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Abstract

This study was aimed to use a numerical model to validate the simulation of flow over
three types of spillway which are: (i) smooth spillway, (ii) 25-step spillway, and (iii) 50-
step spillway. The flow behaviour in the study is a high turbulence free surface two-
phase flow; thus, the flow can be divided into two parts, a free surface two-phase flow
and a high turbulence flow. The multiphase flow model and the turbulence model were
used to simulate a free surface two-phase flow and a high turbulence flow, respectively.

The multiphase flow models used were the Volume of Fluid Model (VOF) and the
Mixture Multiphase Flow Model (MMF). The linear-type turbulence models based on
(1) the turbulent kinetic energy equation k and (2) the turbulent eddy dissipation , or
the turbulent frequency , were (i) Standard k-, (ii) Realisable k-, (iii)
Renormalisation group k-, (iv) Standard k- and (v) Shear stress transport k- models.
The simulation results were compared with the test results from the physical model
which was larger and closer to the size of the prototype than the ones used in previous
research. The discharge was varied with the Reynolds number (Re) in the range of
1.68106 to 7.21106.

The flow behaviour, the flow characteristics on a step, the velocity profiles, and the
energy dissipation at the outlet of spillway of the simulation were verified with the
physical model test data. This verification consisted of: (i) comparison of a multiphase
flow model, (ii) comparison among various turbulence models, (iii) grid independence
study, (iv) flow characteristics along stepped spillways, (v) flow characteristics on the
step, (vi) velocity profiles, (vii) turbulence intensity, (viii) energy dissipation, (ix)
pressure profiles on the step, and (x) the proposed coefficients for turbulence model.
The results from the numerical model simulations showed a good agreement with the
physical model test results. Based on this fact, this numerical model was further used to
develop equations and charts for the preliminary design of spillways for any discharge.

Keywords : Flow Behaviour / Numerical Model / Physical Model / Smooth Spillway /
Stepped Spillway / Turbulence Model
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CHAPTER 1 INTRODUCTION

This chapter presents the introduction, which consists of backgrounds, statement of
problems, objectives, scope of the study, and details of this dissertation. The details are
as follows:

1.1 Backgrounds

For recent years, there has been an increase in the frequency of large floods causing
high inflows into reservoirs. Dam spillways must be designed to release the floodwaters
in excess of the reservoir capacity.  To prevent dam overtopping and the potential risk
of failure, the appropriate design of spillways remains very important. To be safe, the
spillway must be capable of passing high flow without jeopardizing the dam. Such in
case when the large design flow is required; a specific spillway is needed to be designed
to pass a larger flow. Due to the high flow over the spillway, the design should be very
complicated and faces with cavitations and high flow kinetic energy problems. Some
forms of structure, for example the stilling basin, located at the foot of the spillway have
been used for energy dissipation. The stilling basin is a kind of energy dissipaters
designed for the dissipation of energy from upstream flow. The good design for energy
dissipater should reduce the flow velocity without any destruction of other hydraulic
structures. The theory of using energy dissipater is; for example, change the flow type
by constructing a hydraulic jump, change of channel or spillway roughness, add more
air into the flow, etc. (Vischer and Hager, 1995).

A stepped spillway has a profile made up of steps and consisting of an open-channel
with a series of drops. Construction of stepped spillways has recently become popular in
many countries. They have become increasingly popular in view of their increased
ability to dissipate energy on each step, rather than the traditional, smooth-surface
spillways that require energy dissipation structures at their downstream end. The
spillway steps serve as a macro roughness elements causing high flow resistance. Each
step significantly dissipates kinetic energy. The rate of energy dissipation on each step
is greatly increased. Ultimately, the large energy dissipaters at the toe of the spillways
are not necessary (Boes and Hager, 2003a; Felder and Chanson, 2009). The aerated flow
on the stepped spillway also reduces the cavitation problem that always occurs on the
spillways (Chamani and Rajaratnam, 1999b).

The flow regime on a stepped spillway is very complex. It can be classified into three
types: nappe flow, transition and skimming flow (Chanson, 1996; Chamani and
Rajaratnam, 1999a; Chanson et al., 2002). Nappe flow is usually found on stepped
spillway with large steps or at low discharges. A free-falling jet impacts from step to
step with a fully aerated nappe cavity (Chanson, 2002). The transition flow occurs at
discharges higher than the maximum required for nappe flow but lower than for the
onset of skimming flow. The flow on each step generates a large horizontal vortex that
recirculates water with or without air entrainment, whilst the water surface is wavy.
Skimming flow occurs on stepped spillway with small steps or at high discharges
(Chanson, 1996; Boes and Hager, 2003a). The air pocket along the vertical face of each
step disappears in skimming flows. For practical engineering purposes, skimming flows
are more relevant than nappe flows.
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Scaled-down physical models of spillways were used as a tool to investigate the flow
over stepped spillways. Many studies of various sizes of stepped spillways were
investigated experimentally (Essery and Horner, 1978; Rajaratnam, 1990; Frizell, 1992;
Peyras et al., 1992; Christodoulou, G.C., 1993; Ohtsu and Yasuda, 1997; Yasuda and
Ohtsu, 1999; Ohtsu et al., 2000; Chen et al., 2002; Chanson and Toombes, 2002; Boes
and Hager, 2003a, 2003b; Ohtsu et al., 2004; Amador, 2006). In highly air-entrained
flows as two-phase flow through a spillway, the viscous forces and surface tension play
a very important role in air entrainment. If these two secondary forces are ignored
because of the scaled-down models, the scale effect, which is a term of critical problem
used to describe slight distortions, can be occurred. Then, the data can be
misinterpreted. Also, such modelling investigations are still quite expensive and time
consuming due to the complexity of the flow.

Numerical modelling of spillways has become attractive due to the increase of computer
performance and advances in Computational Fluid Dynamics (CFD). It can be used to
investigate flow over spillways using reasonable sources, time and expense. A
significant advantage of numerical simulations over laboratory experiments can be
found in lower cost and shorter time requirements. However the challenge remains on
the accuracy and the reliability of numerical models in face of the large air entrainment,
high velocities and natural complexities of non-aerated and aerated portions of the flow
on stepped spillways.

1.2 Statement of problems

The problem of using stepped spillway is the unknown of complex flow on each step.
Even the flow through stepped spillway can dissipate a lot of energy and can decrease
the cavitation problem, there is still no clarity of its processes. The physical model can
not describe these processes clearly and completely. Therefore, if the numerical model
can describe flow pattern and flow characteristics correctly, it would be the advantage
for the design of stepped spillway.

Moreover, the numerical model with the equations and appropriate coefficients under
the analytical solution can better show the flow process. Then, it would be better to have
the specific coefficients and equations for simulation of the stepped spillways. It is also
better if there are some equations that can be used to preliminary design of stepped
spillway. At least, these equations can be an initial step to consider whether it is good or
not to design the appropriate stepped spillway to release high flow.

One of the main questions in modelling stepped spillways is whether the physical and
numerical models calibrated on small-scale physical models, can properly replicate the
flow properties on large stepped spillways at the near-prototype scale. Table 1.1 lists a
summary of the geometries of the various model-scale studies and corresponding
turbulence models. Most of previous studies have normally investigated the flow
through laboratory experiments on downscaled spillway models. The flow complexity
along stepped spillways has caused definite uncertainties in extrapolating experimental
results to prototype scales. Then, the scale effects is one of an important problems on
the studies on the physical models.
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The scale effect is a term of critical importance, used to describe slight distortions when
viscosity and surface tension in highly air-entrained flows are ignored (Hunt and
Kadavy, 2010). In two-phase flow through a spillway, viscosity and surface tension play
an important role in air entrainment. This scale effect is attributed to high air-
entrainment in flow over stepped spillway. The physical modelling of stepped spillways
based upon a Froude similitude maybe sensitive to scale effects (Gonzalez and
Chanson, 2004). If a Froude similitude is applied, the air bubbles are too large and
cause too high detrainment rate. Moreover, flow recirculation on the step causes a
momentum exchange with the main flow and suggests the need for a Reynolds
similitude. Then, the guidances on modelling techniques for reducing scale effects was
suggested (Boes, 2000a, 2003a, 2003b; Chanson, 1994a; Takahashi et al., 2006). The
Reynolds number of at least 105 is proposed to minimize viscous effects (Boes, 2000a;
Boes and Hager, 2003). A scale of 10:1 or larger is suggested for reducing the scale
effects in modelling stepped spillways (Chanson, 2002). A minimum Weber number of
100 is recommended for surface tension effects to be negligible (Gonzalez and
Chanson, 2004; Boes and Hager, 2003). Most of the previous studies focused on small
scale stepped spillways and low discharge, the scale effect and possible advantages of
numerical model deserve further consideration.

However, even if the numerical solution agrees well with the data from physical model,
there is the uncertainty arising from the discretisation errors. The discretisation error is a
potential deficiency in any phase of the modelling process due to lack of knowledge.
Therefore, grid independence study has recently become important to determine
whether the grid size is refined enough to produce good results with less discretisation
error.

Table 1.1 Geometry of previous studies of numerical models on stepped spillways

Reference
Physical model

from
Flow rate
Q (m3/s)

Geometry Maximum
roughness
Ks = hcos

(m)

Number
of steps

N

Slope


(degree)

Spillway
height
H (m)

Step height
h (m)

Chen et al.(2002) Chen et al. (2002) 0.0200 53.1 0.79 0.02–0.06 0.04 13
Cheng et al.(2006) Chen et al. (2002) 0.0300 53.1 0.83 0.02–0.06 0.04 13
Qian et al. (2009) Amador (2006) 0.0800 51.3 2.00 0.0500 0.03 40

Tongkratoke et al.
(2009)

Boes and Hager
(2003b)

0.0233 30.0 2.85 0.0231 0.02 N/A
0.0660 30.0 2.85 0.0462 0.04 N/A
0.1866 30.0 2.85 0.0924 0.08 N/A
0.0328 50.0 4.36 0.0311 0.02 N/A
0.1705 50.0 4.36 0.0933 0.06 N/A

Chanson and
Toombes (2002)

0.0580 21.8 1.00 0.1000 0.10 9
0.1140 21.8 1.00 0.1000 0.10 9

Remark: N/A = Not available

1.3 Objectives

1. To model the complex flow pattern of two-phase turbulence flow in spillways by the
numerical model.

2. To establish which turbulence model and multiphase flow model are appropriate for
the simulation of skimming flow over stepped spillways and to predict the flow
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velocity with smallest deviation. The appropriate grid size for the simulation is also
suggested based on Grid Convergence Index (GCI)

3. To expand the simulation results from numerical models to large scale physical
models to ensure proper simulation of flow in complex multiphase flows.

4. To present the energy dissipation from flow over stepped spillway which is the most
important advantages of using stepped spillways.

5. To develop the equations and charts for the preliminary design of spillways for any
cases of possible discharges.

1.4 Scope of the study

The present study is to model the complex flow pattern of two-phase turbulence flow in
spillways by using the numerical model. The appropriate turbulence model and
multiphase flow model for the simulation of skimming flow over stepped spillways and
prediction of the flow velocity with smallest deviation are established. The appropriate
grid size for the simulation is also suggested based on Grid Convergence Index (GCI) in
order to minimize the discretisation error. The numerical model is suggested to expand
the simulation results from numerical models to large scale physical models to ensure
proper simulation of flow in complex multiphase flows. The analytical solution and also
the results from the numerical models are used to develop the equations and charts for
the preliminary design of spillways for extreme events. One of the most important
advantages of stepped spillway is the energy dissipation. Then, the equations of energy
dissipation from using of stepped spillway are proposed.

The assumption of the complex turbulence flow in spillways is the flow would be two-
phase free surface flow without any large or observable suspended sediment that can
affect the flow pattern.

The simulation results from numerical models are compared to the large scale physical
models to ensure proper simulation of flow in complex multiphase flows. Some
parameters from the results will be compared with some previous studies. The physical
models used to calibrate and verify the numerical models are from the study of Ward
(2002). They were carried out at Colorado State University with the largest step height.
The flow discharge up to 3.3 m3/s corresponds to Reynolds numbers ranging from

 61068.1 Re 61021.7  . The physical model used in the present study is thus, the
largest in size or near-prototype size, ever simulated by a numerical model. The flow
velocity data is used to establish which turbulence model and multiphase flow model
are appropriate for the simulation of skimming flow over stepped spillways.

