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1 Introduction - 1D hydraulic
simulation
Nowadays the natural design of a watercourse is the main target. This philosophy is based
on the idea of an overall water management. In the past rivers were regarded as channels
with sewer function. Therefore they were regulated and the vegetation of the flood plain and
in the water transition area was removed. These measures caused an increase of flood
discharge and as a consequence the water level rose, furthermore the bed load and
sediment is scoured during strong floods.
Dealing with ecological water management the natural watercourse should be preserved as
naturally as possible. The conservation of the integrated water body in its environment,
including biological aspects as well as scenic beauties, is one of the basic principles. This
includes the preservation of vegetation and naturally deformed bed load structures in order to
preserve a habitat for fauna and flora. These rough elements cause more complex flow
processes. In order to display these interactions between vegetation and rough elements in
rivers, hydraulic models are used.
Quite a fast method of calculating the flow pattern in open channels is the one dimensional,
steady simulation of the water level. This method reduces multidimensional, natural
processes to one-dimensional questions by adopting a constant velocity and movement of
the water along the flow path.
If the movement of a water body is reduced to a one-dimensional problem, all calculated
results will be average values. That means the parameter is averaged over the water depth
and the cross section. Only the alteration of the considered parameters, such as the velocity
of the water body, along a streamtube is calculated. Of course such a 1D-model is also
applicable for channels, embanked watercourses and pipe flow processes. Primarily the
hydraulic processes are considered before the basic equations for one-dimensional flow
problems are set up.
1
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2 Hydraulic processes
Hydraulics is an engineering science pertaining to liquid pressure and flow. Hydraulic
processes are used to convert a volume of water moving down a channel. To study the
movement of floodwater through a stream and on a flood plain is the main target. The
hydraulic study determines the flood elevations, velocities and the size of flood plains at each
cross section for a range of flood flow frequencies. These hydraulic processes are normally
displayed by using computer models. These flood elevations are the primary data source
used by engineers to map a flood plain.

The movement of fluids is possible in systems with:
a closed cross section (pipe flow):
A pressure-resistant casing encloses a moving fluid in a pipe generally. The pressure
head of the fluid can be determined by piezometer.
a free surface (open channel flow):
The open channel flow is characterised by a combination of a firm and a fluid boundary layer.
The latter is to be understood as an interface between two fluids of different density.

The most important part of the channel current in practice is the water flow on the earth's
surface. The characteristic of this special case is the interface between water and air at the
water surface. It is essential that the water pressure at the water surface is identical to the
atmospheric pressure. The water surface can be regarded as a surface of constant pressure.
It is generally accepted as a reference and set to zero.
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river bed
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2.1 Movement of a fluid
The critical discharge, critical velocity and the water depth describe a situation when the
velocity of propagation of a wave is equal to the flow velocity. The pictures below show the
effect of undulation when a stone drops into a river.

steady flow :
is only a function of the path
dQ
=0
dt

unsteady flow:
is a function of the path and time
dQ
≠0
dt

steady uniform flow:
discharge is constant

steady non-uniform flow:
discharge increases or decreases
dv
dQ
≠ 0 and
≠0
dx
dx
or dQ = 0 and dv ≠ 0
dx
dx

dQ
dv
= 0 and
=0
dx
dx

laminar flow:
fluid streams in layers

turbulent flow:
turbulence appears

fluid

Rekrit < 2300

Rekrit > 2300

movement

subcritical flow:
Flows at depths larger than the
critical depth

supercritical flow:
Flows at depths less than the critical
depth
Fr > 1

Fr < 1

uniphase flow:
a homogeneous fluid,
without gas and solid
components

multiphase flow:
thermal layering
saltwater or
suspended transport
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standing water

subcritical discharge

critical discharge

supercritical discharge

v=0

0 ≠ v < c = v gr

0 ≠ v = c = v gr

0 ≠ v > c = v gr

Fr = 0

Fr = v / c < 1

Fr = v / c = 1

Fr = v / c > 1

The relationship between h and hE for a constant discharge Q can be displayed in a diagram.
In reference to the diagram, the following statements can be made:
Under a given discharge Q a minimum height of energy hE,min exists . This statement is
known as extremal principle.
With an existing specific energy hE larger than hE,min, two conditions are possible:
•

Low water depth h, high flow velocity v:
This flow is supercritical. Enormous stress at the bottom is the result. Interferences do
not spread out upstream, therefore the flowage is only calculated for a downstream flow.

•

Great water depth h, low flow velocity v:
This flow is subcritical. This type of movement is often found in open channels and
rivers. Interferences such as a cross-section constriction have an effect on the upstream
flow. The flowage is calculated for the upstream flow.

6
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3 Basic equations
The solution of the water shallow equation in an open channel is done by an energy theorem.
This equation can be derived from the equation of the conservation of momentum, equation
of energy conservation and the continuity equation. Primarily it is necessary to understand
the difference of these three equations. They are based on the assumption that the fluid is
homogeneous and incompressible, consequently the density is constant, and furthermore the
equations are based on steady flow processes.

3.1 Continuity equation (conservation of mass)
The main conclusion of this equation: The discharge dQ in a streamtube has to be constant,
irrespective of the path.

dQ = v ⋅ dA = const

(0.1)

The basic idea of this fundamental law of nature is the conservation of mass (input = output)
along the path between two sections. There are numerous specialised books, which discuss
the derivation of the three-dimensional continuity, however in this case only the onedimensional problem is discussed.
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3.2 The impulse-momentum equation
It derives from Newton’s equation of momentum. The external forces on the frontal areas of a
control volume are contrasted.

dF ⋅ dt = dm ⋅ dv

⇒

F = ρ ⋅ Q ⋅ ( β2 v 2 − β1v1 )

(0.2)

The force F is given as a calculated parameter depending on the discharge Q and the
velocity v. The factor β is defined as the BOUSSINESQUE parameter, which describes the
inhomogeneous distribution of the velocity. For a homogeneous velocity distribution the
factor is set to 1.

fluid body

control volume

datum

3.3 BERNOULLI’s equation (equation of energy
conservation)
The energy theorem means: “The total energy of a body, which is neither supplied by energy
nor is energy extracted from the outside is constant. The stored energy appears in different
states. Transformations from one state to another within a body are possible. Certainly, this
theorem also applies for fluid flow.
BERNOULLI’ s equation gathers the height of energy between two cross-sections. Based on
the conservation of energy, this height of energy H can be derived:
dF ⋅ ds =

1
dm ⋅ d v 2
2

( )

⇒

H = z0 +

 α ⋅ v2 
+

γ  2g 

p

(0.3)

8
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It is adopted that the energy level in a water body with a length of ∆x of the headwater profile
i is conform to the energy level of the bottom water profile i-1 plus the loss of energy hv
occurring along this path.
The factor α represents the CORIOLIS parameter, which describes the inhomogeneous
distribution of the velocity. For a homogeneous velocity distribution this factor becomes 1.
The energy of a water body in a natural river includes the potential energy and the kinetic
energy. This energetic consideration relates to a datum line, which is normally defined
beneath the riverbed.

 p
  v2 
he = 
+ z + 

2g 
ρ ⋅ g
 N
potential energy

with

p = p0 + h ⋅ ρ ⋅ g

for open channel flow

(0.4)

kinetic
energy

v12/2g

z
EL

h1

v22/2g

open surface

p0

h

h2
z1

p
z2
datum
x

The work-energy equation is a combination of Bernoulli’s equation and the continuity
equation and provides the basic equation for the presented one-dimensional model.
Therefore the following assumptions are enclosed:

Assumptions for the one-dimensional water shallow equations

G
d(v)

1

quasi-steady flow:

2

no momentum-exchange via the water surface: no wind or wave-effects

3

lateral momentum-exchange with a constant velocity: v e = konst.

dt

= 0 (only a function over the path)

G

4

G
hypothesis of orthogonality with: A i ⊥ x − axis , A i +1 ⊥ x − axis and A e ⊥ v e

5

x-axis is equivalent to the bottom of the river:

d(zSo )
dx

6

one-directional flow: v y ≈ v z ≈ 0

7

hydrostatic pressure distribution: p = p o + γ ⋅ (h- z)

8

horizontal water shallow:

d(z WSP )
dy

=0

=0
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9

hypothesis of continuum: a continuous connected volume (Lagrange)

10

marginal changes of the flow along the path:

αi
α i +1

≈1

By using the height of energy between two cross-sections and the continuity equation, the
work-energy equation is derived:

∑ Fx = 0 =

 Q2

Q2 
Q2
Q2  
1  '
⋅  αi+1 − αi' ⋅  i2+1 + i2  − A i+1 − A i ⋅  αi'+1 i3+1 + α i' i3   + cos θ ⋅ z wsp,i+1 − z wsp,i
2g 
A i+1
A i   
 A i+1 A i 

 
pressure (OW - UW)

(

)

(

)

{

(

)}

moved volume with Coriolis parameter

A E,j 2 
 x − xi
   2α '⋅ Q
  n 1
 q
+  i+1
⋅ IR,i+1 − IR,i  +  ∫ 
− cos δ ⋅ v e  ⋅ e dx  + ∑ ⋅ c w,j ⋅
⋅ v a,j 
Aj
 g ⋅ A   j=1 2g
 2
   A



(

)

shear-stress at the bottom
and on the bank

with:

lateral disch arg e

resistance of approached fittings

Qi bzw. Qi+1 = discharge in the upper and lower profile [m³/s]
Ai bzw. Ai+1 = cross-section of the upper and lower profile [m²]
αi bzw. αi+1 = Coriolis parameter in the upper and lower profile [m³/s]
zWSP,i bzw. zWSP,i+1 = water level in the upper and lower profile [m]
IR,i bzw. IR,i+1 = friction slope in the upper and lower profile [-]
xi bzw. xi+1 = location of the upper and lower profile [m]
θ = slope [°]
δ = angle of the lateral stream [°]
qE = discharge of the lateral stream [m³/s]
vE = velocity of the lateral stream [m/s]
va,j = approached velocity of fittings[m/s]
cW = resistance parameter of fittings [-]
Aj = cross-section of fittings [m²]

3.4 Coefficients of energy and momentum
The distribution of the bottom, the shear stress τ0 and the velocity u in the cross-sections of
natural and man-made channels are not homogenous. This non-uniformity is due to the
shape of the channel, its roughness and curvature.

10
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In engineering practice it is often assumed that the flow is an one-dimensional event and that
various hydraulic quantities can be expressed by a mean velocity v. This velocity v is an
averaged value derived from the cross-section and water depth. In this case, the basic laws
of conservation are: the conservation of mass (continuity), conservation of momentum and
the conservation of energy.

Due to the non-uniformity of velocity distribution in vertical and transverse direction, any
mean cross-sectional velocity needs to be multiplied by a correction factor. For instance, the
kinetic energy per unit weight v²/2g is to be multiplied by a kinetic energy coefficient α ≥ 1,
also known as the "Coriolis coefficient".
On the other hand, the kinetic energy can be defined by as a mass of fluid passing through in
a unit of time:
ρ ⋅ u ⋅ dA

(0.5)

In order to define α , the mass of fluid passing through a cross-section in a unit of time is
taken into account:

d
 ρ ⋅ ∫ u dA 
dt  A


(0.6)

The kinetic energy of this fluid is:
α ⋅ u2
2


 1
3
 ρ ⋅ ∫ u dA  = ⋅ ρ ⋅ α ⋅ ∫ u dA
2
A
 A


(0.7)

Based on the conservation of mass for a mean velocity vm the mass of a fluid passing trough
is displayed by:
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d
 ρ ⋅ v m ∫ dA 
dt 
A


(0.8)

And the kinetic energy of this fluid is:
α ⋅ vm
2

2


 1
3
 ρ ⋅ v m ∫ dA  = ⋅ ρ ⋅ α ⋅ v m ∫ dA
A
A

 2

(0.9)

If both equations are combined, the following expressions are formed. The equation below is
the numerical equivalent of these expressions. The cross-section is divided into j
subsections.

α=

∫

A
3
vm

∑

v 3 dA

∫

dA

or

3

vj ⋅ Aj

j

α=

3
vm
⋅A

(0.10)

A

Following the same reasoning, the transfer of momentum through an elementary area dA in
a unit of time through the cross-section:

d
2
 ρ ⋅ ∫ u dA 
dt  A


(0.11)

If the mean cross-sectional velocity defines the transfer of momentum in a unit of time, the
coefficient β, called “Boussinesq coefficient”, will be used as the correction factor for the
momentum. The given quantities are equated:

β=

∫

v 2 dA

2
vm

∫

A

dA

or

β=

∑

2

vj ⋅ Aj

j

2
vm
⋅A

(0.12)

A

The following remarks can be made:

For steady uniform flow in channels of a simple geometrical form (i.e. a rectangular crosssection), both coefficients are equal to unity. In other cases, these coefficients have values
larger than unity. Comparing both equations for a given channel section and velocity
distribution it can be concluded that the Coriolis coefficient is much more sensitive to a
variation in velocity than the Boussinesqu coefficient.
In channels of compound section, consisting of a main channel and floodplains, there are
great variations of the velocity across the channel and the values of the Coriolis coefficient

12
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may exceed the value 2. A numerical example is given in the chapter "Hydraulic parameters
of complex cross-sections".

Inhaltsverzeichnis
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4 Open channel flow
From practical experience, the most important part of channel flow is the free-surface flow. It
is characterised by a boundary layer at the surface for example between water and air,
where the water pressure is identical to the atmospheric pressure. The water surface can be
regarded as a surface of constant pressure because the atmospheric pressure does not
change significantly. It is generally accepted as a reference pressure and set to zero.
Since the pressure at the surface is zero, channels can have a variable flow cross-section. In
pipe flow the cross-section is fixed and the pressure changes depend on flow conditions. On
the other hand in channel flow the water surface area is variable since water level and
pressure line are identical. Thus it appears that channel flows have an additional degree of
freedom, therefore it is more difficult to analyze them.

4.1 The flow phenomena in natural rivers
Usually the one-dimensional calculation of a stream does not regard complex flow processes
in a natural river. However in this case the applied 1D-model (Kalypso 1D), which will be
presented later, several multidimensional flow processes are approximated and reduced to a
one-dimensional solution. The included multidimensional processes are listed below:
•

composed cross sections with different flow velocities

•

momentum exchange at the interfaces of a cross section

•

vegetation in the channel and on the flood plain

•

different roughness classes in one cross-section

•

meandering

The approximation of these multidimensional and special problems is described in the
following chapters.

