.571 406
10.464 441
10.300 457
10.243 535
10.129 602
9.896 376
9.786 444
9.607 425
9.583 448

=== Main Channel

- Cross-Sections

.Valley Midpoints
= Valley Flow Path, Ist est
— Valley Path, Revised

Figure 5-18. Valley Flow Midpoints and
Revised Valley Path, Reach No. 3
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For Reach No. 3, the total valley flow path lengétween bounding cross-
sections was 5,174 feet. This is approximatel9@dnger than the initial estimate
of 5,039 feet. As can be seen in the figure, évesed flow path indicates some
additional curvature to the valley flow path thatsanot shown in the initial estimate.
This is reasonable since the initial estimate efualley flow path was based purely
on the midpoint of the floodplain with no consideya of the depth distribution
across the overbanks.

The revised valley flow length is approximately?d 8horter than the average
of the left and right overbank distances used enahginal Blue River Watershed
study (6,250 feet and 6,178 feet, respectively)is Feduction in length has a direct
impact on the storage volume estimates calculagddHC-RAS.

HEC GeoRAS was used to calculate updated overtistknces, using the
new valley flow-path alignment. A ne@eoRAS | RAS Geometryproject was
developed and thRAS Geometryprocessing steps were then continued as before,
with new downstream reach lengths for each crossesewere calculated. The
updated values were exported to the working HEC-R#&Sel.
5.5.1.12 Finalizing the Base-Line Model

Once the bank stations were adjusted and theactvilley lengths
calculated, the models were rerun and finalizedsekected set of final water-surface
profiles for Reach No. 3 are given in Figure 5-T%he profiles are shown for
discharges have the following values, based omdth@ to Q100 2%, 10%, 30% and

100%.
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The results of this final model were used to defime surface and volume
relationships for the reach under steady flow,escdbed in more detail in Section
5.6. Those relationships were used to derive algied equivalent reach, based on
an 8-pt. cross-section, which is explained in ®&ch.7. This model was also used as

the base for developing the geometry file for uagyeflow routing in Chapter 6.
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Figure 5-19. Water Surface Profiles for
Selected Discharges, Reach No. 3
5.5.1.13 Calculating Sinuosity

As discussed in Chapter 4, sinuosity is an impbgparameter in describing
the physical and hydraulic properties of a chan&huosity is generally defined as
the stream centerline length divided by the valley-path length (Leopold et al.
1964).

As seen from the previous discussion, the dedinitf valley length is not

simple. The revised valley flow-path length ca#tatl above was used for sinuosity
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calculations. For Reach No. 3, between the bognclioss-sections, the stream
centerline length was 7,149 feet and the revisddy#ow path length was 5,174
feet, which results in a sinuosity of 1.38.

Other potential sinuosity ratios could have alserbconsidered. The initial
estimate of valley flow-path length was derivedira visual assessment of the reach
meander, and might correspond to the referencewbdhgth that would have been
estimated in a less detailed study of the reantfadt, in stream stability studies this
is the valley flow path length that would typicabg used. Had that path been used,
the calculated sinuosity for Reach No. 3 would haeen 1.42.

5.5.2 Summary of Base HEC-RAS Model for Each Reach

HEC-RAS models of the four reaches were develoysety the procedures
described in the previous section. A brief disoussf the input data and model
characteristics for each reach is provided inskition. Key parameters are
summarized on Table 5-10.
5.5.2.1 Reach No. 1

Figure 5-20 displays the TIN developed for Reach N Also displayed on
the figure are the locations of the stream cemerlihe final estimate of valley flow
path, and the locations of all cross-sections fisednalyses. An outline of the 100-

year floodplain, as delineated in the original wsited study, is shown for reference.
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Table 5-10. Summary of Steady-State HEC-RAS
Model Parameters, All Reaches

Reach No. 1 2 3 4

Average Top Width of the Main-
Channel (feet)

Average Height of Lowest Overbank
Station above Channel Bottom (feet)

34.8 67.6 85.8 109

4.1 6.4 9.0 12.2

Reference Flow, 100-year

Discharge Qoo (Cfs) 2,900 11,000 24,000 36,000

Approximate "Bankfull Flow"

0, 0, 0 0
Discharge Qoankiu), as % 01Q10 10%  12%  16% 10%

Bed Slope, best fit (%) 0.54% 0.17% 0.21% 0.084%
Main-Channel Length (feet) 3,666 6,523 7,149 10,199
Valley Flow Length (feet) 2,121 4,303 5,174 7,520
Apparent Sinuosity 1.73 1.52 1.38 1.36

Figure 5-21 gives the station identifiers forHll cross-sections defined for
this reach. The farthest upstream cross-sectiothi®reach is at station 104+87 and
the farthest downstream section is at station 68-&ationing for the Tomahawk
Creek study was given in feet, unlike the otheed¢imeaches which were stationed in
units of river miles.

Reach No. 1 required the most extensive modibicaftiom the original
watershed study data. The seven cross-sectidhs lower half of this reach were
all redrawn to better align with the sinuosity loé tmeandering channel and overbank
flows. A new cross-section at 68+21 was definesetwe as the downstream
boundary. The four upstream-most cross-sectioms Wapt in the same location as

in the original Tomahawk Creek study. Blocked fleas established at one section
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where a side tributary entered the flow and atlaradtation where the cross-section
intersected a large but isolated abandoned channel.

The geometry for the HEC-RAS cross-sections weated using the Geo-
RAS procedures described above and the JohnsorntyCdata. As mentioned
previously, this was the only reach of the foutt thas recreated in its entirety for this
study.

Figure 5-22 displays selected cross-sections fReach No. 1, with the
water-surface profiles shown for 10% and 100%xb6, discharge rates. The bank
station locations as assigned in the final modedshown. For Reach No. 1, the
10% of Qo0 discharge appeared to serve as the closest apmatiain to the bankfull
dischargeQpankrur  Figure 5-23 presents the top width vs. depthtiaiship for all
the cross-sections in Reach No. 1. Figure 5-2dgmts the HEC-RAS profile view of
this reach, including the bed elevations, elevatiofleft and right bank stations at
each section, and final flow profiles for followingtios 0fQ.06 2%, 10%, 30% and
100%.
5.5.2.2 Reach No. 2

Figure 5-25 displays the TIN developed for Reach 2| along with the
stream centerline, valley flow path, cross-seckmations, and original 100-year
floodplain boundaries, similar to the figure givyemreviously for Reach No. 1.

An index of the stationing for all 11 cross-seciaised in Reach No. 2 is
shown on Figure 5-26. Reach No. 2 is bounded tigsesection 13.664 (miles) on

the upstream side and section 12.428 downstream.
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The cross-sections for this reach were primaaken directly from the
original Blue River Watershed Study. Two new cresstions were added, one at
Station 13.140 to better define conditions midwaputgh the strong leftward bend in
the creek, and a second at Station 12.655 to shitréecross-sectional spacing in that
area. Several other cross-sections were lengthterfedy capture the limits of flow,
and the left overbank of one cross-section wasséeljuso that it was oriented more
perpendicular to the overall flow path. BlockeoWilwas added at three stations,
based on the presence of a side tributary and amdalned oxbow channel.

Figure 5-27 presents selected cross-sections Reath No. 2, with the
water-surface profiles shown for 14% and 100%%#o, For Reach No. 2, the
bankfull discharg®yankiu appeared to be best approximated by the steaty-sta
discharge having a value of 14%@foo. Figure 5-28 presents the top width-vs.-
depth relationship for all the cross-sections iad¢teNo. 2.

Figure 5-29 presents the HEC-RAS profile viewho$ reach, including the
bed elevations, elevations of left and right baaitiens at each section, and final

flow profiles for following ratios 0fQ106 2%, 14%, 30% and 100%.
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5.5.2.3 Reach No. 3

Reach No. 3 has already been discussed in detdiéiprevious sections.
Figure 5-11 displayed the TIN as it was developgdeach No. 3, along with the
stream centerline, cross-section locations, argir@i 100-year floodplain
boundaries. Figure 5-18 shows the final vallewflzath, after revision. The index
for cross-section identifiers is given in Figurd%-and selected cross-sections are
shown in Figure 5-14. Reach No. 3 is bounded bgxsection 10.937 on the
upstream side and section 9.583 downstream.

The bankfull dischargepankiu) for Reach No. 3 was estimated previously as
16% ofQi00 The top width vs. depth relationship for Reaah Blwas given in
Figure 5-16. Flow profiles are shown in Figure®-IThe bankfull discharge
(Quankrun) for Reach No. 3 was estimated previously as 16% .

No new cross-sections were needed for Reach Nwmr3yere any section
alignments adjusted. There was no need to edteblislocked flow areas on any of
the cross-sections.

5.5.24 Reach No. 4

The TIN developed for Reach No. 4 is shown in Fedgat30, along with the
stream centerline, valley flow path, cross-seckmations, and original 100-year
floodplain boundaries.

The cross-section stations are shown on Figurg. 5¥8ie bounding cross-
sections are 6.870 upstream and 4.938 downstré&&m cross-sections for this reach

were all taken directly from the original Blue Riv&atershed Study. No new
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sections or alignment adjustments were requirddcked flow areas were added to
one cross-section to eliminate an abandoned oxlnovagtanother to address a side
tributary.

Figure 5-32 presents selected cross-sections Reath No. 4, with the
water-surface profiles shown for 10% and 100%xb6, The bankfull discharge
Quankiuil i Reach No. 4 appeared to be best approximatdaebsteady-state
discharge equal to 10% Qoo

Figure 5-33 presents the top width vs. depthimlahip for all 11 cross-
sections that were used to define Reach No. 4in#enesting characteristic of the
reach can be seen in this figure. Rather thanglesifbankfull” station and flattened
overbank, it appears there are two levels of oveciflaw, with a lower terrace that
begins between 10 and 13 feet of flow depth, ahigjlaer bench that is not reached
until flows depths are 19 to 20 feet. This didtitecraced-type overbank is not seen
in the other three reaches.

Figure 5-34 presents the HEC-RAS profile viewho$ reach, including the
bed elevations, elevations of left and right baaitiens at each section, and final

flow profiles for following ratios 0fQ106 2%, 10%, 30% and 100%.
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= Cross-Sections
100yr Floodplain

Figure 5-30. Plan View and TIN, Reach No. 4

Figure 5-31. Cross-Section Index, Reach No. 4
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Figure 5-32. Selected Cross-Sections, Reach No. 4 (cont.)
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Figure 5-34. Water Surface Profiles for
Selected Discharges, Reach No. 4




5.6 Preparation of Tabular Output Summary

Values for the characteristic reach length anéikiatic wave speeds in a
reach over a range of discharges can be calculatectly from tabular summaries of
the volume, surface area, and steady-state disshasglescribed in Chapter 3. This
type of tabular data may be derived from the detiadutput produced by HEC-RAS
for steady-state runs. The tabular data may be disectly in the cascading
reservoirs (CR) method or it may also be used tivel¢he properties of an
equivalent, representative prismatic channel.

This information was generated by HEC-RAS fa 30 steady-state flow
values discussed in the previous section. Alsaired are the length of the main
stem of the channel and a representative valueedfiiction slope. The data is used
first to derive values foK andN, as shown in Egs. (3-36) and (3-39), from whigh
andL, can also be found, using Egs. (3-40) and (3-Zhe kinematic wave speed is
given in units of feet per second (fps).

Tables 5-11 through 5-14 present a summary obtiteut data that was
derived from the HEC-RAS runs for each of the fraches, along with the results

of subsequent calculations to be discussed.
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Table 5-11. Steady State Output, Reach No. 1

Q VO I— SA K backwards K prorated N0 Ck I— u
(cfs) (acre-ft)  (acres) (minutes) (minutes) (fps) (ft)
3 0.24 0.53 - - - - -
15 0.75 0.97 - - - - -
29 1.20 1.20 22.5 21.3 27.9 2.87 131
44 1.60 1.36 20.0 18.8 23.9 3.25 153
58 1.95 1.49 175 16.5 22.3 3.70 164
87 2.57 1.72 155 15.1 18.8 4.03 195
116 3.16 1.92 14.8 14.3 16.7 4.28 220
145 3.71 2.12 13.8 134 15.7 4.56 234
174 4.23 2.43 13.0 134 15.0 4.56 245
232 5.33 3.04 13.8 135 13.9 4.52 263
290 6.39 3.73 13.3 13.9 13.3 4.40 276
348 7.55 4.43 14.5 14.0 131 4.36 281
406 8.6 4.99 135 13.3 13.3 4.58 277
464 9.7 5.44 131 14.0 12.1 4.38 304
522 10.9 6.26 14.8 14.6 11.8 4.17 312
580 12.0 7.17 14.5 135 131 451 279
725 145 8.07 12.6 11.8 13.6 5.18 270
870 16.7 8.65 11.0 10.5 13.6 5.82 269
1,015 18.7 9.03 10.0 9.9 12.9 6.18 284
1,160 20.7 9.74 9.8 9.9 12.2 6.19 300
1,450 24.7 11.21 9.9 10.1 11.0 6.05 333
1,740 28.8 12.48 10.3 9.9 10.5 6.20 350
2,030 325 13.73 9.4 9.7 10.0 6.31 365
2,320 36.5 14.61 9.9 9.8 9.2 6.21 399
2,610 40.4 15.36 9.8 9.2 9.2 6.63 399
2,900 43.8 15.78 8.7 8.5 9.2 7.20 398
3,190 47.2 16.17 8.3 8.3 8.8 7.34 419
3,480 50.5 16.57 8.3 8.2 8.4 7.49 437
3,770 53.7 16.95 8.0 7.7 8.4 7.95 436
4,060 56.6 17.29 7.4 -- -- -- --
L., Length of Main-Channel (ft) = 3,666
S, Main-Channel Slope = 0.54%
Z,, Vertical Drop in Bed Elevation Over Reach (ft.) = 19.8
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Table 5-12. Steady State Output, Reach No. 2

Q VOL SA K backwards K prorated N Ck L u
(cfs) (acre-ft) (acres) (minutes) (minutes) (fps) (ft)
11 1.88 4.35 - - - - -
55 5.08 4.76 - - - - -
110 7.94 5.10 37.75 34.91 10.7 3.11 610
165 10.37 5.38 32.08 30.56 8.6 3.56 759
220 12.57 5.66 29.04 29.11 7.1 3.74 917
330 16.99 7.06 29.17 28.08 6.1 3.87 1,064
440 21.08 8.20 26.99 25.74 5.8 4.22 1,119
550 24.79 8.82 24.49 23.60 55 4.61 1,192
660 28.23 9.26 22.70 22.44 5.0 4.84 1,296
880 34.95 10.80 22.18 22.16 4.5 491 1,463
1,100 41.66 12.41 22.14 22.75 4.0 4.78 1,634
1,320 48.74 16.49 23.36 27.14 3.7 4.01 1,760
1,540 58.1 24.92 30.92 35.15 3.7 3.09 1,760
1,760 70.0 34.09 39.37 39.68 3.9 2.74 1,660
1,980 82.2 39.83 40.00 38.91 4.2 2.79 1,567
2,200 93.6 44.77 37.82 36.74 4.5 2.96 1,463
2,750 120.6 54.83 35.67 35.05 4.6 3.10 1,424
3,300 146.7 62.18 34.43 33.23 4.6 3.27 1,429
3,850 171.0 66.23 32.04 30.76 4.5 3.53 1,449
4,400 193.3 68.44 29.49 28.65 4.4 3.79 1,493
5,500 235.5 73.16 27.82 26.51 4.0 4.10 1,615
6,600 273.7 75.62 25.19 24.41 3.8 4.45 1,726
7,700 309.5 77.72 23.63 23.06 3.5 4.72 1,851
8,800 343.5 79.84 22.49 22.09 3.3 4.92 1,973
9,900 376.4 82.12 21.69 22.22 3.0 4.89 2,171
11,000 410.9 85.61 22.75 21.50 2.9 5.06 2,238
12,100 4415 87.23 20.25 20.05 2.9 5.42 2,253
13,200 471.6 90.47 19.85 20.58 2.7 5.28 2,433
14,300 503.9 92.85 21.32 20.24 2.6 5.37 2,525
15,400 532.9 95.06 19.15 -- -- -- --
Lme, Length of Main-Channel (ft) = 6,523
S, Main-Channel Slope = 0.17%
Z,, Vertical Drop in Bed Elevation Over Reach (ft.) = 11.1

192



Table 5-13. Steady State Output, Reach No. 3

Q VO L SA K backwards K prorated N0 Ck I— u

(cfs) (acre-ft) (acres) (minutes) (minutes) (fps) (ft)

24 4.01 6.73 - - - - -

120 10.30 7.52 - - - - -

240 16.04 8.21 34.73 32.19 11.6 3.70 617

360 20.94 8.73 29.65 28.04 9.4 4.25 758

480 25.31 9.17 26.44 25.08 8.3 4.75 861

720 33.15 9.95 23.72 22.85 6.6 5.21 1,085

960 40.42 10.81 21.99 21.66 5.7 5.50 1,262
1,200 47.47 11.54 21.33 21.57 4.9 5.52 1,471
1,440 54.68 12.44 21.81 20.98 4.5 5.68 1,593
1,920 68.00 13.30 20.15 19.53 3.9 6.10 1,849
2,400 80.50 14.51 18.91 19.43 3.4 6.13 2,108
2,880 93.69 18.54 19.95 21.54 3.3 5.53 2,194
3,360 109.0 28.26 23.13 26.09 3.5 4.57 2,035
3,840 128.2 38.28 29.06 30.27 3.6 3.94 1,991
4,320 149.0 46.10 31.48 32.69 3.6 3.64 2,009
4,800 171.4 56.50 33.91 32.72 3.9 3.64 1,824
6,000 223.6 62.35 31.54 29.89 3.8 3.99 1,887
7,200 270.2 67.78 28.25 27.10 3.8 4.40 1,888
8,400 313.2 70.06 25.96 25.23 3.6 4.72 1,984
9,600 353.6 73.07 24.49 23.52 3.5 5.07 2,027
12,000 428.2 78.55 22.55 21.67 3.3 5.50 2,171
14,400 496.9 80.77 20.79 20.17 3.0 5.91 2,359
16,800 561.5 82.39 19.55 19.27 2.8 6.18 2,577
19,200 624.3 84.25 18.99 18.40 2.6 6.48 2,750
21,600 683.1 85.78 17.80 17.12 2.5 6.96 2,827
24,000 737.5 86.95 16.43 16.11 2.5 7.39 2,917
26,400 789.7 88.12 15.79 15.57 2.3 7.65 3,059
28,800 840.4 89.35 15.34 15.09 2.2 7.90 3,189
31,200 889.4 90.53 14.83 14.65 2.2 8.13 3,312
33,600 937.3 91.74 14.47 -- -- -- --

Lme, Length of Main-Channel (ft) = 7,149

S, Main-Channel Slope = 0.21%

Z., Vertical Drop in Bed Elevation Over Reach (ft.) = 15.0
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Table 5-14. Steady State Output, Reach No. 4

Q VO L SA K backwards K prorated N0 Ck I— u

(cfs) (acre-ft) (acres) (minutes) (minutes) (fps) (ft)

36 9.99 11.01 - - - - -

180 26.36 12.38 - - - - -

360 40.59 13.34 57.39 52.90 4.4 3.21 2,341

540 52.59 14.09 48.40 46.40 3.5 3.66 2,916

720 63.60 14.88 44.41 42.06 3.1 4.04 3,337
1,080 83.29 16.02 39.71 38.15 2.4 4.46 4,217
1,440 101.43 17.10 36.58 35.94 2.1 4.73 4,962
1,800 118.93 18.26 35.29 35.59 1.8 4.78 5,754
2,160 136.73  19.73 35.90 34.88 1.6 4.87 6,262
2,880 170.32 23.71 33.87 44.48 1.2 3.82 8,859
3,600 22495 54.30 55.09 59.35 1.6 2.86 6,452
4,320 288.04 81.33 63.62 64.25 1.8 2.65 5,596
5,040 352.4 94.83 64.89 65.37 1.8 2.60 5,697
5,760 417.7  102.70 65.84 64.51 1.7 2.64 5,933
6,480 480.3 106.12 63.17 62.04 1.6 2.74 6,212
7,200 540.8  108.36 60.91 59.94 1.6 2.84 6,531
9,000 686.9 116.60 58.96 61.23 1.3 2.78 7,750
10,800 844.4  164.36 63.49 68.19 14 2.49 7,348
12,600 1,025.1 204.73 72.89 70.36 1.4 2.42 7,101
14,400 1,193.3 216.50 67.83 65.16 1.4 2.61 7,106
18,000 1,503.1 240.26 62.48 60.93 1.4 2.79 7,485
21,600 1,797.5 268.25 59.37 57.47 1.3 2.96 7,588
25,200 2,073.0 281.21 55.57 54.07 1.3 3.14 7,946
28,800 2,333.8 289.28 52.58 51.12 1.2 3.33 8,345
32,400 2,580.0 294.42 49.65 47.98 1.2 3.54 8,659
36,000 2,809.7 299.49 46.31 45.57 11 3.73 8,983
39,600 3,032.0 303.38 44.83 44.01 1.1 3.86 9,420
43,200 3,246.1 306.80 43.18 42.40 1.0 4.01 9,789
46,800 3,452.4 310.54 41.61 44.66 0.9 3.81 11,036
50,400 3,689.0 315.46 47.70 -- -- -- --
Lme, Length of Main-Channel (ft) = 10,199

S, Main-Channel Slope = 0.084%

Z,, Vertical Drop in Bed Elevation Over Reach (ft.) = 8.6
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The value for volumeOL) and surface are&A for each corresponding
steady-state discharg®)(were taken directly from thé/blume” “ SA Total and “Q
Total’ variables in the HEC-RAS output reporting functioThese variables give an
accumulated total beginning from the downstreamtrsestion of a defined HEC-
RAS reach. The surface area calculations are b@aséte average top width and
distance between sections, and the volume calonl&ibased on the average end
areas and distances. The areas of the main chamthelach overbank are calculated
separately, based on the channel and overbankdestapecified. In this study, each
modeled stream reach corresponds to a separateRAMSJeach and the results from
the HEC-RAS outputs were used directly. If theitghof a HEC-RAS reach had not
corresponded exactly to the desired routing reachristeady modeling, the
cumulative value of volume and surface area ab#dgnning and ending nodes could
have been output and the difference calculated.