The appropriate grid size for the simulation is suggested based on Grid Convergence
Index (GCI). The smallest grid size is designed based upon the capability of the Dell
Precision workstation with Intel Xeon CPU X3330 at 2.66 GHz, 2.67 GHz, and 8.0 GB
of RAM and OS of Microsoft Server HPC Edition. The results from the numerical
models are used to develop the equations and charts for the preliminary design of
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spillways. The analytical solution is used to propose some coefficients of the equations
used in the numerical models.

The energy dissipation from flow over stepped spillway is studied from the starting
point of spillway to the end of last step of spillways.

1.5 Details of the dissertation

This dissertation consists of six chapters. The first chapter presents the introduction of
the present study. The backgrounds, the statement of problem, the objectives, and the
scope of study are also presented in this chapter. The literature review is shown in
Chapter 2. Then, Chapter 3 shows the related theory. In Chapter 4, the methodology is
shown. The results are presented and discussed in Chapter 5. Conclusions and
recommendations from the study are presented in Chapter 6. Finally, references and
appendices are also presented.
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CHAPTER 2 LITERATURE REVIEW

This chapter presents the literature review of the study on spillways, stepped spillway,
flow regimes, pressure distribution, energy dissipation, numerical model, multiphase
flow model, turbulence model, grid convergence index. The recommendations from
literatures are also presented. All literatures of each topic are summarised as follows;

2.1 Spillways

Dam and reservoirs are being used in many countries in various sizes. They can be
constructed by many kinds of materials e.g.; earth fill, rock fill, concrete masonry, roller
compacted concrete (RCC), etc. depending on availability of materials, cost, and mass
stability. They can be overflowed and cause the overtopping problem if their capacities
are less than the difference between inflow and outflow. The most sensitive structures
are earth-fill dams, which can be destroyed by a small overtopping (Khatsuria, 2005).
Even the dam that made of other kinds of materials can withstand the overtopping;
overflow jet would be more concern about the immediate flow downstream, indirectly.
It can cause other damages to the nearby structures and cause failure to them.

All dams, then, should be constructed with the high safety device to prevent the
overtopping. As a result of dam safety policies, the spillway design flood are among the
most conservative dam safety policies. The spillway should be designed to pass
probable maximum flood (PMF) (Dubler and Grigg, 1996). It is also designed to surplus
the excess water or flood. Takasu and Yamaguchi (1988) discussed about seven more
functions on the spillway. They are; (i) maintain water in river, (ii) discharge water for
utilization, (iii) maintain water level for flood control system, (iv) control floods, (v)
control additional flood from upstream, (vi) release surplus water, and (vii) lower water
level. Spillways have been classified, according to the most prominent feature by
Khatsuria (2005), as shown in Figure 2.1.

A. Ogee spillway B. Chute spillway
C. Side channel spillway D. Shaft spillway
E. Siphon spillway F. Straight drop or overfall spillway
G. Tunnel spillway/Culvert spillway H. Labyrinth spillway
I. Stepped spillway

(a) Ogee spillway

Figure 2.1 Types of spillways
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Source: Mccabe (2012)

(b)
Flow direction

Flow direction

Source: Water Affairs (2012)

(c)

Source: Water Affairs (2012)

(d)

(e)

Dam Crest
Flow direction

Flow direction

Flow direction

Flow direction

Outlet

Flow direction

Flow direction

Outlet

Dam Crest

(b) Chute spillway (c) Side channel spillway
(d) Shaft spillway (e) Siphon spillway

Figure 2.1 (Cont.) Types of spillways
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Source: Walsh Construction (2012)

Source: James (2012)

(f)

Source: Ross (2012)

(g)

(h)

Source: Takahashi et al. (2006)

(i)

Flow direction

Flow direction
Flow direction

Outlet

Dam Crest

Flow direction

Flow direction

Dam Crest

Flow direction

Flow direction

Flow direction

(f) Straight drop or overfall spillway (g) Tunnel spillway/Culvert spillway
(h) Labyrinth spillway (i) Stepped spillway

Figure 2.1 (Cont.) Types of spillways
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2.2 Stepped spillways

A stepped spillway having a profile made up of steps and consisting of an open-channel
with a series of drops is becoming popular for high efficiency controlled release of
overflow into a downstream river. The step faces of the spillway can dissipate the
energy of the overflow and reduce the size of the energy dissipater needed at
downstream of the spillway. Stepped spillway, which is also called stepped-channel
spillways, staircase waste waterways, stepped spillways, and stepped chutes have been
used for more than 3,000 years (Chanson, 2000,2002). There is some evidences
showing that during the 19th century and early 20th century, dams were built with
overflow stepped spillways. After the progresses and techniques in hydraulic jump
stilling basins, stepped spillways had been neglected and expertise about them had been
lost for a while (Chanson, 2001). In the early 1980's, the first RCC dam was constructed
and then spread out the world. A number of previous studies mentioned the associated
spillways are being constructed with a step-wise profile in about 34% of the 145
existing dams (Hollingworth and Druyts, 1986; Dunstan, 1994; Chanson and Toombes,
2002b). They  have become popular due to the low-cost and the speed of construction
(Logie, 1985; Parker, 1992)

The energy that can be dissipated downstream of the stepped spillway can eliminate or
reduce the need for a large energy dissipater or stilling basins at the toe of the spillway.
Then, the need for improved knowledge on the evaluation of energy dissipation at the
downstream of the stepped spillway is getting higher with the increased size of the
dams. The previous studies have been developed for the flow patterns or characteristics
on stepped spillways, flow in aerated and non-aerated zones, air entrainment or air
concentration distribution, flow depths, flow velocity, energy dissipation, pressure
fluctuations, and cavitation erosion (Sorensen, 1985; Rajaratnam, 1990; Stephenson,
1991; Peyras et al., 1992; Ru et al., 1994; Gaston, 1995; Rice and Kadavy, 1996;
Chamani and Rajaratnam, 1999; Pegram et al., 1999; Matos, 2000; Chanson and
Toombes, 2001; Chanson, 2002; Boes and Hager, 2003a,b; Ohtsu et al., 2004; Andre,
2004; Andre et al., 2004; Gonzalez, 2005)

2.3 Flow regimes

The flow regime on a stepped spillway is classified into three types: nappe flow,
transition and skimming flow (Chanson, 1996; Chamani and Rajaratnam, 1999;
Chanson et al., 2002). Nappe flow is usually found on large steps or at low discharges
appeared as a free-falling jet impacts from step to step with a fully aerated nappe cavity
(Chanson, 2002). Skimming flows occur on small steps or at high discharges (Boes and
Hager, 2003a; Chanson, 1996). The air pocket along the vertical face of each step
disappears in skimming flows. The transition occurs at discharges higher than the
maximum required for nappe flow but lower than for the onset of skimming flow. The
flow on each step generates a large horizontal vortex that recirculates water with or
without air entrainment, whilst the water surface is wavy. For practical engineering
purposes, skimming flows are more relevant than nappe flows.

At the upstream end of skimming flows over stepped spillways, the water surface is
rather smooth without air entrainment. The boundary layer thickness is less than the



10

flow depth and this zone is called the “non-aerated zone”. The boundary layer develops
and reaches the flow depth after a few steps at a location called the inception point. At
the downstream of the inception point, flow is rapidly aerated. The free surface becomes
wavy with significant air entrainment in this zone, called the “aerated zone” (Boes and
Hager, 2003b; Ohtsu et al., 2004; Cheng et al., 2006). There is a line, called “pseudo-
bottom”, created over the external edges connected from tip to tip of the steps.

At each section of the aerated zone, the flow depth can be distinguished into at least two
regions from using the pseudo-bottom; upper and lower regions (Chamani and
Rajaratnam, 1999a, 1999b). The lower region beneath the pseudo-bottom consists of
water containing individual air bubbles distributed throughout the flow and exchanged
with the upper region. There was the development of the recirculation on each step.
Most of the energy was dissipated to maintain recirculation in the lower region. It was
maintained by turbulent stress between the main flow and the recirculating underneath
(Matos et al., 1999; Sanchez-Juny et al., 2000; De Marinis et al., 2001; Khatsuria,
2005). The upper region, above the pseudo-bottom, contains a wavy water surface in
which air is trapped by waves (Chanson and Toombes, 2002; Boes and Hager, 2003a,
2003b; Amador, 2006).

Many scaled-down physical model studies investigating flow over stepped spillways
have been carried out in the past to study the flow characteristics and patterns. Some
studies tested before year 2000 were collected in the study by Ward (2002). They are
shown in Table 2.1. However, such modelling investigations are still quite expensive
and time consuming due to the complexity of the flow. There are also the studies about
the pressure field in skimming flow (Ohtsu and Yasuda, 1997; Matos et al., 1999;
Sanchez-Juny et al., 2000; Andre et al., 2001; Amador et al., 2004; Tabbara et al.,
2005).

Table 2.1 Previous studies on physical models (Modified from Frizell (2006) and
Ward (2002))

Reference
Slope,

 (degree)
Slope,
H:V

Model
scale

Number of
steps

Step height,
h (m)

Discharge,
Q (m3/s)

Unit
discharge,
q (m3/s/m)

Essery and
Horner (1978)

11.31
21.80
22.83

27.74
32.25
36.35
40.10
45.00

5:1
2.5:1

2.38:1

1.9:1
1.58:1
1.36:1
1.19:1

1:1

- 12
20

30, 20,
10, 8
30, 10

10
30, 10
30, 10

20

0.16
0.03

0.09, 0.17,
0.33, 1.48
0.12, 0.42

0.5
0.16, 0.58
0.19, 0.67

0.03

- -

Stephenson
(1979)

18.4
45.0

3:1
1:1

- 1 to 4 0.49 - -

Sorensen (1985) 52.0 0.78:1 (i) 1/10

(ii) 1/25

(i) 15

(ii) 59

0.200 (i) 0.052 to
2.49

(ii) 0.063 to
1.16

(i) 0.05 to 2.54
(ii) 0.06 to

1.18

Stephenson
(1991)

54.5 0.7:1 - - - - -
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Table 2.1(Cont.) Previous studies on physical models (Modified from Frizell (2006)
and Ward (2002))

Reference
Slope,

 (degree)
Slope,
H:V

Model
scale

Number of
steps

Step height,
h (m)

Discharge, Q
(m3/s)

Unit
discharge,
q (m3/s/m)

Frizell (1992) 26.6 2:1 - - 0.16 6 to 17.6 0.4 to 1.17
Peyras et al.

(1992)
18.4
26.6
45.0

3:1
2:1
1:1

1/5 3
4
5

0.66
0.66
0.66

7.5 to 30.1 0.43 to 2.70

Christodoulou
(1993)

55 0.7:1 - 15 0.082 0.35 to 1.59 0.215 to 0.97

Chamani and
Rajaratnem

(1994, 1999)

59
51.3

0.6:1
0.8:1

1/4.87,
1/10, 1/20

- 0.41, 0.2, 0.1 0.74 to 2.2 0.74 to 2.2

Gaston (1995)
26.6 2:1

- 0.21 16.6 to 160.9 3.33 to 30.03

Rice and
Kadavy (1996)

21.8 2.5:1 1/20 27 0.10 1.74 to 4.34 0.70 to 1.74

Pegram et al.
(1999)

59 0.6:1
(i) 1/10
(ii) 1/20

(i) 120
(ii) 240

0.082 to 0.66
(i) 2.6
(ii) 5.2

(i) 1.3
(ii) 2.6

Pinheiro and
Fael (2000)

26.6
11.3

2:1
5:1

- 10 0.164 1.41 0.614

Chanson (2002) 21.8 2.5:1 - 9 0.328 1.41 to 6.36 0.43 to 1.94
Chen et al.

(2002)
53.1 0.75:1 - 13 0.02 to 0.06 0.02 to 0.03 0.067 to 0.10

Ward (2002) 26.6 2:1 - 25, 50 2.0, 1.0 7.1 to 116 1.17 to 2.97

Andre (2004)
18.5
30

3:1
1.73:1

1/5 to
1/10

67 0.197 4.92 < 3.0

Gonzalez and
Chanson (2004)

15.9 3.5:1 1/2 9 0.328, 0.164
5.28, 2.12 to

2.82
1.61, 0.646 to

0.86
Gonzalez and

Chanson
(2004b)

3.4 16.83:1 1/2 18 0.469, 0.2346
1.31 to 3.89,
0.35 to 1.41

0.8 to 2.37,
0.215 to 0.86

Sanchez-Juny
and Dolz (2005)

51.3 0.8:1 - 40 0.10 0.20 0.33

Amador (2006) 51.3 0.8:1 - 40 0.05 0.08 0.03 to 0.11
Pfister et al.

