L

. produced by

EM 1110-2-1417
31 Aug 94

situation. The following is a list of the major factors that
should be considered in this selection process:

(1) Backwater effects. Backwater effects can be
fidal fluctuations, significant tributary
inflows, dams, bridges, culverts, and channei constric-
tions. A floodwave that is subjected te the influences of
backwater will be atienuated and delayed in time. Of the
hydrologic methods discussed previously, only the modi-
fied puls method is capable of incorporating the effects of
backwater into the solution. This is accomplished by
calculating a storage-discharge relationship that has the
effects of backwater included in the relationship. Storage-
discharge relationships can be determined from steady
flow-water surface profile calculations, observed water
surface profiles, normal depth calculations, and observed
inflow and outflow hydrographs. All of these technigues,
except the normal depth calculations, are capable of
including the effects of backwater into the storage-dis-
charge relationship. Of the hydraulic methods discussed
in this chapter, only the kinematic wave technique is not
capable of accounting for the influences of backwater on
the floodwave. This is due to the fact that the kinematic
wave equations are based on uniform flow assumptions
and a normal depth downsiream boundary condition.

(2} Floodplains. When the flood hydrograph reaches
a magnitude that is greater than the channels carrying
capacity, water flows out into the overbank areas.
Depending on the characteristics of the overbanks, the
flow can be slowed greatly, and often ponding of water
can occur. The effects of the floodplaing on the flood-
wave can be very significant. The factors that are imnpor-
tant in evaluating to what extent the floodplain will
impact the hydrograph are the width of the floodplain, the
slope of the floodplain in the lateral direction, and the
resistance to flow due to vegetatien in the floodplain. To
analyze the fransition from main channel to overbank
flows, the modeling technique must account for varying
conveyance between the main channel and the overbank
areas. For 1-D flow models, this is normaily accom-
plished by calculating the hydraulic properties of the main
channel and the overbank areas separtately, then combin-
ing them to formulate 2 composite set of hydraulic rela-
tionships. This can be accomplished in all of the routing
methods discussed previously except for the Muskingum
method. The Muskingum method is a linear routing
technique that uses coefficients to account for hydrograph
timing and diffusion. These coefficients are usually held
constant during the routing of a given floodwave. While
these coefficients can be calibrated to match the peak
flow and timing of a specific flood magnitude, they can
not be used to model a range of floods that may remain in
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bank or go out of bank. When modeling floods through
extremely flat and wide floodplains, the assumption of
1-D flow in itself may be inadequate. For this flow con-
dition, velocities in the lateral direction (across the flood-
plain) may be just as predominant as those in the
longitudinal direction (down the chanrel). When this
oceurs, a two-dimensional (2-D) flow model would give a
more accurate representation of the physical processes.
This subject is beyond the scope of this chapter. For
more information on this topic, the reader is referred to
EM 1110-2-1416.

(3) Channel slope and hydrograph characteristics.
The slope of the channel will not only affect the velocity
of the floodwave, but it can also affect the amount of
attenuation that will occur during the routing process.
Steep channel slopes accelerate the floodwave, while mild
channel slopes are prone to slower velocities and greater
amounts of hydrograph attenuation. Of ail the routing
methods presented in this chapter, only the complete
unsteady flow equations are capable of routing flood-
waves through channels that range from steep to
extremely flat slopes. As the channel slopes become
flatter, many of the methods begin to break down. For
the simplified hydraulic methods, the terms in the
momentum equation that were excluded become more
important in magnitude as the channel slope is decreased.
Because of this, the range of applicable channel slopes
decreases with the number of terms excluded from the
momentum equation. As a e of thumb, the kinematic
wave equations should only be applied to relatively steep
channels (10 ft/mile or greater). Since the diffusion wave
approximation includes the pressure differential term in
the momentum equation, it is applicable to a wider range
of slopes than the kinematic wave equations. The diffu-
sion wave technique can be used to route slow rising
floodwaves through extremely flat slopes.  However,
rapidly rising floodwaves should be [imited to mild to
steep channel slopes (approximately 1 ft/mile or greater).
This limitation is due to the fact that the acceleration
terms in the momentum equation increase in magnitude as
the time of rise of the inflowing hydrograph is decreased.
Since the diffusion wave method does not include these
accelerafion terms, routing rapidly rising hydrographs
through flat channel slopes can result in errors in the
amount of diffusion that will occur. While “rules of.
fhumb” for channe! slopes can be established, it should be
realized that it is the combination of channel slope and
the time of rise of the inflow hydrograph together that
will determine if a method is applicable or not.