The value oK, which represents the rate of change in volunsadive to
discharge, is then approximated from the tabularesa K was originally defined in
Eqg. (3-29) as:

K= M‘ (3-29)
dQ
The simplest estimate of K would be a linear érdtfference between
successive values in the table, as shown in E§6)3-For a given dischar@g in the

table, if the finite difference were backwards-loak the estimate d{; at that given

discharge would be:
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VoL, -VoL,

Kbackwardsi ~ Q _Q
i h

(5-2)

and a forward-looking finite difference would bendar:

VOL, -VOL,
K forwardsi ~ W
i i

where the subscripts i andj indicate three successive lines of table entaesnged

from lowest to highest discharge. It is simplette thak =K

forwards,i backwardsj *

K is generally nonlinear, and so there will typigdie a difference between
the backward and forward difference estimateshdftable contained tightly spaced
intervals of discharge, the difference may be mggk. For the tables developed in
this study, only 30 discharge points were seletdatescribe the interval up to 100-
year flows. From inspection of tables and graphsgnnot be assumed that the
differences are negligible.

A localized estimate of K for any given dischang¢he tabular data could be
made by assuming a smooth rate of transition aohfing the results from
backwards-looking difference schemes for two swgigesentries in the table. Three
primary assumptions are made: (1) the valué @f«warg,iiS @ reasonable estimate of
the local value oK at discharge that is midway between @eandQ;; (2) that the
value ofK packward,jiS & reasonable estimate of the local valu af a discharge

midway betweer®; andQ;; and (3) that the rate of changedins uniform between

these two midpoints, i.e. that

dK _ d*voL
dQ  d@?

= Constant
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If these assumptions are valid, then the prorastichate of K for discharg®,

is given by
Q-Q,)2
Kprorated,i ~ Kbackwardsi + (Kbackwardsj - Kbackwardsi (Q _Qh )?2
j h
Q‘ - Qh
K rorated, ~ Kbackward' + (Kbackward i Kbackward' - (5_3)
p It Sl $) Sl Q] _ Qh

If the tabular values @ are evenly spaced at intervalsA®), then Eq. (5-3)

reduces to a simple average the two entries,

~4d -
Kprorated,i ~ 2 (Kbackwardsj + Kbackwardsi) (5 4)

In general, the tabular values exported from HEASRvere taken at even
discharge intervals, except at few specific intexrwvehere the spacing was adjusted.
Eq. (5-3) was used to estimate the valuK &r all four reaches. The tables present
the appropriate value ®%ackwargsfor each entry as well.

A more sophisticated estimatekoimight have been derived by fitting a

polynomial through th&OL vs. Q points, withQ as the dependent variable, and then

differentiating the polynomial ag\d/—gl' directly. It was found through initial trials,

however, that even a ninth-order polynomial did greherally produce a good enough
fit to allow for successful derivation. The retatship ofK vs.Q contains at least
three distinct regions with sharp changes betwleemf as will be seen on the final
plots. It was assumed that localized accuracyhferestimate oK is probably most

important for the purposes of this study, and thatuse of Eq. (5-3) was adequate.
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The value for optimal number of sub-reachigsvas then calculated using Eq.

(3-39)

Nf{éﬂé- (3-39)
KJQ

where Z, = Ln{S) is total vertical drop in main-channel bed elevatbver the
reach L is the main-channel length, which is used asdference length, arf§ is
the bed slope, which is used as an estimate awbrge water surface slope across
the channel during steady-state conditions.

OnceK andN, are determined, the effective value ¢pandL, are calculated

using Egs. (3-40) and (3-41).

6 =2 (3-40)
L

L, =—me 3-41

N (3-41)

5.7 Preparation of the 8-Point Equivalent Reaches

The variable-parameter Muskingum-Cunge (VMC) aptiothin HEC-1
requires the specification of an equivalent reaa$ed on a non-meandering
alignment and a simplified, representative crossise to evaluate the varying
coefficients. The most appropriate option for @iptain routing in HEC-1 uses an
“eight-point (8-pt.) section.” An equivalent reach based on an 8-pt. sectiorbean

derived using the tabular reach data.
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In HEC-1, an 8-pt. section is specified using ejudirs of station/elevation
coordinates. Four of the coordinates define thm+olannel, and the two additional
coordinates on each side define the left and nghtbank. The equivalent reach is
assumed to be non-meandering, with the same theplioh lengths in the main-
channel and each overbank. Separate roughnesssface specified for the main-
channel and each overbank (USACE 1998).

Based on the derivation in Chapter 4, an accep@pit. equivalent reach for
unsteady modeling is one that produces similaresbfc, andL, as found for the
original, natural reach. To do this, the equinakeach should approximate the
natural reach over the range of discharges for eatie following variables: surface
area §A), storage volumeMOL), and the rate of change in volume with respect to
change in steady-state discharkg (For simplicity, the equivalent reach is also
generally assumed to have the same length anddyesl & the main-channel of the
natural reach.

It was assumed that adequate resolution couldtzned with a symmetrical
section. If so, the first four points of the 84piogection are then mirrored by the last
four, and the same roughness values are speaifige ileft and right overbanks. The
bottom of the channel is assumed to be flat, aadtlerbanks developed with two
regions, an overbank bench which is typically ftedunded by a steeper valley wall
that continues upwards to fully contain the ranfydischarges modeled.

The cross-sectional geometry of this type of seatiould be specified

completely by a set of four widths and three depksshown in Figure 5-35. The
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location of the 8 specified cross-sectional coatirpoints are also shown, labeled a

through h.

Left C';]"a""r'\r;el Right
Overbank (g, (n) Overbank (g,
m |

Figure 5-35. Dimensions for a
Symmetrical 8-Pt. Cross-Sections

The three depths correspond to the depth of fiothe main-channel at each
of three key conditions: bankfull flow in the mathannel ¢,), flow that just begins
to reach the toe of the valley wall after inundgtine overbank benchl{ and an
arbitrarily selected deeper flowls) that is bounded by the valley walls. The four
widths correspond to the bottom width of the maiasmel By), and the top widths
B1, B2, andB; that correspond to each of the three specifiethdegbove.

From these seven variables, the side slopes @htbe vertical regions on

each section can be calculated. Those three stopdbe side slope of the main-
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channel (M), the slope of the overbank benchd\ind the slope of the valley walls
(My).

The geometry and hydraulic characteristics ofréaeh can then be completed
by specifying the reach length of the main-channgl, the bed slop&, of the main-
channel, and the Manning’s roughness coefficiamt$hfe main-channehg,) and
overbanksr,) areas.

To illustrate how the tabular data from the ndttgach can be used to specify
this 8-pt. section, a detailed example for Reach3Ns presented below.

Initially a plot was made of the relationship beém surface area (SA) and
volume (VOL) from the natural reach, based on tesatlthe 30 steady-state values

summarized previously. Figure 5-36 presents thigl graph for Reach No. 3.

g 100
3 RUNUOI Y il
- 80 PN T L peans et *
5 [ ,’. ‘ ‘ Ordiinate 3
< 60 [ e Ordinate 2 (final)
8 i s P
- £7"| ordinate 2 (initial)
‘s 40 7
o [ 5] e SAfor naturalreach
s 20 .J:' O Initial 8-pt. section ordinates—
§ ¢ Ordjnate 1 @ Final 8-pt. section ordinates
= O [Ordinate g - - — SAfor8-pt. eqv. reach ]
P | |

_20 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 200 400 600 800 1,000

Volume of storage in reach, VOL (acre-feet)

Figure 5-36. Surface Area vs. Volume
Relationship for Reach No. 3
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Shown on the plot are 4 separate points or orelndabeled O (zero) through
4, which are set on or near the line given forSevs. VOL relationship. These
ordinates correspond to the breakpoints of a symeaé8-pt. section that would
mimic the natural reach data. By dividing the reaclumes and surface areas by the
channel length, the equivalent cross-sectionalsap&q) and top widthsg;)
associated with each ordinate can be derived. r@lagonship betweeKA andB;
are then used to dictate the necessary valueg afepths of flow at each breakpoint,
di, dy, andds.

Ordinates 0 and 1 are very distinct on the grapl,should correspond to the
exposed bottom width of the channel and the camdibif “bankfull” flow,
respectively. Ordinate 3 is an arbitrarily choseper limit, and Ordinate 2 is
approximately located to give a good fit to thevature of the surface area vs.
volume graph. These ordinates are used to ddrevgeéometry of a representative 8-
pt. cross-section. All four of the ordinates regusome trial and error to obtain a
good approximation of the overall relationshipg] #me final ordinate selected will
not necessarily fall directly on the underlyingtpdd the natural reach data. The
graph shows the final location of all four ordirgtalong with the initial trial values
for Ordinates 1 and 2. Also shown on the grapghesSA vs. VOL relationship of the
final version of the equivalent reach.

The final four ordinates selected and the assediedlculations to derive the

8-pt. section for Reach No. 3 are summarized inerams.
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Table 5-15. Example Calculation of
8-Pt. Equivalent Reach Geometry, Reach No. 3

Plotted Ordinates on the
SA vs. VOL Plot, Used Calculation of 8-Pt. Section Shape
to Derive 8-Pt. Section

Vol- Change Aver- Change
Surface ume, Cross- in XA age in Total
Ord- Area, VOL | Width, Section- over Width Depth  Depth,
inate, SA (acre- B al Area, interval over over d
[ (acre) ft) (feet) XA (sf) i-1toi interval interval (feet)
6.0 0.0 36.6 0.0 0.00

12.0 60.0 73.1 365.6 365.6 54.8 6.67 6.67

76.0 350.0 463.1 2,133 1,767 268.1 6.59 13.26

89.4 840.4| 544.4 5,121 2,988 503.8 5.93 19.19
Channel Length = 7,149 feet

W N - O

Ordinate 0 corresponds to the bottom width wherfltiw depth is zero.
Dividing the surface area at Ordinate 0 by theaspntative length gives the bottom
width:

Bo= SA/Lm:= (6.0 acre/7149 ft)(43560 sf/acre) = 36.6 ft

Ordinate 1 is labeled where there is a dramatinigh in slope of the surface
area versus volume line. This change in slopeesgmts the top of the main-channel
and the beginning of overbank flow, as a smalleaske in flow depth in this range
adds significantly more surface area relative tom@ than was the case for lower
depths. Ordinate 1, therefore, represents thekfolthcondition.

Ordinate 1 was initially located at the actualai@oint in the natural reach
data, but it was found that a good overall fitled tegion between Ordinates 1 and 2

could not be made. It was also found that relatigps forQ, ¢, andL,, to be
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discussed later, were not as good when thesel indtiaes were used. For these
reasons, Ordinate 1 was moved to the left and @telia to the right. The top width
of the main-channel is therefore dictated by théase area at the final location of
Ordinate 1, as follows:

B1 = SA/ Lmc = (12.0 acre/7149 ft)(4356C facre) = 73.1 ft

The cross-sectional area of the main channeltesniéned based on the
volume stored in the reach:

XA =VOL / Line
XA, = (60.0 acre-ft/7149 ft)(43560facre) = 365.6 ft

Since top width, bottom width and area are knawa,depthd,) of the main-

channel can be determined:
XA, = (1/2)(ch)(Bo+Ba)
365.6 ft = (1/2)(d)(36.6 ft + 73.1 ft)
d; = 6.67 ft.

At flows above bankfull (Ordinate 1), the surfacea versus volume graph
initially becomes very steep. Eventually, the ptesss of the graph abates, which is
interpreted as occurring when the flow eventuadlyches the end of the flattened
overbank surface and encounters the valley walte transition at the valley wall is
much less abrupt that the change at bankfull, asidtanct breakpoint may not
always exist. To specify the overbank geometry &dditional breakpoints are set:
the toe of the valley wall (Ordinate 2); and anitaaby upper limit along the valley

wall that sets its slope (Ordinate 3).
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The initial estimate for Ordinate 2 did not givga@od fit to the overall set of
relationships, and it was moved to the right, asused previously. The top width
and total volume at Ordinate 2, based on the fowtion, are given similarly as
before:

B, = SA/ Lmc = (76.0 acre/7149 ft)(4356CG facre) = 463.1 ft
XA = VOLs / Lmc = (350.0 acre-ft/7149 ft)(43560 facre) = 2133 ft

To find d,, the following relationship is established for theremental change

in cross-sectional area:
(XAe —XAy) = (1/2)B: + B1)(d2 —dy)
(2133 ft — 365.6 ff) = (1/2) (463.1 ft + 73.1ft)¢>, — 6.67)
d =13.26 ft.

The top width, cross-sectional area, change issssectional area and total
depth at Ordinate 3 are calculated in a similanitag as summarized in Table 5-15.

Once the shape of the 8-pt. section has beenlisbedy Manning’s formula is
applied to calculate the discharge for the seditorarious depths. The objective of
this step is to match the relationship betweenhdisge Q) and volumeVOL)
between the 8-pt. equivalent section and the natesah. Total discharges are
calculated separately for the main channel andwbeoverbank subsections, and
then added together.

The main-channel length and slope are giverheonly two variables that

can be adjusted to provide this match are the Maysiroughness values in the
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main-channelr(,o and the overbanksd,). These values are arrived at through an
iterative trial-and-error process.

A summary of the discharge calculations for tha.8ection representing
Reach No. 3 is shown in Table 5-16. Calculaticespaovided for three specific
depths, based on the final values chosen for thghmess coefficients. Discharges
for each subsection are calculated using Mannifogaula, using a form of the
equation similar to Eq. (3-7) for English units:

2
Q=1'486A{ﬁj (S)” (5-5)
n P

w

whereQ is the discharge (in cfs) for the subsectioig Manning's roughness
coefficient,A is the cross-sectional area (if) fPy is the wetted perimeter, asglis

the bed slope of the channel, which is used asdnislope for steady, uniform flow.

Q

The average velocity/ in each subsection ¥ = e The surface area and

volume calculations for the equivalent reach aetdaon the main-channel length
and the top widths and cross-sectional areas atdiacharge. The full tables
developed for this study used very small depthamants, so the simple backwards-
looking finite difference scheme in Eq. (5-2) waed to approximate K. The values

for ¢, andL, were then calculated using Egs. (3-39) through1(B3-
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Table 5-16. Example of Discharge Calculations
for the 8-Pt. Equivalent Reach, Reach No. 3

Total Flow Depth, y (feet) 6.67 12.80 18.05
Reach Properties, Common to All Depths
Length of Main-Channel, J (ft) 7,149 same same
Bed Slope, & 0.21% same same
Manning's n for Main-Channel,,n 0.050 same same
Manning's n for Overbanksgih 0.062 same same
Hydraulic Calculations for the Main Channel
Flow Depth, y, (ft) 6.67 12.80 18.05
Top Width, T, (ft) 73.1 73.1 73.1
Wetted Perimeter, R (ft) 75.5 75.5 75.5
Flow Area, Ay (ft) 366 814 1,198
Discharge, Q. (ft) 1,427 5,416 10,313
Velocity, Vi (ft/s) 3.90 6.65 8.61

Hydraulic Calculations for One Overbank

Flow Depth, ¥ (ft) 0 6.13 11.38
Top Width, T (ft) 0 181.4 227.8
Wetted Perimeter R (ft) 0 181.5 228.3
Flow Area, Ay (ft) 0 556 1,655
Discharge, @ (ft) 0 1,288 6,814
Velocity, V, (ft/s) 0 2.32 412
Hydraulic Properties of Total Section (Main Channel plus Batéranks)
Top Width, T (ft) 73.1 435.9 528.8
Flow Area, A (ft) 366 1,926 4,508
Discharge, Q (cfs) 1,427 7,993 23,941
Average Velocity, V (ft/s) 3.90 4.15 5.31
Volumetric Properties of Reach
Surface Area, SA (acres) 12.0 71.5 86.8
Volume, VOL (acre-ft) 60.0 316.1 739.9
Unsteady Flow Routing Properties of Reach
Kinematic Wave Speed, (ft/s) 5.5 4.4 7.4
Characteristic Reach Length, (ft) 1,697 1,975 2,931
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To arrive at the final values for the roughnessfiicient, the relationship

between reach volumes and discharges were plottadioe entire range of

discharges. This plot is best shown in combinatdh the surface area vs. volume

data discussed previously. A combination plotis format will be referred to as a

“Volume-Surface-Discharge Plotdr "VSQ plot." The x-axis of the graph shows

volume {OL), while two separate variables are plotted onythgis: surface area

(SA and discharge). The VSQ plot for Reach No. 3 is shown in Figb87. The

data for the 8-pt. reach in this plot reflect thmaf values chosen for the Manning’s

roughness.
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Figure 5-37. VSQ Plot, Reach No. 3

The main-channel roughness is established firgtdvide a good fit of

volume versus discharge line for volumes betweatifates 0 and 1. The overbank

roughness is then selected to provide a good fligaemainder of the curve. A
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series of linked spreadsheets and dynamic VSQ plets developed to allow rapid
trial of roughness values.

Once the sections are established, another gaphethod can be used to
determine how well the 8-point cross-section matdhe natural reach for the final
variables of importance in river routing. A grapidischarge @) versus kinematic
wave speedcf) and characteristic length, is prepared, which is referred to as the
“discharge-celerity-characteristic length plodr "QCL plot". The QCL plot for
Reach No. 3 is shown in Figure 5-38. This plot e®amined as well during the
trial-and-error process, and additional adjustmemthe 8-pt. cross-sectional shape
and the Manning'’s roughness factors were made poowve the fit of the lines given
in the QCL plot. To the extent that a perfecbétween all four relationships could
not be found, priority was given to the goodnes$itoh the QCL plot.

The fit between the equivalent reach and the ahtaach for Reach No. 3 is
reasonably good. One item that is very noticeahléhe QCL plot is the "surge” in
values ofce andL, that occur around bankfull (Ordinate 1) dischaiages. This is
apparently due to the sudden change in the suaf@aeversus-volume relationship.
As discharges increase beyond bankfull, the relatigp becomes much more smooth
and regular, gradually increasing for both valuesc@andL,. At discharges less than
bankfull, the relationship becomes very steep catilng large, but relatively smooth,

changes in variables.
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Figure 5-38. QCL Plot, Reach No. 3

A summary of the calculated properties of the B¥peross-section for all
four reaches is shown in Table 5-17. The VSQ a@dl Qlots for Reach Nos. 1, 2
and 4 are given in Figures 5-39 through 5-44.

Because the natural reaches are highly sinuoeshtipe and roughness of the
derived overbank should implicitly include an adjnent to account for the fact that
the equivalent reach is non-meandering. The dig@ecoverbank width and
roughness values should not match the average svtith Manning's values taken
from the original HEC-RAS cross-sections. The egl@nt reach should be reflect in
some respect the section that would be developed tl®e ‘modified overbank

method discussed in Chapter 4.
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Table 5-17. Summary of Geometric and Hydraulic

Properties for the 8-Pt. Equivalent Reaches

Reach No. 1 2 3 4
Reach Lengthl, (ft.) 3,666 6,523 7,149 10,199
Bed SlopeS (%) 0.54% 0.17% 0.21% 0.084%
Widths of Section at Ordinates (ft.)

Bo 2.0 20.0 36.6 46.6

B, 35.7 66.8 73.1 136.7

B, 163.1 442.3 463.1 1,200

B; 205.4 643.2 544.1 1,358
Depths of Section at Ordinates (ft.)

d; 4.03 5.85 6.67 12.59

d> 7.15 9.34 13.26 24.11

ds 8.70 14.14 19.19 30.15
Calculated Side Slopes, M:1 (Horizontal to Vertical)

Main-ChannelM¢ 417 4.00 2.74 3.58

Overbank Surfacé\lg 20.4 53.8 29.6 46.2

Valley Wall, My 13.6 20.9 6.86 13.1
Manning's n for Equivalent Reach, as Fitted

Main-Channelnm, 0.048 0.040 0.050 0.055

Overbankn, 0.042 0.053 0.062 0.090
Surface Area of Section at Ordinates (acres)

SA 0.17 3.00 6.00 10.9

SA 3.00 10.0 12.0 32.0

SA 13.7 66.2 76.0 281

SA 17.3 96.3 89.4 318
Volume of Section at Ordinates (acre-ft.)

VoL 6.39 38.0 60.0 270

VOL, 32.20 171.0 350.0 2,073

VOL, 56.66 561.4 840.4 3,881
Discharge of Section at Ordinates (cfs)

Q 281 935 1,427 3,684

Q: 1,959 3,865 8,919 24,900

Qs 4,015 16,500 28,590 54,260
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In particular, the overbank roughness coefficiemtsuld be lower in the
equivalent reach than used in the original HEC-RA&ions. Eq. (4-21) predicted
that the modified roughness coefficient for therbamk (,n9 should take on the
following value,

nob
Npe =——5- 4-21
obe (S N)A ( )

whereSNis the sinuosity of the reach angj is the roughness in an original prismatic
8-pt. section for which separate main-channel aratnk lengths and slopes were
specified. The main-channel roughness found irethevalent reach should be close
to that specified for the natural reach, sincentiagn-channel length was used as the
reference condition in the equivalent reach. T&bl& presence a comparison of
these roughness values.

Table 5-18. Comparison of Roughness Values,
Natural vs. 8-Pt. Equivalent Reaches

Reach No. 1 2 3 4
Apparent SinuositySN 1.73 1.52 1.38 1.36
Overbank Roughness,yn
in Natural Reach Model 0.10000.1000 0.1000 0.1000
Predicted for Eqv. Reach Model,
using Eq. (4-21) 0.0439.0534 0.0617 0.0631
Fitted for Eqv. Model 0.04200.0530 0.0620 0.0900
Relative Difference, Fitted vs.
Predicted -44% -0.7% 05% 42.7%
Main-Channel Roughness,n
in Natural Reach Model 0.045@.0400 0.0400 0.0400
Fitted for Eqv. Model 0.04800.0400 0.0500 0.0550
Relative Difference, Fitted vs.
Natural 6.7% 0.0% 25.0% 37.5%
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For Reach Nos. 1, 2 and 3, the fitted value ferdterbank roughness falls
reasonably close to the predicted values, bas¢keoapparent sinuosity estimated for
the reach. The relative error is 5% for ReachNand is less than 1% for Reach
Nos. 2 and 3. The error is much more pronounce&é&ach No. 4, in which the
actual fitted value for overbank roughness of 0.8908% greater than the predicted
value of 0.631.