(2006)
50 0.84:1

1/12.9
1/3.2

25
1.20
0.30

0.45 0.90

Gonzalez and
Chanson (2007)

-
0.84:1,
0.60:1

- - 0.017 to 0.125 - 0.0006 to 0.58

Hunt et al.
(2008)

14.04 4:1 1/8 40 0.038
0.198, 0.36,
0.50, 0.756,
1.116, 1.476

0.11, 0.20,
0.28, 0.42,
0.62, 0.82

Meireles and
Matos (2009)

26.6 2:1 - 20, 10 0.025, 0.05
0.021 to

0.056
0.03 to 0.08

Roshan et al.
(2010)

10.87 5.17:1 1/20 12, 23 6.5, 3.25 1.69 to 11.77 0.026 to 0.181

Bombardelli et
al. (2011)

53 0.75:1 - - 0.04 - 0.08 to 0.18

Felder and
Chanson (2011)

26.6 2:1 - 10, 20 0.10, 0.05 0.02 to 0:237
0.057 to 0.237
and 0.021 to

0.218
Meireles et al.

(2012)
53 0.75:1 - 10

0.02, 0.04,
0.08

0.05-0.20 0.05 to 0.20
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2.3.1 Nappe flow

The nappe flow regime, as shown in Figure 2.2, can be defined as a succession of free-
falling nappes (Chanson, 1996). In the nappe flow, the steps act as a series of overfalls
from one step to another (Frizell, 2006). The flow leaves the step as a free-falling jet
and impinges on the tread of the next step as a series of small free falls (Chanson, 1996;
Ward, 2002). Generally, for small discharge, a free-falling nappe is found at the brink of
the step while a hydraulic jump is observed on the step face (Chinnarasri and
Wongwises (2006). In the nappe flow regime, three kinds of sub-regimes have been
distinguished: (i) nappe regime with subcritical flow, (ii) nappe regime with mixed
flow, and (iii) nappe regime with supercritical flow (Fratino, 2004).

Figure 2.2 Nappe flow regime

Chanson (1994) proposed the equation for the occurrence of nappe flow with the fully
developed hydraulic jump as follows;

276.1

916.0.0 
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yc (2.1)

for 0.2  h/l  0.6.

Chanson (2001) proposed the upper limit of a nappe flow regime as follows;
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yc 4.089.0 (2.2)

for 0.05  h/l  1.7.

Yasuda et al. (2001) proposed the lower limit of the step height for the nappe flow as
follows;

3.157.0
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for 0.1 h/l  1.43 and 0 < h/yc  1.37.
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Chinnarasri (2002) also proposed the upper limit of nappe flow as follows;

  lhc

h

y /55.098.0 (2.4)

Chinnarasri and Wongwises (2004) proposed the maximum discharge for the nappe
flow regime as follows;









l

h

h

yc 388.0005.0927.0  (2.5)

for 0.1  h/l  1.73.

Roshan et al. (2010) found that the nappe and transition flow regimes occur at low
discharge while skimming flow regime at high discharge. They showed experimentally
that in case of 12-steps spillways, nappe or transition flow occur at discharge per unit
width lower than 0.138 m2/s.

The energy loss in nappe flow is greater for fewer steps for the same spillway height
and discharge. It also decreases as the number of steps increases for the same spillway
height and discharge (Chanson, 1994b; Matos and Quintela, 1995). Then, for the low
dams with large steps, nappe flow can dissipate more energy than skimming flow
(Andre, 2004). On the other hand, a spillway designed for a nappe flow would require
large steps and flat slopes which means the construction cost would be very high
(Frizell, 1992). Chamani and Rajaratnam (1994) presented the equation for the energy
dissipation as shown in equation (2.6). It is summarised and confirmed again that this
equation provided the best agreement among proposed equations by the others (Pinheiro
and Fael, 2000).
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where EL = energy loss, EL= E0 - Ei

E0 = energy at the inlet section, E0 = (Elevation head+1.5yc)

Ei = energy at the point-of-interest section,

= (flow depth measured in vertical direction +velocity head)

A = 
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2.3.2 Transition flow

Ohtsu and Yasuda (1997) firstly introduced the transition flow region. The earlier
studies about flow regime never mentioned about transition flow before. Then, all the
studies were developed for the onset of skimming flow. For the transition flow, as
shown in Figure 2.3, it appears chaotic with strong splashing and many droplet ejections
just downstream the section where the air entrainment process takes place (Chanson and
Toombes, 2004). The aeration process generally begins when the first deflected nappe
occurs and develops in four different regions (Fratino, 2004). The free surface presents
an undular profile characterised by wave length similar to the stepped invert profile and
the air cavities under the falling nappes show an alternating trend in size when the flow
passes from one step to another (Ohtsu et al., 2001;  Chanson and Toombes, 2004).

Figure 2.3 Transition flow regime

From the study of Ohtsu and Yasuda (1997), two empirical equations able to evaluate
the upper limit for the nappe flow regime and the lower limit for the skimming flow
regime were defined, respectively, as follows (Yasuda et al., 2001; Fratino, 2004);
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where the spillway slope should be lower than 55°.

Chanson and Toombes (2004) defined two equations for the lower and upper limit of
transition flows, respectively, as follow;
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yc 381.09174.0  (2.9)
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where equations (2.9) and (2.10) are valid for the spillway slope  between 0° - 60° and
0° - 56°, respectively.

2.3.3 Skimming flow

The skimming flow regime, as shown in Figure 2.4, were conducted corresponding to
the largest discharges per unit width. The waters flow down a stepped channel as a
coherent stream skimming over the pseudo-bottom formed by step edges (Rajaratnam
1990). Beneath the flow, cavity vortices are developed and recirculation is maintained
through the transmission of shear stress from the main stream. Skimming flows are
characterised by very significant form losses and momentum transfer from the main
stream to the recirculation zones. There is an obvious analogy with skimming flows past
large roughness elements and cavities (Gonzalez and Chanson, 2004b).

Figure 2.4 Skimming flow regime

The skimming flow looked similar to some self-aerated flow down smooth chutes. At
the upstream end, the flow was smooth and transparent. This zone can be called the
"non-aerated zone". When the outer edge of the developing bottom boundary layer
reached the free surface, turbulence induced strong aeration. This point can be called as
an inception point. Downstream of the point of inception of free-surface aeration, the
air–water flow became fully developed and strong exchanges of air–water and
momentum occurred between the main stream and the atmosphere. This zone can be
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called the "aerated zone". An intense cavity recirculation was observed below the
pseudo-bottom formed by the step edges. The air–water flow mixture consisted of a
bubbly region (Void fraction < 30%), a spray region (Void fraction > 70%) and an
intermediate zone in between (Gonzalez and Chanson, 2008).

Rajaratnam (1990) presents the equation for skimming flow, which includes transition
flow at that time, as follows;

8.0
h

yc (2.11)

for 0.4  h/l  0.9.

Chanson (1994) proposed the equation for the onset of skimming flow for spillway
slopes range from 11.3◦ to 38.7◦ as follows;

l

h

h

yc 465.0057.1  (2.12)

Mondardo and Fabiani (1995) presents the equation for skimming flow, which include
transition flow at that time, as follows;

l

h

h

yc 59501.01974.1  (2.13)

Ohtsu et al. (2001) found that the limit of the relative critical depth for the skimming
flows depends on the channel slope as follows;

  6/1tan
7

6  
h

yc (2.14)

where the spillway slope is 5.70   550.

Boes (2000a) presents the equation for skimming flow, which include transition flow at
that time, as follows;
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h

yc 14.091.0 (2.15)

for 0.47  h/l  1.43.

Chinnarasri and Wongwises (2004) proposed the minimum discharge required for the
onset of skimming flow on horizontal and inclined steps as follows;
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for 0.1  h/l  1.73.

2.4 Pressure distribution on steps

In the skimming flow, the lower region on the step contains recirculating with high
turbulence. The pressure field is expected to exhibit intense pressure fluctuations. Then,
it is important to know whether pressure fluctuation can cause cavitation (Khatsuria,
2005). The pressures distribution mainly located in the upstream zone of the stepped
spillway depends on the discharge different flow regions of the skimming flow;
developing flow, rapidly varied flow or gradually varied flow regions.

Sanchez-Juny et al. (2000) and Sanchez-Juny and Dolz (2003) studied pressures
distribution along the stepped spillway with a pressure transducer and flow visualizing
technique. It was found that mean pressures are positive all along the spillway whereas
both maximum and minimum pressures are located upstream of the inception point. The
pressure at upstream is greater varied than downstream. Similar behaviour has already
been presented by Othsu and Yasuda (1997). For the pressure profiles on the horizontal
face of a step, the flow hits the downstream half of the horizontal face. At the upstream
half of the horizontal face, the largest discharge and the lowest pressures were found
because this zone is characterised by a boundary separation of the flow. Similar
behaviours were already shown by Frizell (1992). For the pressure profiles on the
vertical face of a step, the mean pressures can be negative. It can be less negative for the
greater discharge because the region near the outer edge of the step is characterised by a
boundary separation of the vortices. The area near the continuous horizontal face
receives the impact of the recirculating flow. Therefore, the mean pressures will be
positive though lower than those observed on the impact zone of the horizontal face.
The study by Xun (1994) is also in the same trend and confirm the study of Sanchez-
Juny et al. (2000).

Chinnarasri (2002) also experimentally studied the pressure on the horizontal step face.
The pressure in his study was the time averaged pressure. It was found that the
maximum time averaged pressure, Pmax, on the horizontal step face is located at the Hi

below the crest as

31.0

3

2

28.1
max











ii gH

q
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(2.17)

Amador et al. (2004) found that the pressure profiles show the flows impacts in the
downstream half of the horizontal face because the mean pressures are larger than in the
upstream half. The pressures are governed by the cavity flow. The high variances of the
pressures were also found on the downstream half. The negative pressures at the inner
region of the step can be found because the mean pressures are smaller at the upstream
half. For the vertical face near the outer edge, there is a separation flow region and
negative pressures were found. It means that the pressures over the vertical faces are
affected by the separation of the shear layer and the recirculation zone in the cavity.
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Amador et al. (2009) investigated the dynamic pressures along the spillways. The
difference of the dynamic pressure between non-aerated and aerated zone was found.
For the aerated zone, it was found that the largest dynamic pressures on the horizontal
faces near the step edge where pressures are governed by the impact of the overlying
flow. The zone near the outer step corner on the vertical faces is identified as critical
zone of cavitation risk. Then, the pressures are affected by flow separation and the
relative mean values are close to zero although significant pressure fluctuations are
observed. The region near the outer step edge of the horizontal face is characterised by a
positively skewed distribution. On the other hand, the outer step corner of the vertical
face, a negatively skewed function is observed.

For the transition flow, Fratino et al. (2003) found that the pressure values at the
upstream are much greater than the pressure at the downstream. It means that there
might be a cavitation risk at the upstream and more investigations are further needed. At
the downstream, aeration surface and steady wavy flow may affect the fewer pressure.

In the nappe flow regime, Sanchez-Juny and Dolz (2005) found that the tread of the step
can be divided into two zones, which are different from the skimming flow. The
downstream quarter of the horizontal face is characterized by the impact of the upper
flow. The maximum pressures in the outer end of the steps show values of around three
times the step height. The upstream three quarters of the horizontal face are
characterized by a hydrostatic behavior. In this zone, the lower discharge can cause the
lower pressure fluctuations. The transition flow was also studied. It was found that the
pressures begin to show the hydrostatic pattern because they were governed by the eddy
trapped under the skimming flow.

2.5 Energy dissipation

The energy dissipation can be observed and calculated from the energy between the
inlet section at the approach channel of spillway, E0, and any section of interesting step,
Ei, as shown in Figure 2.5.