14

Inhaltsverzeichnis

4.2 Channel types
Open channels can be subdivided into natural or alluvial channels and artificial channels.
The former is characterised by a bed, which is formed by discharge. In order To understand
their formation and development, it is necessary to have background knowledge of
hydromechanics, hydrologic, geomorphologic and sedimentation processes. Artificial
channels are generally characterised by their regular geometry, such as navigation channels,
regulated rivers and aqueducts for water distribution systems.

The geometry of a channel, the so-called cross-section or profile, is of special importance,
since the width of the wetted channel cross-section determines the amount of momentum
exchange as wall shear stresses. The term of the hydraulic radius rhy is introduced at this
point. It is defined as the quotient of the cross-sectional area A and the wetted channel
perimeter lU:
rhy =

A
lU

(0.13)

For very wide rectangular channels the hydraulic radius can be simplified as rhy = h.
artificial rectangular channels

artificial trapezoidal channels

artificial compound channels

Regulated rivers are often designed as a combination of different profiles, therefore the
channel is divided into a main channel, filled to the mean water level (MQ), and an additional
side channel, which is only used when high water (HQ) occurs.
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Natural open channel cross-sections are usually irregular.

4.3 Flow formulas
For the hydraulic computation of an open channel a mathematical relation is needed a socalled flow formula. It describes the connection between the flow rate v and the conditions of
the channel boundary such as the water depth h, the cross-sectional characteristics A and lU,
the slope I and the roughness of the boundary surface.

Assuming a steady, uniform flow derives the flow formula according to Brahms-de Chezy.
This means that two consecutive cross-sections in flow direction must have the same
characteristics concerning the shape and the roughness. Therefore both cross-sections have
the same water depth h and flow velocity v. Furthermore the slope of the energy line IE, the
water surface slope ISp and the bed slope ISo are identical. The forces affecting a water
volume between the two cross-sections 1 and 2 are worked out for the derivation of the flow
formula:

By comparing the driving weight force in flow direction and the holding friction force at the
bed the velocity can be derived from this formula:
v=

g A
⋅
⋅ ISo
c lU,So

(0.14)

16
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The factor C describes an empirical flow formula of Brahms-de Chezy: v = C ⋅ rhy ⋅ I

The equation of Manning-Strickler also describes an empirical formula, based on the
Manning-Strickler-coefficient kSt and the energy slope IE:
v = k St ⋅ rhy

2/3

⋅ IE

(0.15)

The Manning-Strickler formula is very common in hydraulic engineering. Due to its empirical
background it is more and more replaced by the Darcy-Weisbach equation, which is a
scientifically based flow formula.

In the Darcy-Weisbach equation the hypothesis

8 / λ and the energy slope IE is used to

calculate the mean velocity v replace C:

v=

1
λ

⋅ 8 ⋅ g ⋅ rhy ⋅ IE

(0.16)

Due to the various assumptions and simplifications, the Darcy-Weisbach equation only
allows approximating the discharge.

4.3.1 The Friction coefficient λ Darcy-Weisbach - Law
The Colebrook-White resistance law, which was originally derived for the determination of
the friction coefficient λ in pipe flow, can also be applied to open channel flows under certain
conditions. The law is defined as:
 2,51
ks
= −2,03 ⋅ log 
+

λ
 Re λ 14,84 ⋅ rhy

1





(0.17)

In this equation Re stands for the Reynolds number, ks describes the equivalent sand
roughness. In the following chapters the adjustment of the law to different boundary
conditions is shown.
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4.4 Velocity distribution over depth
The velocity distribution over depth can be theoretically described by a logarithmic formula:
u (z) =
with

 z 
u*
⋅ ln  
κ
 z0 

(0.18)

u = local velocity [m/s]
z = vertical distance from the datum [m]
u* = local shear-stress velocity [m/s],

κ = 0.4 = Karmann-constant [-]
z0 = referent distance from the riverbed [m]

The vertical distance z0 describes the height of the hydraulic boundary layer. In this layer the
velocity approximates towards zero. According to some authors z0 ≈ 0,75 ⋅ d with d as the
characteristic mean diameter of the bed material. The value of this distance has to be
determined for each particular case, depending on the measured velocity profile.
The equation above is the general theoretical law for velocity distribution and is applicable in
order to calculate turbulent flow occurring over hydraulically smooth or rough solid
boundaries.

18

Inhaltsverzeichnis

Theoretical velocity distribution laws are used for calculating a number of quantities, which
cannot be easily measured. The velocity distribution is important for the determination of:
slope of the energy line

shear stress near the riverbed
viscous sub layer thickness

local eddy viscosity, assuming a parabolic distribution

IE =

u2*
g⋅h

τ0 = ρ ⋅ u*2
δv = 11,6 ⋅

ν
u*

;for Re > 70

ν t ( z ) = u* ⋅ κ ⋅ z ⋅ (1 − z / h )

In one- or two-dimensional models the velocity distribution is only approximated or averaged
out over the depth. Hence the vertical distribution of any unknown sizes is included in neither
of the models. Only three-dimensional models accomplish a velocity distribution over the
water depth.
A model must be calibrated before using it for predictive and in order to use hydraulic
equations to model flow processes. The following example suggests a common procedure of
calibration.

Inhaltsverzeichnis
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Example 1:

Calculate the theoretical velocity distribution u(z) using the measured velocity distribution
ue(z). For this purpose the general logarithmic law can be considered as a two-parameter
analytic model, whereby the values of the parameters local shear-stress velocity and referent
distance from the riverbed are determined by the measured velocity profile. The
approximation is based on the following equation, which is represented by a straight line in
the diagram.
 h 
z
u ( z ) = 5,75 ⋅ u* ⋅ log   + 5,75 ⋅ u* ⋅ log  
h
 z0 

measured

theoretical

(0.19)

difference

water depth

relative depth

velocity ue

velocity u(z)

ue − u

z [m]

z/h [-]

[m/s]

[m/s]

ue

0,00

0,00

0,00

0,000

0,00

0,10

0,029

1,080

1,072

0,74

0,20

0,057

1,163

1,138

2,15

0,40

0,114

1,212

1,204

0,66

0,80

0,229

1,270

1,270

0,00

1,20

0,343

1,316

1,309

0,53

1,60

0,457

1,332

1,337

0,38

2,00

0,571

1,360

1,358

0,15

2,40

0,686

1,370

1,375

0,36

2,80

0,800

1,370

1,390

1,46

3,20

0,914

1,392

1,403

0,79

3,50

1,000

1,392

1,412

1,44

⋅ 100 [%]

Note that the relative depth in this diagram is in the logarithmic scale. The best-fit line is
drawn for a region close to the bed: z/h < 0.

20
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Solution 1:

Two characteristic values u(z/h) are determined:
 h 
z

u  = 1 = 0,0 + 5,75 ⋅ u* ⋅ log  
h

 z0 

= u1 = 1, 41m / s

 h 
z

u  = 0,1 = −5,75 ⋅ u* + 5,75 ⋅ u* ⋅ log  
h

 z0 

= u2 = 1,19 m / s

By the subtraction of the second equation from the first one, the expression in order to
calculate the value of the local shear velocity is derived:
u* =

u1 − u2
5,75

= 0,038 m/s

The calculation of the distance from the referent distance yields to:
−

z0 = h ⋅ 10

u1
5,75⋅u*

= 1,4 ⋅ 10 −6 m

The calculated velocity distribution is graphically represented

The relative differences between the theoretical and empirical velocity distributions are given
in the last column of Table 1. The best match appears near the bed, whereas errors increase
towards the free-surface, as expected.

22
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4.5 Secondary flow in river bends
Flow in river bends is 3D turbulent flow, characterised by effects of the centripetal force on
fluid particles. By assuming that flow in a river is steady and fully developed (invariant in time
and path) and neglecting the vertical velocity component, this 3D-problem can be simplified
as 2D in expanse. This assumption is only applicable for sufficiently long river bends with
moderately non-prismatic and wide profiles, so that the influence of banks can be neglected.
In the picture below the velocity distribution in a river bend, and forces having an effect on an
elementary fluid particle are shown:

Starting from the basic laws of mass and momentum conservation, equations can be
derived, which describe the vertical distribution of the secondary, radial velocity component
v(r,z) and the transverse water surface slope Sr. The first classic analytical approach was
suggested by Rozovski and has been revised later by many other authors. This approach
results in the following expressions for the radial flow velocity distribution:


g
1 h
F
F

⋅
η
−
⋅
η
(
)
(
)


1
2
κ⋅C
κ2 r 
ν 

=
u  1 h 

g
⋅ F2 ( η) + 0,8 (1 + ln η )  
 2 ⋅ F1 ( η) −
κ⋅C
r 

 κ

with:

v = local radial velocity component [m/s]
u = depth averaged velocity component in the main flow direction [m/s]

(0.20)
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h = water depth [m]
r = radial distance from the center of curvature [m]
κ = 0,40 = von Karman's constant [-]
g = gravitational acceleration [m/s²]
C = Chézy's roughness coefficient [m1/2/s]
η = z / h = relative vertical distance from the riverbed
F1 (η) = F2 (η) = auxiliary functions
The functions F1 and F2 are the so-called Rozovski's auxiliary functions and illustrated below.
The first of the expressions refers to hydraulically smooth riverbeds, while the second one
approximates hydraulically rough beds. By deriving the given formulas, Rozovski assumed
logarithmic distribution of the main flow velocity component u ( η) .

The Japanese researchers Kikkawa et al have theoretically and experimentally developed
the following formula:
2

v
ν  u  1 h 

=   ⋅ ⋅ FA ( η) − * ⋅ FB ( η ) 
κ⋅v
v v κ r 

with:

v = the mean cross-sectional velocity [m/s]
v * = mean cross-sectional shear velocity [m/s]
η = z / h = relative depth

(0.21)
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1
15 

= auxiliary function
FA ( η) = −15  η2 ln η − η2 +
2
54 

FB ( η) =

15  2 2
1
19 
= auxiliary function
η ln η − η2 ln η + η2 −

2 
2
54 

The maximum water surface elevation along the outer bank equals:
∆Z = Z2 − Z1 =

v2 ⋅ B
g ⋅ Rko

Here Rko is the radius of curvature [m] and B is the channel width [m].
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Example 2:

Calculate the secondary velocity distribution in a cross-section whose coordinates are given
in Table 1. The discharge is 180 m³/s and the corresponding mean water surface elevation is
111,40 mNN with an energy grade line of 0,00022. The following cross-section is defined:
114,0
113,0

113,0

112,0

112,0

111,0
110,0

109,7
109,5

109,0

108,5
108,0

108,0

107,7
107,0
0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

Location of verticals with given depth-averaged mean flow velocities:
vertical

section I

section II

section III

y [m]

10

30

60

depth averaged

0,90

0,98

0,67

 [m/s]
velocity u

The depth-averaged main flow velocities are given for three chosen verticals. The radius of
curvature measured to the centerline of the channel is 220 m. We want to calculate the water
surface elevation at the outer bank and the mean transversal water surface slope in the
given cross-section.
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Solution 2:

The given cross-section is shown above. From the given water surface elevation 111,4 mNN
the following quantities can be determined:
•

channel width at the water surface level is about 118 m

•

flow area is 222.45 m²

•

wetted perimeter 119,13 m

•

hydraulic radius 1,87 m

•

mean cross-sectional velocity 0,81 m/s

•

mean shear velocity 0.0635 m/s

•

Chézy's roughness coefficient 40 m1/2/s

The three requested depths, i.e. the lengths of the given verticals I to III are 2,9, 3,7 and
1,9 m. The radial distance corresponding the vertical III is approximately 220 m, while the
radial distances corresponding the verticals II and I are 250 and 270 m. The radial velocity
distribution, calculated by the method of Rozovski is graphically shown below. The results,
which were obtained by the method of Kikkawa et al, are given in the second table.

Radial velocity calculated by the method of Rozovski:
v [m/s] for I v [m/s] for II v [m/s] for III
η = z/h
F1 (η)
F2 (η)
0,00

-

-

0,000

0,000

0,000

0,01

-1,93

-1,82

-0,061

-0,092

-0,037

0,05

-1,71

-1,26

-0,069

-0,104

-0,042

0,10

-1,45

-0,79

-0,066

-0,099

-0,039

0,20

-0,98

-0,25

-0,050

-0,076

-0,030

0,40

-0,22

0,17

-0,016

-0,024

-0,010

0,60

0,36

0,31

0,014

0,020

0,008

0,80

0,81

0,37

0,037

0,056

0,022

1,00

1,16

0,40

0,056

0,084

0,033
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Radial velocity calculated by the method of Kikkawa et al:
η = z/h

FA ( η)

FB (η)

v [m/s] for I

0,00

-

-

0,000

0,000

0,000

0,01

-4,16

-2,62

-0,098

-0,160

-0,043

0,05

-4,04

-2,41

-0,095

-0,157

-0,043

0,10

-3,75

-2,03

-0,090

-0,147

-0,040

0,20

-2,90

-1,23

-0,071

-0,117

-0,032

0,40

-0,77

0,07

-0,021

-0,034

-0,009

0,60

1,29

0,79

0,030

0,050

0,014

0,80

2,78

1,07

0,069

0,113

0,031

1,00

3,33

1,11

0,083

0,137

0,037

v [m/s] for II v [m/s] for III

Radial velocity distribution along the given verticals:

The difference between water surface elevations at the outer and the inner banks is:
∆Z =

0,812 ⋅ 118
= 0,036 m
9,81⋅ 220

While the mean transversal water surface slope is:
Sr =

∆Z 0,036
=
= 3,05 ⋅ 10−4
B
118
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5 Channel roughness
Open channel flows are fully developed turbulent flow boundaries. The turbulent boundary
layer reaches the water surface and the viscous sublayer determines the existing flow
conditions considerably. Its formation depends on the surface roughness of the riverbed. For
further considerations it is necessary to explain the term roughness and flow resistance.

5.1 Alluvial bed forms and flow resistance
An array of bed forms or their absence generated on a riverbed of an alluvial channel by flow
is denoted as "bed configuration". Some synonyms are "bed geometry", "sand waves", "sand
deposits", etc. Types of bed forms are schematically presented:

The following bed forms are in increasing order of flow velocity:

Inhaltsverzeichnis

29

Ripples are small bed forms with wavelengths and heights in the scale of decimeters. In

longitudinal section, ripple profiles vary from approximately triangular to symmetrical
nearly sinusoidal shapes.
Dunes are larger than ripples and in the shape of sand waves, which are out of phase to

the resulting waves at the water surface. Dunes are an intermediate form of superposed
ripples and appear in subcritical flow (Fr < 1). In the picture below an example of a
laboratory investigation of dunes is shown.
Transition is a configuration of a bed consisting of a heterogeneous array of different

bed forms, primarily low-amplitude ripples or dunes and flat areas. Transition includes the
so-called "sand waves" or "washed-out dunes". This configuration occurs when the
critical flow condition is approached, which means that Fr approximates one.
Antidunes are bed forms, which occur in course that are in phase and strongly interact

with the waves at the water-surface. Antidunes are either stationary or traveling
upstream. These forms are also known as "standing waves" or "sand waves". Antidune

profiles vary in flow and sediment properties in longitudinal section, from approximately
triangular to sinusoidal shapes. Antidunes appear in the supercritical flow (Fr > 1).
Chutes and pools represent a bed configuration, which occur at relatively large slopes

and sediment discharges. It consists of large amount of sediment, forming chutes
(supercritical flow) or is connected by pools (supercritical or subcritical flow).

