Hydraulic Problems in Flooding: From
Data to Theory and from Theory
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Abstract The value of integrating mathematical modelling with experimental
work in both the laboratory and field is illustrated through the development of a
software tool that deals with key practical issues related to rivers in flood. The
Conveyance Estimation System software (www.river-conveyance.net) is aimed
primarily at estimating the stage-discharge relationship, the distribution of depth-
averaged velocity and boundary shear stress across channels of any prismatic
shape for both inbank and overbank flows. The practical problems in obtaining
data and the theoretical issues in identifying relevant flow parameters for stream
wise and planform vorticity, turbulence shear stresses and frictional resistance are
highlighted. The significance of these and their relevance to other hydraulics
problems are noted. The issues involved in moving from data to theory (or vice-
versa), then to practical application, are described in general terms, beginning with
how to develop a model as a research tool, testing it against different data sets,
through to using the model in practice with embedded tools. The tools deal with
uncertainties in estimates and give guidance on roughness coefficients in natural
channels.
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1 Introduction

Experimental and computational approaches are frequently used in hydraulics to
solve certain types of practical problem that are not amenable to a single approach.
When used together, they offer an instructive way of dealing with flow-related
issues in a fundamental manner on account of using actual data, theoretical tools,
as well as numerical models that may be used for further analysis and comparative
studies with other data. Although many engineers and scientists utilize and maybe
rely on numerical models to solve many of their problems, there is an increasing
need to go back to experimental data, not least because most 3-D mathematical
simulations rely heavily on empirical information for key coefficients and, in some
cases, cannot be validated properly due to lack of knowledge concerning complex
turbulence phenomena that occur in those cases requiring investigation.

Whatever the general approach that may be adopted to solve a particular
problem, the process itself needs to be appreciated and understood. Although the
focus of this article concerns flooding, the various steps in blending experimental
data, theoretical knowledge and modelling know-how to achieve a particular goal
are described herein in general terms in order to show that whatever the problem
is, the principles and process of moving from data to theory, and then from theory
into practice, are relevant to whatever problem is being tackled.

Many authors have written about modelling flow in rivers, e.g. Anderson et al.
(1996), Ashworth et al. (1996), Chang (1988), Ikeda and McEwan (2009), Knight
(1996, 2008), Knight et al. (2009, 2010a) and Nakato and Ettema (1996). A strong
theme to emerge is that a hybrid model, involving both physical and mathematical
models, is not a thing of the past but still relevant as demands for precision and
authenticity in numerical models increase. High quality graphical output from a
CFD model may look convincing to some but is no substitute for actual data, with
all its attendant shortcomings, cost implications and effort.

2 What are Some of the Problems in Modelling Flows
in Rivers?

Defining the issues involved in solving a problem is often a necessary step in arriving
at a solution. In the case of flooding, there are a number of particular issues that set it
apart from other hydraulic problems and these need to be recognised and appreciated
during any model calibration. Four of these are now described briefly.

2.1 High Discharges

Flood hydrology deals with extreme events that occur infrequently and involve
high discharges. These combine to make it difficult to monitor floods effectively,
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since they need to be anticipated and suitable preparations of equipment and
personnel made beforehand. Moreover, it is not just the water levels, or water
surface slopes, that need to be measured in these extreme events, but also velocity
distributions and turbulence structure as well. Measuring these are difficult enough
under normal circumstances, and considerably more so under extreme conditions.
Consequently, acquiring high quality data on the flow field, flow resistance and
turbulence, in sufficient temporal and spatial detail, for subsequent use in a model,
is not without difficulty. As a result, the seemingly simple hydraulic task of
extending a rating relationship for flows outside the observed range at a specific
gauging station, is not straightforward, as well documented by Ramsbottom and
Whitlow (2003). Some practical and theoretical issues on stage-discharge rela-
tionships are dealt with in ISO 1100-2 (2010) and Knight (2006a), respectively.

2.2 Channel Geometry and Roughness

Assuming a stable river cross-section and ignoring sediment issues, floods
introduce one particular complicating feature related to the geometry of the cross-
section which must be recognised before any model calibration takes place with
respect to roughness. Moderate flood discharges, typically with a return period of
2-3 years, will generally cause a river to flow overbank, with the water inundating
any adjoining floodplains. Although the precise determination of bankfull flow is
not easy, as illustrated by Navratil et al. (2004), it is commonly used as a
parameter in geomorphological studies. At higher discharges, the river and its
floodplains will both convey flow as part of the natural alluvial process. The
continuum from inbank, through bankfull, to overbank flow conditions needs to be
appreciated in order to understand the effect on key phenomena such as resistance,
dispersion and wave speed. The discontinuity in cross-sectional shape at the
bankfull stage, where the sudden increase in wetted perimeter, without a corre-
sponding equivalent increase in area, causes the hydraulic radius to decrease
rapidly as the flow goes just overbank. Since R (=A/P) is used widely in most open
channel problems involving inbank flows, the uncritical use of R when dealing
with overbank flow become problematic. Figures 1 and 2 illustrate the effect of
this on resistance coefficients for a reach of the River Severn at Montford bridge,
where the value of R decreases rapidly from around 4 to 2 m at the bankfull stage.
The overall roughness does not in reality decrease, only R does, leading to an
apparent decrease in the overall Manning n, as shown in Fig. 1. Likewise, Fig. 2
shows a dramatic decrease in the value of f by a factor of 2, as well as an
interesting looped pattern, all due to this effect. The departure from the customary
Moody type diagram of f v Re for various ky/4R, makes any attempt at trying to
determine a Nikuradse k; value from these data pointless, unless it is done with due
care.