The energy E0 consists of elevation head from datum to the inlet, H0, flow depth, yc, and
velocity head, V0

2/2g,

E0 =
g

V
yH c 2

2
0

0  (2.18)

where the datum is located on the interesting step. The term of velocity head can be
changed to be in terms of flow as

g

q
yc

2
3  (2.19)
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Figure 2.5 Parameters of the calculation of energy dissipation

The term of velocity head, then, can be written as
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Substitute q2 from equation (2.3) into (2.4),

222 2
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gy

gy
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V
 (2.21)

Then, equation (2.2) becomes

c
c

c yH
y

yHE 5.1
2 000  (2.22)

The section of interesting step is also superimposed with the datum. Then, the energy Ei

consists of flow depth measured, vertically, from the datum, yi, and velocity head,
Vi

2/2g,

g

V
yE i

ii 2

2

 (2.23)

The energy loss, EL, is the difference between energy at the inlet section, E0, and the
energy at the section of interesting step, Ei.

EL = E0 - Ei (2.24)
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The energy dissipation, EL/E0, is one of the dimensionless parameter which is widely
used to study the energy dissipation characteristics.

Several previous studies have been performed on physical models of stepped spillway.
However, the results were valid only for that case and could only be used as a guide for
other similar cases (Chatila and Jurdi, 2004). For the skimming flow through the
stepped spillway, it is the high level of free-surface aeration (Rajaratnam, 1990; Matos,
2000). The free surface air is trapped and released, and the resulting two-phase mixture
interacts with the flow turbulence. It yield some intricate air-water structure associated
with complicated energy dissipation mechanisms (Chanson and Toombes, 2002;
Gonzalez and Chanson, 2004b; Carosi and Chanson, 2008).

Young (1982) studied the feasibility of a stepped spillway for the Upper Stillwater Dam
and found a 75% energy reduction. Sorensen (1985) studied the design of steps and
their spacing on the spillway face in order to optimise the energy dissipation. It was
found that adding a few steps to the face of the spillway eliminated the deflecting water
jet. Peyras et al. (1992) and Israngkura and Chinnarasri (1994) found the relative energy
loss is influenced by the drop number, where the drop number, q2/gHT

3, is the function
consists of q = flow discharge per channel width, g = gravitational acceleration, and HT

= total drop height. Moreover, the relative energy loss also depends on the spillway
slope. Chinnarasri and Wongwises (2006) presented the relative energy loss, EL/E0

decreases as the relative critical flow depth increases. In the nappe flow, the
characteristic height does not much affect the relative energy loss because most energy
loss is due to the occurrence of the hydraulic jump and impact of the jet on the step face.
In transition flow, the characteristic height has higher influence on the relative energy
loss than in nappe flow. As the characteristic height increases, the relative energy loss
increases. In skimming flow, the effect of characteristic height is clearly observed.

Christodoulou (1993) found that energy loss due to the steps depends on the ratio of the
critical depth to the step height, as well as on the number of steps. Shvainshtein (1999)
concluded that spillway is an effective energy dissipater and can greatly reduce the size
of energy dissipater downstream. The total energy losses can be taken into account by
means of the velocity coefficient, which is used for determining the conjugate depth at
the toe of the spillway and ultimately for calculating devices for transition of the pool.

Chanson (1995), Boes (1999), Matos (2000), Chatila and Jurdi (2004), Hunt and
Kadavy (2010) found that the energy dissipation rate will then decrease with increasing
discharge as it reaches a stage where the effect of the steps is very small and a stepped
spillway acts similar to a smooth one. For the largest flow rates, the discharge was not
fully developed at the downstream end of the spillway and the residual energy might be
overestimated (Chanson, 2002; Meireles and Matos, 2009)

As the number of steps increases, the energy dissipated is increased. As same as the
conclusion from the study by Chamani and Rajaratnam (1994), Boes (1999), Andre et
al. (2004), Chanson and Gonzalez (2004), Chatila and Jurdi (2004) found that the
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number of steps is more important than the size of the steps. This is due to the fact that
steps act as macro-roughness that increase friction and then change the kinetic energy
into heat or thermal energy. Felder and Chanson (2011) indicated that the rate of energy
dissipation was about the same for uniform and non-uniform stepped configurations.
The non-uniform stepped configurations might induce some flow instabilities for
smaller flow rates. Chanson (2002) suggests that greater energy dissipation occurs in
stepped spillways under nappe flow regime, which most occurs in stepped spillways
with large step heights on relatively flat slopes. However, the maximum design flow in
these particular spillways is rarely nappe flow.

2.6 Numerical model

Computational Fluid Dynamics (CFD) is a type of numerical model that can be used to
solve problems involving fluid flow. A CFD can provide a significant amount of
computation time and more economical solution than a physical model. The
fundamental principles for all numerical models are similar. Problems can be described,
physically, by a set of partial differential equations. Then, a numerical method is used to
formulate a set of algebraic equations that represent the partial differential equations.
An approximate solution of a set of algebraic equations is obtained through some form
of either an iterative or matrix solution. The solutions from the numerical model are
mostly calibrated and verified through comparisons to field observations or physical
model experiments (Chanel, 2008)

The two well established and widely used numerical methods are the Finite Difference
and Finite Element Methods, FDM and FEM, respectively. Tabbara et al. (2005) used
the FEM to predict stepped flows for small scale experiments. In the upper part of the
flume as well as in the bottom part steps were introduced along the chute such that the
envelope of their tips followed the smooth spillway chute profile. Although their results
were encouraging, physical or laboratory measurements are still crucial for providing
reference data. Benmamar et al. (2003) developed a numerical model based on the
implicit FDM for the development of a two-dimensional boundary layer over a steep
stepped spillway.  The finite volume method, which has been extensively used to model
a wide range of fluid-flow problems, was originally developed as a special FDM. One
of the CFD model studies in the spillway is from Kim et al. (2010). The FLOW-3d
model was used with the initial design plan of the Karian dam in Indonesia. The results
showed that the flow in the approach channel was unstable. A revised plan was
formulated and the appropriate amended design was examined using numerical
modelling. Carvalho and Amador (2008) also simulated the flow in the non-aerated
region by using the FLOW-3d with the FDM. Their numerical results were compared
with the physical data and found a good agreement in the non-aerated region.

Another numerical method that is widely used in the simulation of flow in different
forms is the Finite Volume Method, FVM. It is similar to both FDM and FEM in which
their values are calculated at discrete places on mesh geometry. Its name refers the
structure of its geometry which means the small volume surrounding each node point on
a mesh. The surface integrals in a partial differential equation that contain a divergence
term are converted to volume integrals, using the divergence theorem. These terms are
then evaluated as fluxes at the surfaces of each finite volume. The FEM and FVM are
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compared by the comparisons on free surface flow equations including air entrainment
and applied to calculation of the flow in a spillway. The FVM requires less
computational effort than the FEM (Unami et al., 1999). A successful use of Fluent
which is the FVM to model the spillway was found since 2006 (Dargahi, 2006; Sartaj et
al., 2006).

Turan et al. (2006) studied the tailrace flow on Brownlee Dam on the Snake River. The
1/48 physical model was built. The FVM was used to simulated with two kinds of
turbulence models, Reynolds Stress Model, RSM, and standard k- model. Predicted
results of the model will contribute to the understanding of the physics of this
entrainment. Khan et al. (2008) studied a model of the forebay of The Dalles Dam to
investigate the effects of blocking the upper 12.3 m of the turbine intakes. The study
demonstrates that commercial available CFD software packages can be a valuable tool
for investigating forebay hydraulics and designing passage facilities at hydropower
plants. Fu et al. (2008) investigated a flow field around a removable spillway weir
structure at Little Goose Dam by using FVM. It is also used to predict the discharge for
a given forebay elevation. The model can be used to evaluate the possible reduction of
the spillway capacity during a Probably Maximum Flood (PMF) event.

Tadayon and Ramamurthy (2009) investigated three different turbulence models which
are; Reynolds Stress Model, RSM, Renormalised k- model, RNG k-, and standard k-
model, to analyse the flow over circular spillways. The FVM was also used for the
numerical simulation. Dastgheib et al. (2012) carried out, with uses the FVM to
simulate the free surface location and predict flow features such as velocity, pressures
and complex free surface in different regimes including nappe, transition and skimming
flow. A 1:20 physical model was constructed within the Hydraulics Laboratory with the
stepped spillways of 12 steps. The results were satisfactorily validated using
experimental datasets.

Although some literature shows successful comparisons between CFD and physical
model as a cost-effective and reliable tool, it still cannot be considered as a complete
replacement of physical model for all hydraulic engineering projects (Li et al., 2011). It
still have some limitations in accurate simulation of the formation of free surface and
vortices. Hence, more study would provide the confidence to use numerical model for
different design purposes. Also, with the use of the finite volume method to simulate the
complexity of flow, different kinds of multiphase flow and turbulence algorithms in the
numerical method can be used to simulate the flow over stepped spillways.

A multiphase flow can be defined as a mixture of flow which consists of more than two
phases. For the flow over stepped spillway, free surface flow with high turbulence of air
is of interests. Both air and water cannot be ignored from the model because of their
influence on the fluid dynamic behaviour. Then, in the numerical model, the multiphase
flow model should be used in simulation. Two types of the multiphase flow model are
used in the present study; (i) Volume of Fluid model (VOF), and (ii) Mixture
multiphase flow model (MMF).
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The Volume of Fluid model, VOF, with an unstructured grid was used by Chen et al.
(2002) and Cheng et al. (2006) for the as multiphase flow simulation of stepped
spillways.  The simulated pressure profiles on the horizontal step surface were quite
similar to the physical model measurements.  However, the pressure profiles on the
vertical faces of each step were slightly different between the numerical and physical
models. Dong and Lee (2006) studied the numerical simulation of skimming flow over
a mild stepped channel. Their channel consisted of 40 steps at a channel slope of θ =10o

and 20o.  All air boundaries were defined as pressure boundaries with zero pressure
specified. Smooth channel flow was also simulated to compare the hydraulic
characteristics with the stepped spillway overflow.

Qian et al. (2009) used a mixture multiphase flow model, MMF, to simulate flows over
a stepped spillway with various kinds of turbulence models: (1) the realisable k-
model; (2) the shear stress transport SST k- model; (3) the v2-f model; and (4) the large
eddy simulation LES model. The realisable k- model showed good performance for the
simulation of flows involving rotation, boundary layer and recirculation. In their study,
only one unit discharge, q = 0.11m2/s, was used. Cheng et al. (2006) used a physical
spillway model with 13-steps at various step height (2, 2.4, 3, 4, 5, and 6 cm) for
validation of the MMF numerical model with a Renormalisation Group Theory k-
algorithm (RNG). The only tested discharge was 0.03 m3/s. However, the Reynolds
numbers for some cases in their study were relatively out of proportion with the need to
meet prototype conditions.  Some limitations with Froude similitude at low Reynolds
number therefore emphasised that numerical results should be validated with large scale
models.

The turbulence model is also used in order to simulate the turbulence flow between two
phases of fluid. Among the linear turbulence models, the widely used two-equation
model is based on: (1) the turbulent kinetic energy equation k and (2) the turbulent eddy
dissipation , or the turbulent frequency . Five different turbulence models were
chosen in the present study to simulate the flow over stepped spillways: the Standard k-
, the Realisable k-, the Renormalisation group k- , the Standard k- and the Shear
stress transport k- model.

Chen et al. (2002) used a standard k- model to simulate the flow. The first five step
heights were 0.02, 0.024, 0.03, 0.04 and 0.05 m. Downstream were eight more steps
with a uniform step height of 0.06 m. The overall height of spillway was 0.789 m and
the number of steps was only 13 which were too short to attain the aerated zone. The
trends of velocity and pressure profiles from numerical and physical models were
similar but the error at some points was more than 20%. The results proved to be
consistent with the flow characteristics and measured surface profiles. Cheng et al.
(2006) used a mixture model to reproduce the flow over a stepped spillway, including
also the interaction between entrained air and cavity recirculation in the flow, velocity
distribution and the pressure profiles on the step surface. The Renormalisation group k-
model (RNG k-) was chosen and their numerical results successfully reproduced the
flow over the stepped spillway of the physical model. The results were helpful for
understanding the rates of energy dissipation. Tongkratoke et al. (2009) used other
turbulence models: a linear, the LES and the non-linear model of Craft et al. (1996).
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They modified the non-linear model to simulate the stepped spillways from Chanson
and Toombes (2002) and Boes and Hager (2003b). The Rl k- showed the most
satisfactory results amongst the linear turbulence models. The modified non-linear
model also showed higher accuracy than other non-linear models.