Regarding the main-channel roughness valuesgtatve errors were more
variable. Reach No. 2 was found a best fit udnegariginal main-channel
roughness, whereas Reach No. 1 has an error aapyately 7%. Reach Nos. 3
and 4 have much larger relative errors, 25% ant%8,/respectively. In all cases
where there is a discrepancy, the fitted roughuakses were larger than the original
values used in HEC-RAS.

A complete explanation for these differences watsdiscovered. Possible
explanations may include the error introduced bggithe bed slope as the estimate
for hydraulic slope at all discharge levels. Freigure 5-34 for Reach No. 4, it can
be seen that the water surface slope at high digebas slightly flatter than at the
low flows. Another explanation might include timegact of expansion and
contraction losses, which are calculated separatdhe original HEC-RAS model
and which increase the effective losses of the mblabut which are not considered
separately in the equivalent reach.

In general, it appears from the fitted data tloate consideration of channel

sinuosity must be made when developing “represertatections based on a non-
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meandering template. EqQ. (4-21) appeared to pecaistrong prediction for three of
the four channels included in this study, but ditl cio well in predicting the value

needed for Reach No. 4. Further research in the i8 warranted.

217



Chapter 6

Application to Natural Streams

6.1  Testing Program for Natural Stream Reaches

To evaluate the effectiveness of the differemdloouting methods, a series
of numeric tests were run on the four stream readescribed in the previous
chapter. The following computer models were useitiése tests, with abbreviated
designations that are used herein for all furthseussions. (General information
about each model was provided in Chapters 2 and 3.)

URAS - The full-dynamic unsteady flow solver found in tHgdrologic
Engineering Center's HEC-RAS model, using eitherghuivalent 8-
pt. reaches developed in Chapter 5 or the origmaglral reach
geometry for input.

FLW - The National Weather Service FLDWAV model, using tmplicit
fully dynamic routing solution, based on the eqlewna8-pt. reaches.

VMC - The Variable-parameter Muskingum-Cunge methodenHkidrologic
Engineering Center's HEC-1, using an equivalent.8gach.

CR - Cascading Reservoirs method, implemented usmgibdified-Puls
option for channel routing in HEC-1. The equivalezach based on
8-pt. cross-sections was used to populate the \ldistharge table,
and the characteristic reach length at a referdbaaeof 2/3 the peak

inflow was used to calculate the number of hypathésubreservoirs.
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Three rounds of testing were conducted and areribes below.

6A — Comparison of uRAS and FLW- All four reaches were tested using
URAS and FLW to examine and validate the perforraaiche fully
dynamic solvers. The baseline inflow hydrograpls wsed and
outflow observations were recorded for eight ragifengths. All
comparisons used the equivalent 8-point reach eleiiv Chapter 5.

6B - Comparison of VMC and CR to uRAS- The same testing program
from Round 6A was extended to include VMC and CRhoés, with
comparison to the uRAS solution as the benchmark.

6C - Comparing uRAS Results on Natural Reach Data vs. the Equivalent
Reach -A direct comparison of routing results in URAS waade
between the complex, natural reach data and thgadgat 8-pt.
reaches analyzed in Round 6A. All four reachesewempared using
the baseline inflow scenario. The effective lengfthouting in the
natural reach was extended by iterative routingsedvations were
recorded at the downstream end of the natural raadhat various
multiples of further distance. Comparable locadion the equivalent
reach were observed.

In general, uURAS was selected as the referencelnoecause it provides a

solution to the fully dynamic equations and gergnadovides more convenient and

robust utilities for output analyses.
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Details regarding the methodology, results, astrig criteria for each round

are presented in the following sections.

6.2 Comparison of uURAS and FLW(Testing Round 6A)

The four reaches were tested in Round 6A using®iBAd FLW. The goal of
this round was to evaluate the performance of hdlyr dynamic solution methods.
The following subsections explain the methodologg setup of each model. The
set-up for Reach No. 3 is explained in detail asxample. Results are then
presented and analyzed. For each of these madlelgeometry was defined by the
equivalent reach, based on non-meandering 8-ftossc
6.2.1 Geometric and Hydrologic Parameters (Round 6A)

In Round 6A, all four reaches are modeled as ®rBght. cross-sections,
using the dimensions defined in Chapter 5. Tha tabdeling length for each reach

was extended to extreme distant@eensure that the inflow was routed to produce at

least 50% attenuation.

Downstream observation locations were then estadadi within that reach.
Initial testing showed that a geometric progressibobservation locations provided
the easiest means of comparison. To simplify mddeelopment and comparison
among reaches, a master sequence of observatatiolointervals was established,
with each reach being evaluated over a sequengéochtions. For Reach No. 2 and

Reach No. 3, the observation locations were s25680 feet, 5,000 feet, 10,000 feet,
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20,000 feet, 40,000 feet, 80,000 feet, 160,00Q &eet 320,000 feet downstream of
the inflow location. This represents a total rogtdistance of 60.6 miles.

For Reach No. 1, the interval was shifted downianeement, with the
observation location at 320,000 deleted and anreasen location added at 1,250
feet. For Reach No. 4, the interval was shiftedog@ increment, with observations
beginning at 5,000 feet and ending at 640,000 fébese adjustments allowed for an
efficient observation of routing results for eaehch.

In setting these lengths, attention was paid écctiaracteristic reach length,
L., determined for each reach. The modeling rurtkigwround were used again in
Round 6B with VMC and CR methods. The ratio of¢tharacteristic reach length to
the total routing distance was calculated. Charégstic reach length was evaluated
based on a discharge equal to the 100-year dissl@4g, which is also the peak
inflow, 1, for the hydrograph in this testing round. Tabie Summarizes the

observation stations established for the four reaemd the characteristic reach

length ratio for each. The objective was to caveange from 1 to 100 for th{&:"—

(]
ratio. This objective was generally met, with nrieaceptions on the lower end of

Reach No. 1 and the upper end of Reach No. 4.
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Table 6-1. Routing Lengths and Ratio to
Characteristic Lengths, Rounds 6A and 6B

Reach No. 1 2 3 4
Total Length, RatioL / L, for L, Evaluated ak,
L (feet)
1,250 3.1 -- -- -
2,500 6.2 1.1 0.9 -
5,000 12 2.3 1.7 0.5
10,000 25 45 3.4 1.1
20,000 49 9.1 6.8 2.2
40,000 99 18 14 4.4
80,000 198 36 27 8.8
160,000, 395 73 55 18
320,000 -- 145 109 35
640,000 -- -- -- 70
L, (feet) atl, 405 2,201 2,935 9,110
I, (cfs) 2,900 11,000 24,000 36,000

The baseline inflow scenario discussed in Chapteas used for each reach.

The detailed model setup and methodology used &Suéd FLW are presented in

the following subsections. Table 6-2 summarizesntost important model

parameters used in Testing Round 6A.
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Table 6-2. Model Parameters, uRAS and FLW, Testing Round 6A

Reach No. 1 2 3 4
Inflow Hydrograph
Peak Inflow,l, (cfs) 2,900 11,000 24,000 36,000
Time to Peaki, (minutes) 36 88 124 160
Routing Parameters, Evaluated at Peak Inflow Discharge
Kinematic Celeritygy (fps) 7.18 5.12 7.36 3.71
Characteristic Length,, (feet) 405 2,201 2,935 9,110
Time and Distance Step Analysis
Computational Time Stept (minute) 1 2 2 4
Computational Distance Stefu (feet) 156.25 625 625 1,250
Time Step Ratiot,/ At 36 44 62 40
Distance RatioAx / L, 0.39 0.28 0.21 0.14
Total Routing Time and Distances
Simulation Time (hours) 18 36 30 120
Station of 1st Observation Location (feet) 1,250 2,500 2,500 5,000
Total Distance to Last Obs. Location (feet) 160,0@20,000 320,000 640,000
Total No. of Computed Time Steps; N 1,080 1,080 900 1,800
Total No. of Computed Distance Steps, N 1,024 512 512 512
Matrix Size, Nc x Nt 1E+06 6E+05 5E+05 9E+05

Downstream (DS) Boundary Condition

Length of "Tail" from Last Obs. Location to
Boundary 10,000 10,000 10,000 20,000

Slope Set for Normal Flow (%) 054% 0.17% 0.21% 0.084%

6.2.2 UuRAS Model Setup (Round 6A)

An unsteady-flow HEC-RAS model (URAS) was devetbfar each reach. A
valid HEC-RAS model consists of a master projdetdnd a number of subsidiary
input files. For an unsteady flow model, threeassary file types are required: a
geometnyfile, anunsteady flowile, and arunsteady platiile.

The geometry file contains the necessary physliestription of the stream

reach. The flow file describes the all flow inpatsd related boundary conditions
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needed for the unsteady flow analyses. A plardiieignates the specific inputs to be
used in an individual modeling run. A plan corsist one geometry file, one
unsteady flow file, and control information suchtiase steps, calculations tolerances,
certain variables, and output instructions. Thateots of these files are illustrated in
detail for Reach No. 3.

Geometry File, uRAS, Round 6A

The geometry file for Reach No. 3 consists ofreeseof designated 8-pt.
cross-sections. Ten cross-sections are specdrezlat the inflow point, 8 sections
representing the 8 observation locations, and andor@am-most section where the
boundary condition is applied.

The inflow cross-section was defined as “StatiocnThe uRAS model
requires that all stationing increase in downstréamapstream order, so the other
nine sections were stationed with negative numlb@sgd on their distance in feet
from the inflow point. For Reach No. 3, this prede as -2500, -5000, -10000, etc.

A discharge rating curve was used as the dowmsthbeaindary condition.
Downstream rating curves can produce unstableroneous results in their
immediate vicinity. The HEC-RAS User's Manual matoends that downstream
boundary conditions be applied some distance doearst from a study area to avoid
introducing error in the area of interest (USACIB24). For Reach No. 3, the
downstream-most cross-section was placed at Ste880000, which is 10,000 feet
downstream of the last observation location. Aiaiseview of the hydrographs and

model simulations confirmed that this was suffithgfar downstream.
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Eight pairs of station-elevation coordinates wamtered at Station O to define
the simplified 8-pt. cross-sections as describedhapter 5. The channel flow-line
elevation was set to an arbitrary elevation of £, which then established the
datum for all other elevations. The station-elmratlata were then copied to all
other cross-sections and the elevations were adjuistsed on distance between
sections and the bed slope of the reach.

Bank stations, Manning’s roughness values andredldengths were then
entered. The equivalent 8-pt. reaches develop&hapter 5 are non-meandering, so
the same length was entered for main channelpleitbank and right overbank.

The uRAS solver requires that a cross-section bd tesrepresent every
spatial node in the calculation. Therefore, tlessrsection spacing is the same as the
computational distance stefx, and must be relatively small. Because all of the
user-defined cross-sections in the model haveahe shape, the gaps between them
were filled by automated interpolatioHEC-RAS | Edit | Geometric Data | Tools |

XS Interpolation).
. . L
All models were developed with cross-sections spadess thanz—u , WhereL,

is the characteristic length evaluated at the mibt@ak discharge for each reach. As
discussed in Chapter 2, Perumal (1992) demonstthéédhe use of distance steps
longer than the characteristic reach length camtrasnegative inflows. The use of
times steps smaller thapg appeared to improve the stability of the modets. |
Chapter 7, the selection of cross-sectional spadisgance steps), time steps, and

other factors is examined in more detail.
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Cross-sectional spacing was also set to ensurdyespaced intervals
between designated observation locations. Talle@nmarized the spacing used
for each of the four reaches. The same spacinguaeds for the FLW and uRAS
testing in Round 6B. The spacing distance for Rédw. 3 was 625 feet.

Unsteady Flow File, uRAS, Round 6A

The unsteady flow file contains details on bougdamditions and initial
conditions. The upstream boundary condition wamtow discharge hydrograph at
Station 0. For Reach No. 3, the inflow hydrograpk a peak dischargi)(of
24,000 cfs and a time to pedj) 0f 124 minutes. As noted in Chapter 2, the HEC-1

User's Manual (USACE 1998) recommends that timpsske kept less than 1/20
t
the time to peak. For this round, a conservatnteremon A_pt> 40 was used. Table 6-

2 presented the computational time steps used|ffmua reaches. A minor exception
to the criterion was made for Reach No. 1 in otddteep the minimum time step at
1 minute.

Hydrograph ordinates were calculated separatedyhicrosoft Excel ™
spreadsheet, based on Eq. (5-1) and the time gégfisd. A baseflow value equal
to 5% of the peak discharge superimposed on alidyydphs to maintain model
stability. For Reach No. 3, with a 24,000 cfs pdeicharge, the minimum base flow

was 1,200 cfs.
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The downstream boundary condition was also stteadepth under normal
flow conditions, based on the overall reach slopkis condition was applied at the
downstream-most cross-section, as discussed psdyiou
Unsteady Plan File, uRAS, Round 6A

The plan file contains control information for eandividual model run.
Most computational options and tolerances weredlietihe URAS defaults, including
the water-surface calculations tolerance (0.02 fasd the maximum number of
iterations (20). Thetay is the implicit weighting factor for the spat@grivative
described previously in Section 2.5.3. It wasesptal to 0.6, the minimum value
allowed by HEC-RAS. Further evaluation of the irtpaf different values df is
found in Chapter 7.

Output formatting and post-processing optionsadse dictated by the plan
file. Results from the uRAS solver in HEC-RAS pramarily stored in DSS format,
a custom database designed for use with Corpsgih&ers’ water resources data
(USACE 2002a). The uRAS solver only stores watgfage elevation (stage) and
discharge data. More hydraulic detail can be abthby post-processing the
unsteady output. This post-processing step carsée to obtain estimates of
secondary variables, such as velocities, flow alea@ar stress or Froude number.
The post-processing step also allows the hydrogpapiiies to be examined in more

detail and with the option of animating the floodwe.
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6.2.3 FLW Model Setup (Round 6A)

Version 1.0.0 of the FLDWAYV (FLW) model was alsged to analyze test
reaches. Like uRAS, a valid FLW model requiresngewic data, flow data, and plan
and control specifications. FLW does not includmavenient graphical interface or
user-friendly input formatting. A single text-bdsaput file is created by the user for
each modeling scenario. This input file is theadrby the program upon initiation,
various lookup tables are generated and calcuapenformed. FLW is a DOS-
based program.
| nput/Output Structure for FLW

All input for a single FLW run is stored in a slagnput file. The input files
for FLW are organized into structured data groapsl, variables within a data group
are entered in "free format." This means that #reyseparated by spaces; column
location is not important. Also, some value musgeg to all variables called by a
data group even if the default value is zero.

A total of 86 distinct data groups are defined, famely would all be used in a
single model. Depending upon the data group andehsetup, an individual data
group may be needed once, be used multiple tinndse ekipped. The program
keeps track of which data groups are applicab&epooject on the basis of various
logical tests that are applied to inputs alreadgés. Unfortunately, this can mean
that typographic errors in one portion of an infiletcan cause the program to fail in

reading the input. Input files are not intuitive.
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The input file requires that each data group Ipasged by a line of text.
That intermediate line can either be blank or dUsedomments. For this study, a
series of uniformly-styled comment lines were wveritto provide explanation and
structure to the data input. Table 6-3 presem@srtput file developed in this testing
round for Reach No. 3.

Once run, the output for a single run is storedrtmutput text file.

An explanation of the FLW input for Reach No. ®resented, including a
description of the most relevant variables. BeedtlsV is not as widely known or
user-friendly as the other programs in this stuldyailed explanation of the input
structure is provided. Full details of the inpatjuirements are given in the
FLDWAYV User Documentation (Fread and Lewis 1998hless noted otherwise, the
default recommended values were used for calculajpions and tolerances.

All text above the "EOM" line is header informatitor the user. The "NO
DESC" command instructs FLW to echo the input dathe output file. The
detailed data group (DG) files then follow. Eaitelbeginning "DG (n):"is a
comment line developed for this study that expl#émescontents of the data group
input that follows. The number in parenthesiscatks the data group identification,
and the information following the colon is geneydhie variable name as defined for
FLW. Certain variables are irrelevant for thetesinducted in this study and are

omitted.
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Table 6-3. FLDWAV Input File, Example for Reach No. 3

NWS FLDWAV Input File

Reach 3, Wolf Creek near OP

EOM

NO DESC

DG (1): ESPY THETA F1  XFACT DTHYD DTOUT METRIC
01 1 06 1 0.03333 0 0

DG (2): JN NU ITMAX KWARM KLFP NET ICOND IFUT3
1 901 10 2 1 0 0 000

DG (3): NYQD KCG NCG KPRES
0 0 0 1

DG (4): NCS KPL IJNK KREVRS NFGRF

4 2 9 0 0
DG (5): I0BS KTERM NP NPST NPEND
0 0 0 0 0

DG (7): TEH DTHII DTHPLT FRDFR DTEXP MDT(Time control)
30 0.03333 0.03333 0.05 O 0
DG (10): NLEV DHLV DTHLV (Levee Info)
0 0 0
DG (12): NBT NPT1 NPT2 EPQJ COFW VWIND WINAGL(XSection Control for main)
10 1 10 10 O 0 0
DG (13): KU KD NQL NGAGE NRCM NQCM IFUT4 (Bndry and Mannings n)
2 4 0 10 1 0 0000
DG (14): MXIF MUD KFTR ... (Specialties: Mixed flow, mud, kalman filter, etc)
0 0 O 0000000
DG (18, 19, 20): XT DXM KRCHT (Cross Sections: DG 18 gives location...
0 2500 5000 10000 20000 40000 80000 160000 320000 330000
... and DG 19 gives max intermediate distance for computation, interpolating as needed
625 625 625 625 625 625 625 625 625
... and DG 20 gives routing method, 0= implicit dynamic 1=implicit diffusion)
0 0 0 0 0 0 0 0 0
DG (50, 52): NGS STNAME (Observed stations: sequence and nhame)
1 STA 0 INFLOW

2 STA 2500
[... additional station designations omitted]

DG (56): ST1 (Discharges for Hydrograph as the Upstream Boundary)

1200 1200 1200 1200 1200 1200 1200 1200 1200 1200

1200 1200 1200 1380 1710 2080 2488 2933 3414 3928

4474 5049 5650 6274 6918 7580 8257 8944 9639 10340
[... additional hydrograph ordinates omitted]
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Table 6-3. FLDWAV Input File, Example for Reach No. 3 (cont.)

DG (70-74, 77): (XSections, repeat for each, begin with Sta 0, DG70 first)
0 0 0 0
...DG 71 gives elevations
900.00 906.67 913.26 923.00
...DG 72 gives channel top width at each elevation
36.56 73.12 73.12 73.12
...DG 73 gives left overbank top width at each elevation, typ. all sections
0.00 0.00 194.98 261.78
...DG 74 gives right overbank top width at each elevation, typ. all sections
0.00 0.00 194.98 261.78
...DG 77 gives dead storage at each elevation, typ. all sections

0 0 0 0
...Cross Section 2 (repeat DG 70-74,77, starting with DG 70)
0 0 0 0
...DG71
894.75 901.42 908.01 917.75
...DG72
36.56 73.12 73.12 73.12
...DG73
0.00 0.00 194.98 261.78
...DG74
0.00 0.00 194.98 261.78
...DG77
0 0 0 0

...Cross Section 3, (repeat DG 70-74,77, starting with DG 70)
[... additional section data omitted]

DG (78): SNM (Sinuosity factor at each depth, for each interval)
1 1 1 1
[... sequence repeated for each section, remaining lines omitted]

DG (79): FKEC (Expansion Contraction Coefficients, by section interval)
0 0 00OOO O 0O
DG (80): NCM (Subreach for same Mannings n distribution)
1
DG (81-83): CM (Manning's n at each depth interval, DG 81 for main channel)
.050 .050 .050 .050
...and DG 82 for left overbank n
.062 .062 .062 .062
...and DG 83 for right overbank n
.062 .062 .062 .062
DG (85, 86) (Reach Names for output routines)
REACH 3 Wolf Creek

REACH 3
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Plan and Control Datain FLW

Data groups DG (1) through (5) and DG (7) conbasic control and setup
information. The variable "F1" has the same megaamThetad) in URAS and is
likewise setto 0.6. The variable labeled "THETA'FLW has an entirely different
meaning that is not applicable to this study. "EPSets the depth tolerance in the
iteration schemes (0.01 feet) and ITMAX sets th&imam number of iterations
allowed (10). "XFACT" and "METRIC" together sekthnits to be used for
measuring distance along the routing reach. XFAC3drd METRIC=0 result in
units set to feet.

The "KLFP" variable in DG (2) determines how tlmmeeyance in the
overbanks is handled. Setting KLFP=1 means tbatftlain conveyance is
calculated separately from the main channel, rdttaar treating the entire section as
a single (composite) section. "KPRES" in DG (3jtcols how the hydraulic radius
is calculated. If set to zero (0), the top widthugsed as to approximate the wetted
perimeter. It has been set to one (1) in thisystadthat a true calculation of the
wetted perimeter is made. "KREVRS" in DG (4) i®wa-flow filter; when set to
zero it does not allow discharges less than thlrfiow. This term is intended to
improve the stability of most calculations by pretieg negative or excessively
shallow flow depths. It is examined in more detailChapter 7.

The “JNK” variable in DG (4) controls the level ofitput detail. The normal

range is from O (no output) to 12. For most pugsoINK=4 or 9 is adequate.
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DG (10) is a required input line and gives levdermation. DG (14) is also
a required input line and relates to mud flows.eSénvariables are set to zero for this
study because neither condition applies.

Geometric Inputin FLW

Geometric information is also intermixed in théis&t several data lines. The
"JN" variable in DG (2) defines the number of separiver links to be modeled. In
a dendritic system of channels, each branch woellddfined as a separate river. For
the simple cases in this study, JIN=1. DG (12)aostdetailed information
describing each river link. This data group wolddrepeated the number of times
required by "JN." For this study, it appears amige. In DG (12), the first variable
"NBT" states the number of user-input cross-sestiarthat river link; this model
uses ten. It is followed by two variables thategikie beginning and ending cross-
section numbers. Cross-sections are generally atedlzonsecutively in upstream-
to-downstream order.