A further feature is also revealed in Figs. 1 and 2, and shown more explicitly in
Figs. 3 and 4. A distinction should be made between overall friction factors (using
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Fig. 1 Variation of overall and zonal Manning’s n values with depth for overbank flow in the
River Severn at Montford bridge (after Knight et al. 1989, 2010a)
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Fig. 2 Variation of overall Darcy-Weisbach resistance coefficient, f, with Reynolds number for
River Severn at Montford bridge for discharges from 20.3 to 330 m®s™", showing transition from
in bank to overbank flows (bank full, @, = 170 m3s™1) (after Knight 2006a)

cross-section parameter values), zonal friction factors (using sub-area values) and
local friction factors (using depth-averaged velocity based values). The lateral
variation in local friction factor (f = S'Eb/(pUﬁ) shown in Fig. 3, is based on
measured velocities and boundary shear stresses taken from a laboratory study of
overbank flow. When several series are plotted in the same f v Re manner as in
Figs. 2, 4 reveals a herring-bone pattern of curves for both overall and local values
for each floodplain width (B/b value). The reduction in f values observed in the
field data of Fig. 2 can then be understood in terms of the reduction in R and the
inadvisability of using a simple resistance law. Figure 5 shows the ratio between
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Fig. 4 Overall and local friction factors for FCF data (Series 01-04)

the flood plain and main channel friction factors, deduced from plots similar to
Fig. 3 for the same overbank experimental series (01-03) shown in Fig. 4. These
all follow a similar trend, with fip/f. increasing as the relative depth, Dr,
decreases.

The role of roughness and use of resistance coefficients when calibrating river
models is another issue worthy of reflection and mature knowledge, as indicated
by Morvan et al. (2008) and McGahey et al. (2009). Specialist knowledge is also
required when dealing with the additional resistance that may arise from either
sediment bed forms (flow related) or drag forces on different types of vegetation.

2.3 Unsteadiness in Flow

The nature of floods means that data must be collected under unsteady flow
conditions, making measurements at sufficiently comprehensive temporal and
spatial details difficult. Figure 6, taken from Knight (1981), shows the measured
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Fig. 5 Variation of local friction factors between the main channel and a floodplain with relative
depth, Dr

values of the various terms in the 1-D St Venant equations, used in a model
calibration study based on a tidal estuary, as described by Wallis and Knight (1984).
This serves to illustrate the precision required in slope data required to subsequently
determine resistance coefficients accurately. Validation issues in 1-D flood routing
models, using either the St Venant or Variable Parameter Muskingum-Cunge
(VPMC) equations, are dealt with by Knight (2006b) and Tang et al. (2001).

Figure 7, taken from Sellin and van Beesten (2004), shows a typical looped
resistance relationship for vegetation on a floodplain, where the resistance is seen
to be less during the flood recession (falling limb), due to the vegetation being
flattened by the flood in its first progress overbank when water initially inundates
the floodplain (rising limb). See Sellin and van Beesten (2004) and Knight (1981)
for further details of the data acquisition and resistance analysis, together with
Gunawan et al. (2010), for information concerning the River Blackwater studies
that have continued investigating hydraulic resistance, turbulence, particle image
velocimetry (PIV) and the modelling of floodplain vegetation.

2.4 Data for Model Calibration

The previous three sections serve to illustrate the care that needs to be taken in
calibrating any model, even with respect to a single parameter, such as resistance.
This is further explored in Sects. 3 and 4 where data acquisition is related to the
philosophy and technical objectives of the model. As is often the case, a model
calibration may change as further data become available, or understanding of the
original data and maybe other related data improves. An example of this may be
seen in Fig. 5, where the original equation proposed in 1991 by Shiono and Knight
(1991), relating the ratio of local friction factors, laterally averaged along the
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wetted perimeters of the main channel and floodplain, with the relative depth,
Dr (=floodplain depth/main channel depth), was later examined in 1996 by Knight
and Abril (1996). This was subsequently refined in 2004 by extensive testing
against all the FCF data, as shown by Abril and Knight (2004). Atabay and Knight
(2006) have continued this review still further, summarising analysis of many
other data sets for overbank flow. More recently, Sun and Shiono (2009) and
Knight et al. (2010b) have extended the modelling to include the effects of
vegetation.
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3 General Approach to Solving Problems
3.1 Defining the Problem