2.7 Grid convergence index

In order to perform a grid convergence study, Roache et al. (1986) suggested a grid
convergence index, GCI, to provide a consistent manner in reporting the results of grid
convergence studies and estimate a discretisation error on the grid convergence of the
solution. The GCI is a measure of the percentage the computed value is away from the
numerical value. It is based upon a grid refinement error estimator derived from the
theory of generalised Richardson Extrapolation (Roache et al., 1986). The methodology
consists of five steps (Roache, 1997; Celik et al., 2008).

First, define the representative grid sizes, then, select three different grid resolutions
with a grid refinement ratio, rij, of higher than 1.3 to obtain good results of using GCI
(Roache et al., 1998), where rij = hgi/hgj, hg define a representative grid size =
[(1/N)(Ak)]

1/2, N means the total number of cells and Ak is the area of the kth cell.
Subscript i means coarser grid while subscript j means finer grid.

Then, the apparent order, p, is calculated from the equations as (Schwer, 2008)
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where fij = fi - fj , f means a value of numerical solution. GCI is given by

GCIij
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where Fs is a safety factor which is recommended to be 1.25 for comparison over three

or more grids (Roache et al., 1998), ij
ae is the approximate relative error, ij

ae =(fi - fj) /

fj. Next step is a calculation of the extrapolated solution, fext
ij, and the extrapolated

relative error, eext
ij, from equations (2.38) and (2.39), respectively. Both terms can be

used to show the extrapolated results.
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Finally, the calculation of approximate relative error and GCI are given by
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2.8 Recommendations from literature

Flow in stepped spillway is two phases flow which is very complex especially on each
step.  There is none of any previous study that can define the flow on each step in any
flow regime although the flow on each step can describe the physical characteristics of
other related parameters, for example; flow velocity, energy dissipation. The instrument
on the physical model cannot be used to collect the data at some points, for example; the
location near the spillway floor, because of the effect of the floor. The physical model
data at the middle zone, which is far enough from the effect of the floor, then, can be
used to calibrate and verify the numerical model. Then, the numerical model can be
used to predict the data near the floor or near the surface. However, the appropriate size
of physical model should be used to calibrate and verify the model to eliminate the scale
effect problem. Most of the previous studies were done on the small scale models and
then, the simulation were calibrated and verified on the small scale physical models.

The equations and charts for the preliminary design of spillways for any cases of
possible discharges and also the properties of parameters related to the energy
dissipation which are from the simulation of large scale model have never been
mentioned in any previous studies.

The turbulence model and multiphase flow model should be suggested in order to
simulate the complex flow through the stepped spillway with smallest deviation. The
appropriate grid size for the simulation has never been suggested though it can save cost
and time for simulation. The Grid Convergence Index (GCI) was suggested to simulate
some kinds of flow but it never been used with flow through the stepped spillway. Then,
the appropriate turbulence and multiphase flow models should be suggested under the
study of GCI to get the good results on simulation of flow through the stepped spillway.
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CHAPTER 3 THEORY

This chapter presents the basic theory of the study. It consists of the equations of
conservation; Mass conservation equation, Momentum conservation equation, and the
Finite Volume Method (FVM) for numerical study.

Generally, a CFD model study consists of the following steps: i) obtaining the data of
the physical model for grid development; ii) selecting or developing appropriate model
method; iii) define the boundary conditions based on available field information; iv)
develop the computational grids; v) calibrate and verify the model; and vi) analyse
various parameters or scenarios.

3.1 Equations of conservation

In the time of development of the computational fluid dynamics, CFD, it has been one
of the best tools for the prediction of flow. However, complex flow through stepped
spillway still needs more studies and researches to be understood. The description of the
physical processes of flow involves a variety of computational methodologies to predict
the quantities of the components and its behavior (Franz and Melching, 1997).

The related conservation principles are; (i) the mass conservation, and (ii) the
momentum conservation.

3.1.1 Mass conservation equation

Mass conservation equation or continuity equation states that the mass of a closed
system of substances will remain constant, regardless of the processes acting inside the
system. Matter cannot be created nor destroyed, although it may be changed in form.
Consider the flow model shown in Figure 3.1, an infinitesimally small fluid element
moving with the flow.

V


Figure 3.1 Definition sketch for flow model

Fluid element has a fixed mass, but its shape and volume change as it moves. Define dm
and dV as the fixed and variable volume, respectively. Then we get equation (3.1).

dm =  dV (3.1)



27

Since mass is conserved, the rate of change of mass of fluid element is zero as the
element moves along the flow. The substantial derivative, D(dm)/Dt, define the time
rate of change of mass of moving fluid element was used for define physical meaning.
Then we get equation (3.2)

 
0

Dt

dmD
(3.2)

Substituting equation (3.1) into equation (3.2), we get equation (3.3)
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Rearranging equation (3.3) to be equation (3.4)
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From the divergence of the velocity and its physical meaning, then equation (3.4)
becomes equation (3.5).
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(3.5)

From the substantial derivative, 



 V
tDt

D 
, we get equation (3.6)
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(3.6)

Equation (3.6) is mass conservation equation or continuity equation used to be the
governing equation.

3.1.2 Momentum conservation equation

The momentum equation is a statement of Newton's Second Law and relates the sum of
the forces acting on an element of fluid to its acceleration or rate of change of
momentum. Newton's Second Law can be written as The Rate of change of momentum
of a body is equal to the resultant force acting on the body, and takes place in the
direction of the force. We can write it as equation (3.7). The moving fluid element
model is sketched in more detail in Figure 3.2.

F = ma (3.7)
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Figure 3.2 Moving fluid element model for the x component

The sources of the forces are classified into 2 groups; body forces and surface forces.
Body forces act directly on the volumetric mass of the fluid element, hence, the body
force on fluid element acting in x direction is shown in equation (3.8). Surface forces act
directly on the surface of fluid element, hence, net surface force on fluid element acting
in x direction is shown in equation (3.9).

Body force on fluid element acting in x direction =  dxdydzf x (3.8)

where fx is the body force on x-direction. Finally, only fy can be applied in the equation
as a gravitational acceleration, g.

Net surface force in x direction =

dxdydz
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(3.9)

The total force in the x direction Fx is the sum of equations (3.8) and (3.9) and it is
shown in equation (3.10).
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Consider the mass of the fluid element, m =  dxdydz and the component of

acceleration in the x direction,
Dt

Du
ax  , equation (3.7) in the x direction can be written

as equation (3.11).
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Equation (3.12) is the rearranged form of the equality of equations (3.10) and (3.11)
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From the substantial derivative as mentioned above, we get equation (3.13)
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From the derivative,
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the product of a scalar times a vector,       uVVuVu 


 , then we get
equation (3.14)
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The terms in the bracket are the form of mass conservation equation that equal to zero.
Thus equation (3.14) is reduced to equation (3.15).
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Substitute equation (3.15) into equation (3.12), then it becomes equation (3.16)
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Similarly, the y and z components can be obtained as
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For such fluids, Stokes in 1845 obtained equations (3.17a) to (3.17f)
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where  is the molecular viscosity coefficient. Equations (3.16a) to (3.16c) are the
Navier-Stokes equations and they can be written as one equation as shown in equation
(3.18).
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3.2 Finite Volume Method

The Finite Volume Method, FVM, is a method for representing and evaluating partial
differential equations as algebraic equations. It is one of the most versatile discretisation
techniques used in CFD. The advantage of the finite volume method is that it is easily
formulated to allow for unstructured meshes. Finite volume refers to the small volume
surrounding each node point on a mesh. In this method, volume integrals in a partial
differential equation that contain a divergence term are converted to surface integrals,
using the divergence theorem. These terms are then evaluated as fluxes at the surfaces
of each finite volume. Based on the control volume formulation of analytical fluid
dynamics, the first step in the FVM is to divide the domain into a number of control
volumes where the variable of interest is located at the centroid of the control volume as
shown in Figure 3.3. The next step is to integrate the differential form of the governing
equations over each control volume. Interpolation profiles are then assumed in order to
describe the variation of the concerned variable between cell centroids.
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Figure 3.3 Grid cells

For each computational loop, volume is adjusted from the last value of previous grid
cell as shown in Figure 3.4. The n

iQ at the ith grid and the tn time is estimated from
equation (3.19).

Figure 3.4 Computational directions
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(3.19)

where x = xi+1/2 – xi-1/2 is grid cell length

For Finite volume method, there are many schemes for appropriate solving, they are;
- First-Order Upwind Scheme: this method assign that properties at skin of

object are equal to at center of object. It is appropriate used for grid parallel flow.
- Second-Order Upwind Scheme: this method assign that properties at skin of

object is averaged from two-side cells. It is appropriate used with triangle and hexagon
grid cells that flow is not parallel with grid.

- QUICK Scheme: this method assign that properties of cells depend on weight
of important. It is more accurate than two above-mentioned methods if it is used for
cubic or hexagon meshes eddy computation.
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- Power-Law Scheme: this method uses the interpolation from other grids and its
accuracy is equal to First-Order Upwind Scheme.

- A modified HRIC Scheme: this method is appropriate for VOF method. It is
available for implicit and explicit computations.

3.3 Multiphase flow model

A multiphase flow can be defined as a mixture of flow which consists of more than two
phases. For the flow over stepped spillway, free surface flow with high turbulence of air
is of interests. Both air and water cannot be ignored from the model because of their
influence on the fluid dynamic behaviour. Then, in the numerical model, the multiphase
flow model should be used in simulation. Two types of the multiphase flow model are
used in the present study; (i) Volume of Fluid model (VOF), and (ii) Mixture
multiphase flow model (MMF).

3.3.1 Volume of fluid model (VOF)

Volume of fluid model, VOF, which was completely reported in Hirt and Nichols
(1981), is based on a concept of a fractional volume and the fact that the phases are not
interpenetrating. It is an interface capturing scheme for the free surface flow with the
interface of each fluid is the point of focus (Nikseresht et al., 2008). Each control
volume can be filled with either a single fluid phase or combination phases. The volume
fractions of all phases in each control volume sum to unity. In this study, there were 2
phases; air and water flow along the spillway. Due to the volume fraction of each phase
in each control volume, the fields for velocity, pressure, and temperature are shared to
be the same. The variables for pure water, air, or even mixture can be represented. If w

and a are assumed to be the volume fraction of water and air, respectively, the cell
density can be computed by

  awwwaaww   1 (3.20)

where w is water density, and a is air density. The other variables can be computed,
instead of density, by the same volume fraction of equation (3.20).

Two schemes of interface tracking are used; the standard interpolation and the
geometric reconstruction schemes. The standard interpolation is used to interpolate the
properties of a cell when it is completely filled with one phase. The geometric
reconstruction scheme is used near the interface between phases to represent the
interface between air and water. The equation for tracking the surface between two
phase is
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where t is time and ui is the velocity in xi-direction.

Firstly, the position of the linear interface relative to the centre of each partially-filled
cell is calculated. Then, the advecting amount of fluid through each face is calculated
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using the computed linear interface representation and information about the normal and
tangential velocity distribution on the face. Finally, the balances of fluxes, from the
calculation during the previous step, are used to calculate the volume fraction.

The continuity equation for water, as shown in equation (3.22), is used.
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The momentum equation, equation (3.23), in the xi-direction is dependent on the volume
fractions of all phases through the density,  , and molecular viscosity, .

  



































i

j

j

i
t

jij

jii

x

u

x

u

xx

p

x

uu

t

u



(3.23)

where uj is the velocity in xj -direction, t is the turbulence viscosity, which can be
calculated by the turbulent kinetic energy, k, and turbulent dissipation rate, , in the
turbulence model.

3.3.2 Mixture multiphase flow model (MMF)

Mixture multiphase flow model, MMF, used in this study, was proposed by Johansen et
al. (1990). It is a simplified multiphase model that can be used where the phases move
at different velocities. It can model n phases by the continuity and momentum equations
for the mixture, and the volume fraction equation for the secondary phases. The
continuity equation for the mixture is
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where imu and m are the mixture velocity in xi-direction and mixture density,

respectively. Both imu and m can be defined as
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where k , k , and kiu are volume fraction, density of kth-phase, and the velocity of kth-
phase in xi-direction, respectively.