DG (18) gives the location (station) of each useut cross-section
(measured in feet for this study). The upstreamssisection is set to Station O (zero)
and stationing increases downstream, which is afgobthe convention used in
URAS. Each of the eight observation locationsdefened with a cross-section. The
final cross-section is placed downstream of thedaservation location and is used
to specify the boundary condition. The same irgkisyused in FLW as was used for

URAS.
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As with HEC-RAS, spatial nodes for computation thesspecified as cross-
sections. Interpolation is used to fill in gapsAmen user-defined sections. DG (19)
specifies the maximum intermediate distance tadfaismterpolated cross-sections in
each interval between user-input sections. Theesaamputational distance step was
used in FLW as in uRAS. For Reach No. 3, thabdist was 625 feet. Since there
are ten user-defined cross-sections, the value"®25t be entered nine times, once
for each interval between user-defined sections.

The FLW model contains several different solutioethods that can be used
in individual reaches. The appropriate methogexctgied separately at DG (20) for
each of the nine intervals between user-definedsesections. Values of zero (0)
were assigned which instruct FLDWAV to solve thaafe using an implicit four-
point finite difference solution to the full St. Want's equations. A value of one (1)
invokes an implicit four-point finite differencelstion to the diffusion method.
Other options in FLW are provided to accommodate beeaks, gate and reservoir
operations, and local partial-inertial routing whis useful in supercritical or near-
critical routings. Those additional options weaa relevant to this study.

Data groups (50) and (52) allow for names or wbebe given to the user-
defined sections. An entry must be provided faheaf the 10 user-defined cross-
sections.

Cross-Section Datain FLW
The geometric input continues at data group (#9re individual cross-

sections are defined. Data groups (70) throughdi@ input in series to describe the
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upstream-most cross-section. That entire sequenepeated for all remaining
sections. DG (70) establishes a "flood stage"atien for an individual cross-section
to use as a flag. A zero value means no flagtis se

In FLW, cross-sections are defined by a user-itgioie of depths vs. top
width. This is unlike URAS, where station-elevatimordinates are provided. For an
8-pt. cross-section, a total of four elevation-Wwidhtries are needed. DG (71) for
each cross-section gives the four elevations toskee. DG (72), (73), and (74) give
the corresponding top widths of the main chanedi ,dverbank, and right overbanks,
respectively. DG (77) would give the widths to nbas additional dead storage (i.e.
ineffective flow). Dead storage is not used irs thtiudy, so DG (77) values are set to
zero.

Data are defined first for the uppermost crossi@e@nd then repeated for all
the remaining ones. Elevations for each of thertktkgam cross-sections are
lowered based on the routing distance and reage sl& comment line was used to
separate and label each section.

Data group DG (78) is used to specify a "sinudgagtor "SNM" for
adjusting to a cross-section based on the meardlee onain-channel. FLW defines
the base length of the channel as the dominane$wvkngth", with excess main-
channel length caused by meandering in that vailesn by a SNM ratio greater than
1.0. The sinuosity is then allowed to vary basedhe depth of flow, with the theory
being that the SNM factor should vary from full osity at bankfull flow or less, but

gradually taper down to 1.0 at very high stage #owor this model, all 8-pt. cross-
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sections are modeled as non-meandering, so SN&t te §1”. Each line of data
contains four entries (for each depth of flow), &ttal lines of data are needed in
this group to correspond to the 9 intervals betwessr-defined cross-sections.

Data group DG (79) gives expansion and contraatamificients, which have
been set to zero. Groups DG (80) through (83ndafie Manning's n roughness
values. Cross-sections are organized into sulbliesafor which the same distribution
of Manning’s roughness values is modeled. For sabthreach, the cluster of data
groups DG (80) through DG (83) would be repeatElde identifier for the upstream-
most section in each sub-reach is listed at DG. (8 Manning’s roughness to use
in the main-channel at each depth increment ofetlsestions is then listed at DG
(81). Similar data is given at DG (82) and DG (88)the left and right overbanks.
The remaining lines of text in the input file gikdeling information for outputs.
Since the roughness values of all sections inr@sh are the same, only one sub-
reach was specified.
Flow Data and Boundary Conditionsin FLW

The final input data needed for a valid FLW maoal@ flow and boundary
condition specifications. Returning to DG (1), "BYD" gives the time interval (in
hours) for all input hydrographs. Hydrograph intds were calculated for every
computational time step, which for Reach No. 3 &asinutes (0.03333 hours).
"NU" in DG (2) sets the total number of ordinateshe hydrograph. For Reach No.
3,901 ordinates are set, which provides for 30 siofisimulation time. In DG (7),

the "TEH" variable sets the time (in hours) whea simulation will stop; this is also
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set to 30 hours. "DTHII" defines the size of tlenputational time step (in hours),
which as noted previously is 0.03333 hours for Reaclf set to zero, "DTHII"
would default to the inflow interval, "DTHYD". "DHIPLT" can be used to set a
larger time interval for plotting output data. Wiheet to zero, the plotting interval
defaults to "DTHIIL."

Boundary conditions are established on DG (13)e "KU" variable specifies
the type of upstream boundary condition for eactrri KU=2 means that a discharge
hydrograph will be used. The "KD" variable spezsfthe downstream boundary
condition. KD=4 means that a looped rating curivdischarge versus stage is
defined, using the geometry of the downstream @eetnd a friction slope computed
from the momentum equation. This is a more sohistd downstream boundary
condition option than the normal depth option iPAER On relatively steep channels,
it should make little difference. If multiple rivénks existed, DG (13) would be
repeated for each.

DG (56) is a tabular input of all the ordinatedb&oused in the inflow
hydrograph. The total number of entries must etjNal" set at DG (2). As with
HEC-RAS, these ordinates were calculated separat@Microsoft Excel™
spreadsheet, using Eq. (5-1). Each of the sepoatescenarios were calculated and

input into the relevant model input file.
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6.2.4 Round 6A - Results

Results of Testing Round 6A for Reach Nos. 1 thhodi are given in Tables
6-4 through 6-12 and Figures 6-1 through 6-8.

Tables 6-4 through 6-7 present the peak outflsettirge and relative
attenuation of the peak at the eight downstrearsrebtion stations for each of the
four reaches. Results for both uRAS and FLW aosvsh Relative attenuation is

defined as:

. . I, —
Relative Attenuation =PI—QP><100 (6-1)

P
wherel, is the peak discharge of the inflow hydrograph @ads the peak discharge

in the outflow hydrograph. Relative attenuatioexpressed as a percentage.
Relative attenuation is similar to the percentrem@eak (PEP) criteria discussed in
Section 2.4.1, but with the initial inflow peak dsas the denominator, rather than the
observed or reference outflow discharge. The adganof the relative attenuation
measure is that the denominator remains constaatlfoutflows observed, and the
relative scale of the measure remains more consigtedifferent routing distances
are evaluated. With the PEP criteria, the obsedigcharge in the denominator
decreases with distance, whereas the absolutebstween simulated and observed
outflows generally increases, which makes it difico compare the actual error that
is introduced over different routing distances.e3étables also present the absolute

difference in relative attenuation between uRAS Rhd/.
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Table 6-4. Peak Flow Results and Relative Attenuation
for Reach No. 1, Testing Round 6A

Relative
Peak Outflow Attenuation of Diff. in Rel.
Routing Discharge,Qp,, by Peak Outflow Attenuation,
Distance | Given Model (cfs)| Discharge (%) FLW vs.
(feet) URAS FLW uRAS FLW URAS (%)
Inflow, Peak 2,900 cfs at 36 minutes
1,250 2,884 2,887 0.6% 0.49% -0.1%
2,500 2,869 2,874 1.1% 0.9% -0.2%
5,000 2,839 2,848 2.1% 1.8% -0.3%
10,000 2,781 2,794 4.1% 3.79 -0.4%
20,000 2,650 2,631 8.6% 9.3¢9 0.7%
40,000 2,339 2,283 19.3%  21.3% 1.9%
80,000 1,924 1,881 33.7%  35.1% 1.5%
160,000| 1,478 1,499 49.0%  48.3% -0.7%
Average 0.3%
Std. Dev. 1.0%

Table 6-5. Peak Flow Results and Relative Attenuation
for Reach No. 2, Testing Round 6A

Relative
Peak Outflow Attenuation of Diff. in Rel.
Routing D'ischarge,Qp, by P'eak Outflow Attenuation,
Distance |_Given Model (cfs) Discharge (%) FLW vs.
(feet) URAS FLW URAS FLW URAS (%)
Inflow, Peak 11,000 cfs at 88 minutes
2,500 10,831 10,823 1.5% 1.6% 0.1%
5,000 10,660 10,654 3.1% 3.1% 0.1%
10,000 10,312 10,327 6.3% 6.1% -0.1%
20,000 9,649 9,684 12.3% 12.0% -0.3%
40,000 8,446 8,406 23.2% 23.6% 0.4%
80,000 6,793 6,812 38.2% 38.1% -0.2%
160,000 5,145 5,168 53.2% 53.0% -0.2%
320,000 3,909 3,879 64.5% 64.7% 0.3%
Average 0.0%
Std. Dev. 0.2%
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Table 6-6. Peak Flow Results and Relative Attenuation
for Reach No. 3, Testing Round 6A

Relative
Peak Outflow Attenuation of Diff. in Rel.
R_outing D_|scharge,Qp, by P_eak Outflcz)w Attenuation,
Distance _Given Model (cfs) | Discharge (%) | £ \wvs URAS
(feet) URAS FLW uRAS FLW (%)
Inflow, Peak 24,000 cfs at 124 minutes
2,500 23,868 23,889 0.5% 0.5% -0.1%
5,000 23,742 23,777 1.1% 0.9% -0.1%
10,000 23,491 23,549 2.1% 1.9% -0.2%
20,000 22,982 23,066 4.2% 3.9% -0.3%
40,000 21,858 21,868 8.9% 8.9% 0.0%
80,000 19,220 19,226 19.9% 19.9% 0.0%
160,000 14,952 14,903 37.7%  37.9% 0.2%
320,000 10,752 10,797 55.2% 55.0% -0.2%
Average -0.1%
Std. Dev. 0.2%

Table 6-7. Peak Flow Results and Relative Attenuation
for Reach No. 4, Testing Round 6A

Relative
Peak Outflow Attenuation of o
. Diff. in Rel.
Routing g'lschal\;lg%,le, l:;y DP_eaE Outflcz;v Attenuation,
Distance iven Model (cfs) ischarge (%) ELW vs.

(feet) URAS FLW uRAS FLW URAS (%)
Inflow, Peak 36,000 cfs at 160 minutes

5,000 34,026 33,983 5.5% 5.6% 0.1%
10,000 32,135 32,083 10.7% 10.9% 0.1%
20,000 28,729 28,781 20.2% 20.1% -0.1%
40,000 23,731 23,754 34.1% 34.0% -0.1%
80,000 18,710 18,874 48.0% 47.6% -0.5%
160,000 14,426 14,584 59.9% 59.5% -0.4%
320,000 10,969 11,047 69.5% 69.3% -0.2%
640,000 8,006 8,014 77.8% 77.7% 0.0%
Average -0.1%
Std. Dev. 0.2%
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Table 6-8. Lag Time of Peak Outflow,
Reach No. 1, Testing Round 6A

Lag Time of Peak Percent
Outflow, Relative to | Errorin
Routing Time of 'Peak Inflow | Lag Time,
Distance (minutes) FLW vs.
(feet) uRAS FLW URAS
1,250 2 3 67.1%
2,500 5 6 25.2%
5,000 11 12 11.2%
10,000 24 23 -4.1%
20,000 50 49 -1.6%
40,000 106 111 4.5%
80,000 230 227 -1.2%
160,000 482 487 1.1%

Table 6-9. Lag Time of Peak Outflow,
Reach No. 2, Testing Round 6A

Lag Time of Peak Percent
Outflow, Relative to | Errorin
Routing Time of Peak Inflow | Lag Time,
Distance (minutes) FLW vs.
(feet) URAS FLW URAS
2,500 6 8 29.0%
5,000 16 18 15.2%
10,000 34 36 7.1%
20,000 72 72 0.0%
40,000 152 152 0.0%
80,000 328 326 -0.5%
160,000 710 710 0.0%
320,000 1,544 1,554 0.6%
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Table 6-10. Lag Time of Peak Outflow,
Reach No. 3, Testing Round 6A

Lag Time of Peak Percent
Outflow, Relative to | Error in
Routing Time of 'Peak Inflow | Lag Time,
Distance (minutes) FLW vs.
(feet) uRAS FLW URAS
2,500 4 6 50.0%
5,000 10 12 20.0%
10,000 22 24 9.1%
20,000 46 48 4.3%
40,000 100 98 -2.0%
80,000 218 222 1.8%
160,000 480 474 -1.3%
320,000 1,070 1,050 -1.9%

Table 6-11. Lag Time of Peak Outflow,
Reach No. 4, Testing Round 6A

Lag Time of Peak Percent
Outflow, Relative to | Errorin
Routing Time of _Peak Inflow | Lag Time,
Distance (minutes) FLW vs.
(feet) uRAS FLW URAS
5,000 20 24 20.0%
10,000 44 48 9.1%
20,000 96 100 4.2%
40,000 212 212 0.0%
80,000 456 452 -0.9%
160,000 952 936 -1.7%
320,000 1,928 1,892 -1.9%
640,000 3,744 3,644 -2.7%
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Discharge, Q (cfs)

Discharge, Q (cfs)
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Figure 6-1. Outflow Hydrographs for Reach No. 1,
after Routing by uRAS and FLW
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Figure 6-2. Outflow Hydrographs for Reach No. 2,
after Routing by uRAS and FLW
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Figure 6-3. Outflow Hydrographs for Reach No. 3,
after Routing by uRAS and FLW
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Figure 6-4. Outflow Hydrographs for Reach No. 4,
after Routing by uRAS and FLW
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Table 6-12. Volume Losses During Outflow,
Testing Round 6A

Volume of
Inflow Outflow yolume,
Hydrograph, Relative to

Inflow, Excluding

Routing | Excluding Baseflow (%)

Reach | Distance Baseflow

No. (feet) (acre-feet) | URAS FLW
1 160,000 168.1 105.1% 100.1%
2 320,000 1570 102.6% 100.0%
3 320,000 4827 101.5% 100.0%
4 640,000 9343 102.1% 100.1%

As seen in these tables, the relative attenuatmeases consistently with
routing depth in all the reaches. For Reach Nthd hydrograph attenuated
approximately 20% after 40,000 ft. of routing at@st 50% after 160,000 ft. For
Reach No. 2, the attenuation was approximately a4&2é6 20,000 ft. and 53% at
160,000 ft. The attenuation rates were lower ifmilar distances in Reach No. 3,
with only 4% attenuation after 20,000 ft. and 38%ral60,000 ft. On Reach No. 4,
the attenuation was again more rapid, with apprakghy 20% attenuation after
20,000 feet and almost 60% attenuation at 160,000.

For each reach, the absolute difference in redattenuation between uRAS
and FLW was calculated, and the mean and stan@aidtmn for set of observed
values was calculated. Both FLW and uRAS gave gengistent results for relative
attenuation. The average difference was withi&fdr all reaches except Reach
No. 1, which had an average difference of 0.3%e Standard deviation in the
differences was approximately 0.2%. The maximuscréipancy was in Reach No. 1

at the 40,000 ft. routing length, with a differerafel.9%.
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Figure 6-1 gives a plot of the outflow hydrograftmsn uRAS and FLW for
the 6 downstream-most observation stations for Réec 1. The two upstream-most
stations are omitted for clarity. Figures 6-2 thgb 6-4 present similar plots for the
remaining three reaches. These four figures shewptogression of the flood waves.

In Reach Nos. 1 and 3, the peak of the hydrograptains in the early portion
of the hydrograph after long routing distanceshwalatively longer falling limbs.

By contrast, Reach Nos. 2 and 4 seems to showoagatied period of low to mid-
level discharges prior to the outflow peak atteimwmain each channel. This elongated
initial period of discharge is most pronounced @aéh No. 2 (Figure 6-2). For the
320,000 ft. routing distance, the outflow runs@r@ximately 1,000 cfs between 18
and 23 hours of simulation before reaching the @éa900 cfs at approximately 27
hours.

The overall pattern and shape of the hydrograpphsar similar for both
URAS and FLW. On Reach No. 1, the FLW hydrograggsear to develop
instabilities or oscillations on the falling limiwhich are most noticeable for long
routing distances. A similar but less pronouncsdiliation also appears after long
distance routing on Reach No. 3, but no such sirmktabilities appear in Reach
Nos. 2 and 4.

Figures 6-5 through 6-8 show a direct comparisstwben uRAS and FLW
hydrographs for each reach at the downstream-nts&treation location. In the case
of Reach No. 1 (Figure 6-5), the oscillation disadsabove is especially noticeable,

with the FLW result initially reaching a higher fethan the uRAS result, but then
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falling in a less consistent fashion. A less praomzed oscillation on Reach No. 3 is
also shown, though in that case the oscillatiors dwe appear to cause much
difference in peak flows. As noted before, théedénce in relative attenuation
between uRAS and FLW was greatest for Reach No. 1.

The overall shape and pattern of the hydrographsden uRAS and FLW on
all four reaches are quite similar, even afteresxe routing distances. This indicates
that methods are capable of giving consistent t&sul

Another method of evaluating hydrograph consistesto look at the lag
time of the peak discharges. Table 6-8 through @rksent the relative lag in the
timing of the peak outflows for the four reachebgve relative lag is defined as the
difference between the time when the inflow hydegdy reaches its peak discharge
and when the outflow hydrograph reaches its pédko shown in the tables is the
percent error in lag times, using the uRAS solusierthe reference condition. The

percent error is calculated as:

) . LagTime,,— LagTime,
Percent Error in Lag Time = - (6-2)
LagTime,,

When short routing distances are observed, theepeerror in lag time
appears quite large. This is primarily a resulthef relative coarseness of the results;
the lag time of an individual hydrograph is roundedhe nearest model time step.
The percent error declines with increasing routliggjance. Based on the longer
routing distances, the FLW model generally produaggimes within 5% of uRAS

for all four reaches. The agreement between thaeilsavas best for Reach No. 2.
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The lag-time response can also be evaluated fnerhydrograph comparisons
in Figures 6-5 through 6-8. From these figureapjtears that the best overall timing
match occurs in Reach Nos. 1 and 2. In both RBlash 3 and 4, the FLW solution
appears to give a slightly faster overall routing.

The ability of uRAS and FLW to conserve volumeidgrthe routing was also
examined. Volume conservation was measured getiportion of volume in the
outflow hydrograph relative to the inflow hydroghapThe hydrograph volumes were
calculated based on the net volume above the mmis baseflow that was
superimposed in these simulations. The gross wlointhe entire hydrograph was
estimated by integrating the hydrograph ordinasesguthe trapezoidal rule. From
that gross volume, the total volume of baseflowrdlie simulation period was
deducted.

Volume conservation results are given in TabliE26 The FLW solution
provided almost perfect volume conservation, witlors at or less that 0.1% for all
four reaches. The uRAS solution did not consenltanae as well. The outflow
hydrographs on all four simulations appeared to galume relative to the inflow
hydrograph, though the volume error was less tBarid3 Reach Nos. 2, 3 and 4 and

was 5.1% for Reach No. 1.
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6.3  Comparison of VMC and CR to uRAS (Testing Round 6B)

In Round 6B, the fully dynamic solution using wedy HEC-RAS (URAS) is
compared to the simplified variable-parameter Mogkm-Cunge (VMC) and
Cascading Reservoirs (CR) routing methods. Théafdais round was to evaluate
the performance of the simplified routing methods. with Round 6A, the
methodology and setup of each model is explaingdguReach No. 3 as an example.
Results are presented and analyzed.

6.3.1 Basic Geometric and Hydrologic Parameters (Round 6B)

As in Testing Round 6A, all four reaches are medels simple 8-pt. cross-
sections, using the dimensions defined in Chaptérle same total routing distances
and observation locations are used. The baselffeavi hydrograph is used
6.3.2 URAS Model Setup (Round 6B)

The uRAS model and results developed in the pusvitound 6A are used for
this comparison.

6.3.3 VMC Model Setup (Round 6B)

The variable parameter Muskingum-Cunge (VMC) vess$ performed in the
HEC-1 hydrology model, version 4.1. HEC-1 providesinterconnected system of
components to model individual elements of thefadlinunoff process. The
variable-parameter Muskingum-Cunge method is ortbebptions given for channel
routing.

VMC is solved using the equation and coefficiemt®&n in Section 3.3. The

Muskingum coefficients are derived from valuesfl, andQ calculated during the
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computational step, based on normal depth flow feouser-defined channel section,
roughness and slope. The most detailed sectieptat by HEC-1 is the 8-pt. cross-
section. An iterative 4-point box scheme is usefind a representative value for
each of the three variables used in calculatindtbhekingum-Cunge coefficients
(USACE 1998).

HEC-1 relies on a single input file of text frontih instructions and
variables are read. Table 6-13 presents a condé#iS€-1 input file, demonstrating
the inputs needed to route the baseline hydrogtapligh Reach No. 3 for one
routing length, 20,000 feet.

Each line of text in a HEC-1 input file is calladrecord” The first two-
characters are a record identifier and call thegss to be used during HEC-1
computations. After the record identifier, indival input variables are listed.

The default style in HEC-1 idiXed format’ in which each horizontal line of
text is divided into ten fields defined by the lzomtal character spacing. The
horizontal location of numeric or text values igical for proper reading of the file.
Null or non-applicable values are left blank. Sfiecules dictate the order in which
records can be used. The initial records beginwittig “ID” give the job title. The
“IT” record then gives time control information.h@ first variable gives the primary
computational time step to be used for the mo#el. Reach No. 3, the interval was
two minutes. The remaining variables give the m@ahdate and clock time when the
simulation begins (“0” indicating midnight). Thmal variable on that line states that

901 time steps will be calculated in simulation Reach 3, resulting in a simulation
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time of 30 hours. The “IO” record determines tiegmre of detail shown in output
files.