(a) Ponce and Yevjevich (1978) established a numer-
ical criteria for the applicability of hydraulic routing




techniques. According to Ponce, the error due to the use
of the kinematic wave model (error in hydrograph peak

- accumulated after an clapsed time equal to the hydrograph
duration) is within 5 percent, provided the following
inequality is satisfied:

Bk 5 1m (9-45)
where
T = hydrograph duration, in seconds
S, = friction siope or bed slope
u, = reference mean velocity
d, = reference flow depth

When applying Equation 9-45 to check the validity of
using the kinematic wave model, the reference values
should correspond as closely as possible to the average
flow conditions of the hydrograph to be routed.

(b) The error due to the use of the diffusion wave
mode! is within 5 percent, provided the following inequal-
ity is satisfied:

I

75,12 =30
d

[

(9-46)

where g = acceleration of gravity. For instance, assume
S, = 0.001, u, = 3 {t/s, and 4, = 10 ft. The kinematic
wave model will apply for hydrographs of duration larger
than 6.59 days. Likewise, the diffusion wave model will
apply for hydrographs of duration larger than 0.19 days.

{c) Of the hydrologic methods, the Muskingum-
Cunge method is applicable to the widest range of chan-
ne! slopes and inflowing hydrographs. This is due to the
fact that the Muskingum-Cunge technique is an approxi-
mation of the diffusion wave equations, and therefore can
be applied to channel slopes of a similar range in magni-
tude. The other hydrologic techniques use an approximate
" relationship in place of the momentum equation. Experi-
ence has shown that these techniques should not be
applied to channels with slopes less than 2 ft/mi.
However, if there is gauged data available, some of the
parameters of the hydrologic methods can be calibrated to
produce the desired attenuation effects that occur in very
flat streams.
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(4) Tlow networks. In a dendrific stream system, if
the tributary flows ot the main channel flows do not cause
significant backwater at the confluence of the two
streams, any of the hydraulic or hydrologic routing meth-
ods can be applied. If significant backwater does occur at
the confluence of two streams, then the hydraulic methods
that can account for backwater (full unsteady flow and
diffusion wave) should be applied. For full networks,
where the flow divides and possibly changes direction
during the event, only the full unsteady flow equations
and the diffusion wave equations can be applied.

(5) Subcritical and supercritical flow. During a
flood event, a stream may experience transitions between
subcritical and supercritical flow regimes. If the super-
critical flow reaches are long, or if it is important to cal-
culate an accurale stage within the supercritical reach, the
transitions between subcritical and supercritical flow
should be treated as internal boundacy conditions and the
supercritical flow reach as a separate routing  section.
This is normally accomplished with hydraulic routing
methods that have specific routines to handle supercrifical
flow. In general, none of the hydrologic methods have
knowledge about the flow regime (supercritical or suberit-
ical), since hydrologic methods are only concerned with
flows and not stages. If the supercritical flow reaches are
short, they will not have a noticeable impact on the dis-
charge hydrograph. Therefore, when it is only important
to calculate the discharge hydrograph, and not stages,
hydrologic routing methods can be used for reaches with
small sections of supercritical flow.

(6) Observed data. In general, if observed data are
not available, the routing methods that are more physi-
cally based are preferred and will be easier to apply.
When gauged data are available, all of the methods should
be calibrated to match observed flows andfor stages as
best as possible. The hydraulic methods, as well as the
Muskingum-Cunge technique, are considered physically
based in the sense that they only have one parameter
(roughness coefficient) that must be estimated or cali-
brated. The other hydrologic methods may have more
than one parameter to be estimated or calibrated. Many
of thes¢ paramelers, such as the Muskingum X and the
number of subreaches (NSTPS), are not related directly to
physical aspects of the chaunel and inflowing hydrograph.
Because of this, these methods are generally not used in
ungauged situations. The final choice of a routing model
is also influenced by other factors, such as the required
accuracy, the type and availability of data, the type of
information desired (flow hydrographs, stages, velocities,
etc.), and the familiarity and experience of the user with a
given method, The modeler must take all of these factors
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into consideration when selecting an appropriate roufing
technique for a specific problem. Table 9-3 contains a
list of some of the faciors discussed previously, along
with some guidance as to which routing methods are

inclusive.

appropriate and which are not. This table should be used
as guidance in selecting an appropriate method for routing
discharge hydrographs.