The term "alluvial resistance" describes a force, which is effective in opposition to the flow,
due to the presence of bed forms. The bed forms can be considered as "macro roughness"
elements, causing hull resistance. The phenomenon of alluvial resistance, caused by the
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pressure difference or the deviation of velocity, is schematically given below. The following
pictures show the velocity and shear stress profiles as well as the pressure distribution above
the dunes.

Shear stress, originated by flow, can be conceptually divided into two parts: the first part is
effected by grain roughness of a flat bed and the second part is effected by the wavy
configuration of the bed, i.e. bed forms. Written as a mathematical term:
τ0 = τ0 ' + τ0 ''

v * = v * ' + v * ''

rhy = rhy ' + rhy ''

(0.22)

Where the symbol ' stands for grain roughness and the symbol " for bed forms. The diagram
below shows the division of shear stress, originated by flow.
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The diagram indicates that the shear stress, caused by grain roughness, as well as the flow
velocity are monotonically increasing. In contrast shear stress caused by the bed form is
variable, reflecting the height of bed forms structures; it increases up to a certain point and
develops ripples and dunes. When the critical flow conditions are approached, the function
decreases rapidly. As a result the bed becomes flat and the shear stress subsequently
increases again when antidunes are formed. A number of empirical diagrams are used to
determine the type of bed forms and to estimate the alluvial resistance, which can be found
in literature on sediment transport.

5.2 Flow resistance
Effects of flow resistance caused by friction can be quantified by the bottom shear stress. For
this purpose the balance of power of the horizontal hydraulic force and the bottom
resistance, caused by shear stress, is set up. Therefore the balance of horizontal hydraulic
force and the bottom resistance, caused by shear stress, is set up based on a fluid element.
Ft = G ⋅ IE = ( ρ ⋅ g ⋅ A ⋅ h ⋅ IE )

h

G · IE

A

W

!

=

R = τ0 ⋅ A

(0.23)
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Therefore either the hydraulic force on the riverbed in the form of shear stress at the bottom
or the ultimate shear stress of DU BOYS [1879] is used:
τ0 = ρ w ⋅ g ⋅ rhy ⋅ IE
with :

(0.24)

rhy = A / lu = hydraulic radius [m]

IE = slope of the energy line [-]
g = acceleration due to gravity [m/s²]
ρW = water density [kg/m³]

The use of the “shear stress velocity” is an alternative way to express shear stress:
v* = h ⋅ g ⋅ IE = τ0 / ρ

(0.25)

The shear stress velocity v* characterises the shear stress τ0, which appears due to the flow
and occurs on the riverbed. Both are averaged values over the wetted perimeter of a crosssection, thus they are global cross-sectional parameters, and representative for onedimensional flow conditions.
Regarding the proportion v/ v0* the shear stress velocity is approximated by making several
assumptions:
CHEZY- coefficient:

v
C
=
v*
g

DARCY-WEISBACH with COLEBROOK-WHITE:

v
=
v*

8
λ

with λ = friction

 0,628

v
k
= −2,03 ⋅ 8 ⋅ log 
+
 Re⋅ f ⋅ λ 14,84 ⋅ r ⋅ f 
v*
Hy


KEULEGAN- coefficient:

v
 12,27 ⋅ h 
= 5,75 ⋅ log 

v*
k



MANNING- coefficient:

 rhy1/ 6
v
= 5,75 ⋅ 
n g
v*







The empirical coefficients C, n and λ reflect the effects of turbulence over the flow depth. The
Ch and Manning coefficients have dimensions: C in m1/2/s and n in m1/3/s, whereas the
Darcy-Weisbach coefficient is dimensionless.
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Their correlation can be derived easily from the following relations:

C=

1 1/ 6
⋅ rhy =
n

8g
λ

;and n = C ⋅ rhy

1/ 6

=

λ
1/ 6
⋅ rhy
8g

; and λ =

8g 8g ⋅ n2
=
1/ 3
C2
rhy

The relation to the dimensionless friction coefficient Cx yields to:
Cx =

λ 2g 2g ⋅ n2
=
=
1/ 3
4 C2
rhy

The values of coefficients can be estimated in several ways. If the water surface elevations
are known, the value of a particular resistance coefficient will be calculated by using the
energy equation in an inverse procedure. In preliminary analyses, the value of a particular
coefficient may be calculated using an expression based on a certain assumption.
For instance, the value of the Darcy-Weisbach coefficient can be estimated by assuming a
logarithmic velocity distribution. Similarly, assuming fully turbulent flow along the hydraulically
rough surface, the Manning coefficient can be estimated by using the empirical Strickler
formula.

5.2.1 Resistance coefficients
For the one-dimensional open channel flow the calculations of the resistance coefficients
have a broader meaning. In addition to the frictional resistance caused by the riverbed
roughness (grains), all other kinds of resistance are caused by:
deposition of sediment
non-uniformity and curvature of the river channel
vegetation
training structures
In this way, the resistance coefficients consist of river reach calibration parameters. For
instance, using partial resistance in the following way we can dissolve the Manning
coefficient, as the global parameter of a river reach:
n = ( n0 + n1 + n2 + n3 + n4 ) ⋅ c m
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Applyinig the following partial parameters of resistance:
symbol

type of resistance

typical values
[m-1/3/s]

n0

friction in a straight prismatic channel; depends
on absolute roughness (grain size)

d1/ 6
21

n=

n1

effects of sediment forms (sand waves)

0,005 – 0,020

n2

effects of non prismatic geometry of a channel

0,005 – 0,015

n3

local effects (training structures, bridge piers,

0,010 – 0,060

etc.)
n4

effects of vegetation in the channel

0,02 – 0,100

cm

meandering coefficient

1,0 – 1,3

The parameter d in meter describes the mean grain diameter of the material on the riverbed.
The values of the resistance coefficients either depend on the discharge or on the water
level. Furthermore they are calibrated by using water surface elevations, measured along the
path. However, if there are no measurements available, descriptive data or photographs from
literature will be used in order to estimate the roughness. The following values are the
Manning coefficients for natural channels:

Channel description

Values of n
-1/3

[m

/s]

minor streams, width < 30 m
alluvial streams on plain

Clean, straight, full stage, no rifts or deep pools

0.025 - 0.033

Same as above, but more stones and weeds

0.030 - 0.040

Clean, winding, some pools and shoals

0.033 - 0.045

Same as above, but some weeds and stones

0.035 - 0.050

Sluggish reaches, weedy, deep pools

0.050 - 0.080

Very weedy reaches, heavy stand of timber and

0.075 - 0.150

underbrush
Mountain (torrential) streams

Bottom: gravels, cobbles, few boulders

0.030 - 0.050

Bottom: cobbles with large boulders

0.040 - 0.070

major streams, width >30 m

Regular section with no boulders or brush

0.025 - 0.060

Irregular and rough section

0.035 - 0.100
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Flood plains

Pastures, short grass, no brush

0.025 - 0.035

Pastures, high grass, no brush

0.030 - 0.050

Cultivated areas, no crop

0.020 - 0.040

Cultivated areas, mature row crops

0.025 - 0.045

Cultivated areas, mature field crops

0.030 - 0.050

Scattered brush, heavy weeds

0.035 - 0.070

Light brush and trees, in winter

0.035 - 0.060

Light brush and trees, in summer

0.040 - 0.080

Medium to dense brush, in winter

0.045 - 0.110

Medium to dense brush, in summer

0.070 - 0.160

Dense willows, summer, straight

0.110 - 0.200

Cleared land with tree stumps, no sprouts

0.030 - 0.050

Heavy stand of timber, flood stage below branches

0.080 - 0.120

Same as above, but with flood stage reaching

0.100 - 0.160

branches

Examples of river resistance defined by photographs: the left picture shows a sandy river
excavated in alluvial silt soil, with deposits of sand at the bottom and the growth of grass and
to the right a river with a cobblestone bed.
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5.3 Equivalent sand roughness
The equivalent sand roughness depends on the arrangement (pattern), distance (density)
and shape, of the roughness elements such as groove, sand grains, waves or cuboids,
therefore it is possible that these elements differentiate in roughness although they have the
identical geometrical roughness height k. Plate-shaped roughness elements for example, are
about the same height as sand grains, but its roughness may/can be eight times bigger,
depending on the distance between the plates (density). (Zanke)

Nikuradse made very extensive and systematic measurements in rough pipes. He used
circular pipes, which were covered as densely as possible with sand of a certain grain size.
The sand roughness, which was examined by Nikuradse can be characterised by a
maximum roughness density. In many technical applications the roughness density is
substantially smaller. Such a roughness can no longer be indicated by a roughness height k.
For this purpose it has proved to classify the roughness by comparing it to a scale of a
normal roughness and then choose the Nikuradse sand roughness.
Any roughness can be generally assigned to a so-called equivalent sand roughness ks,
which is understood as the sand grain roughness, with the same friction coefficient λ.

The so-called natural roughness of pipes allows the assumption ks = k as a first
approximation. Due to the difference between the roughness type and the sand roughness,
ks has to be computed first in order to use the formula of Darcy-Weisbach. Measured values
of pipes or open channels with these roughness types are necessary to calculate the
roughness. Nevertheless the magnitude of the equivalent sand roughness ks can only be
approximated by “measuring” k of a “technically rough” boundary. Otherwise it can only be
determined experimentally.
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ks in mm

plane river bed
– sandy or gravel

dk, 90

– gravel

50 - 100

– rough gravel

60 - 200

– heavy stones

200 - 300

– concrete floor

30 - 50

floodplain and bank with…
– farmland

20 - 250

– farmland with crops

250 - 800

– forest ground

160 - 320

– stones 80/450 with grass
– stones with rough vegetation

300
300 - 700

– grass with shrubs

130 - 400

– shrubbery

300 - 700

– grass and stone grid

15 - 30

walls made of
– bricks

1-8

– concrete, smooth

1-6

– concrete, rough

6 - 20

– rubble

15 - 20

– natural stone wall, rough

80 - 100

– steel sheet piling depending on profile depth

20 - 100

In literature the term absolute hydraulic roughness k is used. This roughness is identical to
the equivalent sand roughness ks as described above. In general the symbol k is only used
for the geometrical (measurable) roughness.
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5.3.1 Hydraulic effect of roughness
The resistance of a boundary does not only depend on the equivalent sand roughness ks, but
also on the characteristic dimension of the cross-section and shape. Such a dimension of a
cross-section could for example be the flow depth in open channel hydraulics or the pipe
diameter in pipe hydraulics. With respect to the general use the hydraulic diameter dhy (with
dhy = 4rhy ) is used as the characteristic dimension of the cross-section. The quotient of the
equivalent sand roughness ks and the hydraulic diameter dhy is called the relative
roughness ks/dhy.

The flow resistance, characterised by the friction coefficient λ, can be very different in spite of
the same relative roughness k s / 4rhy . Furthermore it depends on the grade of turbulence of
in the flow (intensity of the transverse movements of the fluid particles) specified by the
Reynolds number Re. The Reynolds numbers, occurring in natural flow conditions, are much
larger than the critical Reynolds number Rekrit = 2300. Therefore the flow in natural rivers is
usually turbulent.

The following types of roughness can be differentiated:
• hydraulically smooth
• transitional behavior
• hydraulically rough
• hydraulically extremely rough

Hydraulically smooth

The flow close to the boundary has a small (but turbulent) Reynolds number and is
dominated by the viscous sublayer (tenacity). If its thickness δ of the viscous sublayer is
larger than the height of the roughness elements k, the viscous sublayer will covers all
roughness elements and act as a “lubricant” between the boundary and the turbulent flow. As
a result the roughness of the bed has no influence on the turbulent boundary layer. The flow
resistance, characterised by the friction coefficient λ, only depends on the Reynolds number
Re.
 2,51 
= −2,03 ⋅ log 

λ
 Re ⋅ λ 

1

(0.26)
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The parabolic velocity distribution in the viscous sublayer and the logarithmic velocity
distribution in the turbulent boundary layer are fully developed. The shear stress distribution
is linear in both layers.

Transitional behavior

The degree of turbulence of the flow increases as the Reynolds number. The fluid particles
travel closer to the boundary with a transverse movement to the flow direction. The thickness
δ of the viscous sublayer decreases as the Reynolds number increases. If the sublayer is too
thin in order to cover all roughness elements, the wall roughness has an influence on the
flow resistance and it has to be considered in the calculation of the friction coefficient λ.
 2,51
ks
= −2,03 ⋅ log 
+

λ
 Re ⋅ λ 14,84 ⋅ rhy

1





(0.27)

Hydraulically rough

As the Reynolds number more and more increases, the thickness of the viscous sublayer
deacreases and finally it has no covering effect in the end. Additionally the tenacity has no
influence on the flow resistance anymore. Only the size of the relative roughness has to be
considered for the calculation of the friction coefficient λ.

ks
= −2,03 ⋅ log 

λ
 14,84 ⋅ rhy

1





(0.28)

The velocity distribution in the turbulent boundary layer is logarithmic and the shear stress
distribution is linear. The viscous sublayer is ineffective.
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Hydraulically extremely rough

The statements for hydraulically rough walls do only apply for roughness elements that are
much smaller than the flow depth. A roughness structure, which does not fulfill this
requirement, is called extremely rough. The flow resistance is primarily caused by form drag
due to flow along the roughness elements. It depends on the Reynolds number Re as well as
the Froude number Fr. A two-layered flow occurs. The lower layer has an almost constant
flow velocity. The second layer has a logarithmic velocity distribution.