Table 6-13. HEC-1 Input File for VMC Routing, Example for Reach No. 3

ID Variable-parameter Muskingum Cunge (VMC)
ID Reach 3, Wolf Creek, near OP Arboretum
IT 2 27JUL89 0000 901

10 4 0

*

VS Input V020K

Vo 2.11 2. 11

*

KK Input

KO 0 0

BA 1 24. 000

IN 4

QI 50 50 50 50 50 50 50 71 104 142

QI 186 235 288 344 402 460 518 576 631 684
QL 734 781 823 861 895 923 947 967 982 992
QI 998 1000 998 993 984 972 957 940 921 900
QI 877 853 828 801 774 47 719 691 663 635
QI 607 580 553 527 501 476 451 428 405 383
QI 361 341 321 303 285 268 251 236 221 207
QI 194 181 169 158 148 138 128 120 111 104

QI 96 89 83 7 72 66 61 o7 53 50
QI 50 50 50 50 50 50 50 50 50 50
QI 50 50 50 50 50 50 50 50 50 50
%

KK V020K

KO 0 0

RD

RC . 062 . 050 .062 20000 .002100

RX119.94 186.74 381.72 400.00 436.56 454.84 649.82 716.62
RY 923.0 913.26 906.67 900.00 900.00 906.67 913.26 923.00
*

77

A single asterisk followed by a space in lieu @éeord identifier indicates a

comment.
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Individual calculation processes are groupedttegyeat computation nodes.
Nodes are described in the input file in the ottat computation is needed. For
HEC-1, all computations occur in upstream to dovaash order, with branching
reaches being calculated independently and théésesambined as appropriate. For
these simple simulations, no branched networksamved. Individual
computational nodes are identified by a “statiompatation identifier” designated
after a "KK” record. HEC-1 does not require thatidentifier be established for each
process or that identifiers be unique, but the Eck unique identifier limits the
options for extracting output details from a giverde.

Prior to the first “KK” card in this input file, & S” and “VV” record was
provided. This instructs HEC-1 to generate tabligéing of the time history of flow
or stages at a given node. This is conveniengxXporting data to other programs for
post-processing and analyses. The “VS” card sjesdifie station or stations to draw
output from, using the identifier stated in the “Kéard. The “VV” card specifies
the type of data to be exported, a value of 2 leefloe decimal indicating that
calculated flow values are retrieved. The digitsrahe decimal place are set to “11”
unless multiple “plans” or “ratios” have been defirfor job. Those options are not
used in the present study. Up to 10 separat@ssatian be designated using each
“VS/VV” pair, and multiple “VS/VV” pairs can be ude

The first “KK” card in Table 6-13 defines an inflchydrograph. The station
identifier is Input” As with the uRAS and FLW models, the ordinatéshe

baseline hydrograph were calculated in Microsoftt®! using Eq. (5-1) and the
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inflow peak and time to peak for each hydrographe individual ordinates are then
listed sequentially in left-to-right order in a igsrof one or more “QI” records. The

“QI” record allows for direct input of hydrographdmnates, bypassing the need for

rainfall calculations or rainfall-runoff transforitnans.

The hydrograph defined in Table 6-13 is a dimanisgs hydrograph
normalized to a peak discharge of 1,000 cfs. Hydph ordinates were scaled to
other values based on the multiplier. The numealae given in the third field after
the “BA” identifier is a multiplier which was apgl to all the ordinates in the QI
graph. To produce a peak of 24,000 cfs in Reaehn3ultiplier of 24.0 was used.

Following the “BA” record is an “IN” record, whicgives the incremental
time (in minutes) between individual ordinatesha tQI” series. When the
hydrograph time step is different than the componal time step defined in the “IT”
record, HEC-1 will interpolate. To reduce the saz¢he input file, the hydrograph
interval was defined as twice the computationgd.stéor Reach No. 3, the
computational time step was 2 minutes and the lydph interval was 4 minutes.

Unlike the dynamic hydraulic equations being sdlireuRAS and FLW, the
VMC method in HEC-1 is not adversely affected byozbow. To maintain
consistency with the uRAS and FLW solutions, therGimum flow rate was
nevertheless applied. This minimum was calculatgghrately in Excel™ before
transferring to the HEC-1 input file. The QI seria HEC-1 does not need to be

specified for entire duration of the simulationnd@ the falling limb of the
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hydrograph has reach its minimum value, the Qeseran be discontinued, and
HEC-1 will automatically repeat the final value fdf remaining ordinates.

The next process in the simulation is the routihthe inflow hydrograph
through the river reach. A separate computationdke designated/020K is
defined by the second “KK” record. This designatspecified the results of
variable-parameter Muskingum-Cunge routing oveistadce of 20,000 feet.

Muskingum-Cunge routing is invoked by the “RD” oed. The next three
records (“RC, RX, and RY”) define the geometryué 8-point cross-section. The
“RX” card gives the horizontal coordinate for eadtihe eight points that define the
section geometry. The “RY” card below it thenaguhe corresponding elevation
coordinates. The first three fields after the “R@&ntifier are the Manning’s
roughness for the left overbank, main-channel,ragid overbank, respectively. All
values were based on the 8-pt. section definedhapter 5 for each reach.

The last two fields in the “RC” card provide tlemgth and slope of the
routing reach. In this case, the length is 20@@d and the main-channel slope for
Reach No. 3 was 0.0021.

HEC-1 internally calculates the computational tiamel distance steps used
for VMC routing. This is one of the few subroutsne HEC-1 in which the overall
computational time step set forth in record “IT’sisbject to change. Results of the
Muskingum-Cunge internal calculation are interpadiaback to the overall model
time step when finished. Generally speaking, ti@tgime steps specified in the IT

record are used, unless HEC-1 determines thatréeslmterval is needed. For these
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testing runs, the user-input model time step gdiyerantrolled. Likewise, HEC-1
internally determines the number distance stepswitich the specified reach is
divided. The specifications of time and distarnteps are all internal to the HEC-1
model. They are not controlled by the user. Télee chosen for time step is
reported in the output file. The distance steposreported. The criteria were given
in Section 3.5

The condensed input file in Table 6-13 shows dméydata needed for one
routing length. The actual input files used for €Nh Testing Round 6B contained
routing specifications for all eight routing length

The final record a HEC-1 input file is an end-objrecord, “ZZ.”

6.3.4 CR Model Setup (Round 6B)

The cascading reservoirs (CR) method was modeletEC-1 using the
“modified Puls” or “storage routing” option (USACE98). The CR method treats
the channel as a series of discrete, identicatvess in which discharge is a function
of storage volume alone. By dividing the channé&b isubreaches with lengths close
the characteristic length,, the routing should come close to matching theltesf
VMC. This specified number of routing steps is atexdN.

The CR method does not allow for a perfect madciMIC. The value oN
must be a whole integer, which means the actugtheof subreach represented by
each hypothetical reservoir is only approximatejyad toL,. Also, the subdivision
remains consistent throughout the entire modelimg even though, itself is a

function of discharge. The selectiondtherefore depends upon the selection of a
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representative value of discharge. For this tgstund (6B), a value of |, for each

inflow scenario was assumed as the reference digehd his assumption is based on

the fact that the peak conditions of the routintj @ most influenced by conditions

in the upper range of flow, but that the inflow péaelf occurs only for a very short

time. Table 6-14 gives the calculated valueks,aindN for all of the reaches and

routing distances used in Testing Round 6B.

Table 6-14. Values oN for CR Routing, Round 6B

Reach No. 1 2 3 4
T_gl;g?t? Number of SubdivisionsN, Evaluated
(feet) UsingL, at 2/3 of Peak Inflowl()
1,250 3 -- -- --
2,500 7 1 1 --
5,000 14 3 2 1
10,000 27 5 4 1
20,000 55 11 8 2
40,000, 110 22 17 5
80,000, 220 43 33 9
160,000, 440 87 67 19
320,000 -- 174 134 38
640,000 -- -- -- 76
L, (feet) at
2/31, 364 1,842 2,395 8,471
2/31, (cfs) 1,933 7,333 16,000 24,000

The HEC-1 input files for CR routing scenarios aeey similar to those used

for VMC. An example file for Reach No. 3 is givenTable 6-15.
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Table 6-15. HEC-1 Input File for CR Routing, Example for Reach No. 3

ID Cascading Reservoirs (CR) Method

ID Reach 3, Wolf Creek, near OP Arboretum
IT 2 27JUL89 0000 901

10 4 0

*

VS Input  CO20K

VW 2.11 2. 11

*

KK Input

KO 0 0

BA 1 24. 000

IN 4

QI 50 50 50 50 50 50 50 71 104 142

QI 186 235 288 344 402 460 518 576 631 684
QL 734 781 823 861 895 923 947 967 982 992
QI 998 1000 998 993 984 972 957 940 921 900
QI 877 853 828 801 774 47 719 691 663 635
QI 607 580 553 527 501 476 451 428 405 383
QI 361 341 321 303 285 268 251 236 221 207
QI 194 181 169 158 148 138 128 120 111 104

QI 96 89 83 7 72 66 61 o7 53 50
QI 50 50 50 50 50 50 50 50 50 50
QI 50 50 50 50 50 50 50 50 50 50
*

KK C020K

KO 0 0

RS 8 -1

RC . 062 . 050 .062 20000 .002100

RX119.94 186.74 381.72 400.00 436.56 454.84 649.82 716.62
RY 923.0 913.26 906.67 900.00 900.00 906.67 913.26 923.00
*

77

The specification of initial controls and inflowdrographs was the same for
CR as for VMC. The hydrograph given in the “Q&tord is dimensionless,
normalized at 1,000 cfs, and a multiplier of 24.@pecified in the “BA” record. The
ordinates given in the QI record are spaced atlitaiincrements. The peak value

occurs at the 3lordinate, corresponding to 124 minutes.
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The inputs for a CR routing in Reach No. 3 ove0R0 feet of channel are
illustrated at node "C020K", as labeled at the "KKford. The "RS" card is used to
invoke the storage-routing method. It takes tlee@lof the "RD" card used in VMC.

In the CR routing method, two variables in thelRR8 are set. The first
variable is the value fa¥ (number of subdivisions) for the given reach. Vhkie of
"8" was taken from Table 6-14. The second fielegtfsblank. The variable in third
field defines the initial flow conditions in theuting reach. By setting that variable
to "-1", HEC-1 is instructed to use the first fle&lue in the inflow hydrograph as the
initial inflow.

The only remaining data needed is a storage voldiseharge table. The
convention in HEC-1 is to establish a table basethe outflow discharge and the
total volume of water in the entire reach. Thegerall storage volumes are then
divided byN to establish a storage volume-discharge tabledoh individual
subreservoir.

There are two methods available in HEC-1 for dye the table. The first
method is to directly input a table of volume amgtHarge values. These values
would be entered using SV and SQ cards. This rdathoseful when routing data
such as that shown for Reach No. 3 on Table 5-4 8liaectly available from a
separate hydraulic study or detailed surveys. aldteal values used would only be
accurate for the original length of routing rea¢ha modeler wished to use this

tabular data to model routing over a fraction @ bngth or to extrapolate beyond the
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original channel, the storage volumes in the talald have to be adjusted by the
ratio of the modeled length to the original charleeth.

Another option is to have HEC-1 generate a stovay§igme-discharge table
automatically, given the 8-pt. cross-section désctiin the VMC method and
assuming normal flow. This option was used in Rb6B because it enabled easier
modification of the input file for different routinlengths. By using exactly the same
geometry as the other three methods, it also efitatcha source of comparative
discrepancy.

The 8-point section is specified using the "RC, &X RY" cards as
described with VMC. The actual input files contdma separate routing block for
each of the 8 observation locations.

6.3.5 Round 6B — Results

Results of Testing Round 6B for Reach Nos. 1 thhotiare given in Tables
6-16 through 6-29 and Figures 6-9 through 6-22.

Figure 6-9 gives a plot of the outflow hydrograftesn VMC and CR for the
6 downstream-most observation stations for ReachLN@ he two upstream-most
stations are omitted for clarity. Figures 6-1Mtihgh 6-12 present similar plots for
the remaining three reaches.

Figure 6-13 provides a direct comparison of VM® &nhd uRAS
hydrographs for Reach No. 1 at three select rodisgnces: 20,000 feet, 40,000

feet and 160,000 feet.
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Table 6-16. Peak Flow Results
for Reach No. 1, Testing Round 6B

; Peak Outflow Discharge
Routin _ ,
Distan(?e Qp, by Given Model (cfs)

(feet) URAS VMC CR
Inflow, Peak 2,900 cfs at 36 minutes
1,250 2,884 2,885 2,887
2,500 2,869 2,871 2,878
5,000 2,839 2,844 2,855
10,000 2,781 2,786 2,806
20,000 2,650 2,653 2,708
40,000 2,339 2,362 2,404
80,000 1,924 1,939 1,887
160,000 1,478 1,516 1,475

Table 6-17. Relative Attenuation
Results for Reach No. 1, Testing Round 6B

Diff. in Relative

Attenuation,
Routing Attenuation of Peak Compared to
Distance | Qutflow Discharge (%) URAS (%)

(feety | URAS VMC CR | VMC CR

1,250 0.6% 0.5% 0.4% 0.0% -0.1%
2,500 1.1% 1.0% 0.8% -0.1% -0.3%
5,000 2.1% 1.9% 1.6% -0.2% -0.6%
10,000 4.1% 3.9% 3.2% -0.2% -0.9%
20,000 8.6% 8.5% 6.6% -0.1% -2.0%
40,000 | 19.3% 18.6% 17.1% -0.8% -2.2%
80,000 | 33.7% 331% 349% -05% 1.3%
160,000 49.0% 47.7% 49.1% -13% 0.1%

Average -0.4% -0.6%
Std. Dev 0.5% 1.1%
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Table 6-18. Peak Flow Results
for Reach No. 2, Testing Round 6B

Routing Peak Ou_tflow Discharge,
Distance | Qo by Given Model (cfs)
(feet) uRAS VMC CR
Inflow, Peak 11,000 cfs at 88 minutes
2,500 10,831 10,814 10,794
5,000 10,660 10,637 10,739
10,000 10,312 10,281 10,355
20,000 9,649 9,585 9,786
40,000 8,446 8,386 8,570
80,000 6,793 6,822 6,755
160,000 5145 5,323 5,037
320,000 3,909 3,945 3,823

Table 6-19. Relative Attenuation
Results for Reach No. 2, Testing Round 6B

Diff. in Relative

Attenuation,
Routing Attenuation of Peak Compared to
Distance Outflow Discharge(%) URAS (%)

(feet) | URAS  VMC CR | VMC CR

2,500 1.5% 1.7% 1.9% 0.2% 0.3%
5,000 3.1% 3.3% 2.4% 0.2% -0.7%
10,000 6.3% 6.5% 5.9% 0.3% -0.4%
20,000 123% 12.9%  11.0% 0.6% -1.2%
40,000 23.2% 23.8% 22.1% 0.5% -1.1%
80,000 38.2% 38.0%  38.6% -0.3% 0.3%
160,000 53.2% 51.6%  54.2% -1.6% 1.0%
320,000 64.5% 64.1% 65.2% -0.3% 0.8%

Average -0.1% -0.1%
Std. Dev 0.7% 0.9%
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Table 6-20. Peak Flow Results
for Reach No. 3, Testing Round 6B

Routing | Peak Outflow Discharge Qy,

Distance by Given Model (cfs)
(feet) URAS VMC CR

Inflow, Peak 24,000 cfs at 124 minutes
2,500 23,868 23,868 23,892
5,000 23,742 23,745 23,793

10,000 23,491 23,489 23,588
20,000 22,982 22,968 23,157
40,000 21,858 21,796 21,963
80,000 19,220 19,166 19,266
160,000 14,952 15,082 14,607
320,000 10,752 11,370 10,322

Table 6-21. Relative Attenuation
Results for Reach No. 3, Testing Round 6B

Diff. in Relative
Attenuation,
Routing Attenuati'on of Peak Compared to uRAS
Distance Outflow Discharge(%) (%)
(feet) uRAS VMC CR VMC CR
2,500 0.5% 0.5% 0.4% 0.0% -0.1%
5,000 1.1% 1.1% 0.9% 0.0% -0.2%
10,000 2.1% 2.1% 1.7% 0.0% -0.4%
20,000 4.2% 4.3% 3.5% 0.1% -0.7%
40,000 8.9% 9.2% 8.5% 0.3% -0.4%
80,000 19.9% 20.1% 19.7% 0.2% -0.2%
160,000 37.7% 37.2%  39.1% -0.5% 1.4%
320,000 55.2% 52.6% 57.0% -2.6% 1.8%
Average -0.3% 0.1%
Std. Dev 0.9% 0.9%
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Table 6-22. Peak Flow Results
for Reach No. 4, Testing Round 6B

Routing Peak Ou}flow Discharge Q,,

Distance by Given Model (cfs)
(feet) URAS VMC CR

Inflow, Peak 36,000 cfs at 160 minutes
5,000 34,026 33,059 34,348

10,000 32,135 30,570 30,580
20,000 28,729 26,707 26,602
40,000 23,731 21,953 22,677
80,000 18,710 17,230 17,331
160,000 14,426 12,801 13,526
320,000 10,969 9,023 10,221
640,000 8,006 6,542 7,523

Table 6-23. Relative Attenuation
Results for Reach No. 4, Testing Round 6B

Diff. in Relative

Attenuation,
Routing Attenuatipn of Peak Outflow | Compared to uRAS
Distance Discharge(%) (%)
(feet) uRAS VMC CR VMC CR
5,000 5.5% 8.2% 4.6% 2.7% -0.9%

10,000 10.7% 15.1% 15.1% 4.3% 4.3%
20,000 20.2% 25.8% 26.1% 5.6% 5.9%
40,000 34.1% 39.0% 37.0% 4.9% 2.9%
80,000 48.0% 52.1% 51.9% 4.1% 3.8%
160,000 59.9% 64.4% 62.4% 4.5% 2.5%
320,000 69.5% 74.9% 71.6% 5.4% 2.1%
640,000 77.8% 81.8% 79.1% 4.1% 1.3%

Average 4.5% 2.8%
Std. Dev 0.9% 2.0%
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Table 6-24. Lag Time of Peak Outflow,
Reach No. 1, Testing Round 6B

Lag Time of Peak Percent Error in
Outflow, Relative to Lag Time,
Routing Time of _Peak Inflow Compared to
Distance (minutes) URAS
(feet) | URAS VMC CR VMC CR
1,250 2 3 3 66.7%  66.7%
2,500 5 6 6 25.0%  25.0%
5,000 11 13 12 222% 11.1%
10,000 24 26 25 7.5% 5.0%
20,000 50 54 51 8.4% 2.4%
40,000 106 115 107 8.5% 0.6%
80,000 230 243 233 5.7% 1.3%
160,000| 482 505 483 4.9% 0.2%

Table 6-25. Lag Time of Peak Outflow,

Reach No. 2, Testing Round 6B

Lag Time of Peak Percent Error in
Outflow, Relative to Lag Time,
Routing | Time of Peak Inflow Compared to
Distance (minutes) URAS
(feet) uRAS VMC CR VMC CR
2,500 6 10 10 58.1% 58.1%
5,000 16 18 18 15.2% 15.2%
10,000 34 38 36 12.4% 7.1%
20,000 72 78 74 8.3% 2.5%
40,000 152 164 156 7.9% 2.8%
80,000 328 346 334 5.5% 1.8%
160,000 710 740 716 4.2% 0.8%
320,000| 1,544 1558 1,554 0.9% 0.7%
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Table 6-26. Lag Time of Peak Outflow,
Reach No. 3, Testing Round 6B

Lag Time of Peak Percent Error in
Outflow, Relative to Lag Time,
Routing Time of _Peak Inflow Compared to
Distance (minutes) URAS
(feet) | URAS VMC CR VMC CR
2,500 4 6 6 50.0%  50.0%
5,000 10 12 12 20.0%  20.0%
10,000 22 26 24 18.2% 9.1%
20,000 46 52 50 13.0% 8.7%
40,000 100 108 104 8.0% 4.0%
80,000 218 232 224 6.4% 2.8%
160,000| 480 506 490 5.4% 2.1%
320,000 1,070 1,114 1,080 4.1% 0.9%

Table 6-27. Lag Time of Peak Outflow,

Reach No. 4, Testing Round 6B

Lag Time of Peak Percent Error in
Outflow, Relative to Lag Time,

Routing Time of _Peak Inflow Compared to
Distance (minutes) URAS

(feet) | URAS VMC CR VMC CR

5,000 20 28 28 40.0% 40.0%
10,000 44 56 52 27.3% 18.2%
20,000 96 116 108 20.8% 12.5%
40,000 212 244 232 15.1% 9.4%
80,000 456 492 472 7.9% 3.5%
160,000| 952 960 968 0.8% 1.7%
320,000 1,928 1,824 1,928 -5.4% 0.0%
640,000 3,744 3,316 3,700 -11.4% -1.2%
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Figure 6-9. Outflow Hydrographs for Reach No. 1,
after Routing by VMC and CR
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Figure 6-10. Outflow Hydrographs for Reach No. 2,
after Routing by VMC and CR
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Figure 6-12. Outflow Hydrographs for Reach No. 4,

after Routing by VMC and CR
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Figure 6-13. Hydrographs for Reach No. 1 after

Routing with uRAS, VMC and CR
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Figure 6-14. Hydrographs for Reach No. 2 after
Routing with uRAS, VMC and CR
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Figure 6-15. Hydrographs for Reach No. 3 after
Routing with uRAS, VMC and CR
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Table 6-28. Volume Losses During
Outflow, Testing Round 6B

Volume of
Inflow Ou:?ﬂo;/vtyolttjme,
Hydrograph, elative o
Routing | Excluding | Inflow, Exclu(()jmg
Reach | Distance| Baseflow Baseflow (%)
No. (feet) (acre-feet) VMC CR
1 160,000 168.1 98.2% 100.0%
2 320,000 1570 84.5% 100.0%
3 320,000 4827 96.7% 100.0%
4 640,000 9343 68.6% 100.0%

Table 6-29. Volume Losses for VMC
over Routing Length

Reach
No. 1 2 3 4
Routed | OQutflow Volume, Relative to Inflow,
Length Excluding Baseflow (%)
(feet)
1,250| 100.0% -- -- --
2,500 100.0% 99.8%  100.0% --
5,000| 100.0% 99.7%  99.9%  99.0%
10,000 99.9% 99.4% 99.9% 98.0%
20,000| 99.8%  98.9%  99.8%  95.9%
40,000 99.4% 97.9% 99.6% 92.0%
80,000| 98.7%  96.0%  99.4%  86.4%
160,000 98.1% 92.2% 98.8% 79.4%
320,000 -- 84.5% 96.7%  72.4%
640,000 -- -- -- 68.6%
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Figure 6-21. Volume Loss Over Routing Distance,
Reach No. 2, using VMC Method
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Figure 6-22. Volume Loss Over Routing Distance,
Reach No. 4, using VMC Method
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The relative differences between the two approt@mnaethods and the fully
dynamic solutions can be examined in detail atellesee observation locations.
Figures 6-14 through 6-16 display similar comparsstor Reach Nos. 2, 3, and 4,
respectively.