The momentum equation for the mixture can be obtained by summing the individual
momentum equations for all phases, as shown in equation (3.27)
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The first term on the right hand side is the mixture pressure which can be assumed that

it equals to the pressure of the kth-phase pressure. The second term, 
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average viscous stress which k means the kth-phase stress. Next, the turbulent stress is
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 , which Ik is local velocity of kth-phase, and Fkiu and Fkju are the

fluctuating velocity components of kth-phase in xi and xj-direction, respectively. The
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 term means the diffusion stress. The terms Mkiu and Mkju are the

diffusion velocities which mean the difference between kth-phase velocity and velocity
at the centre of mixture mass in xi and xj-direction, respectively, mkMk uuu  . The last
term, Mm, shows the momentum of mixture that is the effect from surface tension force.
It can be computed by the sum of momentum in each phase.

The VOF and MMF models were used to deal with the multiphase fluids. The same
main limitations for using both VOF and MMF are;

- Both models cannot be used with the density-based solvers. Only the pressure-
based solver is allowed.

- Only one phase can be defined as a compressible gas.
- Streamwise periodic flow with specified mass flow rate cannot be modeled.
However, there are 2 main differences between these models as the manner in

which they handle phase interpenetration and the phase velocities.

1.  Phase interpenetration
The phases are not interpenetrating in VOF while MMF allows the phases to be
interpenetrating. In each control volume for VOF, the volume fractions of all phases
sum to unity. Assume the volume fraction of the ath fluid is αa, then αa can be;

- 0 if there is no the ath fluid in the control volume,
- 1 if there is only the ath fluid in the control volume, and
- 0 < αa < 1 if there is the interface between the ath fluid and other fluid in the

control volume. The equation for interphase tracking is used.

In MMF, the volume fractions for each phase in a control volume depend on the space
of their phases. They can be equal to value between 0 to 1.

2.  Phase velocities
For VOF, which the volume fraction of each phase is known, the variables and
properties are shared and represent volume-averaged values. Therefore, depending on
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the volume fraction, the variables and properties in a control volume can either
represent only one of the phase or a mixture of all phases. The VOF solves a single set
of continuity and momentum equations and tracking the volume fraction of each phase
by tracking equation. In MMF, under the concept of slip velocities, each phase in a
control volume can be allowed to move in different velocities. Also, other variables and
properties can be different in each control volume. However, if any control volume is
assumed to move at the same velocity, then MMF can be reduced to be a homogeneous
multiphase model. The MMF solves the continuity and momentum equations for the
mixture, and the volume fraction equation for the secondary phases, as well as algebraic
expressions for the velocities if the phases are moving at different velocities.

With these two differences, the initial boundary condition was set differently. The air
velocity in MMF can be set at zero and then reduced to homogeneous multiphase model
while the air velocity in VOF is the same as water velocity.

3.4 Turbulence model

Among the linear turbulence models, the widely used two-equation model is based on:
(1) the turbulent kinetic energy equation k and (2) the turbulent eddy dissipation , or
the turbulent frequency . Five different turbulence models were chosen in the present
study to simulate the flow over stepped spillways: the Standard k-, the Realisable k-,
the Renormalisation group k- , the Standard k- and the Shear stress transport k-
model.

3.4.1 Standard k- model (St k-)

Launder and Spalding (1974) developed the St k- model. The assumption is that the
flow is fully turbulent and the effects of molecular viscosity are negligible. Therefore,
the standard k- model is valid only for fully turbulent flows. The default values of the
model constants have been determined from experiments with air and water for
fundamental turbulent shear flows, including homogeneous shear flows and decaying
isotropic grid turbulence. They have been found to work fairly well for a wide range of
wall-bounded and free shear flows. It is a semi-empirical model based on the transport
equations for k and , equations (3.28) and (3.29), respectively
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where: k = Prandtl numbers for k = 1.0, Gk = generation of turbulent kinetic energy due
to mean velocity gradients, Gb = generation of turbulent kinetic energy due to buoyancy,
YM = contribution of the fluctuating dilatation in turbulence,  = Prandtl numbers for 
= 1.3, C1 = 1.44, C2 = 1.92, C3 = 1.0, and Sk, S are user-defined source terms.
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The equation for k is derived from the exact equation, whilst the equation for  is
obtained using physical reasoning and bears little resemblance to its mathematically
exact counterpart.

3.4.2 Realisable k- model (Rl k-)

Shih et al. (1995) developed the most-used Rl k- model. It was first developed based
on the “realisability” constraints; the positivity of normal Reynolds stresses and the
Schwarz inequality for turbulent shear stresses. It was then found that the following
flow types could be examined: (1) rotating homogeneous shear flows, (2) boundary-free
shear flows including a mixing layer, planar and round jets, (3) channel flow and flat
plate boundary layers with and without a pressure gradient and (4) backward facing step
separated flows. The turbulent kinetic energy equation for k is equation (3.28) whereas a
new equation for , equation (3.30), has been derived from an exact equation for the
transport of the mean-square vorticity fluctuation
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(3.30)

where all parameters are the same as in the St k- model except for  = kinematic
viscosity, C2 = 1.9,  = 1.2, C1 = max [0.43, /(+5)],  = Sk/, S  (2SijSij)

0.5, Sij =
)/()/( ijji xuxu  . The term of Gk is removed from the equation for , whilst the

term of viscosity has been added because of the high effect from the Reynolds number
in the flow.

3.4.3 Renormalisation group k- model (RNG k-)

Yakhot and Orszag (1986) derived the RNG k- turbulence model from the Navier-
Stokes equations using a technique of renormalisation group (RNG) methods. It
significantly improved the accuracy for rapid flows. Because of the additional term in
the  equation R the turbulence dissipation and mean shear can be better simulated at
the interaction of phases. The effect of swirl on turbulence is included to enhance the
accuracy for swirling flows. Due to a greater degree of non-linearity, computations with
the RNG k- model tend to take 10-15% more CPU time than the St k- model. The
equations for k and  in the RNG k- turbulence are
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where: k,  = inverse effective Prandtl numbers for k and , eff = effective viscosity

=  +t, C1 = 1.42, C2 = 1.68, C3 = 1.0. The term R =    32
0

3 1//1   kC

where C = 0.0845, 0 = 4.38,  = 0.012.

3.4.4 Standard k- model (St k-)

The St k- model is based on the Wilcox k- model (Wilcox, 1988). It was developed
for working with the compressibility and shear flow spreading. It can predict free shear
flow spreading rates that are in well agreement with measurements for wakes, mixing
layers and plane, round and radial jets and is thus, applicable to wall-bounded flows and
free shear flows. It is an empirical model based on the equations for k and , which can
be the ratio of  to k. They are
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where: G = generation of . k , = effective diffusivity of k and , Yk = dissipation
of k, Y = dissipation of  due to turbulence, S = user-defined source term.

3.4.5 Shear stress transport k- model (SST k-)

Menter (1993) developed the SST k- model to blend effectively the robust and
accurate formulation of the k- model in the near-wall region with the free-stream
independence of the k- model in the far field. The differences between the SST k-
model and the standard model are: (1) the gradual change from the standard k- model
in the inner region of the boundary layer, to a high-Reynolds-number version of the k-
model in the outer part of the boundary layer and (2) the modified turbulent viscosity
formulation to account for the transport effects of the principal turbulent shear stress.
The equation for k is the same as in the St k- model, equation (3.33), while the 
model can be shown as
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where D represents the cross-diffusion term.

3.5 Root mean square error (RMSE)

The operational evaluation process for the model comparison includes the calculation
and analysis of statistical measures to characterise the performance of the models. The
Root Mean Square Error, RMSE, or the Root Mean Square Deviation, RMSD, is one of
the commonly used error index statistics (Chu and Shirmohammadi, 2004; Singh et al.,
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2004; Vasquez-Amábile and Engel, 2005). It is the square root of the variance of the
residuals or it means a measure of the difference between values predicted by a
numerical model and the values actually observed from the physical model. The RMSE
of a numerical model prediction with respect to the estimated variable Xnumer is defined
as the square root of the mean squared error;
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(3.36)

where Xphy is observed values from the physical model and Xnumer is the modelled values
from the numerical model at time/place i, n is the number of set of data.

The RMSE values can be used to distinguish model performance in a calibration period
with that of a validation period as well as to compare the individual model performance
to that of other predictive models. The value of the RMSE is highly sensitive to large
errors and low RMSE values reflect a high accuracy in the numerical prediction. Singh
et al. (2004) stated that RMSE values less than half the standard deviation of the data
from physical model may be considered low and that either is appropriate for model
evaluation.
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CHAPTER 4 METHODOLOGY

This chapter presents the methodology of the study. It concludes the study of the
physical model and the numerical model. The physical model part is the review of the
previous study whereas the numerical model part is the methodology and setup of the
simulation.

4.1 Physical model used in the present study

The physical model, tested by Ward (2002), was located at the outdoor of Engineering
Research Center, Colorado State University, Fort Collins, USA. It is the same physical
model that is used in the Hydraulic Laboratory Report HL-2005-06 which is one of the
reports in the Hydraulic Laboratory Report series produced by the Bureau of
Reclamation’s Water Resources Research Laboratory in the United States (Frizell,
2006). It was the large scale model so the water was supplied from nearby Horsetooth
Reservoir. The testing facilities of spillway system consist of water supply pipeline,
baffled head box, entrance, concrete chute, stilling basin, and outlet works. The concrete
chute is approximately 34.14 m long, 1.22 m wide, and 1.52 m deep on a 2H:1V slope
and has a total height of 15.24 m. Plexiglass windows with the size of 1.22 m by 1.22 m
were installed at five locations in the divided wall to provide observation of flow in the
chute. A sonic flow meter in the supply pipeline to the facility headbox was used to
monitor flow in the system. The schematic diagram and physical model are shown in
Figure 4.1.

Figure 4.1 Physical model of the stepped spillway (Ward, 2002)
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Data collected, included: flow pattern, flow characteristics, and velocity profiles, were
measured and observed. The measurement locations on all spillways are shown in
appendix A. Air concentration and velocity instrumentation were mounted on a point
gage and carriage system. The manually operated carriage system allowed for two
degrees of freedom with movement along the length of spillway parallel to the floor,
and lateral movement within the width of the spillway. The remote operated, motorised
point gage allowed for vertical movement of the instrumentation perpendicular to the
floor of the spillway to obtain data profiles within the flow. All profiles were taken
along the centerline of the flume (0.61 m lateral distance from the wall) normal to the
spillway floor. Each profile consisted of anywhere from 3 to 30 data points depending
upon the depth of flow and reading interval chosen. The lowest points were taken at
approximately 0.015 m from the tip of the step. The highest points were taken where
both instruments measured data that was near the dry-air readings and visually appeared
almost out of the flow.

Videotape recording and photographs were used to collect the flow pattern at the
overtopping crest and along the spillway. Flow condition in the present study may be
described as high-velocity, turbulent, two-phase flow. Therefore, a probe to measure
velocity was required that would withstand high impact forces and be able to
accommodate a non-homogeneous fluid of varying density. The probe is sturdy and
provides a means of continuous back flushing to ensure a single density fluid within the
Pitot tube. Velocity from the back-flushing Pitot tube is determined by the difference in
pressures at the kinetic and static ports while continuously back flushing to prevent air
bubbles from entering the instrument. Therefore, a balance between ensuring that air
does not enter the Pitot tube and the sensitivity of the pressure difference must be found.
Based on the laboratory tests, back flushing pressures of between 2.5 and 8.0 psi were
selected. The Pitot tube was patented in 1969 and manufactured by Rosemount, Inc. It
was originally intended for mounting on the fuselage of an aircraft for the measurement
of air velocity. Hence, a surplus Pitot tube was cut in a half to determine the internal
flow path of the static and kinetic ports. The dynamic port is essentially a tube centered
within the concentric outer shell with an exit at the tip of the instrument. The static ports
penetrate the outer shell into the annulus surrounding the center tube.

The differential pressure between the static and kinetic ports is recorded using a
calibrated differential pressure cell. The voltage output from the pressure cells is fed
into a Sensotec Inc., model GM Conditioner-Indicator where voltage span and zero
adjustments can be made using potentiometers provided on the unit. Back flushing
pressure and flow through the pressure cell are both adjusted in air without flowing
water such that the Sensotec unit displays zero voltage, corresponding to zero
differential pressure and zero velocity. The signal from the Sensotec unit is sent to the
Dataq data acquistion system and recorded on the computer with the WINDAQ/200
software. A sampling frequency of 120 Hz for a duration of 20 seconds was selected for
recording the Pitot tube waveform. An average voltage obtained from the Pitot tube
waveform can be converted to pressure head.