In extreme situations, when roughness elements reach as far as the water surface, the
second layer is almost missing. This leads to a totally distorted vertical velocity profile over
the entire flow depth and the logarithmic resistance law is not applicable.
In extremely rough waters the value of the roughness coefficient k is insufficient for the
description of the flow resistance. Moreover form and arrangement of the roughness
elements in flow direction and perpendicular to the flow direction play a major role in flow
resistance. A hypothesis that applies these physical conditions has been developed by
Aguirre-Pe/Fuentes (1990):
1
λ

= 0,88

11,1 ⋅ rhy,j
βw ⋅ dm
+ 2,03 ⋅ log
α t ⋅ dm
rhy

(0.29)
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In this formula dm stands for the mean diameter of the roughness elements, αt stands for the
texture parameter which considers the shape and the arrangement of the roughness
elements and βw stands for the wake-parameter.

This relation considers both aspects of the two-layered flow and consists of two terms. The
first term describes the layer close to the bed and the second one describes the zone near
the surface.
Small vegetation as the roughness element type for example, does not allow making any
assumptions about the flow conditions in the lower layer. The average time of measured
velocities does not give a useful result either. Consequently Unordered eddies and backflows
characterise the lower layer. The largest shear stress τ0 is reached in the transition zone,
where the maximum velocity gradient appears.

5.3.2 Consideration of additional influences in semi-natural
flowing water
The equivalent sand roughness ks is used in pipe hydraulics or for the calculation of artificial
channels, but hardly applies to the discharge calculation of semi-natural flowing waters since
the flow is subject to additional influences in this case. Additional influences are e.g.
•

Changes in Cross-section,

•

Retention

•

Sediment transport and

•

Meandering.

These are not considered in the general discharge formula of Darcy-Weisbach. They can be
estimated by a head loss parameter hv or a modified ks-value.
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In the second case, modifications to the equivalent sand roughness (the so-called basic
roughness) ks have to be made. Only in case of small additional influences, the basic
roughness can be used for the calculations. A procedure for the determination of the
magnitude of additional parameters has not yet been developed. They are estimated by the
evaluation of measurements in nature. Analogical parameters can be used for flowing
waters, which have similar characteristics.

5.3.3 Meandering
According to STEIN a simplified assumption was made in order to regard an additional flow
resistance. A friction coefficient, depending on the sinuosity of the stream, has been
developed. In order to get a correction factor for the total drag coefficient, it is made use of
the sinuosity:
λ ges,m = c m ⋅ λ ges

(0.30)

5.4 Friction coefficient for roughness caused by
vegetation
For hydraulic quantification the vegetation of the banks and floodplains has to be classified. It
is differentiated between small, middle and high vegetation. If the vegetation height is
substantially smaller than the flow depth, the velocity distribution will turn out to be a
boundary layer flow. The flow is blocked by middle and high vegetation along the entire flow
depth. This loss caused by collision increases over the flow depth. Under these conditions
there is no logarithmic velocity distribution, moreover the flow velocity is constant along the
flow depth. For this reason small, middle and high vegetation must be described with
different approaches. According to this hydraulic effect a difference is made between flooded
(submerged), in-flow (immersed) and isolated vegetation.
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5.4.1 Friction coefficient for flooded vegetation (small vegetation)
Flow capacity of vegetative channels and flood plains can be estimated using Kouwen’s
method. This method is appropriate for grass, and grass like vegetation. Field and laboratory
investigations of KOUWEN (1988) led to the listing of a resistance law for flooded vegetation,
which puts the friction coefficient λK in relation to vegetation height under flow kG, vegetation
height in starting position hG, flow depth h and the vegetation stiffness MEI of the vegetation
elements.
1
λK

= a + b ⋅ log(h/k G )

(0.31)

Hint: This formula is wrong printed in the BWK 1

Mechanical properties of grass cannot be directly determined, but are specified indirectly, by
a comparison with the known mechanical properties of synthetic material, which behaves
similar to grass when exposed to water movement in a manner much similar to natural grass.
Application of the experimentally determined roughness of artificial grass is analogous to the
application of the equivalent sand roughness. In this respect, the parameter MEI represents
the equivalent plastic flexural rigidity. Moreover, the parameter MEI can be used to choose
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the most suitable types of grass for a particular design project (if climatologic or other factors
are not prevailing).
The parameters a and b are listed in the table. The vegetation height under flow is
approximated by the formula using the vegetation stiffness MEI:
  MEI 0,25


  τSo 
k G = 0,14 ⋅ hG ⋅ 
hG



with:

1,59









(0.32)

MEI = 319 ⋅ h3,3
G for grass

MEI = 25,4 ⋅ hG2,26 for dead grass
τSo = ρ ⋅ g ⋅

A
⋅ IE – shear stress at the bottom
lu

The parameters a and b vary with the bending of the vegetation, which is expressed by the
relationship of the critical shear stress velocity v*krit to the actual shear stress velocity v*. With
the relationships
v* = g ⋅ h ⋅ IE

 0,028 + 6,33 ⋅ MEI
v *krit = Minimum von 
0,106
 0,23 ⋅ MEI

and

Bending

Parameter a

Parameter b

< 1,0

0,15

1,85

1,0 – 1,5

0,20

2,70

1,5 – 2,5

0,28

3,08

> 2,5

0,29

3,50

*

(0.33)

*

parameter v /v krit

In opposition to the vegetation height hG the parameter MEI is not directly determinable in
nature. Kouwen (1990) therefore states the formulas for grass, so the parameter MEI can be
derived approximately from the grass height hG. For other flooded vegetations like shrubs
there are no empirical values for MEI. An exact but complex procedure for the direct
determination of MEI in the field is mentioned by Kouwen (1990).
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Example 3:

Determine the capacity of grass-lined channel of trapezoid cross-section, with a bottom width
of 5 m and a longitudinal bottom slope of 0,002. The average length of grass is 15 cm.
Assume steady, uniform flow conditions. The uniform flow equation should be solved
iteratively for some assumed discharge values: 2, 5, 8, 10 and 15 m³/s.

Solution 3:

Computing the values: MEI = 0,6094 Nm², v*= 0.218 m/s, and f
The results are presented in the table below. The sensitivity of parameters is also performed
and the results are shown.
Q [m³/s]

h [m]

A [m²]

B [m]

O [m]

rhy [m]

v [m/s]

v* [m/s]

kv [m]

f [-]

1/3

n [m /s]

2,00

0,52

3,12

7,07

7,31

0,43

0,64

0,101

0,140

0,152

0,039

5,00

0,75

4,88

8,00

8,36

0,58

1,02

0,121

0,121

0,080

0,030

8,00

0,92

6,29

8,68

9,11

0,69

1,27

0,134

0,112

0,061

0,027

10,00

1,01

7,13

9,06

9,54

0,75

1,40

0,141

0,107

0,054

0,026

15,00

1,21

9,02

9,86

10,43

0,87

1,66

0,154

0,100

0,044

0,024
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The diagram above shows the relationship between the bottom shear stress and the
absolute or relative roughness, depending on the grass height. The second diagram shows
the same relationship expressed by the coefficients of roughness.
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5.4.2 Friction coefficient for immersed vegetation (middle and
high vegetation)
For the computation of the flow resistance λP, caused by flow over vegetation, the form drag
of the vegetation elements is projected on their base area (ax x ay):
λP =

4 ⋅ hP ⋅ dP
⋅ c WR ⋅ cos ( αlat )
ax ⋅ ay

(0.34)

The parameters ax and ay describe the distance of vegetation elements, dP stands for the
vegetation diameter, hP is vegetation height underwater. The microstructure of the vegetation
is the foundation for closed vegetation rows. For individual shrubs and trees the
macrostructure of the vegetation has to be taken into account. These quantities can be
determined either directly in nature according to DVWK (1991) or be approximated by the
help of empirical values as proposed in the table below.
Vegetation

Level of

dp

ax

ay

growth

[m]

[m]

[m]

Cane brake

–

0,007

0,02

0,02

Bushes

one year

0,03

0,3

0,3

more years

0,045

0,2

0,2

Reed

dense

0,01

0,05

0,05

Bushes, even

small

0,3

1,5

1,5

distribution

middle

0,4

3,0

3,0

high

0,8

3,0

3,0

spaced

0,1

4,0

4,0

in small groups

0,5

6,0

6,0

Trees

in large groups

1,0

7,0

7,0

with treetop

0,03

0,15

0,15

spaced

0,5

10,0

10,0

dense, young

0,2

5,0

5,0

old

0,4

5,0

5,0

dense, old

0,8

5,0

5,0

The lateral bank slope is factored in αlat. The parameter cWR form friction coefficient cylinder
in group must be determined by the following equation and sometimes is approximated by
the value 1:
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2

c WR
with:

 v 
= 1,31⋅ c W ∞ ⋅  n  + ∆c W
 v Vor 

(0.35)

cW∞ = form friction coefficient cylinder

vn = flow velocity in front of vegetation
vVor = velocity in the vegetation area
∆cW = wave-current form drag

The form friction coefficient cWR depends on the relationship of the initial flow velocity vn to
the mean flow velocity in the vegetation area vVor, as well as the size of the waves formed by
the flow past the vegetation elements (Lindner, 1982). After Pasche (1984) the relative initial
velocity vn/vVor can be measured with the help of wake length aNL and the wake width aNB
expressed in the following empirically equation:
2

 vn 
 aNL 

 = 1,15 

 ax 
 v Vor 

with: aNL

 g ⋅ aNL ⋅ IE 
= 128,9 ⋅ c w∞ ⋅ dp ⋅ 1 +

v 2Vor /2 


−0,48

a
+ 0,5  NB
 ay


1,1





(0.36)

−2,14

and aNB = 0,24 ⋅ aNL

0.59

⋅ (c W ∞ ⋅ dp )0,41
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The form drag cW∞ corresponds to the form drag of an individual cylindrical vegetation
element in an ideal, two-dimensional flow. Based on Wieselsberger’s diagram it amounts to:
c W ∞ = 3,07 ⋅ Rep

-0,168

for Rep =

v Vor ⋅ dp
ν

c W ∞ = 1,0

for 800 < Rep < 8000

c W ∞ = 1,2

for 8000 < Rep < 105

< 800

5.5 Friction coefficient as a function of the cross-section
The hypothesis for the modeling of bed and boundary roughness as introduced above, has
been developed for a circular flow cross-section. An even distribution of the wall shear
stresses over the wetted outline is assumed. Corrections have to be made if the flow crosssection deviates from the circular shape and the associated regular flow conditions.
Type and complexity of considerations about the open channel shape strongly depend on the
question if the flow conditions are approximately the same over the entire flow cross-section.
There is a differentiation between two conditions:
If the flow velocity varies significantly over the cross-section, the cross-section can be
subdivided for hydraulic computation. The procedure for a partitioned cross-section is
described later.
If the same flow velocities arise in the entire flow cross-section and if they correspond
approximately to the mean flow velocity v = Q / Ages, it will be called a compact crosssection.
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In the second case the influence of the cross-sectional shape can be considered by using a
form coefficient f in the Colebrook-White resistance law:
 2,51
ks
= −2,03 ⋅ log 
+
 f ⋅ Re λ f ⋅ 14,84 ⋅ rhy
λ


1





(0.37)

The form coefficient f can be estimated with the help of the following relations:
f = 0,9 − 0,38 ⋅ e−5h/b

•

Rectangular cross-sections:

•

Triangular cross -sections with smooth boundary: f = 1,276 ⋅ ( h/bsp )

•

Trapezoidal cross-sections with smooth boundary: f = 1,13 ⋅ rhy /bSo

(

3/20

)

1/4

5.5.1 Friction coefficient for layering of roughness
Generally there are very heterogeneous roughness conditions in flowing waters. Apart from a
variation in flow direction the roughness structures can also be very different over the crosssection.
Sections with different roughness

The roughness varies in sections along the wetted perimeter. After Einstein (1934) the
friction coefficients λ of the individual sections j can be overlaid linearly to a total friction
coefficient if v i = v ≈ 1,0 .
n

λ ges =

with lu,j =

Aj
rhy,j

∑ λ jlu,j
j =1

(0.38)

lu,ges

sectional wetted perimeter and lu,ges =

A ges
rhy,ges

total wetted perimeter
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Segments Aj are assigned to each of these sections. The size and the hydraulic radius of
these segments are proportional to the friction coefficient of the section:
λj
λ ges

=

rhy,j
rhy,ges

(0.39)

The friction coefficient λj is calculated by using the hydraulic radius of the segments rhy,j with
the Reynolds number Re:
 2,51

v ⋅ 4 ⋅ rhy,j
k s,j
 with Re =
= −2,03 ⋅ log 
+
 Re λ j 14,84 ⋅ rhy,j 
ν
λj



1

(0.40)
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Overlapping of roughness structures

According to Lindner (1982), the flow resistance caused by individual structures in smooth
and rough conditions can be overlaid linearly, if different roughness structures appear
together locally, e.g. submerged vegetation and immersed trees.
n

λ ges = ∑ λ j

(0.41)

j=1

For extremely rough conditions the reliability of this method is not guaranteed. Since no flow
cross-sections can be assigned to vertically overlaying roughness classes, the friction
coefficient λj is calculated for the entire cross-section. In this case the hydraulic radius rhy,j of
the segment is not to be used in the Colebrook-White resistance law, but the hydraulic radius
of the cross-section rhy,ges in which the common roughness structures are located has to be
used.

5.5.2 Friction coefficient for partitioned cross-sections
A partition of the flow cross-section is necessary whenever clear differences of local flow
velocities in the cross-section arise due to the cross-sectional shape or substantial
differences of bed roughness. Generally such conditions are:
•

River-floodplain-flow and

•

Flowing waters with vegetation on bank or floodplain
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An intensive momentum exchange between the individual cross-sections is the result, which
appears in a substantial decrease of the discharge. This momentum exchange occurs for
different velocity in the floodplain and vegetation zone. Due to the tenacity of the water, an
open channel flow causes considerable turbulent shear stresses at its interfaces. These
intensive turbulences lead to a shift of parts of the momentum from the river toward
floodplain and tree zone.