From these figures, it can be seen that the VMLCGR methods each do a
reasonably good job in producing outflow hydrogmpimilar to those produced by
the uRAS method, particularly for the shorter rogtieaches. For the 20,000 ft.
routing distances on Reach Nos. 2 and 3 (Figurb$(&) and 5-15(a)), the agreement
between the methods appears to be excellent thootighost of the range of interest.

As routing distances increase, several trends se@merge. For the VMC
method, it generally appears that the outflow hgdaph begins to lag behind the
URAS output. Also, at very large distance, it aggpehat volume is being lost from
the VMC method, with the falling limb of the outflohydrograph suddenly tailing
off. This is particularly notable on Figure 6-16for Reach No. 4.

The CR method appears to track the general sHape aRAS hydrograph
better over the entire range of flows. On the ottand, the CR method appeared to
experience more attenuation than the uRAS methdaansistently gave outflow
discharges less than uRAS.

Tables 6-16 through 6-23 present the peak outfl®eharges and relative
attenuation results at the eight downstream ob8ervatations for each of the four
reaches. Results for uRAS, VMC and CR are shdrelative attenuation was

defined previously at Eq. (6-1) during the preseoteof Testing Round 6A results.
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The VMC and CR methods provided the best resulthe three smallest
streams, Reach Nos. 1, 2, and 3, where the avdifigences in relative attenuation
were less than 0.5% over the range of observatications. By contrast, the average
difference for Reach No. 4 was 4.5% for the VMC moetand 2.8% for the CR
method. Both VMC and CR produced hydrographs vathtively more attenuation
that uRAS.

These results are presented graphically in FigeHEs through 6-20, which
provide plots of the decline in peak outflow dises over distance for each of the
four reaches. The uRAS results are shown as &ncouis line, based on the routing
results recorded in the DSS database for each datignal distance step. The VMC
and CR results at the six downstream-most observéications are also displayed.
The two upstream-most observation locations ardtedhfor clarity. The general
trend in attenuation is followed well in all foweaches, with the best matches
occurring for Reach Nos. 1 and 2.

Tables 6-24 through 6-27 present the relativeriage timing of the peak
outflows for the four reaches, where relative laagyreviously defined as the
difference between the time when the inflow hydapdr reaches its peak discharge
and when the outflow hydrograph reaches its pé&d&o shown is the percent error in
the lag time calculation, compared to uRAS. AdwiRbund 6A, this measure is most
useful for assessing differences over long roudiistances.

As noted from the figures, the VMC method gengrgiVes longer lag times

(slower wave speed) than uRAS or CR method. Themion to this is Reach No. 4,
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where the VMC results are inconsistent. On ReachdNthe VMC method gives
relatively good agreement on lag times for the naidge distances, but gives very
early peaks for the longest routing distance, @@ Examination of Figure 6-
16(c) demonstrates that his discrepancy is a restiie overall volume loss problem,
and not a result of a fundamentally faster trawveétfor the flood wave.

Table 6-28 presents the volume conservation aesliygs VMC and CR for all
four reaches. Hydrograph volumes and ratios wdrelleded using the same
methodology described for Testing Round 6A. Asloarseen in this table and
Figures 6-14 and 6-16, the VMC method experiencesiderable volume loss
during the routing of flow through Reach No. 2 &l 4 and slight losses in Reach
No. 1 and No. 3. Table 6-29 provides a summaith®fccumulated volume losses
at each observation station for the four reacheeiu¥MC routing. Figures 6-21 and
6-22 illustrate the volume losses over distancéieaches 2 and Reaches 4

specifically.

6.4 Comparing URAS Results on Natural Reach Data vs. 8-Pt. Sections
(Testing Round 6C)

The third round of testing focused on the accurdaysing the non-
meandering, equivalent 8-point reach derived ingfdreb as an approximation of the
complex, meandering natural stream reach. Botimgétes were tested using the

fully dynamic solution to the St. Venant equatiaisesng uRAS.
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A comparison was made of results for all four mgireaches. Routings were
performed for various multiples of the original cedength. As with previous
testing, the model set-up for Reach No. 3 is erpldiin detail.

6.4.1 UuRAS Model for Natural Reach Data (Round 6C)

A special uURAS model was created for each of thie feaches, based on the
actual cross-sections and natural, meandering gepnmiehe source geometry for
each model was taken from the steady-state diselmaoglels developed for each
reach in Chapter 5. These models were based sp thatershed models developed
in the Tomahawk Creek Flood Study and Blue Rivetafghed Study, but
restructured as described in Chapter 5. Thesdyst#ate models were the source
data from which 8-pt. sections were derived.

Several modifications were needed to use thesepigtate models in
unsteady flow routing. The first modification wihe extension of the downstream
channel length, so that the downstream boundargtitons could lie some distance
beyond the outflow observation location. To mdiedxtension, a copy of the
downstream-most original cross-section was plaagatiér downstream to serve as
the boundary condition location. The main-chamaath length of the extension was
arbitrarily selected to be 2,000 feet. The meanderature of the original stream
was approximated by then setting shorter distafarebe left and right overbank
lengths between the sections. The overbank sascivene set proportionally based on
the overall reach sinuosity. The apparent sinyagiReach No. 3 was 1.38, so the

overbank lengths were both set to (2,000 ft. / 1-38448 feet.
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The elevations of all points on the new downstreapss-section were then
lowered to match the 0.21% average bed slope afghzeam reach. The new
downstream extension was stationed consistently thvé upstream reach. The cross-
section schematic lines were altered to show tiedwvnstream section. The true
downstream cross-section for this reach is locatestation 9.583 miles. The new
downstream cross-section at the end of the extetadlaslas assigned to Station
9.228 miles. The inflow station at the upstream ehthe reach is Station 10.937
miles.

The second modification was to add interpolatessisections to satisfy the
stipulation that the computational distance stepsrballer than the characteristic
reach lengthl.,. Interpolation also minimizes abrupt changeshannel properties
from one section to the next. The original crosstisns were cut from ground
topography and exposed wide variations in charlopks overbank width, and flow
area. Sudden changes in these parameters frogeotien to another might
introduce numeric errors or instability in the dgma solution (USACE 2002a). The
addition of several interpolated sections betwéenotiginal cross-sections helps
control instabilities brought on by sudden changdhke geometric parameters.

For this model run, the interpolation interval veas based on the minimum of
L . . .
7” or as needed to provide 1 to 2 interpolated sesti@tween the actual cross-

sections of the model. For Reach No. 3, a maxinmienpolation distance of 300
feet was specified. This distance was based @ttml spacing of original cross-

sections, which ranged between 500 and 800 felat. characteristic reach lendth
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was much longer (2,935 feet when evaluated at¢la& mflow of 24,000 cfs) and did
not control. The actual spacing of computationstiashce steps ranged between 200
and 290 feet. A maximum spacing of 150 feet used for Reach No. 1, 300 feet
for Reach No. 2, and 500 feet for Reach No. 4.

Figure 6-23 shows the plan-view schematic in uR#&3Reach No. 3 after
modifications. Flow is from left to right. Origahcross-sections are shown in dark
grey, with interpolated sections in lighter, dashegly. The extended “tail” is shown
on the right edge.

The actual lengths of the four reaches are toa sb@roduce significant
attenuation. For example, Reach No. 3 has anldength of 7,149.37 feet (rounded
to 7,149 ft in all previous tables). Based onrémsults for Reach No. 3 in Testing
Round 6A, the attenuation expected over that lemgthld only be 1 to 2 percent.

An effective comparison of natural reach resultpines longer routing distances.
The effect of a longer routing reach was simuldtgdouting hydrographs through
the same natural reach segment multiple times. olitfow hydrograph at the
downstream end of the natural reach resulting fooeniteration was cycled back as
the inflow hydrograph in the next iteration. Thitwed the hydrograph to undergo
the attenuation it would have experienced if thginal reach length were simply
repeated multiple times, but without the need toalty create an artificially-

lengthened geometry file.
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Figure 6-23. HEC-RAS Geometry Schematic for Reach No. 3,
Natural Geometry, Unsteady Flow Routing

An initial unsteady flow file was created for eauftthe four reaches, based on
the baseline inflow scenario. The same time stepsmum flow settings, and initial
conditions as described in Testing Round 6A wese aked. The downstream
boundary condition was set as normal depth, usiagg¢ach-averaged bed slope that
was used to derive the 8-pt. section. For Reacl8Nihat slope was 0.21%.

As modeling progressed, an unsteady flow file arasted for each iteration.
The output ordinates from the downstream-most elasien station were copied from
the DSS database file and pasted into the unsteaayile for the next iteration. For
Reach No. 3, this downstream observation sectiatiaoriginal downstream
section at Station 9.583. Observations were nakenad the artificially-created

downstream boundary at Station 9.228.
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An unsteady plan file was created for each itematassociating the geometry
file with the appropriate unsteady flow file. Callation tolerances and output
settings were the same for all iterations. Theesaamputational time step as used in
Round 6A was retained. For Reach No. 3, this 8tep was 2 minutes.

The number of iterations was varied for each realdie objective was to
provide sufficient routing length to attenuate ithidow hydrograph by at least 25% to
30%. For Reaches No. 1 and No. 3, testing wasuiswed after 15 iterations, with
attenuations close to the target value. Seveatiters were used for Reach No. 4 and
10 were used for Reach No. 2.

6.4.2 UuRAS Model for Equivalent Reach (Round 6C)

The unsteady routing results from the naturallve@ere compared to the
results of routing in the simplified equivalent-tkanodeled in Testing Rounds 6A
and 6B. The equivalent reach consists of a nomderang, prismatic reach in which
each cross-section is defined by the symmetriqal 8ection derived previously in
Chapter 5.

The uRAS modeling results from Testing Round 6Aengsed without
modification.

The computational distance step intervals useédamatural reach did not
match the distance steps used in this equival@nt @odel. However both models
used closely-spaced computational nodes, so the indtie 8-pt. reach that came
closest to representing the routed length frormtiteral reach could used for

comparison purposes.
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6.4.3 Round 6C - Results

Results of Testing Round 6C for Reach Nos. 1 tjinctiare given in Tables
6-30 through 6-33 and Figures 6-24 through 6-31.

Tables 6-30 through 6-33 present peak outflowldisges and relative
attenuation results at the end of the natural reétehn each routing iteration in uRAS.
The equivalent routing distance is reported, d#sagpeak outflow and relative
attenuation for the corresponding routing distandée 8-pt. reach. Although reach
lengths had been rounded to the nearest wholénfedtprevious reports, the
cumulative travel distances shown in these tablrg wased on a multiple of the
actual HEC-RAS main-channel length, which were gaheinput in feet to two
decimal places. The actual lengths used for Rblash 1 through 4 were 3665.86 ft.,
6,523.28 ft, 7,149.37 ft., and 10,199.26 ft., respely.

The peak outflow data for the equivalent reach adjssted by linear
interpolation to correspond to the equivalent mgiglistance. Figures 6-24 through
6-27 display this same data graphically over tht@enange of natural-reach data for
each of the four reaches. The relative locatidriee@natural-reach end points are
shown on the figures.

For Reach No. 1, the 8-pt. reach initially expeces slightly less attenuation
(i.e. has a greater peak out flow) than the natn@@th, then the trend reverses. The
difference in relative attenuation remains with for routing distances up to
approximately 28,000 ft (7 to 8 times the origiohannel length), then it begins to

diverge rapidly. After 15 iterations, the relati@genuation in the 8-pt. reach is
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26.9% while the natural reach has only experier@ief@% attenuation, a difference
of 5.3%.

Reach Nos. 2 and 3 likewise show a consistentl toéeviation between the
8-pt. reach and the natural reach. By contrasicR&lo. 4 appears to show good
agreement between the natural reach and 8-pt. @quivscenarios, with deviations
in relative attenuation of no more than 1.3%.

Figure 6-28 provides a direct comparison of twedeoutflow hydrographs
after routing through the natural reach versus8tpé equivalent reach for Reach No.
1. The hydrographs selected were those at the stosam end of the reach after the
5" and 1% iteration of routing. A hydrograph for the closesrresponding
computational point in the equivalent reach is @isavided. There is a slight
difference in the routed lengths between the nhtaeeh and the equivalent reach,
due to different spacing of the computational diséasteps.

Figures 6-29 through 6-31 provide correspondingmarisons for Reach Nos.
2 through 4. From these hydrographs, it appeatsthie discrepancies in peak
outflow discharge arise in part from slower waveests (greater lag time) in the 8-pt.
equivalent reach for Reach Nos. 1, 2 and 3.

A complete explanation for this discrepancy hasyeb been discovered; this

topic merits further research.
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Table 6-30. Peak Flow Results and Relative Attenuation,
Reach No. 1, Testing Round 6C

Peak Outflow Attenuation of Peak Diff. in
Discharge,Q,, (cfs), | Outflow Discharge Relative
Effective URAS Routing (%) Attenuation,
Routing 8-Pt. 8-Pt. 8-pt. vs.
Routing | Distance | Natural Equivalent | Natural Equivalent Natural
Iteration (feet) Reach Reach Reach Reach Reach (%)
Inflow, Peak 2,900 cfs at 36 minutes
1 3,666 2,849 2,855 1.8% 1.6% -0.2%
2 7,332 2,801 2,811 3.4% 3.1% -0.3%
3 10,998 2,755 2,768 5.0% 4.5% -0.4%
4 14,663 2,710 2,724 6.5% 6.1% -0.5%
5 18,329 2,668 2,675 8.0% 7.8% -0.3%
6 21,995 2,627 2,621 9.4% 9.6% 0.2%
7 25,661 2,584 2,569 10.9% 11.4% 0.5%
8 29,327 2,542 2,510 12.3% 13.5% 1.1%
9 32,993 2,500 2,449 13.8% 15.5% 1.7%
10 36,659 2,461 2,391 15.1% 17.6% 2.4%
11 40,324 2,422 2,333 16.5% 19.6% 3.1%
12 43,990 2,382 2,274 17.9% 21.6% 3.7%
13 47,656 2,346 2,217 19.1% 23.6% 4.4%
14 51,322 2,309 2,166 20.4% 25.3% 4.9%
15 54,988 2,275 2,120 21.6% 26.9% 5.3%
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Table 6-31. Peak Flow Results and Relative Attenuation,
Reach No. 2, Testing Round 6C

Peak Outflow Attenuation of Peak Diff. in

Discharge,Q,, (cfs), Outflow Discharge Relative
Effective URAS Routing (%) Attenuation,

Routing 8-Pt. 8-Pt. 8-pt. vs.

Routing | Distance | Natural Equivalent | Natural Equivalent Natural
Iteration (feet) Reach Reach Reach Reach Reach (%)

Inflow, Peak 11,000 cfs at 88 minutes

1 6,523 10,647 10,556 3.2% 4.0% 0.8%
2 13,047 10,279 10,102 6.6% 8.2% 1.6%
3 19,570 9,907 9,676 9.9% 12.0% 2.1%
4 26,093 9,543 9,267 13.2% 15.8% 2.5%
5 32,616 9,204 8,873 16.3% 19.3% 3.0%
6 39,140 8,887 8,495 19.2% 22.8% 3.6%
7 45,663 8,590 8,152 21.9% 25.9% 4.0%
8 52,186 8,319 7,852 24.4% 28.6% 4.2%
9 58,710 8,071 7,576 26.6% 31.1% 4.5%
10 65,233 7,841 7,319 28.7% 33.5% 4.7%
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Table 6-32. Peak Flow Results and Relative Attenuation,
Reach No. 3, Testing Round 6C

Peak Outflow

Attenuation of Peak Diff. in
Discharge,Q; (cfs), Outflow Discharge Relative
Effective URAS Routing (%) Attenuation,
Routing 8-Pt. 8-Pt. 8-pt. vs.
Routing | Distance | Natural Equivalent | Natural Equivalent Natural
Iteration (feet) Reach Reach Reach Reach Reach (%)
Inflow, Peak 24,000 cfs at 124 minutes
1 7,149 23,656 23,633 1.4% 1.5% 0.1%
2 14,299 23,293 23,273 2.9% 3.0% 0.1%
3 21,448 22,931 22,909 4.5% 4.5% 0.1%
4 28,597 22,552 22,524 6.0% 6.1% 0.1%
5 35,747 22,158 22,114 7.7% 7.9% 0.2%
6 42,896 21,754 21,676 9.4% 9.7% 0.3%
7 50,046 21,336 21,217 11.1% 11.6% 0.5%
8 57,195 20,916 20,736 12.9% 13.6% 0.7%
9 64,344 20,496 20,240 14.6% 15.7% 1.1%
10 71,494 20,087 19,761 16.3% 17.7% 1.4%
11 78,643 19,685 19,306 18.0% 19.6% 1.6%
12 85,792 19,292 18,861 19.6% 21.49% 1.8%
13 92,942 18,911 18,418 21.2% 23.3% 2.1%
14 100,091| 18,538 17,979 22.8% 25.19 2.3%
15 107,241 | 18,177 17,548 24.3% 26.99 2.6%
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Table 6-33. Peak Flow Results and Relative Attenuation,
Reach No. 4, Testing Round 6C

Peak Outflow Attenuation of Peak Diff. in
Discharge,Q,, (cfs), | Outflow Discharge Relative
Effective URAS Routing (%) Attenuation,
Routing 8-Pt. 8-Pt. 8-pt. vs.
Routing | Distance | Natural Equivalent | Natural Equivalent Natural
Iteration (feet) Reach Reach Reach Reach Reach (%)
Inflow, Peak 36,000 cfs at 160 minutes
1 10,199 31,607 32,061 12.2% 10.9% -1.3%
2 20,399 28,134 28,607 21.8% 20.5% -1.3%
3 30,598 25,409 25,769 29.4% 28.4% -1.0%
4 40,797 23,236 23,583 35.5% 34.5% -1.0%
5 50,996 21,569 21,928 40.1% 39.1% -1.0%
6 61,196 20,216 20,601 43.8% 42.8% -1.1%
7 71,395 19,085 19,500 47.0% 45.8% -1.2%
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Figure 6-29. Natural vs. Equivalent Reach Routing by uRAS,
Comparison of Select Hydrographs, Reach No. 2
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Figure 6-31. Natural vs. Equivalent Reach Routing by uRAS,
Comparison of Select Hydrographs, Reach No. 4
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6.5  Analysis and Recommendations

Testing Round 6A demonstrated the similarity aftig results that could be
obtained for 8-pt. equivalent reaches when usitigeethe unsteady HEC-RAS
solution (URAS) or the FLDWAYV program (FLW). Bothethods appeared to agree
within an average of 0.1 to 0.3% for all four re@glover an extreme distance of
flood routing. The FLW method appeared to giver peafect volume conservation,
with only 0.1% error maximum after routing distarmde30 to 120 miles. On the
other hand, two of the reaches suffered from @gmihs in the falling limb of the
hydrograph when FLW was used. The origin of thessallations was not
determined, but merits further study.

Testing Round 6B showed further that the two apipnate methods also gave
reasonably good agreement to the fully dynamictswiu The two approximate
methods were the variable-parameter Muskingum-Cumgtaod (VMC) and the
Cascading Reservoirs (CR) method. The agreemenstsm@ngest for the shorter and
medium length routing lengths, and was best fardélsmaller reaches, Reach Nos. 1,
2 and 3. The VMC method suffered on two of thehea from excessive problems
with volume conservation. In general, the VMC noetlappeared to lose volume
during routing, whereas the CR method gave exdetlenservation. The primary
difference in the methods lies in the fact thatwakie ofL, and thus X" varies
during the routing when using VMC, which is not tase in the CR method. Further

research into the volume loss on natural streamsiiganted.
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Rounds 6A and 6B were each based on the equiv&ach defined using 8-
pt. sections. Round 6C examined the correlatidwéen uRAS results when using
the equivalent reach versus the original naturabst data. For Reach No. 4, the two
methods of defining the reach gave similar resalts the routing distances
examined, with the differences in relative atteraratess than or equal to 1.3%. By
contrast, a systematic divergence occurred in RBash 1, 2 and 3, with the natural
reach method consistently producing less attenugkigher peak discharges) than

the 8-pt. equivalent reach over the longer routiisgances.
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Chapter 7

Sensitivity Testing of Modeling Controls

7.1  General Considerations
In Chapter 6, a comprehensive comparison was mithe Muskingum-
Cunge method and fully dynamic solutions of theV@nant equations. Actual
model results are dependent in part on the stalbiflithe dynamic solution and upon
the particular values chosen for certain modeliagameters. In an ideal situation,
only adjustments in variables that representedipalygshenomena would impact
model results. In reality, certain non-physicalgmaeters were found to have an
important impact. In this chapter, the role ofrfgpecific parameters are
investigated: time stepf(), distance stepAk), the finite-difference weighting
coefficient @ or theta), and the minimum or baseflow dischafgée hydrograph.
The sensitivity of uURAS and FLW model resultstiede four parameters is
examined. The analyses are limited to Reach N&dir (4) rounds of testing were
conducted, as follows:
7A — Distance Steps and Minimum Flows Using uRAS Reach No. 3 was
tested using uRAS for five different computatiodetance steps and
two assumptions of minimum baseflow. The compasseere made
using the “equivalent 8-pt. reach” used previouslyesting Round

6A.
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7B — Distance Steps and Low-Flow Filters Using FLW A similar testing
program to that in Round 7Awas made for FLW. Histance step
options were evaluated, and comparison made betieesption of
activating the low flow filter option. Only one &&flow assumption
was used in this testing round.

7C — Time-Step Variations Using uRAS and FLW A direct comparison of
routing results on Reach No. 3 using URAS and FL&¥ made for
three time steps ranging from 30 seconds to 6 ut

7D — Variations of Theta @) Using uRAS and FLW - A direct comparison
of routing results on Reach No. 3 using uRAS an@/Riias made for
three choices of finite-difference weighting fastaheta ), ranging
from 0.6 to 1.0.