The air concentration probe was used to determine the percentage of air contained in
flow. The principle for air concentration measuring is based on the difference in
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electrical resistivity between air and water. The probe act as a bubble detector by
passing a current through two conductors spaced a small distance apart and measuring
the change in conductivity that occurs when a bubble impinges on the probe tip. The
interruption of the current when a bubble passes is a step change from a relatively high
conductivity with the probe in water, to nearly zero conductivity when a bubble breaks
the conducting path (Ward, 2002).

The air probe used in the study by Ward (2002) was developed from the earlier probe
which had a problem on the electroplating of the conductors, degradation of the probe's
brass encasement, water entering and shorting the conductors, and streamlining of the
supportive mechanism. The new one consists of two platinum wires as conductors,
separated by 2.0 mm. The wires are encased in a non-conducting acrylic tip and fit into
a 6.35 mm stainless supporting tube. With the air probe in water and no air present, a
constant high voltage is conducted across the probe tip. When the air void is detected by
the probe, the voltage drops to approximately zero volt. Inverters in the electronics
package invert the output voltages resulting in a low voltage for clear water and a high
voltage when air is detected. The ratio of air to water is approximately given by a ratio
of time that a high voltage pulse is detected to the time that a low voltage pulse is
detected during the measurement period.

The digital signal from the air probe was fed to a Dataq Instruments Inc., model number
DI-220, portable data acquisition system attached to the IBM compatible personal
computer. The DI-220 system receives the isolated digital signal from the electronics
package, processes it as an analog waveform and outputs the waveform to the computer.
The software provided with the acquisition system, WINDAQ/200, allows the real time
display and record the waveform. The system provides the capability of sampling the
signal at variable frequencies and durations. For the air probe, a frequency of 15,000 Hz
for a duration of 5 seconds was selected based on a laboratory test and sensitivity
analysis of sampling frequency.

In the present study, the air concentration in each section was collected to find the depth
at which the air concentration is equal to 90%. It was found that the depth at 90% air
concentration point can be considered as the depth of aerated flow on stepped spillways
(Chamani and Rajaratnam, 1999).

Three types of spillways are detailed as follows;

i) The smooth spillway, flow discharges of 0.57, 1.13, 1.70, and 2.27 m3/s were used.
The data on the five locations were measured in the direction of normal to the spillway
floor. They were at Ls/L=0.09, 0.28, 0.44, 0.60, and 0.76 where Ls is length in
streamwise direction from upstream of spillway to the interesting point and L is the
overall length of spillway.
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ii) For the 25-step spillway, with h = 0.61 m and l = 1.22 m, yc/h of 0.46, 0.73, 0.96,
1.16, 1.35, and 1.48 were used and they are labelled as T0.46, T0.73, T0.96, T1.16 , T1.35 and
T1.48, respectively. The corresponded discharges are 0.57, 1.13, 1.70, 2.27, 2.83 and 3.28
m3/s, respectively.

iii) For the 50-step spillway, with h = 0.31 m and l = 0.61 m, yc/h of 0.96, 1.48, 1.91,
2.32 and 2.69 were used. These cases are labelled as F0.96, F1.48, F1.91, F2.32 and F2.69,
respectively. The corresponded discharges are 0.60, 1.16, 1.70, 2.27 and 2.83 m3/s,
respectively.

The overall data can be summarised in Table 4.1

Table 4.1 Summarised data for physical model

Spillway
Discharge,

Q
(m3/s)

Unit
discharge,

q
(m3/s/m)

Relative
critical
depth,

yc/h

Label Measurement
locations

Smooth

0.57 0.47 - -
Ls/L=0.09, 0.28, 0.44,

0.60, and 0.76
1.13 0.92 - -
1.70 1.38 - -
2.27 1.87 - -

25-step

0.57 0.47 0.46 T0.46

il/Lcos = 0.16, 0.31,
0.47, 0.63, and 0.79

1.13 0.92 0.73 T0.73

1.70 1.38 0.96 T0.96

2.27 1.87 1.16 T1.16

2.83 2.33 1.34 T1.35

3.28 2.69 1.48 T1.48

50-step

0.60 0.50 0.96 F0.96

il/Lcos = 0.16, 0.31,
0.47, 0.63, and 0.79

1.16 0.95 1.48 F1.48

1.70 1.38 1.91 F1.91

2.27 1.87 2.32 F2.32

2.83 2.33 2.69 F2.69

4.2 Numerical model

The simulation is performed by a Dell Precision workstation with Intel Xeon CPU
X3330 at 2.66 GHz, 2.67 GHz, and 8.0 GB of RAM and OS of Microsoft Server HPC
Edition.

The FLUENT model is used as a tool for a numerical model study. Fluent is the
provider of commercial computational fluid dynamics (CFD) software and services
(Fluent Inc., 2005). It is a program for modelling fluid flow and heat transfer in
complex geometries. The step of simulation on the numerical model can be shown in
Figure 4.2. The domains of spillways are simulated in the same size of prototype in
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physical models. Then, the uniformly-sized, structured grid sizes are chosen. The
boundary conditions for each zone are specified to the domain. After that, the time step
sizes are defined. The Courant number is used as a criterion of model stability. The
equation is

1



s

t
(4-1)

where t = time step size (seconds) and s = grid size (m). The pressure-based
segregated solver was used because it is multiphase flow with 2 materials, water and air,
flow with different velocities. To start the initial calculation, the uniform velocity of
water and the atmospheric pressure are specified at the water inlet and free surface zone,
respectively. The momentum equation is then used to calculate by the VOF and MMF
models in this step. Then, the values of parameters will transfer to solve the continuity
equation. After that, the values of pressure and velocity are updated and put into the
turbulence models. The converged criteria are checked at the difference of 0.0001 in
order to assure that the results from the simulation is very close to the data from
physical model. If they are already converged, the simulation will be stopped but if it is
not converged, the under relaxation factors will be used to computed new values of
parameters. They will be put again into the momentum equation and the processes will
be repeated.

Design the domain

Design grid size

Specify the boundary conditions

Specify step size and time

Solve the problem by Pressure-
based solution

Specify the initial conditions

- Uniform velocity inlet
- Atmospheric pressure
- Unsteady flow

Solve momentum and continuity
equations

Specify multiphase flow
models
- Volume of Fluid (VOF)
- Mixture (MMF)

Update pressure and velocity

Solve turbulence equations Turbulence models

Converged?

Stop
Yes

No

Figure 4.2 Schematic diagram for simulation
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4.2.1 Domain and mesh generation

The whole meshed domain represents as a 2D grid as shown in Figure 4.3. The 2D grid
was used because the results from the physical model were collected only at the
centreline. Also, the use of 2D grid takes much less time than 3D grid. The calculation
domain was discretised into structured grid with various sizes of 0.0350.035,
0.050.05 and 0.100.10 m2 quadrilateral cells.

4.2.2 Boundary conditions

The inlet section is at the upstream of the spillway which consists of the inlet of water at
bottom and the inlet of air at top. The inlet water velocity was the initial condition and
was set uniformly at the water inlet and flow through the spillway which was initially
full of air. The air boundaries were defined as an inlet pressure with the atmospheric
pressure. The outlet of the spillways at the downstream was defined as an outlet
pressure so the water can flow out freely. The simulated time in the model is 300
seconds which the flow has already became the steady state in the physical model. The
time for the computation for a typical case is about 60 hours.

Velocity
inlet

Tank
Approaching

channel Spillway Outlet channel

10 m 30 m 30.48 m 30 m

Flume size in physical model

Flume size in numerical model

A

B
Wall

Wall

Wall

Wall

Pressure inlet
Pressure inlet

Pressure inlet

Pressure
outlet

Velocity
inlet

Figure 4.3 Schematic diagram for domain

4.2.3 Discretisation

For Finite volume method, there are many schemes for appropriate solving, they are
- First-Order Upwind Scheme: this method assigns that properties at skin of

object are equal to at centre of object. It is appropriate used for grid parallel flow.
- Second-Order Upwind Scheme: this method assigns that properties at skin of

object is averaged from two-side cells. It is appropriate used with triangle and hexagon
grid cells that flow is not parallel with grid.
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- QUICK Scheme: this method assigns that properties of cells depend on weight
of important. It is more accurate than two methods above if it is used for cubic or
hexagon meshes eddy computation.

- Power-Law Scheme: this method uses the interpolation from other grid and it
accuracy is equal to First-Order Upwind Scheme.

- A modified HRIC Scheme: this method is appropriate for VOF method. It is
available for implicit and explicit computations.

The implicit equation can be solved iteratively at each time level before moving to the
next time step. The advantage of the fully implicit scheme is that it is unconditionally
stable with respect to time step size. The under-relaxation of equations, also known as
implicit relaxation, is used in the pressure-based solver to stabilise the convergence
behaviour of the outer nonlinear iterations by introducing selective amounts of
interesting variable, , in the system of discretised equations.

The under-relaxation factors, , ranging between 0 and 1 was assigned to stabilise the
computation.  An under-relaxation value near 0 represents a solution which does not
change significantly from the previous iteration while an under-relaxation value near 1
means the iteration moves forward very quickly. The following values were used in this
study:  = 0.2 for continuity and momentum equations; 0.8 for turbulence equations;
and 0.2 for water fraction equation. These factors were different from the default values
of the numerical model because of the high level for turbulence and flow complexity
which takes much more time than other flow cases.

In a simple form, the new value of the variable  within a cell depends upon the value
from the previous step, pre, and the under-relaxation factor, , can be calculated from

   pre (4-2)

where  = the difference between the new and previous values of the variable .
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CHAPTER 5 RESULTS AND DISCUSSION

This chapter presents the results and discussion of the study. It consists of comparison
of multiphase flow model, comparison between various turbulence models, Grid
independence study, flow along stepped spillways, flow on the step, velocity profile,
turbulence intensity, energy dissipation, pressure on the step, and the proposed
coefficients for turbulence model. The details of each topic are as follows;

5.1 Comparison of multiphase flow models

The results of comparison of multiphase flow model illustrate the better multiphase
flow models between a Volume of Fluid model, VOF, and a mixure multiphase flow
model, MMF, for simulation of flow over spillway. The better multiphase flow model
and its results are discussed in terms of flow initiation at the inlet, velocity profiles, and
flow recirculation of skimming flow.

5.1.1 Flow initiation at the inlet

At first duration of simulation, the 10 m long tank was filled with water flow from water
inlet as shown in Figure 5.1. After 8 seconds of simulation, the difference of flow
patterns in the tank from VOF and MMF are shown. The duration of 8 seconds was
chosen to show the results because it is the first time that the difference between VOF
and MMF can be observed easily. In VOF, the bottom of the tank was filled with water,
with the volume fraction of water of 1.0, and the upper part of the tank was the air zone,
with the non-volume fraction of water. The interface between air and water can be
clearly seen from the thin layer of the volume fraction of water between 0.05 to 0.95.
The result from using VOF is better simulated because the tracking of interface in the
domain cells with the geometric reconstruction scheme was used. Differently, the
mixture properties were calculated without the interpolation of phase volume fractions,
therefore the interface cannot be clearly seen in MMF. There was the air zone in the
upper part of the tank but no full-water zone at the bottom of the tank. Also, the thick
layer of mixture was found which was different from the result from experiments or
even VOF. However, with more equation for the tracking of the interface for VOF,
more times were needed for better simulation.

After discretisation, the conservation equations for variables at all cells were calculated.
The important term called the residual value was computed for each iteration. The
residual is the imbalance of variable summed over all the computational cells. The low
residual value in each iteration means the difference value of variables between the
previous and the present iterations is small. For both VOF and MMF, after 8 seconds as
shown in Figure 5.2, the residuals for velocities in both horizontal and vertical
directions are fluctuated and quite high. The residuals from VOF as shown in Figure 5.2
(a) are still going up which are different from the residuals from MMF as shown in
Figure 5.2 (b). The residuals for velocities from MMF are going down constantly after
many iterations. For continuity residual from VOF, it is still fluctuated with the higher
residual after many iterations. The continuity residual from MMF is slightly increased
and become almost constant after 600 iterations or 4.8 seconds. The lower continuity
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residual in MMF caused the faster computation because the difference in each iteration
was very low.
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Figure 5.1 Flow initiation at t = 8 s

(a) VOF
Figure 5.2 Development of residuals for conservation equations at t = 8 s
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(b) MMF

Figure 5.2 (Cont.) Development of residuals for conservation equations at t = 8 s

5.1.2 Velocity profiles

The velocity profiles begin with velocity gradually increasing from the bed until the
maximum velocity gradient is reached. At some point in the upper region of the depth,
an immediate change was observed where the velocity abruptly increases or decreases.
The results of velocity from the physical model and numerical model in various grid
sizes are shown in appendix B.