Defining what the fundamental issues are in relation to a particular problem is well
worth attempting. Even if the mathematical equations cannot either be formulated
or solved, it is always valuable to see where the actual points are that assumptions
have to made about a physical process, or use made of a borrowed piece of theory,
to close the equations for solution. It also helps to avoid going down well worn
tracks, however commonly used by others, and to see afresh where the key dif-
ficulties arise. Of course, it is sensible to review the literature critically, as the
same problem may already have been solved and a wealth of data exist, but
without a grasp of the basic physics and underlying mathematics, such a review
will be less valuable than it might have been without this preliminary step.

3.2 Acquiring Data

One usually discovers that for a particular problem requiring solution, there is not
enough data, or in some cases none at all. The enterprise of acquiring sufficient
data with which to solve the problem is then another process needing careful
consideration. Measurements in the natural environment at full scale are clearly
desirable, but expensive and rarely comprehensive enough, whereas laboratory
based experiments lack all the complexity occurring in natural rivers, though are
more controllable and can provide high quality data. It is always good practice to
actually assess oneself the quality of any primary data, using ones own experience,
data mining techniques and other devices for sorting out good data from poor.

It is too commonly accepted in hydrometry that data acquisition is about
measuring what is easy, rather than what is really required for use in modern
computational models. For example, velocity and water levels are relatively easy
to monitor via ultrasonics and ADCP. However, turbulence, secondary flows and
boundary shear stress are much more difficult, as they require measuring accu-
rately temporal variations in water surface slope, Reynolds stresses and flow
structure. Measuring the migration rate of bed forms or dispersion parameters,
where gradient terms have to be obtained very precisely, bring similar difficulties.

The design of new apparatus, or modifications to existing facilities, requires
consideration as to its purpose, likely errors and the limits of all measuring
equipment. To illustrate this, consider how uniform flow was established for
overbank flow at the specified relative depths in Figs. 4 and 5. A preliminary series
of experiments was undertaken in which for a given channel geometry and dis-
charge, the tailgate was adjusted to give 4 longitudinal water surfaces profiles (two
M1 and two M2 profiles close to the estimated uniform depth). The mean water
surface slope and depth were then plotted against tailgate level and the tailgate
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setting which gave a mean water surface slope equal to the bed slope interpolated
from the graph. The normal depth was also interpolated. This procedure was
repeated for around 20 discharges to obtain a smooth stage-discharge curve. The
particular depths corresponding to the required relative depths, Dr, then gave the
discharges for each main experiment in which detailed velocity, shear stress and
turbulence measurements were to be made. Finally, during each main experiment,
the water surface slope was again measured to ensure that uniform flow had in fact
been achieved. Only occasionally were very minor adjustments made to the tail-
gate to ensure precise uniformity. All flumes and wind tunnels were also designed
to be long enough to ensure fully developed flow, with full secondary flow
development necessary for all boundary shear stress and turbulence measurements.
Post processing checks were run daily to ensure compliance with <I1-2 % error in
water surface slopes, <2 ~ 3 % in integrated local velocities to match with the
input discharge (Q) and <3 ~ 5 % in boundary shear to match with the total shear
stress (pgRS,). Experiments were repeated if these errors were ever exceeded. See
Knight and Demetriou (1983) and Knight and Shiono (1990) for further details.

Large scale experiments usually involve collaborative work at national or
international level to defray costs and to maximise technical expertise. Mono-
graphs, technical reports and books are then a useful source of information, as
illustrated by Ikeda and Parker (1989), Ikeda and McEwan (2009) and RIBAMOD
(1999). Websites also make the acquisition of data easier task than it once was, as
shown by the list of those on flooding cited in Knight and Samuels (2007). See also
www.flowdata@bham.ac.uk for the FCF data. General topics on flooding are
discussed by Bronstert (2006), Knight and Shamseldin (2006) and Knight et al.
(20006).

3.3 Recognising Physical and Theoretical Concepts

The first step in the solution of a problem is to identify the physical and theoretical
concepts involved, which are also pre-requisites before acquiring any data. For
novel research work, it may not be known a priori what types of flow mechanisms
are actually involved and what should be effectively measured. Experiments are
usually undertaken with some pre-conceived objective in mind, focusing on some
general concept, or investigating in detail some parameter of particular interest.
Thus the ‘definition of the problem’ and ‘acquiring data’ are linked to the
recognition of ‘concepts’ in a fundamental way as illustrated in Fig. 8.