The flow resistance caused by momentum exchange can be considered as an imaginary
boundary between the cross-sections of different flow velocities. This imaginary boundary is

influenced by shear stress relative to the intensity of the momentum exchange, and thus the
interface has a flow resistance.
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Partition due to geometry (river-floodplain-flow)

The hypothesis of an imaginary vertical partition with a friction coefficient λT has become
generally accepted for the computation of cross-sections. In order to calculate the discharge
for the entire cross-section a computation of the discharges of the segments using the DarcyWeisbach flow law is necessary. The interface roughness λT after KÖNEMANN is:
λ T = λ So,Mainchannel

(0.42)

Considering the same bed roughness, the roughness of the imaginary interface has to be
only taken into account for the computation of the discharge for the main channel.
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Partition due to vegetation

The procedure after KÖNEMANN cannot be used if the bed roughness of the partitions differ
very much. If a partition of the cross-section due to vegetation is necessary, an imaginary
interface between vegetation zone and vegetation-free zone with a friction coefficient λT will
be assumed. The interface friction coefficient λT can be computed with the following formula:
1,07


 c ⋅ bm 

= −2 ⋅ log 0,07 ⋅ 
⋅
Ω

bIII 


λT




1

with:

(0.43)

c = cross-section coefficient:
c = 1,7 compact cross-sections with vegetation
c = 1,0 for partitioned cross-sections
bm =

(

λ V 0,068e

hT
0,564⋅c T

− 0,056

)

= vegetation width

hT = interface height
λV = floodplain friction coefficient
λ V = λK (after Kouwen) for small vegetation
λ V = λP + λ So,vor with λP for high vegetation
c T = −3,27 ⋅ log Ω + 2,85 = dimensionless interface flow velocity
bIII,li = bIII,re =

bF
= channel width, for symmetrical flow bF / hT < 50
2

The vegetation parameter depends on the wake width and wake length:

a 
Ω = 0,07 ⋅ NL 
ax 


with aNL

 g ⋅ aNL ⋅ I 
= 128,9 ⋅ c w∞ ⋅ dp ⋅ 1 +

v 2T /2 


3,3

a 
+  NB 
 a y 

0,95

(0.44)

−2,14

and aNB = 0,24 ⋅ aNL

0,59

⋅ ( c w∞ ⋅ dp )

0,41

After calculating the influence of roughness, vegetation and cross section variance the flow
over and against hydraulic structures should be regarded in details.
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5.6 Composite roughness based on Manning
Another way to deal with diverse roughness over a cross-section provides the concept of
equivalent roughness. A moderately irregular cross-section can be divided into segments of
different roughness:

lu,1

lu,4

lu,2

lu,3

Assuming the energy line slope is equal in all segments, the discharge of each segment can
be evaluated by:
Qj =

1
5 / 3 1/ 2
⋅ lu,j ⋅ rhy,j
⋅ IE
nj

(0.45)

j denotes the segment number, nj is the segment Manning coefficient, lu,j is the segment
wetted perimeter [m] and rhy,j is the segment hydraulic radius [m].
The total cross-section area is equal to the sum of partial areas. By applying the continuity
condition, the "equivalent Manning coefficient" for the cross-section is:
ne =

5/3
lu ⋅ rhy

∑
j

5/3
lu,j ⋅ rhy,j

nj

lu is the entire wetted perimeter and rhy is the hydraulic radius of the cross-section.

(0.46)
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Example 4:

Calculate the normal depth for discharge of 7 m³/s by assuming uniform flow in a channel
with trapezoid cross-section. The riverbed with a width of 2 m consists of sand (Manning
value:0,02 m-1/3/s). The sides of the channel have a slope of 1:1,5 and are protected from
erosion with loose stone revetment. The average delimiter stone size on the covered bank
constitutes 150 mm. The longitudinal slope of this channel is 0,002.

Solution 4:

Using the Strickler equation in order to determine the Manning coefficient for riverbed:
n2 = n3 =

0,151/ 6
= 0,035
21

m−1/ 3 / s

(0.47)

The normal water depth h is calculated by iteratively solving the uniform flow equation:
 ne ⋅ Q

5/3
 lu ⋅ rhy


2


 − IE = 0



(0.48)

f (h)

In order to calculate the trial values of the function f(h) for the given discharge, we must
calculate the values of area A(h), the wetted perimeter lu(h) and the hydraulic radius rhy(h) for
the trapezoid cross-section. The assumed initially value of water depth is set with 1,0 m and
the convergence criteria f(h) is set to 0,00001. The results are given in the table below.
it

h

lu,1

lu,2,3

[m]

[m]

lu [m]

A1

A2,3

[m²]

[m²]

A [m²]

rhy,1

rhy,2,3

rhy

[m]

[m]

[m]

ne

f(h)

1

1,00

2,00

1,80

5,61

2,00

0,75

3,50

1,00

0,42

0,62

0,0206 0,00119

2

1,10

2,00

1,98

5,97

2,20

0,91

4,02

1,10

0,46

0,67

0,0208 0,00024

3

1,12

2,00

2,02

6,04

2,24

0,94

4,12

1,12

0,47

0,68

0,0209 0,00009

58

Inhaltsverzeichnis

5.7 Hydraulic parameters of complex cross-sections
River cross-sections are figures of arbitrary shape. The hydraulic quantities of a given crosssection (like flown-through area, perimeter, hydraulic radius, etc.) can be determined by
given coordinates (y, zb) for a known water surface elevation z. Complex cross-sections
basically consists of a main channel and usually two flood plains. These are the three distinct
parts of the cross-section.
Generally cross-sections can be subdivided in a number of hydraulically homogeneous parts
to hydraulic segments, in order to approximate as accurately as possible the distribution of
discharge and velocity over a cross-section. Both parameters, discharge and velocity, are
interdependent to the distribution of frictional resistance along the wetted perimeter.

In order to display the hydraulic segments and morphological structure of the river the
quantity of the input geometric data for one cross-section must be adapted. In the picture
below the subdivision of a complex cross-section into segments is shown in which two
successive coordinate points define each segment. Here are j = 1, 2,…, N segments with N
roughness coefficient values determined (here Manning's n), where N is the number of
coordinate points minus one. In this case the number of hydraulic segments is equal to the
number of geometric segments.

Assuming a horizontal water surface level in a cross-section and slope of energy line Ie is
equal for all segments, the total discharge Q through this cross-section is equal to the sum of
partial discharges:
N

N

N
1
2/3
2
=
A j ⋅ rhy ⋅ I1/
∑ K j ⋅ I1/e 2
e
n
j=1 j
j=1

Q = ∑ Qj = ∑
j=1

(0.49)

The parameter K describes the conveyance [m³/s]. This statement is justified by the
adoption that no momentum exchange from the main channel to the flood plains and vice

versa exists. In other words, there is no shear stress exchange through the imaginary
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boundaries between segments, nor are these boundaries included in calculation of wetted
perimeter and hydraulic radius. By subdividing a complex cross-section into segments, the
coefficient for the non-homogenous velocity distribution over a cross-section is calculated by:
N

α=

N

∑ v j3 ⋅ A j ∑ K j3 / A 2j
j=1

3

v ⋅A

=

j=1

K3 / A2

(0.50)

The averaged cross-sectional velocity is v, the total flow area A is the sum of the segment
areas and the total conveyance K is the sum of the partial conveyances.
Based on the kinetic energy per unit weight the total energy per unit weight of the fluid is:
HE = z + α ⋅

v²
2g

(0.51)

The calculation of the mean energy elevation in a complex cross-section is demonstrated by
the following example.
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Example 5:

Coordinates define the cross-section shown below. The water surface elevation
113,00 m NN in this cross-section corresponds to the discharge 240,86 m³/s. The energy
grade line has a slope of 0,0005. The cross-section is subdivided into 4 segments. The
values of the Manning roughness factor nj are:
Index j

nj in [m-1/3/s]

λj in [-]

1

0,030

0,071

2

0,020

0,023

3

0,035

0,096

4

0,040

0,126

Please calculate the flow distribution in segments, the value of coefficient α and the averaged
energetic height for this cross-section.
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Solution 5:

As a result of calculation the flow distribution over segments is given

segment area width
j

A

wetted

hydr.

Manning. conveyance discharge velocity. energetic

b [m] perimeter radius

[m²]

lu [m]

rhy [m]

nj
-1/3

[m

K [m³/s]

Q [m³/s]

v [m/s]

/s]

height. H
[m]

1

60

60

61

0,98

0,030

1973,243

44,123

0,735

113,028

2

60

20

24

2,50

0,020

5526,047

123,566

2,059

113,216

3

80

80

80

1,00

0,035

2285,714

51,110

0,639

113,021

4

40

40

41

0,98

0,040

986,622

22,061

0,552

113,016

240

200

206

10771,626

240,860

averaged
value

As can be seen from the last column of this table, each segment has its own values of
roughness, area, width, wetted perimeter, hydraulic radius, conveyance, discharge, velocity,
and energy level. The role of coefficient α is to average the energetic height for the entire
cross-section. Applying the equation above the Coriolis coefficient α measures 2,37 and the
averaged cross-sectional velocity v is 1,0 m/s. The mean energetic height for the whole
cross-section is H = 113,12 m NN.
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6 Flow over and against hydraulic
structures
In order to calculate the streaming against or over rigid obstacles, it is differentiated between
different types of obstacles, depending on their influence on the flow pattern. Usually
hydraulic structures are man-made constructions in order to measure, regulate or discharge
flows of streams and conduits. They can be made of rocks, concrete, timber or tree trunks.
This subject covers hydraulic structures relating to irrigation, drainage, water supply, sewage
and hydropower projects. The purpose of hydraulic structures is the regulation or retention of
discharge as well as the settings of discharge processes.

It has to be differentiated between the following hydraulic structures:
weirs
sluice gates
local obstacles
bridges
outlets

The one-dimensional flow is used in order to calculate the hydraulic loss, caused by these
constructions/structures.
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6.1 Weirs
The loss caused by weirs can be calculated in dependence on the flow state and/or the
cross-sectional form. It is differentiated between the following three types of discharge:
free (critical) overflow (downstream water level is significantly below the crest)
partially free (subcritical) overflow (downstream water level is just below the crest)
submerged weir (downstream water level is above the crest, therefore the hydraulic jump

w

v2 u

Q

hv

E,

hu

h>hgr

Q

v
2g
2
u

huw

hü

hE,u
hu

Q
w

ho

hE,ü

hv

v o2
2g

hu

In dependence on the cross-sectional form, weirs are differentiated between:
round-crested weirs
sharp-crested weirs
broad-crested weirs

v u2
2g

2g

huw

h<h gr

hE,u
hu

ho

hü

w

E,

hü

hE,ü

hv

hü

2g

ho

v2 o

v o2
2g

is not visible)
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6.1.1 Weirs with free (critical) overflow
The free overflow at weirs leads to hydraulic independent flow conditions upstream and
downstream of the crest because a clear relationship between discharge and water level
exists. The upstream water level only depends on the discharge and the weir shape. DU
BUAT, POLENI and WEISBACH have derived the most common overflow formulas.
DU BUAT:

Q=

2
3
µb 2g ⋅ hE,o
3

(0.52)

POLENI:

Q=

2
µb 2g ⋅ hü2 3
3

(0.53)

3
3



v o2  2  v o2  2 
2

Q = µb 2g  h +
−

  

3
2g 

 2g  



WEISBACH:

(0.54)

Discharge coefficient for a round-crested weir

The crest shape of a round-crested weir corresponds to the lower jet surface of a free,
aerated nappe at a sharp-crested weir. This means that neither positive nor negative
pressure occurs at the crest and the nappe just clings to the crest. For a crest shaped in this
way the discharge coefficient is calculated according to KNAPP (1960) as follows:
µa = 0,7825 (1 − ς )
with:

hE,a =

h 
ς = 0,015  E,a 
 w 
hE,n
1− ς

and hE,n =

0,9742

− 0,0326

rW
0,6879

w = upstream height of the weir
rw = curvature radius of the crest in metres

32

(0.55)
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energy line

rw

w

ho

hü

Q

hE,ü

v o2
2g

hv
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The discharge coefficient must be corrected if the expected discharge does not match the
real discharge. The discharge coefficient for the range hE,o<hE,a has to be calculated
according to KNAPP, and the coefficient for the range hE,o>hE,a according to SCHIRMER.
KNAPP, for the range hE,o<hE,a:

h 
µ = 0,5773 ⋅  1 + E,o 
hE,a 


3,3219⋅log(1,732 µa )

(0.56)

SCHIRMER, for the range hE,o>hE,a:
3

0,9742 2


h 

µ = 0,9877 ⋅ 1,0 − 0,015  E,o 
 wo 



hE,a
hE,o
hE,o hE,a 

0,8003 + 0,0814 w + 0,2566 h − 0,0822 h w 
o
E,a
E,a
o 

⋅
2
3 
2




h
h
h
 −0,0646  E,a  − 0,0691 E,o  + 0,00598  E,o  


h 
h  

 wo 
 E,a 
 E,a  


(0.57)
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h

v o2
2g

Discharge coefficient for broad-crested weirs and dam thresholds

hgr

h<hgr

Q

s

w

hmin

ho

hE,ü

v w2
2g

energy line

lwe

If the length of the crest is long enough so that influences of curved streamlines on the
discharge capacity of the weir are negligible, the weir is called broad-crested. According to
KNAPP this takes place if the following relation is met:
lwe > 3 ⋅ hE,o

(0.58)

with: lwe = length of the crest in flow direction
Under these flow conditions the pressure is hydrostatic with almost parallel streamlines at the
weir body. According to PETER (1994), the discharge capacity of a broad-crested weir
mainly depends on the following properties:
Weir height wo
Weir elevation above downstream water level hü
Weir length lwe
Crest shape
Boundary roughness of the weir body (for weirs in rivers)
For ( lwe hE,o ) < 3 the discharge coefficient is mainly influenced by the weir length and the
influence of weir shape, but the boundary roughness of the weir body and the height of the
weir wo is negligible. In this case the formula for the discharge coefficient according to
KNAPP is as follows:
h 
µ = 0,61⋅  E,o 
 lwe 

0,0544

(0.59)
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For ( lwe hE,o ) > 3 KUMIN has determined the discharge coefficients for different crest shapes

hE,ü
r

α

hE,o

w
a

lwe>3hE,o

w

lwe>3hE,o

45°

w

hE,ü

hE,ü

depending on the ratio hE,o w . They are shown in the following diagram.

a/hE,o

r/hE,o

w
90°

45°

22-26°

0,025

0,10

(w=0)

0,577

0,577

0,577

0,577

5

0,549

0,565

0,573

1,67

0,525

0,555

1,0

0,513

0,5

0,025

0,1

0,577

0,577

0,577

0,558

0,562

0,556

0,564

0,570

0,541

0,551

0,561

0,538

0,550

0,551

0,566

0,532

0,543

0,556

0,564

0,529

0,546

0,499

0,545

0,564

0,524

0,537

0,552

0,562

0,573

0,520

0,538

0,167

0,488

0,540

0,562

0,516

0,537

0,549

0,559

0,569

0,511

0,531

0,540

w>>hE,o

0,480

0,536

0,561

0,510

0,526

0,546

0,558

0,562

0,505

0,528

0,535

Discharge coefficient

µ

0,4

0,8

1,0

2

for different crest shapes of broad-crested weirs (from BWK 1999)

The diagram shows that for w = 0 there is no loss and the discharge coefficient has the