By no means is this table all

Table 9-3

Selecting the Appropriate Channel Routing Technique

Factors to consider in the selection of a

Methods thal are appropriate for this
specific factor.

Methods that are not appropriate for this
factor.

routing technique.

1. No observed hydrograph data available
- for calibration.

* Full Dynamic Wave
* Diffusion Wave

* Kinemafic Wave

* Muskingum-Cunge

* Modified Puls
* Muskingum
* Working R&D

2. Significant backwater that will influence
discharge hydrograph.

* Full Dynamic Wave
* Diffusion Wave

* Modified Puls

* Working R&D

* Kinematic \Wave
* Muskingum
* Muskingum-Cunge

3. Flood wave will go out of bank into the * All hydraulic and hydrofagic methods that | * Muskingum
flood plains. calculate hydraulic properties of main
channel separate from overbanks.
4. Channel slope > 10 ft/mile * All methods presented * None
TS u
2% =171
and d"

5. Channel slopes from 10 to 2 fi/mile and

TS u
72 <171
d

]

* Full Dynamic Wave
* Diffusion Wave

* Muskingum-Cunge
* Modified Puls

* Muskingum

* Working R&D

* Kinematic Wave

6. Channel slope < 2 ft/mile and

* Full Dynamic Wave
* Diffusion Wave

* Kinematic Wave
* Modified Puls

472
g * Muskingum-Cunge * Muskingum
TS - = 30 * Working R&D
L
7. Channel slope < 2 it/mile and * Full Dynamic Wave * All others
i2 -
TS{ 2| <30
da
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. HAND OUT 21: Kinematic wave (Chapter 6 of our syllabus). Sources:
Altinakar, M., and Graf, W. (1998). “Fluvial Hydraulics.” John Wiley and Sons
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HAND OUT 22: Continuous seurce of a pollutant (Chapter 7 of our
syllabus). Sources: Altinakar, M., and Graf, W. (1998). “Fluvial Hydraulics.” John
Wiley and Sons, and Koutitas, C. G. (1983). “Elements of computational
hydraulics.” Pentech Press, UK.
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FLUVIAL HYDRAULICS

In the absence of velocity, V=0, eq. 8.35 becomes evidently eq. 8.32.

For one-dimensional convection-diffusion in the x-direction, in a channel with a
weak velocity, u = U, being uniformly distributed over the flow depth, the above
equation, eq. 8.35, can be written as :

(x-vg (8.36)

° _
(xt) = et

————exp|-
A /4'n: £,
where C is the average concentration in a section, S, of the channel.

The total mass of the substance, My, introduced instantaneously and uniformly over
the section, S, defines :

= —Mﬂ = f Cx,t)dx = f C(x,0) dx (8.27a)

All remarks made for pure diffusion (see sect. 8.2.1) remain valid; the velocity of
translation, u or U, is taken into account by coordinate transformation, x' = x --ut
or x'=x—Ut (see Fig. 8.3 and Fig. 8.6}.

The mass, My, displaces itself with the velocity of translation, U, and at the same
time it spreads out according to the normal curve (see Fig. 8.6). The maximum
concentration, C,,.,., is propagated with the velocity and it decreases with time.

Cix,9

1H4n smtI

NN

o™

Fig. 8.6 Evolution of the concentration, C(x,t), for a mass, My, injected
instantaneously at x = x,, into a medium in motion, U.
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= 8.3.2 Continuous Source

Considered will be the one-dimensional convection-diffusion in a medium moving
with a non-zero velocity, V(u,0,0) # 0.

At a certain station, x = 0, an average concentration is introduced in a continuous
and constant way, C, = Cte.

The average velocity, U, being weak (without distribution over the flow depth)
transports the average concentration, C, and diffusion takes place at the same time.

The solution to the one-dimensional convection-diffusion equation (see eq. 8.6b) is
(see Daily et Harleman, 1966, p. 434) given by :

x+ Ut x-Ut (8.37)

Co Ux
Clxt) = - exp 8—m— erfc ﬁ +¢rfc m

In the absence of velocity, U =0, eq. 8.37 becomes evidently eq. 8.33.

The evolution of the concentration, C(x,t), is shown at Fig. 8.7. Note that the
concentration of the value Co/2 displaces itself with the velocity of the flow, U.

Fig. 8.7 Evolution of the concentration, C(x,t), for a concentration, C,,
introduced continuously into a flow with an average velocity, U.
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HAND OUT 23: Numerical schemes to solve the advection and diffusion
equations (Chapter 7 of our syllabus).
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