It is also possible with certain types of simple practical problem, especially
those undertake routinely, to proceed to solve it directly by using a pre-prepared
model. For many research problems however, the construction of a model is often
one of the objectives and therefore a final step in the process, not the first. It is then
debatable where one starts—is it with data, concept or equations? In reality each is
important, as illustrated elsewhere by Knight (2008), and discussed further in
Sect. 4, and 5, describing the construction, testing and use of models generally.
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Another way of looking at solving problems is to regard it as an art in applying
the many topics within theoretical fluid mechanics to the particular problem under
consideration. This is illustrated for river engineering in Fig. 9, by way of an
example. Knowledge and understanding have to be gained from both ‘river banks’,
one marked ‘theoretical fluid mechanics’ and the other ‘practical problems’.
Concepts, data, equations and ideas may arise in one area that may be equally
applicable to other areas and assist in the development of a model to solve the
particular problem in mind. Figure 9 is explained further in Chap. 6 of Knight
et al. (2010a).

4 Constructing a Model

In order to illustrate the steps involved in the construction of a model, beginning
with concepts, to development of the model, through to finally applying the model
to solve practical problems, the example of a simple lateral distribution model is
used. The process took many years, involved wide collaborative experimental
work, extensive data analysis and a leading professional software company.
Appendix 1 gives the background to this particular model, referred to as the
Shiono & Knight model (SKM). For further details, see Shiono and Knight (1988,
1991), Abril and Knight (2004) and Knight et al. (2010a). The three key
parameters are now considered and the rationale behind their adoption explained.
The philosophy behind resistance coefficients was based on distinguishing
between the use of the section-mean velocity, Uy, the zonal velocity U, the depth-
mean velocity, Uy, and any local near-bed velocity, u, used in a ‘law of the wall’
turbulence model in various friction factors. This leads to the important distinction
between ‘global’, ‘zonal’ and ‘local’ friction factors used in 1-D, 2-D & 3-D river
models, as introduced in Sect. 2.2 and shown in Fig. 1. In equation form:

T, = (%) p UG = (%)pr; T = (%’)pUZ ;o= (Jg)puz (1)

(global) (zonal /sub—area) (local /depth—averaged) (turbulence)


http://dx.doi.org/10.1007/978-3-642-30209-1_6
http://dx.doi.org/10.1007/978-3-642-30209-1_6
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Fig. 9 The art and science of river engineering (after Knight) [reproduced from Nakato and
Ettema (1996), p. 448]

In the SKM approach the third option is used, with the shear stress on the bed
assumed to be in the same stream wise direction as Uy. This is valid for moderately
straight channels where secondary flows cause differences of less than 4°. The
relationship between local resistance coefficients in different parts of a compound
channel turned out to be surprisingly easy to define for overbank flow with
floodplains, since the bed shear stress, ty,, and depth-mean velocity, Uy, given by

| H
Ud:ﬁ/UdZ§ (2)
0

are then linked by Eq. (15a) in Appendix 1. As already illustrated in Figs. 3-5, the
experimental data from the Flood Channel facility (FCF) showed that the flow
adjusts itself so that f is sensibly constant along certain sections of the wetted
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perimeter for flat floodplains and walls parallel to the main channel. Analysis of
the FCF data, as shown in Fig. 5, suggested an equation of the form

S 0669 +0.331Dr 7071 (3)

Jme

where Dr is defined as the relative depth, the ratio between floodplain depth and
main channel depth, defined as (H-h)/H using the notation in Fig. 10, or by H;/H
in Appendix 2, where H is the main channel depth, H(y) or £(y) the local depth on
any element with a side slope, and (H-h) or H; the depth on the floodplain.
Figures 11, and 12 show one typical set of Uy and 7, distributions, with model
predictions.

The eddy viscosity was found to follow a similar trend, with higher values on
the floodplain. A similar type of equation was formulated through using data, as

A

mc

= —0.20 + 1.20Dr~ "4 (4)

where / is the dimensionless eddy viscosity, defined by Eq. (14b) and
U. = (tp/ p)l/ = shear velocity. The intent behind Egs. (3) and (4) was to
make it only necessary to estimate the values of the two coefficients f;,. and
Ame 1n the main channel, making calibration easier for the model user.

The relationship for the coefficient, I', defined by Eq. (17), was obtained by
measuring all the terms in Eq. (12). The lateral variation of the depth-averaged
Reynolds stresses, T,,, is shown in Fig. 13 for series 02 and the lateral variation of
apparent shear stress, (pW) o> 1n Fig. 14. The latter indicates that within certain
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zones, the gradient of the secondary flow term was constant, allowing constant
values of I' to be assigned to the 4 regions shown in Figs. 10 and 14.