(

)

largest possible value: µ 1 3 = 0,577 .
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Discharge coefficient for dam-like weirs

The discharge capacity of weirs of this shape is approximately the same as the expected
discharge of a round-crested weir if the surface to the lower nappe is sufficiently aerated. It is
recommended to use the formula for round-crested weirs using hE,a for the upstream energy

hE,ü

hü

energy line

v o2
2g

head hE,o.

v2

w

v1

6.1.2 Weirs with subcritical overflow
The overflow is subcritical if the discharge is influenced by a respectively high downstream
water level huw. If the downstream water level rises the critical overflow becomes subcritical.
Then the discharge capacity and the loss at the weir do not only depend on the upstream
energy head hE,o but also on the downstream water level. There are boundary conditions for
round-crested weirs that define the transition between critical and subcritical overflow. For
broad-crested weirs the free overflow immediately becomes subcritical when the critical
depth at the downstream weir side is exceeded (KNAPP, 1969). An evaluation of momentum
conditions at the downstream weir side helps to describe this critical state mathematically.
Boundary conditions for the different discharge states at weirs:

Discharge state
Weir shape
Round-crested
Broad-crested

Submerged

Free

Subcritical

flow

overflow

overflow

huw
≥ 2,0
hgr

h
huw
≤ 3,286 − 1,905 E,o
hgr
hgr
2

2,0 ≤

h
huw
≤ 3,286 − 1,905 E,o
hgr
hgr
2


huw
w 
v u2
w
1  v2 
≤ 1 + u  + 2 +  u  −
− u




hgr
h
g
h
g
⋅
h
h
gr 
gr
gr

 gr 
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The discharge coefficient for the free overflow has to be corrected by a factor cu in order to
consider the capacity loss caused by the influence of the downstream water level on the
overflow, which results in a decrease of the discharge capacity.
n

h 
µ = 1 −  uw  ⋅ µ vollk.
 hü 
with:

µ vollk. =

n=

Exponent for different weir crest shapes

(0.60)

Discharge coefficient for free overflow

Crest shape

Exponent n

Broad-crested

16

Totally round-crested

10

Pointed

9,2

Round with perpendicular

4,9

upperstream-side
Sharp-crested

1,6

vo

w

hu

ho

Q

hgr

hE,ü

h

upstream energy line

6.1.3 Submerged weirs (flow over crest)
The flow is considered submerged if the boundary conditions are exceeded. The form drag
caused by the weir can be estimated in this case by comparison to flow over a rectangular
plate according to NAUDASCHER (1992). The loss at rectangular plates is calculated
thereby neglecting wave and riverbed influences:
hv = c w ⋅

w v o2
⋅
ho 2g

(0.61)
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In the case of a sharp-crested weir body the form drag coefficient has the largest value of
c w = 1,9 according to NAUDASCHER (1992). It is lower if the weir shape is more
streamlined.

6.1.4 Weirs with different crest heights
If the weir crest differs in height, the weir body has to be partitioned into sections of equal
height. Assuming a constant energy height hE,o the partial discharge qj and the discharge
coefficient µ j have to be calculated for each section.
qj =

2
32
⋅ 2g ⋅ µ j ⋅ hE,o
3

(0.62)

The energy height hE,o as well as the partial discharges qj are unknown. Due to the implicit
linking of the partial discharges with the energy height hE,o the calculation can be done in
iterations varying hE,o until the total discharge is equal to the real discharge.
n

Qges = ∑ ( q j ⋅ b w,j )
j =1

with:

n=

number of weir sections with constant height

b w,j =

width of section j

(0.63)
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6.2 Bridges
Vertical and horizontal constrictions can cause an additional hydraulic loss at bridges and
outlets that not only leads to local disturbances in the flow, but significantly determines the
water level especially upstream of a bridge or a similar construction. A calculation of the
occurring hydraulic loss using the water line equation does not yield to satisfactory results. In
dependence on the flow state at the bridge the calculation has to be more differentiated. The
following 5 discharge states are most relevant and methods for estimating the hydraulic loss

bridge backwater and
free discharge under the
bridge

hgr

bridge backwater
and pressure-discharge

free overflow
and pressure-discharge

Q

a

hu

hu

ho
Q

a

ho

hgr

free discharge

submerged bridge
and pressure-discharge

hu

a

ho

Q

hu

Q

hu

Q

a

ho

ho

for each state are described in the following paragraphs.
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6.2.1 Free discharge at a bridge
The discharge is free if the water levels upstream as well as downstream of the bridge are
below the lower edge of the bridge. Horizontal narrowing due to bearings, access ramps or
piers can cause flow resistance. By the Rehbock pier-formula the flow resistance of a pier
can be calculated differentiating between a compact cross-section with an almost even flow
velocity and a structured cross-section with an uneven velocity distribution. The Rehbock pier
formula can also be used to calculate the loss as a result of side-constructions (based on
model experiments by SCHWARZE (1969)). The calculated backwater has to be multiplied
by a correctional factor.
∆h = c ⋅ ∆hRehbock

(0.64)

The coefficient c takes the following values depending on the channel shape:
River bed geometry
Rectangular
Trapezoidal

2
Bank

3

c

Valid range

0,4 + 2, 45 ⋅ A Verb / A

A Verb / A u ≤ 0,24

0,2 + 2,33 ⋅ A Verb / A u

A Verb / A u ≤ 0,34

0,28 ⋅ A Verb / A u

A Verb / A u ≤ 0,44

Slope [m]
For structured cross-sections with an uneven velocity distribution SCHWARZE (1969)
suggested to correct the pier backwater by a factor, similar to horizontal contractions.
∆h = c ⋅ ∆hRehbock
The

correctional

factor

is

computed

with

A pf,j = dpf,j ⋅ h j = obstructed

(0.65)
cross-section,

A ⋅ v = Qges , v j = velocity upstream of the bridge and the obstructed section j. With lpf = pier
length in flow direction and dpf = pier width.
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Geometry of section

c

Rectangular

0,68 + 2aQ

Trapezoidal

n

m=2

Bank slope

aQ

m=3

0,47 + 2aQ

∑(A
j =1

pf,j

⋅ v j)

A⋅v

0,30 + 2aQ

6.2.2 Dammed-in bridge structure with a free discharge under the
bridge
The hydraulic loss and the upstream water level at the bridge are calculated with the help of
an equation since the discharge state corresponds to the free discharge at a sluice gate with
a slope α = 90° and generally a sill height s = 0 .
However, the coefficient ζR in the equation for the hydraulic loss due to friction and flow
diffusion upstream of the sluice gate only accounts for almost smooth surfaces such as
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concrete walls. The bed and bank structure of bridge structures generally do not fulfil this
criterion. It is suggested to consider the hydraulic loss in discharge calculations for bridges
even if the friction loss is generally much smaller compared to other hydraulic losses at a
dammed-in bridge. On the one hand the numerical effort is small and on the other hand the

w

friction loss will not be neglected in boundary situations with an extreme bed roughness.

a

Q

hydraulic jump

hu
hE,u

a
hE,o
ho

energy line

lb

For the consideration of a friction loss that differs from a smooth boundary the discharge
formula of the sluice gate extends to:

 1 − Φ2
Q
hO = 
+ µ ⋅ a + hr
⋅
 ζR ⋅ µF ⋅ a ⋅ bBr  2g
with:

λ ⋅l ⋅ v
hr = b b b
4rhy,b 2g

(0.66)

2

lb = length of bridge in flow direction
rhy,b =

Ab
lu,b

λb = flow resistance due to boundary roughness at the bridge
The parameter ζR has to be corrected in such a way that it not only accounts for a hydraulic
loss because of stream redirection, but also considers the hydraulic loss because of the bedroughness.
However, this can only be approximated with today’s knowledge. The flow resistance of the
boundary roughness can be calculated with the resistance laws. A contraction loss becomes
important if extensive horizontal contraction prevails. This is obtained according to BORDA-
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CARNOT. It leads to an extension of the equation by the loss head hVerbau that is calculated
as follows:
hVerbau = ζ u ⋅

v u2
v2
+ ζO ⋅ u
2g
2g

2

with:

A

A

ζ u = c a  b − 1 and ζ o = c e  o − 1
 Au

 Ab


(0.67)

2

6.2.3 Dammed-in bridge structure with backwater (subcritical
discharge)
The hydraulic loss that has to be considered is obtained in analogy to the discharge at a
sluice gate with subcritical discharge since the two discharge situations are almost equal. For
the consideration of a higher friction loss and hydraulic loss due to horizontal contraction the
equation above has to be extended by the loss heads ∆hR and ∆hVerbau .
In general the bed at bridges is even so that the hydraulic loss of a sill below the water
surface can be neglected and the equations for the parameters m and n become much
simpler since the sill height is set to s=0 and ε = 0 .

6.2.4 Submerged bridge structure with supercritical flow
The prevalent discharge situation can be divided into two components. On the one hand the
stream still discharges through the bridge (pressure discharge) and on the other hand there
is a part that is discharged according to a weir over the bridge deck. The first case mostly
corresponds to the case of a sluice gate with submerged flow. This means the discharge
through the bridge can be determined without taking care of the discharge over the bridge.
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hu

hbok
a

hE,o

w

2
u

v
2g

hv

h<hgr

hgr

hmin

hü

energy line

a

Q

lb

The relative crest height ( hE,o − hbok ) lb < 3,0 generally fits the spill situation at the bridge.
Since this spill situation corresponds to a broad-crested weir, the discharge part over the
bridge can be calculated with the DU BUAT equation:
Qü =

3/2
2
µbb ⋅ 2g ⋅ ( hE,o − hbok )
3

(0.68)

with the discharge coefficient µ:
 h − hbok 
µ = 0,61⋅  E,o

lb



0,0544

(0.69)

Even if the spill situation mostly corresponds to a broad-crested weir, the discharge
coefficients (occurring for stream-lined flow edges) cannot be assumed accurately since for
both upstream and downstream the bridge deck is generally sharp-edged.
Since the discharge partition of submerged and subcritical parts of the bridge depends on the
energy head upstream of the bridge and the total discharge, the discharge partition has to be
found iteratively. The right partition is found when the continuity equation is met as an
additional boundary condition:
Qges = QD + QÜ

with:

QD = discharge under the bridge

QÜ = discharge over the bridge

(0.70)
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Depending on the discharge state, QD has to be obtained as follows:
For free (critical) discharge: with equation (0.15) solved for Q
For subcritical discharge:

QD = ρR ⋅ µF ⋅ a ⋅ bs 2g

∆H
1− Φ

(0.71)

6.2.5 Dammed-in bridge structure with subcritical overflow
The discharge situation for a dammed-in bridge structure with subcritical overflow is mostly
the same as for a dammed-in bridge structure with free overflow. However, the boundary
depth above the bridge structure is not reached. According to KNAPP (1960) discharge
situations like these occur if the dimensionless downstream crest depth h∗u fulfils the flow
conditions for a broad-crested weir. The definition of h∗u is:
hu − hbok
hgr

(0.72)

hv

v u2
2g

hu* =

hu
a

hE,o
hbok

w

hü

energy line

a

Q

lb

The discharge part over the bridge is calculated by the approach to a rectangular plate.
hV = c W ⋅

with:

vü =

wü
v2
⋅ ü
(hü + w ü ) 2g

Qü
Q
and w ü = ü ⋅ w
bb ( hü + w ü )
Qges

w ü = part of the bridge deck hit by flow
c W = 1,9

(0.73)
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Due to the implicit connection of the parameters in these equations the discharge partition of
QD and QÜ has to be determined iteratively. The right discharge partition is found if the
continuity equation is reached on the one side and the energy head hE,o upstream of the
bridge is equal to the energy head used in the calculation of the partial discharge QÜ over
the bridge structure on the other side of the equation.

6.2.6 Effects of bridge constrictions on water levels
Constrictions are normally short river reaches where the cross-section is reduced due to
bridges and piers. As a result the hydraulic discharge is obstructed to a certain degree by
flood evacuation.
The occurrence of such zones may be outside or within the constriction, depending on the
flow energy at the upper and lower boundary of the constriction En and the flow energy within
the constriction Ek. In order to describe these occurring processes the critical (index crit)
water depth hcrit has to be introduced.

It is differentiated between the following hydraulic disturbances induced by short bridge
constrictions, assuming uniform flow upstream and downstream:
(a)

In case of subcritical flow the channel bottom slope is smaller than the critical slope
and the backwater curve forms upstream. The water depth upstream is larger than the
critical depth in the constriction and approaches the water depth downstream rapidly.

(b)

In case of subcritical flow upstream, the critical depth appears in the constriction and a
hydraulic jump emerges downstream.

(c)

In case of supercritical flow a water surface elevation appears within the constriction,
but the disturbance is not transmitted upstream.
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In case of a great constriction, so that En < Ek, a hydraulic jump occurs upstream,
shortly before the constriction.

If the river is very wide, the degree of constriction is defined based on subcritical flow regime.
In the picture below the simplest case of subcritical uniform flow in a prismatic channel with
rectangular cross-section is shown. A local disturbance of the flow pattern due to the
constriction can be recognised.

The flow pattern in the constriction is characterised by streamlines, which converge towards
cross-section 1. Between the cross-sections these streamlines diverge and the recirculationzones I and II are formed. The uniform flow is reestablished in cross-section 4. The
maximum water surface elevation occurs immediately upstream, where a streamline
detachment occurs. The Water surface rises upstream and represents a potential energy
"storage", which is necessary in order to overcome an increased hydraulic resistance within
the constriction.

The water surface profile on the upstream side of the bridge is defined as the "backwater
curve" as long as the disturbance of the water surface level within the constriction is abrupt, a
complex 3D flow occurs.
The calculation of the water surface profile in this zone is (with 1D or 2D-models) not
possible due to the rapid vertical acceleration of fluid particles. However, only the maximum
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water surface increase (delta h = h1-h2) is needed for engineering purposes. This rise is
easily calculated with mass and energy conservation laws, applied for cross-sections with
parallel streamlines and the pressure distribution is hydrostatic (cross-sections 1, 3 and 4).
Energy losses due to friction can be neglected because these sections are so close to each
other that only local energy losses due to abrupt changes of geometry must to be taken into
account.
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Example 6:

Determine the water surface elevation, which is immediately formed on the upstream side of
a bridge, for a discharge of 1276 m³/s. The bridge axis is perpendicular to the flow axis. The
channel is prismatic with a trapezoid cross-section as shown below. The longitudinal channel
slope is 0,0005 and the riverbed is not scoured. The Manning roughness coefficient is 0.018
m-1/3/s. Two cylindrical bridge piers are in the bed with a diameter of 1 m.