Details of the methodology, results, and testinigica for each round are

presented in the following sections.

7.2 Distance Step and Minimum Baseflow Relationships, using uRAS
(Testing Round 7A)

The first round of sensitivity testing focusedtbe impact of different
distance steps on stability and performance inaaast HEC-RAS modeling (URAS).
Five (5) different computational distance stepsens&iected, as shown in Table 7-1.
The smallest distance step, 625 feet, matchesdllne wused in the testing rounds

described in Chapter 6.
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Table 7-1. Computational Distance Steps to Evaluate,
Reach No. 3, Testing Round 7A

Ratio Ax / Ly, Evaluated for
Given Flow Condition
Computational | Peak
Distance Step, | Inflow, 5% 20%
Ax (feet) Ip of Ip of Ip
625 0.2 0.4 0.4
2,500 0.9 1.6 14
5,000 1.7 3.2 2.8
10,000 3.4 6.4 5.6
20,000 6.8 12.8 11.3
Ly (feet) 2,935 1,563 1,771
Q (cfs) 24,000 1,200 4,800

Table 7-1 also shows the ratio of the distange &teharacteristic reach

length, % Ratios are calculated for various flow condiipimcluding the peak

inflow discharge]p, and for smaller flows having values of 5% and 26f%. These
smaller flows correspond to the minimum basefloyuea evaluated in this testing

round.

The ax ratio was tested over the range from 0.2 to 6.8eth@rL_, evaluated

at the peak dischargk, When evaluated at a discharge of 5%»pthe ratio
covered the range from 0.4 to 12.8.

As is shown in the modeling results from this rdutme uURAS model is
sensitive to instabilities caused by large distasieps. One technique for
overcoming these instabilities is the setting gdaminimum flow (baseflow) on the

inflow hydrograph. The modeling in Chapter 6 $et baseflow equal to 5% of the
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peak inflow. For Reach No. 3, the peak inflow4s@®O0 cfs and the baseflow was
therefore 1,200 cfs. To explore the relationst@wieen distance step size and
baseflow, an alternate inflow hydrograph was ingaséd which had a baseflow
equal to 20% of the peak inflow.

The combination of 5 distance steps and 2 basd#éwels produces 10
computational scenarios in URAS. All the scenan®sd in this testing round utilized
a weighting coefficient od = 0.6 and a computational time step of 2 minufEsese
parameters mirror those used in Chapter 6. Mdogrmation on the role of the
weighting coefficientf, is provided later in the discussion of TestingiRe 7D.

The first computational scenario uses a distateqeaf 625 feet and a
baseflow of 5% of the peak inflow. This is thers@@o that matches the testing
conducted in Chapter 6 and is reference condity@mst which other scenarios were
evaluated.

All outflow results are examined at the observastation located 160,000
feet downstream of the inflow point. This obseimaipoint is unrealistic in a
physical sense because it is unlikely that anyraliteam reach with an initial
drainage area of 24.5 square miles would flow dstance without a dramatic
increase in channel dimensions and lateral inflé&s.with the testing in Chapter 6,
however, this distance is useful for sensitivitstitdy. The routing distance is large
enough to allow small errors to propagate and prednore obvious deviations in

results.
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7.2.1 UuRAS Model Setup (Round 7A)

The uRAS model used in this testing round is basethe model parameters
described in Testing Round 6A in the previous clrapT o allow for easier
comparison of results, all 10 testing scenarioevigcorporated as separatesteady
plansin a single HEC-RAS project.

The geometry files were all based on the non-mesamgl 8-point cross-
section geometry file developed for Testing RouAd & he inflow enters the channel
reach at Station 0 and is routed downstream a@b®20,000 feet. The downstream
boundary condition is the normal-depth flow optapplied at the end of the 10,000
foot “tail” appended to the end of the reach.

The initial geometry file from Round 6A was modiito remove the
intermediate sections previously located at 2,50@00, 10,000 and 20,000 feet
downstream of the inflow point. This modificatiorade it easier to adjust the
interpolation interval on the overall reach. Theerpolation interval in uRAS sets the
computational distance step. Five separate gegrfileis were created, one for each
computational distance step listed in Table 7-1.fide distance steps are even
divisors of 20,000 feet, which allows a common cangon of longer reach intervals.

The flow file from Testing Round 6A was also re&d. This file contained
the inflow hydrograph for Reach No. 3, which hgseak discharge of 24,000 cfs, a
time-to-peak of 124 minutes, and a shape matchieagamma distributions wittm
equal to 3.7. The original flow file used a minimiaseflow of 1,200 cfs, (5% of

the baseflow). A second flow file was created imaki the baseflow was set to 4,800
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cfs (20% of the peak inflow). The minimum dischesyalues were entered into the
“min. flow field on the input screen &EC-RAS | Edit | Unsteady Flow Data |
Boundary Condition | Flow Hydrograph for the upstream boundary at Station 0.
The same value was also entered in thaial Flow” field on the input screen at
Unsteady Flow Data | Initial Conditions

A separate plan file was created for each of thecknarios. The time step
(At) and finite-difference factob) were assigned. Each plan was uniquely named
and structured to export the outflow hydrograph @SS file. The DSS file format is
an external database file that HEC-RAS can reddCHRAS provides for limited
output analyses tools, including graphical plotd &abular summaries of the data.
7.2.2 Round 7A — Results

Results of Testing Round 7A for are given in Takle2 and 7-3 and in
Figures 7-1 and 7-2.

Table 7-2 presents the peak outflow dischargegelative attenuation results
for each of the 5 distance step sizes selectezlyagated after routing the inflow
hydrograph in uRAS for 160,000 feet. Results avergfor two inflow scenarios:
one with a minimum baseflow of 5% of the inflow geand another with a baseflow
of 20% of the inflow peak. The outflow peak in tleéerence scenario is 14,952 cfs,
which represents a 37.7% relative attenuation @irtiow peak of 24,000 cfs.

For the 5% scenario, URAS failed to produce usedselts for the two largest
distance steps, 10,000 and 20,000 feet. In batdscahe program reported that it

reached the maximum number of iterations for mostputations. Inspection of
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output results showed erratic flow results withgfrent spikes that were orders of
magnitude larger than the inflow. These two sdesawere neglected in further
analyses. The largest distance step that was sfaltgsouted was 5,000 feet, which
produced a relative attenuation of 38.2%, withBPo of the reference scenario.

By contrast, the scenarios with a 20% baseflowutktessfully produced
output results. In general, these scenarios pkkeanced less attenuation than the
5% baseflow scenarios.

For the two scenarios witkix = 625 ft., the 20% baseflow scenario had a
relative attenuation that was 5.8% less than thé&8&flow scenario. As distance
step increased, the general trend was towardsegrai@nuation, with a relative
attenuation of 35.5% when the distance step wa30R(d;.

Table 7-3 provides a summary of the volume balamtiee discharge
hydrographs for these same scenarios. Volume émlardefined as the proportion
of volume in the outflow hydrograph relative to thBow hydrograph, with the
volume associated with the minimum baseflow exaud&he volumes were
calculated by integration of the hydrograph ordesaising the trapezoidal rule, as

described previous with Testing Round 6A.
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Table 7-2. Sensitivity of Peak Flow Results to Distance Step Size,
Based on URAS Routing on Reach No. 3, Testing Round 7A

Peak Outflow

Discharge,Q,, (cfs)

Diff. in Relative
Attenuation,

for Given Scenario, | Attenuation of Peak Relative to the
Computa- after Routing Outflow Discharge | Reference Scenario
tional 160,000 ft. in URAS (%) (%) *
Distance
Step,AX 5% 20% 5% 20% 5% 20%
(feet) Baseflow Baseflow| Baseflow Baseflow| Baseflow Baseflow
Inflow, Peak 24,000 cfs at 124 minutes
Reference
625 14,952 16,352 37.7% 31.9% Scenario* -5.8%
2,500 14,956 16,307 37.7% 32.1% 0.0% -5.6%
5,000 14,836 16,185 38.2% 32.6% 0.5% -5.1%
10,000 n/a ** 15,854 -- 33.9% -- -3.8%
20,000 n/a ** 15,473 -- 35.5% -- -2.2%

* The Reference Scenario usks= 625 ft and 5% baseflow.
** URAS failed to compute valid results for these two scenarios.

Table 7-3. Sensitivity of Volume Changes
to Distance Step Size, Based on uRAS Routing
on Reach No. 3, Testing Round 7A

Computational
Distance StepAx

Outflow Volume, Relative to
Inflow, Excluding Baseflow (%),
for Given Scenario after Routing

160,000 ft. in URAS

(feet) 5% Baseflow 20% Baseflow
625 100.8% 101.0%
2,500 101.3% 101.2%
5,000 100.0% 101.3%
10,000 n/a * 101.4%
20,000 n/a * 102.5%
Inflow Volume,
Excluding Baseflow 4,827 3,464

(acre-feet)

* URAS failed to compute valid results for these seenarios
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Figure 7-1. Outflow Hydrographs for Reach No. 3, after Routing 160,000 feet
in URAS, Various Distance Steps and Minimum Baseflows
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Figure 7-2. Decline of Peak Discharge over Distance, Reach No. 3,

Comparing URAS Results for Select Distance Steps and Baseflows

In general, there was no significant trend in vodubalance. The outflow
hydrographs all appeared to gain a slight amoumblfme during routing, but the
maximum increase was 2.5% wh#&x = 20,000 feet and baseflow was 20%.

Figure 7-1 provides a plot of the outflow hydrqgna from these scenarios
after routing a distance of 160,000 feet. Figud&) compares the two baseflow
scenarios for two of the shorter distance steps f6and 5,000 feet. The hydrograph
for theAx = 2,500 ft. distance step scenario is omittechbse it was almost identical
to theAx = 625 ft. scenario.

For a constant baseflow, increasing the distategets 5,000 feet had only
minor impacts on most of the hydrograph and vetlg limpact on the peak

discharge. A noticeable “dip” emerged, howevethatbase of the rising limb of the
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hydrograph for the 5,000 ft. distance step. Tipeodicurred under both baseflow
conditions, though it appeared relatively more prorced in the 5% baseflow
scenario.

For a constamx, the impact of using an increased baseflow wagmo
significant. In both cases, the 20% baseflow scermBegan to rise earlier and
reached a larger outflow peak. The falling limbslbfour hydrographs, however,
were almost identical at flows well above the biasef

Figure 7-1(b) presents the hydrographs for thelasger distance steps,
10,000 ft. and 20,000 ft., based on the 20% basefteenario. The hydrograph for
AX = 625 ft, 20% baseflow scenario is also showrrdégrence. Rather than the
“dip” that was present in th&ex = 5,000 ft. scenario, these hydrographs suffanfr
significant oscillations that precede the risimghli Once the initial period with
oscillations passes, the remainder of the hydrdwréglows the reference condition
reasonably well. It appears that a residual efiétie initial instability is increased
attenuation of the peak discharge. The fallindbbrof all three hydrographs plot
reasonably well together.

The impacts of these oscillations are offset tnesalegree by the large
minimum baseflows established in the inflow hydeggdr. The baseflow served to
absorb the lower component of each cycle, prevgntia model from experiencing
negative or near-zero discharges. As shown inrBigtl(b), the largest oscillation in
the Ax = 20,000 ft scenario drops to a minimum dischafg@78 cfs, which is 3822

cfs below the baseflow level. Relative to theamflpeak of 24,000 cfs, this is a
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swing of 16%. The 5% baseflow scenario would rastehbeen able to absorb such a
large dip.

The characteristic reach length Reach No. 3 wai352t. when evaluated
based on the full initial peak discharge of 24,8660 The initial dip is not present in
the scenarios withx = 625 andAx = 2,500, which represent conditions where the

computational distance step is smaller than theacheristic reach length. A dip is

present wherx = 5,000 ft, which has a%l ratio of 1.7. For the two largest time

. . I . .. . AX .
steps, which experience repeated oscillations poithe rising limb, theLT ratios

are 3.4 and 6.8.
The characteristic reach lengths evaluated a&&%hand 20% baseflow levels
are 1,563 and 1,771 ft, respectively. These length almost half the value lof at

the initial peak. Based on the valueLgfin the 5% scenario, the hydrograph begins

to dip somewhere betwee%l)i ratios of 1.6 and 3.2, whereas full-scale oscdladi

begin somewhere betwee%q)S ratios of 3.2 and 6.4.

Perumal (1992) explored the issue of negativewmftalues in Muskingum-
Cunge routing and concluded that the appearanaealigf was related to fact that the
distance step exceeded These results suggest that a similar situatiay atso be
true of fully dynamic routing solutions and thag ttharacteristic reach length,

may serve as a good guideline for selecting contipnta distance steps here as well.
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Figures 7-2 presents a plot of the decline in pmakow discharges over
distance for three select scenarios. The firstseenarios are based ar = 625 ft
and compare the attenuation of peak dischargebdéds% and 20% baseflow
scenarios. In general, an increase in baseflom &0 to 20% led to decreased
attenuation of the discharges as routing proceedsstream.

The third scenario plotted is fax = 10,000 ft and 20% baseflow. In
comparing the two scenarios with 20% baseflowpgears that changing distance
steps has relatively less effect on the accurapeak outflow calculations

throughout the entire range modeled.

7.3 Distance Steps and Low-Flow Filter, using FLW (Testing Round 7B)

In the second round of sensitivity testing, a Emeévaluation of distance
steps was made for the FLW program. The same minfijyee computational
distance steps was evaluated. FLW was found tadre stable than uRAS in its
handling of low-flow conditions. For that reasengomplete evaluation of the two
baseflow scenarios was unnecessary and all prifiafy evaluations were made
using the 5% baseflow scenario. One model teagubie 20% baseflow scenario
was created to allow for a direct comparison betwdAS and FLW on the largest
distance step.

FLW provides a “low-flow filter” option which is@kigned to prevent output
hydrographs from falling below a reference valliée performance of this filter was

examined in this testing round.
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The combination of five distance steps and twerfibptions (low-flow filter
set on or off) produced 10 computational scenandd.W. As with Round 7A, all
the tests conducted in this testing round utili2ed0.6 and a computational time step
of 2 minutes. These values mirror those used imp@r 6. Outflows were examined
at the observation station located 160,000 feetrdtr@am of the inflow point.

7.3.1 FLW Model Setup (Round 7B)

The FLW input files for these tests were basetheroriginal model
developed in Testing Round 6A. The original infiletfor Reach No. 3 under the
baseline hydrograph was the starting point. ArmgXa of this file was given in
Table 6-3. The weighting factor thet§ (vas set 0.6 in all the runs. (In FLDWAYV,
theta is specified by the F1 variable in DG (1)).

This original input file was adjusted to remove thioss-sections at Stations
2500, 5000, 10000 and 20000 ft. These partice@etians were removed to allow for
easier experimentation with alternate interpolatrdarvals.

The removal of these sections required numeroasgds to individual lines
in the FLW input files. The cross-sections themasgwere found in blocks labeled
DG (70) through (77) values near the end of thetifile. The sections were deleted
and the remaining sections renumbered. The lengtimslividual stations assigned at
DG (18) were updated. The list of cross-sectidelsfound at data groups DG (50)
and (52) provided labels was adjusted. In datagioG (12), the total number of
sections was reduced from ten to six (variable NB/jich also resulted in a similar

change to variable NPT2 on the same line and to 865An DG (13).
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Several data groups give input data separatelgdoh interval between
sections. Specific examples include the maximuerjpolation intervals called out in
DG (19), the routing method to use in each inteligtdd at DG (20), the sinuosity
factors at DG (78), and the expansion/contractaeffecients at DG (79). The values
previously listed separately for the intervals frOrto 20,000 were consolidated into
one interval.

Having made these initial changes, a series afdi@idual input files was
written, based on the five distance steps andwbdadw-flow filter options. Data
group DG (19) defines the minimum computationalatise step between cross-
sections. The original input data files for TegtlRound 6A used 625 feet. Separate
files were created for the other distance steppaptshown in Table 7-1. A paired
series of input files was then created for eadheffive distance-step scenario, based
on the two low-flow filter options.

The low-flow filter is defined by the variable KRRS variable in DG (4).
This filter prevents water surface elevations aisdtthrge values from falling below
the initial conditions. It is described in the PFAIAV User’'s Documentation as a
“safety nétwhich “maintains computational robustné¢gread and Lewis 1998).
The default in FLDWAV is to have this filter actieal, which occurs when
KREVRS=0. The filter was active for all testinghclucted previously in Round 6A.

The uRAS model does not contain a similar featie maintain
comparability between the uRAS and FLW testing,rdierence scenario in Round

7B is to have the low flow filter turned off, whidtcurs when KREVERS=1.
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7.3.2 Round 7B - Results

Results of Testing Round 7B are given in Tabldsand 7-5 and in Figures 7-
3 through 7-6.

Table 7-4 presents the peak outflow dischargegelative attenuation results
for each of the 5 distance step sizes selectezlyalgated after routing the inflow
hydrograph in FLW for 160,000 feet. All resultg drased on a minimum baseflow
of 5%. Results were examined for both conditiohgmvthe low flow filter was off
(the reference condition) and when the filter was ©he outflow peak in the
reference scenario was 14,903 cfs, which represedts9% relative attenuation from
the inflow peak of 24,000 cfs. This attenuatiomwithin 0.2% of the relative
attenuation found using URAS for the same condition

The FLW program, unlike uRAS, was able to prodwseilts for all five
distance steps when using a 5% baseflow. Thigmador both low-flow filter
options. When the filter was used, the peak flaselthrge and relative attenuation
results all remained within 1% of the referencenac®, with no clear trend in the
data. By contrast, when the filter was not uskeld was a trend towards increased
attenuation with larger distance steps, with a maxn relative attenuation of 43.7%
whenAx = 20,000 ft, which is 5.8% greater than the mfee condition. This trend
towards increasing attenuation when no filter isduis similar to the trend found in
the uRAS results in Testing Round 7A.

Table 7-5 provides a summary of the volume balamtiee discharge

hydrographs for these same scenarios. When thédawfilter was not used, FLW
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appeared to conserve volume to a high degree afacyg with any losses less than
0.1%. When the filter was activated, the methodbnger conserved volume well,
with 1.9% increase in volume appearing wher= 5,000 ft and increasing to a 36%
increase in volume whetix =20,000 ft.

Figure 7-3 provides a plot of the outflow hydrodragrom these scenarios
after routing a distance of 160,000 feet. The $2%,000 ft., and 20,000 ft. distance
steps are shown. Figure 7-3(a) shows the hydrbgrahen no filter is used, whereas
Figure 7-3 (b) shows the same scenarios whenlteei activated. The hydrograph
for theAx = 2,500 ft. distance step scenario was omitt@dbse it was almost
identical to theAx = 625 ft. scenario. Th&x = 10,000 ft. scenario is omitted from
this graph for clarity but is presented separatelyigure 7-4.

Figure 7-3 sheds light on the routing results giveTables 7-4 and 7-5. As
shown in Figure 7-3 (a), thex = 5,000 ft scenario in FLW displays the same
tendency to “dip” as was found when routing withASR The low-flow filter option

acts to prevent the dip, as shown in Figure 7-3 (b)
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Table 7-4. Sensitivity of Peak Flow Results to Distance Step Size,
Based on FLW Routing on Reach No. 3, Testing Round 7B

Peak Outflow
Discharge,Q,, (cfs) for Diff. in Relative
Given Scenario after Attenuation of Attenuation, Relative
Routing 160,000 ft. in Peak Outflow to the Reference
Cc:irgrr]);lta- FLW Discharge (%) Scenario (%) *
Distance No Low- No Low- No Low-
Step,Ax Flow With Flow With Flow With
(feet) Filter Filter Filter Filter Filter Filter
Inflow, Peak 24,000 cfs at 124 minutes
Reference
625 14,903 14,903 37.9% 37.9%Scenario* 0.0%
2,500 14,817 14,819 38.3% 38.3% 0.4% 0.3%
5,000 14,681 14,794 38.8% 38.4% 0.9% 0.5%
10,000 14,034 14,989 41.5% 37.5% 3.6% -0.4%
20,000 13,520 15,084 43.7% 37.2% 5.8% -0.8%

* The Reference Scenario uges= 625 ft. with no low flow filter. All scenarios used
a 5% Baseflow

Table 7-5. Sensitivity of Volume Changes
to Distance Step Size, Based on FLW Routing
on Reach No. 3, Testing Round 7B

Outflow Volume, Relative to Inflow,
Excluding Baseflow (%), for Given Scenario,
C . after Routing 160,000 ft. in FLW
omputational
Distance Step, No Low Flow
AX (feet) Filter With Filter
625 100.0% 100.0%
2,500 100.0% 100.0%
5,000 100.0% 101.9%
10,000 100.0% 114.0%
20,000 n/a* 136.0%
Inflow Volume,
Excluding 4.827
Baseflow
(acre-feet)

* FLW failed to produce a complete hydrograph.
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Likewise, theAx =20,000 ft. scenario the dip gives way to fulkiec
oscillations in the time period before the arrighthe rising limb. Unlike uRAS,
FLW appears to be capable of handling negative iadinates without becoming
unstable, which explains why results were obtafioedhe two largest distance steps
when routing in FLW, even though they were not oied in uRAS. When the low
flow filter is activated for theA\x =20,000 ft scenario, the lower component of each
oscillation cycle is clipped off, but the upper fpamn of each cycle remaining and
apparently being amplified relative to the “nodilt condition.

Figure 7-4 provides a direct comparison of therfiand no-filter scenarios for
the 10,000 ft. and 20,000 ft. distance steps. “Mxe=625, no-filter scenario” is also
shown for comparison. Thiex =10,000 ft. scenario also experiences leading
oscillations, though to a lesser degree than ®2th000-ft scenario. The low-flow
filter prevents discharges from falling below treseflow value, but at the cost of
increasing the magnitude of the oscillation aboasefiow.

When the “no filter” option is used, both hydrogina in Figure 7-4 rise to a
smaller peak discharge than in the reference donditThe “with filter” option
appears to come closer to matching the peak digelmedicted by the reference
condition, but not necessarily with a similar hyghaph shape or timing. For tha
= 20,000 option particularly, the ability to matitie peak discharge comes at the cost
of increased hydrograph volume. It appears tha&wdscillations appear in a

hydrograph, there is a trade-off between matcheakmlischarges and conserving
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volume. The falling limbs of all hydrographs peattin Figures 7-3 and 7-4 seem to
match well.