The model was thus consistent with some of the dominant mechanisms, known
to be important in overbank flow by using experimental data from the FCF, a large
scale facility. The theoretical concepts were later developed further, by linking
boundary shear stress and secondary flow, giving finally two simple equations:

- 1—‘mc * rfp
r, = g 0.15pgS, and Iy = ) = —0.25pgS, (5)
where I'*= I'/local depth in the region, as used by Abril and Knight (2004). These
equations were subsequently re-examined in the light of more data and the need to
consider stream wise and planform vorticity separately, see Omran et al. (2008a).
Flows in non-prismatic channels with either skew or diverging/converging
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floodplains were also examined. Some details of these studies may be found in
Chlebek and Knight (2008), Chlebek et al. (2010) and Rezaei and Knight (2009,
2011).

5 Testing a Theoretical Model

5.1 Overall Integrity

The refinement of any model often takes place during an extended period of
testing, using data from sources other than those used in its original development,
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in order to test its generality. There is also usually some focus on other key
parameters within the model, not examined in the original model development
stage, but which subsequently are considered to be significant.

In testing this model, many of the FCF experiments were simulated with other
options on the choice of the 3 coefficients for each panel, not necessarily basing
them on Egs. (3)—(5). In order to assess the results systematically, 6 physical
outputs were selected in each numerical experiment. Initially, for given inputs of
depth, number of panels and the 3 coefficients, given by Egs. (3)—(5) for each
panel, the 6 resulting outputs were examined. The 6 criteria were: the total dis-
charge, Q, the total shear force, SF, the lateral distribution of velocity Uy v y, the
lateral distribution of 1, around the wetted perimeter, the %Q in each panel and the
%SF on each panel wetted perimeter. Graphs on the behaviour of the apparent
shear forces (ASF) on vertical, inclined and horizontal interfaces, expressed as
percentages of the total shear force as %SFy, %SF; and %SFy, respectively, were
also obtained. One set of results for this entire process is shown in Figs. 15, 16, 17,
18, 19, 20, 21, 22.

In addition, the differences between the experimental and simulated results
were tabulated, as shown for one experiment (020601) in Table 1. These helped to
identify where the panel coefficients might need some very minor adjustment from
those determined by Egs. (3)—(5). In most cases it was minimal, which is not
surprising, since Egs. (3)—(5) were based on the average best fit through the same
data. Figures 23, 24, 25, 26, 27, 28, 29, 30, 31 illustrate another set of results,
using data from a different source, that of the experiments conducted by Knight
and Demetriou (1983).

The main parameters, shown in bold in Table 1, account for the bulk of the
discharge or shear force. It should be noted that the large ‘errors’ shown above for
the sloping sidewall elements, especially panel 4, are due to using only 4 panels to
schematize the whole cross-section, as well as the poor simulation at the flood
plain edge, as shown in Figs. 11 and 12. This case has been deliberately chosen to
illustrate this point. The ‘error’ can be reduced by simply using more panels.
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The simulations using the check validation data, shown in Figs. 23-31, exhibit
similar trends to those shown in Figs. 15-22. The local friction factors shown in
Fig. 28 are sensibly constant for the mc and fp, the total discharge and division of
flow between zones are well simulated by the model, as are %SF values on various
boundary elements and distributions of Uy and 1y, shown in Figs. 30 and 31. Zonal
discharges and %SF; are specifically modelled in Knight and Tang (2008).
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The shear forces on the internal division lines that are designated in Fig. 23 and
shown in Figs. 20-22 and 29, are reasonably well simulated in trend, if not in
precise detail. It should be recognised that these are particularly sensitive to the
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Fig. 22 %ASFy v Dr
Table 1 Errors in simulation for FCF experiment 020601

Parameter Error (%)

Q total —0.11

SF total 1.80
Panel 1 Q, 0.43
Panel 2 Q> —7.40
Panel 3 Q3 —0.02
Panel 4 Q4 51.98
Panels 1 & 2 (mc) Qume —-0.35
Panels 3 & 4 (fp) Qip 0.39
Panel 1 SF, 0.89
Panel 2 SF, —-3.69
Panel 3 SF; 1.63
Panel 4 SF, 194.78
Panels 1 & 2 (mc) SFinc 0.09
Panels 3 & 4 (fp) SFy, 3.40

|
SF aSF L 7 /l
] vl /éQ\ b
L H
SF2 ASFH [
SF, | h
i B I
1
SFE

Fig. 23 Notation for apparent shear forces, ASF, on vertical, inclined and horizontal interfaces

in a rectangular compound channel
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9%SF; values, and are in reality not linear, as sketched in Fig. 23. Recent work by
de Cacqueray et al. (2009) and Ansari et al. (2011), using data from Knight et al.
(1994) and 3-D CFD models, reveals the complex nature of these division lines,
which are approximately linear in only certain regions and cases.
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Fig. 27 %SF v Dr