Solution 6:

Using the given data, the normal water depth downstream of the bridge is:
hN = h4 = 4m

with A = 432m² and v 4 = 2,95 m / s

Neglecting stream contraction around bridge piers and abutments, the effective flow width is:
b3 ≈ bm − 2 ⋅ d = 88 m

Neglecting energy losses due to friction, the Bernoulli equation for the cross-sections 3 and 4
is:
v 32
v 24
= h4 +
h3 +
(1 + ξ )
2g
2g

with ξ = coefficient of energy loss due to abrupt expansion

(0.74)

In this case a value of 0,5 is assumed for the coefficient of energy loss due to abrupt
expansion. After rearranging, this equation can be written as:
h3 +

82986
h ⋅ ( 88 + 2h3 )
2
3

2

− 4,67 = 0

(0.75)

If this equation is iteratively solved for the depth of the constricted stream a value of 4,15 m
for the water depth will be obtained. Checking the flow regime, it can be concluded that the
flow is subcritical in this constriction, because the calculated depth is greater than the critical
depth:
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1/ 3

hcrit

 q2 
= 
 g

 ( 1276 88 )2
=
 9,81


1/ 3






= 2,78 m

The Bernoulli equation for the cross-sections 1 and 3 is:
h1 +

v2
v12
= h3 + 3 (1 + ξc )
2g
2g

with ξc = coefficient of energy loss due to abrupt constriction (0.76)

In this case a value of 0,3 is assumed for the coefficient of energy loss due to abrupt
constriction. After rearranging:
h1 +

82986
h ⋅ ( 90 + 2h1 )
2
1

2

− 4,82 = 0

(0.77)

By solving this equation iteratively, an upstream depth of 4,40 m is determined. Thus, the
water surface elevation due to the bridge constriction is 0,40 m.

Inhaltsverzeichnis

83

6.3 Pipes and outlets
As in local gorge portions for outlets an additional loss of hydraulic energy must be included
in order to solve the shallow-water-equation. The loss of hydraulic energy at the entrance,
caused by discharge and friction is displayed by coefficients.

6.3.1 Attrition of hydraulic energy
The influence of attrition of hydraulic energy is important for the computation of the water
shallow equation. Basically it is distinguished between continuous and local losses. For
example the roughness of a pipe does only include the friction on the path, but no local
variations. These local attritions are shown by a universal approach. The coefficient of
attrition depends on the type and form of the imperfection:
HZV = ζ V ⋅

v i2−1
2g

(0.78)

The loss of hydraulic energy caused at the entrance depends on the design of intake areas.
It is subdivided between the following formations:

The loss of hydraulic energy increases as the flow velocity in the pipe accelerates. If the
outlet is very short the main loss is caused by the intake.

The loss of hydraulic energy caused by the roughness of the pipe, which depends on the
material of the inner surface, is calculated by using the friction equation of PRANDTLCOLEBROOK in combination with the flow formula of MANNING-STRICKLER. If the length of an
outlet is ten-times bigger than the delimiter, the application of the equation of PRANDTLCOLEBROOK is recommended. The roughness of a pipe can vary in a cross section or over
the path.
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In order to determine the loss of hydraulic energy caused by discharge units the equation of
BORDA-CARNOT is applied. For conic expansions at the outlet the following reduction-factor ca
as a function of the propagation angle is used:

The reduction-factor ca is used to calculate the height of attrition, which is based on
expansions, with the following equation form BORDA- CARNOT:
HZV

 v − v i−1 
= ca ⋅  i

 2g 

2

(0.79)

The Terms vi and vi-1 describe the averaged values of velocity.

6.3.2 Solution for pipe flow
The upstream and downstream profiles are not affected by the hydraulic jump, which arises
between the open channel flow and the pipe flow processes. If the pipe is not completely
filled, the equations for open channel flow are solved in order to determine the water shallow.

The energetic height in a profile i is determined by using the following equation:
HE,i = Wi−1 + HZV,i + hr,i

(0.80)
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The slope of the friction is approximated by a water level at the beginning or the height of the
pressure level in the profile i. Likewise the energetic height is approximated by a water level
at the beginning of profile i. If outlets or pipes are completely filled the energetic height
consists of the level of pressure and the height, which describes the kinematical energy
caused by velocity.
This height of kinematical energy results from the known discharge and the flow-througharea of the profile.
hk,i =

v i2
Q2
⋅ 2
2g A i ⋅ 2g

(0.81)
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7 Retention
Retention describes the time lag of water run-off processes as a phenomenon of natural
rivers. This effect considers the deformation of a flood wave in a watercourse and on flood
plains. It is distinguished between stagnant and flowing retention or natural and artificial
retention. All these phenomena result in a deformation of the discharge-time graph, the socalled hydrograph. In order to compute the form of outflow hydrograph the deformation must
be described mathematically. Retention and deformation of the hydrograph:
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Flowing Retention in the watercourse

The flow process in a watercourse is affected by a loss of energy over the path. This loss of
energy influences the retention, which depends on slope, discharge and bed material and its
distribution over the cross section. Together with the bed material, which is disclosed in
roughness classes, the vegetation of a watercourse or on the flood plain influences the
retention in the channel. Additionally the longitudinal profile of a river and its variety of
morphological structures affect this phenomenon. If a river is meandered and includes
branches, islands, banks and scours the retention of flood peaks decreases.
If the bank-full discharge is over topped, the interaction due to the jump of friction between
foreland and riverbed decelerates the velocity in the watercourse. The interaction is caused
by momentum exchange between the cross-sections of different flow velocities.

Flowing Retention on flood plains

Normally the roughness of a flood plain increases and the vegetation is denser than in the
channel. If the flood plain is inundated the width of the water shallow increases faster than
the water depth and the retention can be compared to the effects, which occur in a
compound channel. Due to a lower water depth and a higher friction the water in flood plains
flows more slowly. The retention on the flood plain is influenced by vegetation and the
existence of alluvial meadows, alluvial forests and bayous. If the flood plain is unspoilt and
open to get inundated during a flood event, normally a strong retention effect appears.

Stagnant Retention on flood plains and storage basin

If floodwater on the foreland is filling a bayou or a desiccated pond, a so-called stagnant
retention, appears. But even if the flow velocity decreases, the water remains on the
floodplain, this effect is reached and the flood peak is deformed.
This natural effect is used for artificially made retention basins. The constructions such as
polders, retention ponds and reservoirs are initiated to hold back the water in order to
decrease the flood discharge. A wise regulation of these measurements is essential for an
optimal flood management.
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8 Simulation with Kalypso 1D
Regarding a quite homogeneous natural river a one-dimensional simulation is effective and a
fast method to compute an averaged water depth and velocity. In this case homogeneity also
includes composed cross-section with vegetation, a slightly meandered river with hydraulic
structures in the channel and bifurcations. Only secondary flow processes such as
turbulence and superelevations of the water level in a cross-section as a result of a strong
meandered flow etc., should be examined in a 2D-simulation.
Based on the "BWK-Merkblatt 1” the creation of a hydraulic model in order to delimitate
inundation areas is structured into three steps: Collecting data, configuration of the model
and calibration.
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Natural open channel
inquiry of data:
geometry: riverbed and foreland
vegetation and roughness
parameter

Numerical simulation
model for 1d or 2d
hydraulics

messured data of water level
messured discharge

configuration of the model
analysis of sensitivity:
isolation and choice of relevant parameters using the
sensitivity calculation
observance of the limitations for plausibility
Not plausible

Plausibility-check of the data
plausible

Calibration:
Identification of parameters in the model by comparing
the calculated with measured water levels
Not plausible

Plausibility-check of the data
plausible

Calibrated hydraulic model

In the following examples and studies the one-dimensional steady model called KALYPSO-1D
is described and applied. In order to compute a water shallow equation a preliminary work
and a fundamental knowledge is necessary to deal with this application. Finally the hydraulic
know-how and engineering appreciation is postulated in order to check the results and the
simulated outcomes.

8.1

Background of KALYPSO-1D

The basic computation was developed by a company called BCE (Björnsen Beratende
Ingenieure). Today it is an open-source software, which has been further developed by the
institute of river and coastal engineering at the TUHH in cooperation with BCE. The company
BCE has also developed a user interface to this simulation software, which is called WspWin.
The program has been tested and applied in Germany for various projects and practical
works.
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virtual
interface
flood plain

virtual
interface
river channel

bank with
natural cover

HQ

NW

The special features of KALYPSO-1D are:
solution for a steady inhomogeneous water shallow equation.
detailed modelling of roughness by approaching the equivalent sand roughness ks
(COLEBROOK-WHITE).
Consideration of virtual interfaces (PASCHE).
Consideration of roughness due to vegetation (LINDER/PASCHE).
Calculation of bridges with complex geometries under various discharges.
Calculation of weirs with one or more fields
Determination of Kalinin-Miljukov parameters for flood routing in rainfall-runoff-models
(KALYPSO-NA).

You can find more information at www.kalypso.wb.tu-harburg.de

8.2 Preprocessing in KALYPSO-1D
In order to set up a 1D-model several input-data must be prepared and collected. Therefore
the first question is, “Which information is needed in order to set up a 1D-model for the
application of KALYPSO-1D?” At first a short overview of the required data is given:
geographical data of the profiles (position, geometry, distance, shape of the valley)
measured discharge and water depth of at least one gauging stations
inspection of the location in order to map the vegetation, bed material and morphological
structures (= hydraulic parameters)
the hydraulic structures must be collected including position, geometry, type, length, form
etc.
especially in disclosing inundation areas: the design flood events
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8.2.1 Profile data and geographical data
At the very beginning geographical data of the river and the flood plain are required. For a
one-dimensional model several profiles of a river are diagrammed and linked by straight
lines. A sampling point, width, geometry and elevations over sea level define the shape of a
profile. The number of required profiles depends on the character of the valley, the peculiarity
of meanders, the variance of natural river formations and the position of hydraulic structures.
Additionally the flow rates and the hydraulic processes should be taken into account.
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Overlapping profiles will cause an error in a simulation, therefore the position and width of
the profiles of meandered rivers must be determined carefully. In addition to the profile of the
defined hydraulic structure at least one further upstream or downstream profile is required.
The program KALYPSO-1D starts the calculation at the lower boundary (downstream) of the
river and ends upstream. Therefore the profile numbers are counted up from the lower
boundary against the flow direction.
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right

left

Flow direction

y
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A shape of a profile can be created in KALYPSO-1D considering the following definitions:
The profiles are defined in flow direction
The origin node (0/0) is only a reference point and must not be in the centre of the profile
The y-axis is defined as positive for the right side of the river in flow direction.
The x-axis is pointing at the flow direction
Do not define two nodes in the same position
The longitudinal profile of a river is counted up from downstream to upstream
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Definition of a profile in KALYPSO-1D:
reference
1

2

y

axis
3

z2
10
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12

9
z10

6
datum

8

7
y10

8.2.2 Hydraulic parameters
The hydraulic parameters for each cross-section are determined by an inspection of the
location of the river channel and its foreland. One of the most important parameters is the
bed material and the texture of the flood plain in order to choose the roughness class for
each section. Therefore the formation and the type of texture must be defined. At least three
sections in a profile are differentiated: the riverbed and the right and left foreland. However,
more than these three segments can often be determined in a natural river. If the material on
the banks is more coarse-grained than the bed material, these zones belong to the river
channel but the roughness classes are different.
The roughness for each segment and cross-section is defined by the equivalent sand
roughness ks. These values must be allocated for the whole cross section and the number

of roughness classes depends on the zoning of a profile.
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In order to chart vegetation the distance, position and type of vegetation must be identified.
Therefore an average vegetation diameter, vegetation height underwater and the parameters
ax and ay, which describe the distance of vegetation elements, are determined.
In the next step a virtual interface is fixed in order to describe the momentum exchange for
each riverside. This intensive momentum exchange between the individual segments can be
seen in a substantial decrease of the discharge. For cross sections without hydraulic
structure this virtual interface is located in transitions and jumps of water depth, roughness
and overgrown and vegetation-free areas. There must be an extreme change of roughness
and is normally only reached by vegetation on the foreland or on the bank.
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Finally the flown-through-area of a cross-section must be defined. This area describes the
upper or lower boundary to solve the work-energy equation by using the energy height
between two cross-sections.
If there exists a branch or a bayou beside the channel this flown through area should be
reduced to the main river channel with its flood plain. Another problem occurs, if the flownthrough-area of the actual cross-section is much smaller or larger than in the upstream
profile. Therefore these two flown-through-areas should be approximately adapted.
Otherwise, as in the shown profile also the outer boundary of the profile can be defined as
the flown through area
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8.2.3 Hydraulic structures
In order to define a special hydraulic structure in a cross-section the associated parameters
must be available. The following types can be displayed by KALYPSO-1D:

bridges with several fields and arch bridges
weirs with several fields and any other type of weirs
outlets with any type of profile

Before the implementation is explained the necessary input-parameters are summarised:

Input-parameters for bridges:

For the data of the top edge and in order to set the bottom line a pop-up-window appears
and asks for the following information:
The position of the bridge is fixed by the number of cross sections
The shape of the bridge is defined by setting the top edge and the bottom line of the
bridge. Therefore the z-values are allocated. The pillars of the bridge are at the same
level as the bottom line. In order to edit the shape of a bridge orthographic lines
should not be avoided.
The level of the downstream riverbed, which is normally already defined in profile
geometry.
The width of the bridge, which refers to the breadth of the roadway in the case of over
flow
The roughness of the riverbed beneath the bridge
The shape coefficient of pillars by YARNELL

If the shape of the bridge is defined the virtual interface and the flown through area is set.
The position of the virtual interface depends on the shape of the profile beneath the bridge
and the position of the pillars. The flown-through-area should be defined at the outside
boundary of the whole cross section.
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In order to simulate hydraulic processes beneath a bridge an upstream and downstream
profile is necessary.