Figures 7-5 presents a plot of the decline in pmakow discharges over
distance for three select scenarios. The firstseenarios were based on the “no-
filter” scenario, comparing results fax = 625 ft. and foAx = 10,000 ft. The first
scenario was the reference condition for thistgstound. The larger distance step
generally resulted in a slightly lower peak disgjeathroughout the routing range.

The second and third scenarios were both based en10,000 ft, but
compare the results of using the low-flow filtéfor small routing distances, both
scenarios plotted closely together, but as rouistance expands, the “no filter”
option consistently produced smaller peak disclarge

In comparing the first and third scenarios, gh®wn that the use of the low-
flow filter was not a cure for problems associatgth large distance steps. At a
routing distance of 160,000 ft., the two scenagasge similar results, but that appears
to be a coincidence. The general trends for thesescenarios were not the same.

At routing intervals less than 160,000 ft, thedrscenario generally predicted greater
attenuation than the first (reference scenariggyddd 160,000 ft., the third scenario
over-predicted the peak discharge.

The last issue examined in this testing round avegsmparison of the uRAS
and FLW routing results for the largest distanep shodeledAx = 20,000 ft. To

provide for a direct comparison, a FLW analyses made for the 20% baseflow
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condition. The low-flow filter was turned off sbat the oscillations could develop
fully.

Figure 7-6 presents the outflow hydrograph afbeting 160,000 ft. for this
condition. For the given inflow conditions on Reado. 3, both uRAS and FLW
give comparable results, including oscillationshwatmilar amplitudes and

frequencies.

7.4 Sensitivity to Time Step (Testing Round 7C)

Testing Rounds 7A and 7B demonstrated strongioekttips between
distance step and model stability. Round 7C wagded to evaluate the sensitivity
of model results to the time step. A default scenaas identified based on a
distance step of 625 feet, a time step of 2 mintesD.6 and a 5% baseflow. Two

alternate time steps were then evaluated: 30 seq@sl minutes) and 6 minutes.
- - tp -
The time step ratIOS’A_t , for these three time steps are therefore 24862 21,

respectively, based on the inflow time-to-peigkof 124 minutes.
7.4.1 UuRAS Model Setup (Round 7D)

The uRAS project developed for Testing Round 7A extended to
accommodate this analysis. No adjustments toebengtry or unsteady flow input
files were required. The computational time stegs &djusted by selecting the
appropriate Eomputation intervélat HEC-RAS | Run | Unsteady Flow Analysis

input screen. For the 30-second time-step scerthgdhydrograph output interval
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was left at 2 minutes. This field controls thedkeof detail found in the output files.
For 6-minute time step scenario, the output infemas also changed to 6 minutes.
7.4.2 FLDWAYV Model Setup (Round 7D)

The FLDWAYV input files for this round 7C were dexd from the input files
developed in Round 7B, which used a computatiomad step of 2 minutes. To
adjust the computational time steps, the valueT@HDin DG (7) was modified. The
units of measure for DTHII is hours, so for a tistep of 30 seconds and 6 minutes,
the input must be 0.008333 and 0.10 hours, resfadgti For the 30-second time step
scenario, the plotting interval DTHPLT on that sdme was left unchanged at 2
minutes (0.0333 hours). For 6-minute scenarioptbting interval DTHPLT was
changed to 0.10 hours.

7.4.3 Round 7C — Results

Results of Testing Round 7C for are given in Tablé and 7-7 and in
Figures 7-7 and 7-8. Table 7-6 presents the petiloaudischarges and relative
attenuation results for each of the 3 time stepssselected. As before, the routing
distance is 160,000 feet, and routing results egsgmted for both the uRAS and
FLW models. Table 7-7 presents the volume balémrchese same conditions,
where volume balance is measured relative to th@nrhydrograph, after excluding
the baseflow component.

From the tables, it appears that the model gau#asiresults over this range
of time steps. There was a slight tendency forsthallest time step (30 seconds) to

produce the highest discharges, but the totalréifiee in relative attenuations
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between the 30 second time step and the 6 mimagegieps was only 0.6% for uRAS
and 1.6% for FLW.

Likewise, volume conservation between the difiészenarios was similar.
The FLW program continued to demonstrate a supahiity to conserve volume,
gaining only 0.3% relative to the inflow hydrografoin the 6-minute time step. For
URAS, the greatest change was a 2.6% increasdumedor the 6-minute time step.

Figure 7-7 presents a plot of the outflow hydegdrs after 160,000 ft. of
routing for all three time steps. Results for nogtoy uRAS and FLW are both
shown. These plots reinforce the relative ingefitsi of modeling results to time
step, at least for the range evaluated.

Figure 7-8 presents two plots of the decline iakpeutflow discharges over
distance for three time-step scenarios for both 8BRAd FLW modeling. These plots
reinforce the conclusion that time steps chosemdigroduce significant variations

in modeling accuracy.
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Table 7-6. Sensitivity of Peak Flow Results to Time Step Size,
Based on Routing of Reach No. 3 by uRAS and FLW, Testing Round 7C

Peak Outflow
Discharge,Q, (cfs)
by Given Model
after Routing

Attenuation of Peak
Outflow Discharge | the At=2 min. Scenario

Diff. in Relative
Attenuation, for Each
Method, Compared to

sg;,it 160,000 ft. (%) (%)
(minutes) | UuRAS FLW URAS FLW URAS FLW
Inflow, Peak 24,000 cfs at 124 minutes
0.5 15,020 15,013 37.4% 37.4% -0.3% -0.5%
2 14,952 14,903 37.7% 37.99 - --
6 14,881 14,649 38.0% 39.09 0.3% 1.1%

Table 7-7. Sensitivity of Volume Changes
to Time Step Size, Based on Routing of Reach No. 3
by uRAS and FLW, Testing Round 7C

Outflow Volume, Relative to
Inflow, Excluding Baseflow
(%), for Given Method after

Computational .
Time Step, At Routing 160,000 ft.
(min) uRAS FLW

0.5 100.4% 100.1%

2 100.8% 100.0%

6 102.6% 100.3%

Inflow Volume,
Excluding 4827

Baseflow (acre-

feet)

328



16,000 | |
i / \ --------- At =2 min.
- 12,000 \ _ —
% B 1 - = =At=6 min.
S 10,000 AN
g 8,000 | f \\
U) )
S 6,000 | l AN
g | N
=2 [)
(&) 4,000
_ 7
2,000 i = e |
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
6 8 10 12 14 16 18
Simulation Time (hours)
(a) Routed by uRAS
16,000 |
14,000 fé\\ At=0.5 min.
’(-/,‘ 12’000 \ ......... At= 2 min.
“:U, 10.000 i f N = = = At=6 min.
T ; \
L 8,000 N
S i [ ™
5 6,000 / \\
R%) -
(@) 4,000 / N,
i R
2,000 i o ) |
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
6 8 10 12 14 16 18

Simulation Time (hours)
(b) Routed by FLW

Figure 7-7. Outflow Hydrographs for Reach No. 3, after Routing 160,000 feet,
Sensitivity to Time Step Size for uRAS and FLW
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Figure 7-8. Decline of Peak Discharge over Distance, Reach No. 3,
Comparing Sensitivity to Time Step Size for uRAS and FLW
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7.5 Sensitivity to Theta (Testing Round 7D)

Theta ) is the weighting factor used to approximate thetial derivative
term in the four-point implicit box scheme usedtdve uRAS and FLW. A theta of
0.5 would estimate the spatial derivative ovengetstep as the even weight of the
approximate value at the beginning and end. Aatbé&fl.0 would give all the weight
to the projected value of the spatial derivativeéhatend of the time step.

Theory would generally support the use 0.5 fotahut as discussed
previously, experiments have shown that stabitispes can arise when this is done.
The FLDWAYV User Documentation recommends a the@ %% or 0.6 (Fread and
Lewis 1998) and the UNET User’'s Manual recommentteta of 0.6 when possible,
or greater if model stability requires (Barkau 1p9dRAS does not allow the input
of theta less than 0.6.

In this testing round, a direct investigation iada of the influence of theta on
the accuracy or variability in modeling results.rederence modeling scenario was
identified used a time step of 2 minutes, a disastep of 625 feet, and a minimum
baseflow of 5% the peak flow. This reference sdensas then evaluated for theta
equal to 0.6, 0.8 and 1.0.

7.5.1 UuRAS Model Setup (Round 7D)

The uRAS project developed for Testing Round 78 ganded for to
include this testing round. No adjustments to getoyror unsteady flow files were
required. Two new plans were then saved, oné%6r8 and one fo$=1.0. The

value of theta is adjusted in HEC-RAS by openirggHEC-RAS | Run | Unsteady
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Flow Analysis | Options | Calculation Options and Tolerancesnenu. Both the
primary theta value and the value used during wapmere changed.
7.5.2 FLDWAYV Model Setup (Round 7D)

Two additional FLW input files were created foe thiternate values of theta.
The value for theta is given by variable F1 in dataup DG (1). No other changes to
the input file were needed.

7.5.3 Round 7D - Results

Results of Testing Round 7D for are given in TallleB and 7-9 and in
Figures 7-9 through 7-11.

Table 7-8 presents the peak outflow dischargegeative attenuation
results, for each three valuesdagelected, after 160,000 feet of routing using both
URAS and FLW. The table shows a tendency for e¢ladive attenuation to increase
(peak discharges decreasepascreases. For uRAS, the relative attenuatidi=@at6
was 37.9%, but increased 3.2% wi®er1.0. For FLW, the relative attenuation went
from 37.9% to 40.3% whehincreased from 0.6 to 1.0, a change of 2.4%.

Table 7-9 presents the volume balance for these sanditions. The FLW
scenarios experienced no change in volume for athed values examined. The
URAS modeling appeared to experience a slight velloss when theta was
increased. FA#=1.0, the volume loss was 2.2%. By contrast, wiwh6, the uRAS
model produced a gain of 0.8%. As seen in previousds of sensitivity testing, the

URAS model appears to be subject to minor errov®inme conservation.
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Figure 7-9 presents plots of the outflow hydro@xsapfter 160,000 ft. of
routing for all three choices 6f Figure 7-10 presents two plots of the decline in
peak outflow discharges over distance for three4atep scenarios for both uURAS
and FLW modeling. Both sets of figures demonstifad¢ increased values éfead
to a small increase in the degree of attenuatipemsnced during routing. The
impact appeared to be slight for the scenariokimdvaluation. Overall, the
hydrograph and peak discharge trends were sinafahé three weighting factors.

The final issue investigated in this testing rowas the effectiveness 6fin
stabilizing the oscillations produced by long dista steps. As discussed previously,
the primary reason for using larger value$ ¢ to produce greater computational
stability in a model. Whethdércan produce this stability when the source ofrago
an overly large distance step was of interest.

Figure 7-11 presents the results of a single meal@parison that was made
to investigate this issue. The modeling resulkstath drawn from uRAS foAx =
20,000 feet,At=2 minutes, and a baseflow of 20%. A comparisoth® hydrograph
is provided after 160,000 feet of routing for twalyesd, 0.6 and 1.0. In general, the
larger value ob dampens the oscillations slightly, but it doese&iohinate the
oscillation, nor does it appear to alter the cydguency. From this observation, it
appears unlikely that adjustment9twould be useful in addressing instabilities that

are caused by poor distance-step selection.
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Table 7-8. Sensitivity of Peak Flow Results to Weighting Facto#,
Based on Routing of Reach No. 3 by uRAS and FLW, Testing Round 7D

Peak Outflow
Discharge,Q, (cfs)
by Given Model

Attenuation of Peak

Diff. in Relative
Attenuation, for Each

Difﬁgg(relce after Routing Outflow Discharge | Method, Compar.ed to
Weighting 160,000 ft. (%) the 6=0.6 Scenario (%)
Factor, 0 uRAS FLW uRAS FLW uURAS FLW
Inflow, Peak 24,000 cfs at 124 minutes
0.6 14,952 14,903 37.7% 37.9% - -
0.8 14,543 14,605 39.4% 39.1% 1.7% 1.2%
1.0 14,176 14,328 40.9% 40.3% 3.2% 2.4%

Table 7-9. Sensitivity of Volume Changes
to Weighting Factor, 8, Based on Routing of Reach No. 3
by uRAS and FLW, Testing Round 7D

Finite Difference
Weighting Factor,

Outflow Volume, Relative to

Inflow, Excluding Baseflow

(%), for Given Method after
Routing 160,000 ft.

0 uRAS FLW

0.60 100.8% 100.0%
0.80 99.1% 100.0%
1.00 97.8% 100.0%

Inflow Volume,

Excludin

Baseflow (agcre- 4.827

feet)
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Figure 7-9. Outflow Hydrographs for Reach No. 3, after Routing 160,000 feet,
Sensitivity to Weighting Factor, 0 for uRAS and FLW
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7.6 Analysis and Recommendations

Testing Rounds 7A and 7B demonstrated a stromgyoakhip between the
size of the computational distance step and th®lisyeof the model. In particular,
short distance steps were needed to prevent theaeppe of oscillations in the
baseflow preceding the rising limb of the hydrodrag-or Reach No. 3, the initial
appearance of a “dip” begins for distance stepsdwt 2,500 and 5,000 feet.
The structure of the Muskingum-Cunge equation aerdipus investigations by
Perumal (1992) suggest a relationship betweenhaecteristic reach length,, and

the avoidance of initial instabilities. The ingtayp in Reach No. 3 appeared to begin

AX . - ..
when the— ratio was close to 1.7 and stability worsened agdkio increased,

whereL,, was evaluated for a discharge equal to the pdbiwni. The instabilities

occur, however, when the actual discharge ratesaoh lower, at whatever

minimum or baseflow value has been assumed. I%eatios had been evaluated

based on a baseflow equal to 5% of the peak digeh#re instability appears to
begin at ratios between 1.6 and 3.2.

In the event that a model is developed with distasteps that are too large,
two compensating approaches could be used: thenonim baseflow could be
increased to absorb the leading oscillations optlhgram could be designed to filter
out any results that fell below a threshold. Tihgt bption was evaluated in Testing
Round 7A using URAS, whereas the second optionasadle in FLW and was

examined in Round 7B. In both situations, theafdbdese mitigating techniques did
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allow for results to be obtained from otherwisetahke models. In each case,
however, there was a cost to be paid in termsafracy of the peak discharges or in
the conservation of the hydrograph volume. Froeséhconclusions, it appears that
successful models should first give primary attamto the selection of appropriately
small distance steps. These other techniques wbefdbe used only as a fail-safe,
or as a trial condition to isolate problem areasmduthe initial development of
models.

Based on the preliminary review conducted for Rdde. 3, and in
conjunction with other observations made during gtudy, it is recommended that
computational distance steps be kept smaller thacharacteristic reach length,

for a given reach. As a conservative assumptibopeputational distance steps in
Chapter 6 were kept smaller th%t.

By contrast, the models appear to be less seasdithe computational time
step used or to the value giverbtahe finite-difference weighting coefficient. The
sensitivity to computational time step was negligibvith only a 1 to 2% difference

in relative attenuations for the scenarios testsetl on time step variations ranging

from 30 seconds to 6 minutes. MBothe recommended values of 0.6 gave the highest

levels of peak discharge, whereas greater valués thg maximum 1.0 show a slight
decrease in peak discharges (i.e. an increastemuation).

Given these results, it is recommended that tiregessbe developed in line

t
with general modeling guidance GA% ratios greater than 20 and that the values of
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be set to 0.55 or 0.6 whenever possible. If inbtigls should arise under those
conditions, the first response should be to revteswdistance step intervals. While
some degree of minimum baseflow is needed to gagadst near-zero or negative
flow depths, the size of that baseflow need ndalge, provided the distance steps
are appropriate. The use of a 5% minimum basefio@hapter 6 appears to be

reasonable.
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Chapter 8

Summary, Conclusions and Recommendations

8.1 Summary and Conclusions

The first part of this research was a comprehengview of the theoretical
basis of the Muskingum-Cunge equation. A simglifighysically intuitive
derivation of the Muskingum-Cunge equation was gumesd, as synthesized from the
works of Perumal, Montes and others. This demvatilustrated the importance of
the little-known concept of “characteristic reaehgth.” The characteristic reach
length is the length of river that must be isolafezhe is to treat the stream reach as
the equivalent of a reservoir in storage routing.

Based on this derivation, a clear link was esshleld between the
Muskingum-Cunge method and the “Cascading Reseafvapproximation, also
known as “modified-Puls method for river routing’ Corps of Engineer’s literature.
The derivation illustrated a flaw in the Corps’ daince on the appropriate number of
subdivisions ) to use when employing the Cascading Reservoithade It also
provides a method for determining the correct valid based on characteristic
reach length.

The Muskingum-Cunge derivation was extended tdi@kp handle two-
stage meandering channels. The expanded deriatunts for the differences in
main-channel and overbank lengths. The derivatias based on the idea that the

main-channel and overbank floodplains form “patalleannels” with flow balanced
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between each based on the difference in conveyartéydraulic slope. A
conceptual framework was developed for alteringcipsections from meandering
flow data to equivalent, non-meandering sectioss)gieither a “modified-
overbanks” or “equivalent-lengths” approach. Thke\dtion showed that in either
case, the geometry and roughness values for oueslaana/or main-channels must be
adjusted.

The governing equations for the unsteady routieghod in HEC-RAS were
reviewed. This unsteady routing module is basetherearlier UNET model
developed by Barkau. A conceptual error was dieay in the handling of the
momentum term in meandering sections where overaadichannel lengths are
different. A correction was proposed that relipsruthe “parallel channels” concept
and results in a simpler governing equation than tised in the HEC-RAS unsteady
flow module. A similar error was also discoveradhe weighted length term used
for the steady-state HEC-RAS solution and an adfierequation was proposed.

In the second part of this research, detailedgmtoes were developed to
reduce complex, natural stream data down to trenéasreach-averaged values of
volume, surface area and discharge as needeatm-fbuting methods. The data
reduction methods included the development of sfredireaches based on 8-point
cross-sections that represent a geometric aveféfe original natural stream. The
methods developed in this study provide an 8-poio$s-section that is

representative of the dominant flood-routing parmse volume, surface area and
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discharge of a natural channel reach. This 8tpwoss-section takes channel
meanders into account.

The detailed procedure first involves the develept of plots of volume
versus discharge and surface area versus discluargeange of steady-state flow
profiles for the natural stream of interest. Thetsady-state flow profiles are
developed using HEC-RAS. The 8-point cross-sedfidhen defined to give an
initial “best match” to the plots for the naturédlemm reach. A final step involves
adjusting the 8-point cross-sections to fit thatiehships of kinematic wave speed
vs. discharge (cvs. Q) and characteristic reach length vs. digghér, vs. Q).

These procedures were applied to four small sseadohnson County,
Kansas. The tributary area of these streams raog@eeen 1 and 48 square miles.
Several typical patterns in the variation in kinéimavave speed (¥ and
characteristic reach lengthjlwere shown, including the clear presence of a
“bankfull” break in the data values for both paraeng.

The third and final part of this research examitredflood-routing
characteristics of these four reaches, using fepasate flood-routing methods. Two
fully dynamic solution methods were used: the usdyeHEC-RAS model developed
by the U.S. Army Corps of Engineers (USACE) andRhBWAV model developed
by the National Weather Service. Two simplifiedtinoels were also evaluated: the
variable-parameter Muskingum-Cunge method and @asctading-Reservoirs”
method (as corrected). Both of the simplified meéthwere used as formulated in the

HEC-1 hydrology program developed by the USACEst3 &vere conducted to
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mimic a realistic 100-year discharge event, basethe simplified 8-point cross-
sections for each stream.

The tests demonstrated that the two dynamic solyiee nearly equivalent
results. The average difference in relative atéion was within 0.1% for three of
the reaches and was within 0.3% for the fourthe FhDWAYV model appeared to
conserve hydrograph volume better than the unstel&f+RAS solution.

The two approximate methods (Muskingum-Cunge aast&ding
Reservoirs) also demonstrated a strong abilitgpoaduce the peak, translation and
general shape of downstream hydrographs for veny thstances. Some systematic
differences in the approximate methods were dematest The VMC method
appeared to show more distortion over distancewatsng continues. It also tended to
lose volume in certain situations, causing accutaaecrease.

A comparison was also made of direct routing teauding unsteady HEC-
RAS based on simplified sections and actual compieandering geometry. One of
the channels showed excellent agreement basea@mtiplifications proposed,
whereas three showed a minor but definite divergieigd in the results for increased
routing distances. This issue is identified asim@og further research.

This type of detailed evaluation of routing ofvile for small, two-stage
meandering rivers is rare in the literature. TBtigly demonstrates the methods and
analytic techniques that could be used to expldditianal river systems and better

organize and communicate the flood-routing charattes of natural streams.
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Finally, a sensitivity test was made of the inflae of different model
controls (distance steps, time steps, minimum baseénd finite difference
weighting factor (theta)) on modeling stability acturacy within unsteady HEC-
RAS and FLDWAYV. Recommendations for setting distasteps in fully dynamic
solutions is provided, based on maintaining stighiti calculations and avoiding an
initial ‘dip” of negative inflow. These recommeriatas specify that distance steps
should be kept smaller than the characteristichréamgth.

8.2 Recommendations for Further Research

Based on the findings of this investigation, ferthesearch is suggested into
the following topics:

e Representative values of kinematic wave speed baicteristic reach length
for actual natural channels should be developedsstst modelers in
calibrating unsteady models. It is expected thahgepresentative values
would be strongly related to the geology and geqinology of regions and
would show a correlation to drainage area.

e Further investigation into the distance-step aatésr Muskingum-Cunge and
fully dynamic solutions should be undertaken, tafyavhether the guidance
given for characteristic reach is of general apflility, and to determine the
appropriate ratios of distance step to charactensach length to use in
model design.

e The origin of the volume loss in the variable-pagten Muskingum-Cunge

method should be investigated in further detalhe Titerature has previously
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focused errors introduced by the 3-point or 4-pbmte difference averaging
scheme. This research suggests that the errols loeuelated instead to the

use of a variable value for characteristic reaalgtle during routing.
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