Fig. 28 fip/finc v Yy

Fig. 29 %ASFy v Dr
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The simulations shown through Figs. 11-31 have highlighted the use of data to
provide equations for each of the three parameters, f, 4 and I" to be adopted in each
panel for flows in trapezoidal and rectangular compound channels. The number of
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panels has been deliberately kept to a minimum of 4 here, in order to demonstrate
that not many are needed to get a quite reasonable representation of overbank flow
in a trapezoidal compound channel. In principle, more could have been chosen and
a better simulation would have resulted. However, Table 1 has shown that the
errors are mostly small enough to allow for a 4 panel representation of the cross-
section. Furthermore, the main results, such as the predicted stage-discharge curve,
the division of flow between the main river channel and the floodplains, the lateral
distributions of velocity and boundary shear stress, are all adequate enough for
most practical purposes. Under normal circumstance, 4-6 panels are more than
adequate to simulate well most inbank flows in trapezoidal channels, even where
secondary flows effects may be strong, as shown by Knight et al. (2007). Overbank
flows will require more panels for good simulations.

5.3 Boundary Conditions

As well as the appropriate choice of coefficients for resistance, turbulence and
secondary flow within each panel, and the selection of the number of panels to
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Table 2 Possible boundary conditions for internal walls in rectangular compound channels

Form Uy or g continuity Uy gradient or unit force continuity Notes
[A] Uy = Uy au\ () o2\ @ 1
(#3) - ) e o
T =pfuUg(y =b)/8
[B] Uy = U (HM>(1) _ <¢MM>(2) 1= HF
Y/ y=b ) y=b with an adjustment factor ¢
[C] [HU,] a _ = [HU] (@) (M)“ _ (% )(2>
y y:bi oy y=b
D] UV =0 (h2)” = (wee)” j= BT
e ¥ b_ a & y=b
[E]  [Ua " =[Ud ® <L><1 _ <M><2>
d - y
>/ y=b

schematize the river cross section, care needs to be taken over the boundary
conditions between panels and at the channel edges. It may seem obvious that the
following might apply at y = O (the centreline), if the flow is symmetric, and at
y = B (the remote edge of the floodplain), but in a depth-averaged model,

aU(l)
6; = 0 (centerline); Uff) |,—s = 0 (floodplain edge) (6)

y=0

the velocity and shear force conditions at any vertical wall of a floodplain edge
(y = B) are in conflict. There are also difficulties in specifying boundary condi-
tions at vertical internal walls, an issue explored in detail by Omran et al. (2008b)
and Tang and Knight (2008). To illustrate this point, Table 2 lists 5 boundary
conditions that might be used for an internal vertical interface between the main
channel and the floodplains in a rectangular compound channel. These were
investigated by Tang against a wide selection of data in preparing the Tang and
Knight (2008) paper. The results of applying them are presented for a hypothetical
case in Fig. 32, where bc [A] and bc [B] are shown to give identical results,
provided ¢ is chosen appropriately.

From this analysis it was clear that boundary condition [A] with the following
relationship for the continuity of unit force was technically the most suitable:

(nyx)() +hty = (Hryx)(’+bl> (7)

aU§>“> ( aU§><2>

—2d) = (p=24)  —h1, 8
(co o). 2y - (8)

@ = %p)sz\/f/S and Ty = wa UZ (y = b)/S (9)
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Velocity distribution (matrix) for H = 2.5
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Fig. 32 Effect of different boundary conditions on Uy for a symmetric rectangular compound
channel for H = 2.5 m (S, = 0.001,b =4 m,B=10m, A =2 m;f; = f, = 0.01 &f, = 0.02;
A =001&2,=02T,=10&I', =-0.75)

Because be [A] suffers from the drawback that the wall shear stress needs to be
known, the approximation is made that the friction factor in the main channel and
the depth-averaged velocity at the interface can be used to estimate the wall shear
force. In the subsequent model simulations, this was achieved by assuming the
main channel friction factor could be used in (9) to determine the wall shear force.

Thus, bc [A] was subsequently used in a 2 panel simulation of flow in the same
hypothetical case as before and checked for several depths using a 3 panel trap-
ezoidal simulation with a very steep internal wall (s = 0.001), as shown in Fig. 33.

The results for one of these simulations are shown in Fig. 34 and the matrix
equations are given in Appendix 2. The schematisation in Fig. 33 should be
compared with those already presented in Figs. 10 and 23. Figure 34 shows that
the simulations in a 2 panel rectangular channel using bc [A] agree well with those
with a steep internal wall

The balance between satisfying both Uy = 0 and the shear wall shear force
criterion at y = B, was investigated for simple channels by Chlebek and Knight
(2006). For inbank flows this is more straightforward problem to solve since the
bed shear force may be determined by integration of the bed shear stress
distribution and then subtracted from the total shear force (=pgAS,) to obtain the
wall shear force directly. For compound channels this is not possible, and alter-
native methods have to be found, as illustrated for an internal vertical wall.