Input-parameters for weirs:

The position of the weir is fixed by the number of cross sections
The shape of the weir is defined by setting the top edge and shape of the weirsection. Therefore the first and last point of the top of the weir must be connected
with the riverbanks.
If a weir consists of more than one field a parting line is used to fix the boundaries of
several fields and each field is calculated separately.
The width of the weir and level of the riverbed downstream.
The shape, length and alignment of crest
The shape coefficient of weir-crest

In order to simulate hydraulic processes over a weir an upstream and downstream profile is
necessary. In a cross-section with a weir the virtual interface is always defined at the outer
boundary of the weir-construction. The flown-through-area is also fixed at the outer boundary
of the whole cross-section.
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Input-parameters for outlets and pipes:

In order to design outlets several shapes of a profile are available:
full circle profile
profile with a segment of a circle
trapezium or rectangle profile
jaw profile
Normally all kinds of cross-sections are defined by a datum reference, which is determined at
the middle of the lower boundary of the profile. For a chambered profile the delimiter must be
allocated and for trapezium or rectangle profiles the height and width is needed. The
following parameters describes the position and type of the cross-section:
position and length of the outlet is determined by the number of cross sections and a
datum reference at the lowest point
type and shape of the pipe-profile is defined by the delimiter or width and height of
rectangle profiles
downhill slope of the pipe and the level of the bottom
the influence of attrition is represented by the roughness of the inner surface, the
shape of the intake and the propagation angle of the outlet
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Hydraulic processes in an outlet follow the equation for pipe flow, therefore no virtual
interface and no flown-through-area is allocated.

8.2.4 Measured hydraulic data and design floods
Measured hydraulic data is used in order to calibrate the roughness of the riverbed, the
vegetation parameters and the roughness on the flood plain. It is recommended to start with
a discharge event, which is less far-reaching to a flood event. This means the foreland is not
inundated. Normally a mean low discharge (NQ) or a mean middle discharge (MQ) is
applied. Therefore in the first step of calibration only the river channel is wetted and the
roughness coefficient for the riverbed and bank material is modulated in their physical
limitations. Therefore the difference in height between the measured water level and the
simulated water level must be as small as possible.
In a second step mean flood discharges (HQ) are computed in order to conform the friction
parameters of the flood plain. Therefore the distance and delimiter of vegetation or/and the
roughness coefficient of forelands varies. If the calibration for the watercourse is finished the
design flood events are simulated based on the specified roughness parameters.

Recapitulating the following data is necessary in order to disclose inundation areas:
measured water level and its discharge for at least one gauging stations
measured water level and its discharge for an (NQ and HQ)
position of gauging stations in the longitudinal profile
discharge as a boundary condition at the lower boundary of the river
discharge of a design flood event and its return period
water level under a design flood event and its return period
w-Q-Function = The change of water level is described under the deformation of
discharge

8.3 Simulation in KALYPSO-1D
At first the described calibration is necessary for the simulation in Kalypso-1D. The design
discharge can be computed, if the roughness coefficients are adopted for the whole
watercourse. Therefore a predefined boundary condition of the river is needed: the
discharge. Several options and approaches are available for this calculation. These options
as well as the boundary conditions are explained in the following chapters.
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8.3.1 Boundary Conditions
The allocation of boundary conditions is necessary for a hydraulic simulation. For a onedimensional problem we normally need only one predefined boundary conditions. In
KALYPSO-1D the discharge must be specified in order to start the simulation. The program
only computes the unknown size of the water level and an average velocity based on the
energetic height. “Discharge” as a boundary condition can be set as a constant value along
the path or as a stepwise function with intervals along the path.
D is c ha rge lo ngit udina l s e c t io n
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The defined discharge event is linked to a certain kind of watercourse state. The second
boundary condition, which must be determined in order to start the simulation, is the attrition
of hydraulic energy for example for outlets and pipes.

8.3.2 Options for the simulation of discharge events
Several options exist in order to modify the simulation, which is based on the work energy
equation for all options. At the very beginning it can be chosen between the following
alternatives for the simulation:
using the water shallow equation for calculations
bank full-calculation for steady uniform flow
bank full-calculation for steady non-uniform flow
Two different flow-equations exist for the determination of the energetic slope: The equation
of MANNING-STRICKLER or of PRANDTL-COLEBROOK. Both are dealing with a different kind of
approach to roughness. Therefore one of the following approaches to roughness can be
chosen:
approach to roughness, based on the equivalent sand-roughness of Darcy-Weisbach
for pipe flow
approach to roughness, based on the equivalent sand-roughness of Darcy-Weisbach
for open channel flow
approach to roughness based on the parameter of MANNING-STRICKLER
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Before further details are specified for the simulation the last and first cross section number
are defined in order to determine the interval, which is supposed to be computed.

Based on the chosen alternatives for the simulation more details are in a shortlist. The
following options for the calculation using the water shallow equation are given:
accuracy of calculation
loss of energy due to delay
activation and deactivation of weirs and bridges
selection of a predefined discharge event (boundary condition)
initial condition for the water level, which can be defined based on the slope of the
riverbed, the critical water depth or by a pre-setting of the water level
for the calculation of the loss of friction there is an approach with a trapezium formula
or a geometric averaging available.

Followings options for the bank full-calculation for steady non-uniform flow are given:
accuracy of calculation
loss of energy due to delay
activation and deactivation of weirs and bridges
output for the water level-discharge-function
definition of the stepwise increasing discharge event (boundary condition), which is
determined by an upper and a lower discharge-value and an increment.
initial condition for the water level, which can be defined based on the slope of the
riverbed or the critical water depth
for the calculation of the loss of friction there is an approach with a trapezium formula
or a geometric averaging available.

8.4 Post-processing in KALYPSO-1D
If the simulation is done, the results can be displayed by using a chart, a diagram or can be
shown in a map. Therefore we have to select the state of the watercourse and the calculated
event. For example, if only one event is calculated, the result can be displayed in a
longitudinal section or each cross section.
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If a computation for more than one event is done, several results can be diagramed in the
longitudinal section of the river. All regarded results can be compared by using only one
diagram or table:

Another option is to estimate the mass of the water body in the river. Therefore the upper
and lower wetted cross section for each segment are determined. The program differs
between forelands and riverbed in order to compare two hydraulic events in one river. Finally
the reference state is compared to an analog state. The mass calculation can be applied to
sections or to the whole river.
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In order to map the inundation area the river including cross sections is displayed in a map
and its hydraulic results are finally added.
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9 Application
In this chapter an example for a steady one-dimensional simulation is discussed. The project
area is located in Northern Germany close to Hamburg. The river R is flowing through the
villages A (km 69.066) and B (km 58.450). Both endings have a gauging station. This section
of the watercourse R, which is simulated by a one-dimensional model, is 10,62 km long
between A and B. The final result is the outline of inundation under a design flood events.

A

x

x

Legend:
- cross sections
- water courses
B

Normally the distance between cross sections for a 1d-simulation is about 50 to 100 m long.
The distance must be reduced, if the longitudinal shape of the river meanders to a high
degree, the riverbed slope changes or the geometry of the river varies intensely. Therefore a
survey with echo sounders and blower-sonars is made in order to collect topographical data.
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9.1 Description of the project area
In a 1d-simulation the included roughness parameters describe the state of the river in the
longitudinal profile as well as in the cross section of the watercourse. The roughness
parameters are collected by an inspection on location so that the hydraulic friction and
vegetation can be described.

Downstream, at gauging station A the river R is flowing in a very deep riverbed. The river is
not objected to overflow, because the banks are protected with rip-raps down to the mouth of
the river X (67,60 km).

On the way towards this mouth the bank slope decreases and is overgrown by pastures and
aligned alders. However in some places natural vegetation is growing on the banks.
Additionally it has to be mentioned that 6 artificial croppers were built into the riverbed
between 1958 and 1959. All these structures are designed identically and about 40 cms high.
They are made of a concrete bar, which is integrated into the riverbed. Before and after this
construction stones protect the riverbed.
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At kilometre 61,127 river Y, one of the biggest tributaries, discharges into river R. During a
flood event in this section river R inundates large areas on both sides of the channel. It is
characteristic for this zone that the level of the flood plain, which is lower than the top-level of
the banks. The flood plain is extensively used for agriculture. In the past this area was a fen,
therefore the drainage of the land caused a subsidence.
Due to the sabulous ground, the water level of the river is communicating with the
groundwater. That is the reason for inundated meadows of the flood plain, even under the
condition that the top of the bank is not wetted.
R

Y

R

During a flood event the river R branches off into two streams and thereby forms an island
close to the estuary of river Y. One of them is the flown through; while the other branch
consists of in impounded water on the lower levelled areas.
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Further down river R reaches village B. The foreland is completely inundated during flood
events. A gauging station exists about 100 m downstream the bridge of B (58,450 km).

9.2 Building up the 1D-model
For the middle part of river R a 1D-model was deployed based on the digital terrain model.
GIS created this digital terrain model by using the survey data. 143 cross sections were
extracted from the digital terrain model.

For each cross section the roughness and vegetation parameters were allocated based on
the inspection on location. The soil material in the riverbed varies from sand to gravel. In
several sections the bank and the riverbed is characterised by embankments, which prevent
a scour of bed material during weak and medium flood events. These bed structures function
as a pavement against hydraulic influences.
Vegetation and substrate of riverbed

ks-value in

Zone in the

[mm]

water course

sabulous to gritty

100 - 200

riverbed

river embankment with stones

150 - 200

riverbed

embankment without coverage

200 - 300

bank

embankment with grass

~ 300

bank

embankment with haulm

300 - 700

bank

grass with bushes

130 - 400

foreland

haulm with natural cover

300 - 700

foreland
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On flood plains the vegetation varies between small, medium and high vegetation. The
parameter of equivalent sand-roughness ks only includes the natural cover of small plants.
Distance and delimiter parameterise high types of vegetations, as single roughness
elements. The following distances and delimiters have been determined during the
inspection on location:
vegetation

distance ax

delimiter in

and ay in [m]

[m]

thinned, small bushes

0,3 - 2,0

0,10 - 0,30

thinned, medium bushes

3,0 - 8,0

0,20 - 0,50

young trees

5,0 - 20,0

0,20 - 0,50

If the parameters of roughness and vegetation are determined, the hydraulic structures must
be defined. In the described river section between A and B only one bridge and several weirs
are located.

How the flow area and the virtual interface are defined is described in the chapter above.

Inhaltsverzeichnis

109

9.3 Calibration
In order to calibrate the hydraulic model of the river R the statistical records of the gauging
stations during the flood event in October 1998 and different mean low discharges (NQ) and
mean middle discharges (MQ) are used. The measured data of the gauging stations at
village B and village A are applied as boundary conditions. At these locations the discharge
and the water level is available. The tributary at “Arpsdorfer Aue” is not considered in the
one-dimensional model.
HW 29.Okt. 98, 12:00h
km

Gauging station

discharge

inflow [m³/s]

[m³/s]

water depth
[m]

69,000

Village A

10,42

-

11,62

67,600

Estuary of X

-

8,78

-

61,127

Estuary of Y

-

17,65

-

58,500

Village B

36,85

-

5,67

inflow [m³/s]

water depth

MW 14.Okt. 98, 0:00h
km

Gauging station

discharge
[m³/s]

[m]

69,000

Village A

6,33

-

11,26

67,600

Estuary of X

-

3,76

-

61,127

Estuary of Y

-

9,01

-

58,500

Village B

19,10

-

4,84

inflow [m³/s]

water depth

NW 07.Okt. 98, 0:00h
km

Gauging station

discharge
[m³/s]

[m]

69,000

Village A

1,07

-

10,80

67,600

Estuary of X

-

0,58

-

61,127

Estuary of Y

-

1,48

-

58,500

Village B

3,13

-

3,69

First the roughness parameters of the river were determined based on a mean low
discharge. The roughness of the banks was calibrated during a mean middle discharge and
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finally the flood event of October 1998 was used to set the roughness on the flood plain. The
equivalent roughness parameters ks are the calibration results and listed below.
description

Ks- value [mm]

riverbed

120

river embankment

150

bank without coverage

200

covered bank

250

bank with rough covering

300

foreland

350

rough foreland

400

In addition to the adopted roughness parameters the vegetations was determined and
defined in the following combinations as well:
vegetation

thinned, small bushes

thinned, medium bushes

young trees

distance ax

delimiter in

and ay in [m]

[m]

0,3 x 0,3

0,10

0,5 x 0,5

0,10

2,0 x 2,0

0,10

3,0 x 3,0

0,10

4,0 x 4,0

0,10 - 0,15

6,0 x 6,0

0,10

7,0 x 7,0

0,10 - 0,20

8,0 x 8,0

0,10

5,0 x 5,0

0,20 - 0,30

10 x 10

0,10 - 0,20

12 x 12

0,15

15 x 15

0,10 - 0,15

20 x 20

0,15 - 0,20

30 x 30

0,10

With these roughness and vegetation values the collected data adopted very well with the
simulated water level for all discharges.
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The water level was calculated for three discharge events, NQ, MQ and HQ and the
roughness of the riverbed, the banks and the flood plains were adopted as fare as possible.
The three resulting water levels are presented in the following diagram:

The maximum difference between measured and computed water level is 3,0 cm and occurs
close to the gauging station of village A. In case of a mean low discharge (NQ) the weirs are
free over-flown. If the discharge increases the weirs will be submerged as it happens under
mean high discharge (HQ) conditions.

9.4 Design flood events of river R
Flood events are occurrences of the natural water cycle and appear when great water
masses merge over a short period of time. The volume of the water masses does not only
affect the maximum water level, but also by the timing of the conjunction. In big catchment
areas as in the region of the river Mosel, flood events often occur after rainfalls, which have
lasted for several days, in contrast to smaller catchment areas where thunderstorms cause
the highest discharge in the summer.

The peak of the water level is accumulatively affected by the factors of vegetation, soil
structure, surface features and the watercourse. A high number of those factors causes a
slowly increasing water level and discharge whereas a lower number causes a fast, high tide.
The accumulation capacity of a watercourse increases if the river spreads out over the
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banks. Especially vegetation holds back a lot of water and is one of the most effectives
reservoirs.

km

Gauging
station

discharge discharge discharge discharge discharge discharge discharge
HQ1

HQ5

HQ10

HQ20

HQ50

HQ100

HQ200

[m³/s]

[m³/s]

[m³/s]

[m³/s]

[m³/s]

[m³/s]

[m³/s]

69,000

Village A

4,08

9,30

11,71

14,76

18,71

22,00

25,24

67,600

Estuary of X

4,56

10,54

13,47

17,37

22,74

27,64

32,70

61,127

Estuary of Y

10,31

22,52

27,52

34,61

41,14

50,45

57,56

58,500

Village B

10,31

22,52

27,52

34,61

41,14

50,45

57,56

All design flood events for an annual probability during the next 200 years are listed in table
the above. In order to simulate these events the non-uniform discharge along the longitudinal
profile is used. Towards a cross section upstream of an inflow, the discharge is reduced.
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In the diagram the results of the HQ1, HQ5 and HQ10 are displayed. GIS is used in order to
map the inundation area on the flood plain of the river. Finally we can disclose hazard maps
by using the inundated area and the return period of the computed flood event.

Legend
Inundated area HQ200
w ater depth
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