Finally, there is the issue of establishing an automatic testing procedure for
optimum parameter values and hence the solutions. This was undertaken, several
years later, using multi-objective evolutionary algorithms, as shown by Sharifi
et al. (2008, 2009). The results of these optimisation techniques were then compare
the corresponding results undertaken using visual inspection of the various output
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Fig. 34 Comparison between Uy distributions for a trapezoidal compound channel with a nearly
vertical internal wall with that for a rectangular compound channel with bc [A] for H = 2.5 m
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graphs, such as Figs. 11, 12 and 15-33, and tabular formats for errors, such as
indicated by Table 1. Despite some advantages in numerical assessments, the
focus on a single determinant for a multi-objective function may cause one to
overlook some important physical feature in either model or data.
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6 Using a Model in Practice

The last stage in many research processes is to bring the fruits of the work to both
academic colleagues and practising engineers and scientists. The former is often
achieved via journal papers and conferences, whereas the latter may be via user-
friendly software that encapsulates the essence of the research and applies it
effectively to real problems faced by those in practice.

The many studies undertaken in the Flood Channel Facility (FCF) at HR
Wallingford between 1985 and 1995, led to the scientific basis of the Conveyance
Estimation System and Afflux Estimation System (CES-AES) described fully on
the website www.river-conveyance.net and in a companion book by Knight et al.
(2010a) which covers the key scientific issues and applies the CES to many
practical river problems. The experimental programme included many large scale
experimental studies of inbank and overbank flows in straight, skewed and sinuous
channels, with a variety of geometries and roughness conditions. Some studies
were also undertaken with a mobile bed, with the sediment being re-circulated in
both the straight and meandering channel cases.

Figure 35 shows a comparison between measured and predicted flows, based on
the CES software and data from a wide range of rivers. Further details are
available in McGahey et al. (2008) and Knight et al. (2010a). The CES contains a
roughness advisor, a conveyance generator, an uncertainty estimator, a backwater
module and an afflux estimator for flow through brides and culverts. The con-
veyance calculation is based on a depth-integration of the Reynolds-Averaged
Navier—Stokes (RANS) equations and is heavily built on the concepts in the
Shiono & Knight Method (SKM) described earlier. A finite-element approxima-
tion is made to the CES equations, expressed in terms of the discharge per unit
width, g, rather than Uy (=q/H), but one is readily converted via Eq. (10) to the
other to give the lateral variation in Uy as illustrated previously in several
examples.

H
q:/ udz = HUy (10)
0

Figure 36 illustrates the use of the CES to back-calculate the overall roughness
of a river from its constituent panel values, using two mountain rivers in which
boulders with a dg, of around 2.0 m form the main roughness. The CES software
can handle up to 200 panels per river cross-section, making it sufficiently flexible
to deal with natural geometries in sufficient detail for most practical purposes.

Channels with a low sinuosity can also be simulated with the CES, but over-
bank flow in fully developed meandering channels produces more complex flow
structures. Experimental studies that highlight these structures for overbank flow in
meandering channels have been undertaken by Ikeda and Parker (1989), Sellin
et al. (1993), Rameshwaran and Willetts (1999), Shiono and Muto (1998) and
Ikeda et al. (2002) and Fukuoka et al. (2009).


http://www.river-conveyance.net

44 D. Knight

600 4 5 Colorado Y
= Cuenca A A
O Dane A ag
500 1 = Heathcote N %‘ A
A, &
- 4 La Suela L RACET 0 9800k
- A Main e 2
= 1 Ao R°=0.9889
£ 400+ & Severn A A A
2 A Trent, Muskham
S
= ® Ngunguru o
T 300 { © Blackwater © o e
_§ O Tomebamba SR
§ o Torridge 2,
2 200 { - Trent, Yoxall
wn) A
= ]
&) - A
100 - I
e
0 T T T T T !
0 100 200 300 400 500 600

Measured flow (m3s'1)

Fig. 35 Predicted flows (using CES) compared with measured flows
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Fig. 36 Back-calculated Manning n values for the rivers Waiwakailo and Tomebamba
(mountain rivers in New Zealand and Ecuador)

7 Concluding Remarks

The various steps in solving a hydraulics problem, in this case that of overbank
flow, have been traced from concepts and data through to a finished model product.
The whole process has taken a number of years from start to finish, and is now
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entering a stage of reflection, before any upgrades are made to the software, arising
out of continuing research and further gains in understanding of the relevant
phenomena. It has been an instructive exercise in how to obtain ‘experimental and
computational solutions of hydraulic problems’, which is the title of this book.

An attempt has been made to write briefly about the general approach to solving
problems in Sect. 3, with Figs. 8 and 9 describing the art of river engineering.

As someone wrote in a recent Editorial of the Water Management Journal,
we might aim to “Measure more, and model less; think more, and publish less”.
The first couplet seeks to redress the current trend to only rely on numerical
modelling, and the second is a plea that I have singularly failed to comply with,
with yet another document to add to the burden on diligent academics and
readers!

Appendix 1: Governing Equations Used in the Shiono & Knight
Model

In a prismatic open channel, the equation for the stream wise component of
momentum on a fluid element in a steady flow may be combined with the con-
tinuity equation to give:

oUV  dUW o, ., o0,
p{a—ﬁa—z} = 085+ 75 (=pm) + 7 (= piw) (an

where U, V, W are the mean velocity components in the x (stream wise), y (lateral)
and z (normal to bed, but also nearly the vertical) directions, respectively, u, v,
w are turbulent fluctuations of velocity with respect to the mean, p is the density of
water, and S is the bed slope gradient (S = sin#).

The depth-mean-averaged momentum equation can be obtained by integrating
(11) over the water depth, H, provided W(H) = W(0) = 0, as given by Shiono and
Knight (1991):

A[H(pUV),]
dy

OHT,, 1

= pgHS — 1+—= 12
PRHS + =5 = — w1+ 5 (12)

in which 1y, is the bed shear stress, s is the side slope (1:s = vertical: horizontal),
and

H

1 [ 1
(pUV), = - / (pUV)dz and % =~ [ (—puv)dz (13)
H Jy H Jy

An analytical solution for (12) may be obtained based on the commonly used
eddy viscosity assumptions, given as follows:
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Ty = péyxaa—l;d (14a)

and
ey = AUH (14b)
where / is the dimensionless eddy viscosity coefficient and U (= 1/p'?) is the

local shear velocity. Using the Darcy-Weisbach friction coefficient, f, relating the
local boundary shear stress, tb, with the depth-mean velocity, Ud, by the cus-
tomary relationship

T, = pg U’ (15a)

U, = \/Jgud (15b)

Then, substituting (14a) and (15a) into (12) yields:

/ ou,
pgHS — p Ub 1+ +— )HZ\/]?Ud Gyd

Experimental results show that the shear stress due to secondary flow, (pUV)d,
decreases approximately linearly either side of a maximum value occurring at the
edge of the main channel and the floodplain. The lateral gradient of the secondary
flow force per unit length of the channel may therefore be written as

or

S lHpuv)) (o)

0
oy [H(pUV)4] =T (17)
where I is a dimensionless secondary flow parameter (different for different flow
regions). An analytical solution to (16) for the lateral distribution of depth-mean
velocity has been obtained by Shiono and Knight (1988, 1991), as follows:

<1> For a sub-area with a constant water depth H, the analytic Uy distribution
has the form:

Us = [Are?” + Are ™ + k]'/? (18)
where

8gSH

k =
f

(1-p) (19)
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-0
r
b= s (21)

A & A, can be determined by considering the relevant boundary conditions.
<2> For a sub-area with a channel side slope of 1: s, the Uy distribution is
written in the form

o —o— 1/2
Us = [A3& + A& + & + 1] / (22)
where
11 1+82)°
1= —%lﬁ(fs)@ﬂf (23)
2 2
S
©7 ek f('g Ry 24
(g — = @)
r
RTT 23)
()
and ¢ is the local depth, given here for one side sloping element as
—b
¢=H-2"7 (26)
s

In a similar way to obtaining A; & A,, the coefficients A; & A4 can be
determined by considering the relevant boundary conditions.

Where there are discontinuities in the roughness distribution across the section,
it is important to alter the velocity gradient boundary condition between panels,
such that Eq. (27) is satisfied, as in these cases p # 1.0. Based on an approxi-
mation of the exact force balance, linearly varying the value of f within each panel,
maintaining the mean value,

U, (i)i QU Y -
(,uay) = (,uay) with = 1\/f (27)

aids smoothing of the ty, distributions. Otherwise, 1, varies in a saw-tooth pattern
in direct response to lateral changes in f between panels, since Uy is the same for
both panels at the interface. This arises because of the relationship between 1y, and
depth-averaged velocity, given by (15a). See Knight et al. (2007).
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Appendix 2: Matrix Equations for 3 Types of Overbank Flow
in Rectangular & Trapezoidal Channels

2 Panel Rectangular Compound Channel (OBrect2)

1 1 0 .
0 0 e?’zB 674/28
et e b _enb g
(G171 + pfuh/8)e”  —(dyyy — pfuh/8)e™P  —dypre™  yypre 2
A 0
Az —k;
X =
A3 kz — k]
Ag _pfwhkl /8

3 Panel Rectangular Compound Channel with a Steep Internal
Main Channel Wall (OBtrap3)
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0 0 0 0 enh e b
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4 Panel Trapezoidal Compound Channel (Obtrap4)
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