For both nappe flow and skimming flow, the VOF shows better agreement with
measured data, compared with the MMF. A comparison of the velocity results shows
the maximum error in their values mainly amount to 18% and 50% for VOF and MMF,
respectively. The results from both VOF and MMF are in the same trend as the
experiments; however, the error from MMF is getting higher rapidly.

For a skimming flow regime, the VOF shows the better results than the MMF. The
quite-high-error was from the centre of the lowest control volume, or at the depth of
0.025 m above the step floor. The results in this zone were therefore interpolated from
the boundary of the cell. With this reason, the error from the bottom domain cells was
quite high. For the results mentioned above, it can be seen that the VOF is better used to
simulate the complexity of flow over stepped spillway for both nappe flow and
skimming flow.

To compare with the previous studies, the studies by Chanson and Toombes (2002) and
Pfister and Hager (2011) are used. They are shown in forms of upper and lower bounds
in Figure 5.3, where V and y are the velocity and depth, respectively, V90 and y90 are the
characteristics velocity and depth at the point of the air concentration is 90%. All results
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from VOF in the present study are plotted. It was found that most of the results are in
the same trend of previous studies and also in between the upper and lower bounds.
However, for low value of relative depth, y/y90, the relative velocity V/V90 is out of
bound. They were underestimated because the velocity at y/y90 = 0 should be zero but in
the experiments, there might be some effect from the step floor which affects the
measurement. This is therefore the advantage of using the numerical model for
simulation near the step or in the zone that is difficult to collect the data. To compare
with the 1/6 power law, which is the solid line in Figure 5.3, the results from present
study is similar. The equations from present study for the velocity profiles of skimming
flow are suggested in equation (5.1) with the R2 of 0.98.

Figure 5.3 Dimensionless air–water velocity distributions
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5.1.3 Flow recirculation of skimming flow

The flow profiles on the step number 16 for the skimming flow case of yc/h = 1.35 from
the VOF and MMF are shown in Figure 5.4. The scale ratio of water in the model is
shown as the colour bar on the left-hand side on the same figure. The full-of-water zone
is shown by the red colour while the air zone is shown by the blue one. Even the
recirculation can be seen on both models, it was clearly seen that VOF can give the
better result of water surface profile than MMF. With the VOF, beneath the pseudo-
bottom, there are both water and air mixing together as a recirculation. The water is
obviously covering the vortex of air in this zone. Above the pseudo-bottom is the main
flow, there are water zone and then the mixture zone with high ratio of air and then
become to the air zone. With the MMF, beneath the pseudo-bottom, the mixture with
the water ratio of 0.65 is shown as the recirculation. Above the pseudo-bottom, the
water ratio becomes 0.50 and then 0.30 without any full-of-water zone or air zone.
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Figure 5.4 Flow profiles at the step number 16 for the skimming flow

In the calculation for VOF, the assumptions are based on the fact that the phases are not
interpenetrating and the interface of each fluid is the point of focus while the equations
used for MMF are solved in every cell for the mixture. Therefore, the result from each
domain cell is the mixture and then cannot be separated to each phase. It is different
from the equation of the VOF because the interface between two phases can be
simplified while the different continuity equations for the full-of-air and full-of-water
zones are solved separately.

Felder and Chanson (2011), with the 26.6-stepped spillway, found the similar trend of
air fraction for a step cavity on a slope of 50 shown by Boes (2000b) at 3.0/ hy . A
bit difference of some features in the developing shear layer and cavity region,

3.0/ hy , was found. The momentum from the main flow in the upper region is
transferred to the lower region beneath the pseudo-bottom and then the recirculation is
generated. The energy from water flowing down from upper to lower step is dissipated
by transferring of the momentum in the recirculation. Therefore, the mechanism of air
trapping in the recirculation can cause the high air concentration near the pseudo-
bottom. Considering only in the present study from VOF in Figure 5.3, the maximum
air concentration along the pseudo-bottom line is located at 60.050.0/)cos( lxs  .
Felder and Chanson (2011) also suggested the air concentration in the shear layer
increased with increasing distance xs from the step edge. The maximum air
concentration is in the shear layer zone at 65.050.0/)cos( lxs  . It can be seen that
VOF in the present study shows the same location of maximum air concentration along
the pseudo-bottom as Felder and Chanson (2011). Beneath and perpendicular to the
pseudo-bottom and shear layer zone, the air concentration becomes 1.0 at the core of the
flow recirculation due to the mechanism of air trapping. With the influence of
turbulence in recirculation, the flow direction above and next to the pseudo-bottom is
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curved. The flow velocity near the pseudo-bottom is also less than the velocity in the
main flow as can be seen from the model and the velocity profile.

5.2 Comparison between various turbulence models

Figure 5.5 shows a comparison example between the laboratory measurements and the
model predictions with the five different turbulence algorithms. Overall, it is found that
all turbulence models predict the velocity profiles rather well. The differences between
the different models seem slightly accentuated near the free surface where air
entrainment becomes significant.
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(a) location of il/Lcos = 0.31  (b) location of il/Lcos = 0.79

Figure 5.5 Comparison of velocity profiles on the flow of yc/h = 1.35

The RMSE is a measure of the accuracy of a prediction in comparison to the
measurements. The RMSE is used to compare the results from physical and numerical
velocity profiles. It is the square root of the average squared difference of the simulation
results and the physical measurements as can be calculated using equation (5.2)

RMSE   
m

numericalphysical VelocityVelocity
m 1

21 (5.2)

where m is the number of velocity measurements. The value of the RMSE is highly
sensitive to large errors and low RMSE values reflect a high accuracy in the numerical
prediction of the velocity profiles. The results at all locations show a good agreement
with the physical data.

Considering the entire data set, the lowest value of RMSE of 0.96 is found from using
the Rl k- model. The highest value of RMSE of 1.07 is found from using the St k-
model. The differences in RMSE values are not very significant but mean that the
results from the St k- model are slightly less accurate than those of the Rl k- model.

The location of maximum error is found at location of il/Lcos = 0.63, and location of
il/Lcos = 0.79, which are located in the lower half of the stepped spillway. At location
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of il/Lcos = 0.63 the flow changed from the non-aerated zone to the aerated zone.
Therefore, the changes in aerated conditions may largely affect the calculations and
cause significant errors. In comparison with all five turbulence models, it was found that
the Rl k- model is slightly better with an RMSE ranging from 0.19–1.82 m/s, which is
very close to the RMSE from the RNG k-, St k- and SST k- models.

The turbulence model that gives the highest RMSE is the St k- model, which is
developed from an empirical model. At all locations, most of the high RMSEs were
observed at 0.10 m above the pseudo-bottom. Further development of the St k- model
resulted in the SST k- model, which resulted in slightly more accurate results in the
near-wall region. The Rl k- model was developed for flows with a high Reynolds
number. In the present study with Reynolds numbers between

 61068.1 Re 61021.7  , the results of the Rl k- model were slightly better than
those of the St k- model in the upper region. Due to the similar equations for both k and
, the results from the RNG k- model are also similar to the St k- and the Rl k-
models. However, with the additional term in the  equation related to the main strain
and turbulence quantities, the RNG k- model can be viewed as being slightly better.

Both k- models can also provide satisfactory results for near-wall treatments where the
mesh is fine enough. In addition, it is more reliable for flows that have adverse pressure
gradients. The results from using the SST k- model in the near-wall region in the
present study show satisfactory agreement for fine mesh sizes. Thus, the point of
interest is important in the selection of a turbulence model; e.g. the k- models are
slightly preferable in the near-wall zone in the lower region, whilst the Rl k- model is
preferable in the upper part of the velocity profile. The turbulence models suggested by
the previous studies by Chen et al. (2002), Cheng et al. (2006), and Qian et al. (2009),
are St k-, RNG k-, and Rl k- models, respectively. It can be seen that the newer-
developed turbulence model can be better used with the flow with higher flow rate.
Moreover, Tongkratoke et al. (2009) also found that Rl k- is the closest to the physical
data compared with the other linear models. Most of flow rate in the cases simulated by
Tongkratoke et al. (2009) are close to or higher than the flow rate simulated by Qian et
al. (2009).

The velocity profiles from all turbulence models tended to have the same shape,
beginning with velocity gradually increasing from the pseudo-bottom until the
maximum velocity was reached. The results of spillway overflow with the flow rate of
2.83 m3/s are shown in Figure 5.6 (a). The velocity at the free surface gradually
increases in the downstream direction. The lowest velocity at the free surface among all
these measured locations is found at the upstream end. The velocity increases in the
downstream direction and becomes relatively constant in the aerated zone. The
numerical model with the Rl k- turbulence model can simulate velocity profiles at all
locations and it can easily be used to find the starting point of uniform flow. The results
of spillway overflow near the downstream end with all flow discharges are shown in
Figure 5.6 (b). Considering different discharges, a higher discharge causes a higher flow
depth but the flow velocity at the downstream end remains the same. Thus, the
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roughness of stepped spillways can be used to control the downstream velocity even
when the inlet discharge is varied.
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(a) At a discharge of 2.83 m3/s
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(b) At the downstream end for different discharges

Figure 5.6 Flow velocity profiles along the stepped spillway

5.3 Grid independence study

In order to perform a grid convergence study, GCI was used to provide a consistent
manner in reporting the results of grid convergence studies and estimate a discretisation
error on the grid convergence of the solution. The subscripts 1, 2, and 3 mean finest
(0.035x0.035 m2), fine (0.050x0.050 m2), and coarse (0.100x0.100 m2) grids,
respectively. The velocity is, therefore, represented by f1, f2, and f3, respectively. The
ratios, r21 and r32, are 1.913 and 1.556 which are greater than the recommended
minimum value of 1.3. Some results for GCI at five locations on spillway are shown in
Figure 5.7. The study shows GCI21 and GCI32 of less than 5 and 20%, respectively.
From the comparison of numerical results at all locations, GCI21 cannot be noticeably
seen whereas GCI32 can be clearly seen or much higher than GCI21. The approximate

relative error which is not shown here, 21
ae is lower than 32

ae . It means that the
difference between numerical value of finest and fine grids is lower than that of in
between fine and coarse grids. The extrapolated relative error, eext

21, is also very low. It
can be defined the results from grid size of less than 0.100×0.100 m2 is independent on
grid size effect. However, Roy (2003) mentioned the true errors would be quite different
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if 5% difference is found. Then, for the better results in present study, the grid size of
0.050×0.050 m2 was suggested as a representative grid size.

il/Lcos = 0.16

il/Lcos = 0.31

il/Lcos = 0.47
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Figure 5.7 Results of grid convergence study

For the 50-step spillway, the values of 32
ae ranged from 10 to 20% whereas 21

ae is less
than 5%. In the present study, the fine grid is suggested to be an appropriate size
because it shows noticeably better results than the coarse grid, while it shows a few
differences with the finest grid. The maximum percentage differences between the
experimental data and the coarse, fine, and finest grids are 61%, 26% and 19%,
respectively. The time and resources required for the simulation from the fine grid were
less than for the finest grid, but it shows similar results.

However, one more grid size was simulated to compare the results without using GCI.
The grid size of 0.020x0.020 m2 was analysed. Then, the ratio of grid size over step
height was used to compare. The ratios of 0.03, 0.06, 0.08, 0.11, and 0.16 were found.
The relationship between velocity from the numerical model and physical model from
all data is shown in Figure 5.8. The perfect correlation line, the dotted line in the figure,
is the line shows that the results from the numerical model are equal to the results from
physical model. It is shown that the ratio of 0.07 should be the best ratio for simulation
of flow through a stepped spillway. This chart can be used as a tool for the improvement
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of the results from different grid size. If the designers have less time to simulate the
flow over stepped spillway, a large grid can be used to spend less time. Then, this chart
can be used to improve the results of velocity from the numerical model.
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Figure 5.8 Comparison of velocity on the different grid size

5.4 Flow along stepped spillways
5.4.1 Flow regimes

Chinnarasri and Wongwises (2004) proposed the minimum critical flow depth required
for the onset of skimming flow and the maximum critical flow depth for the nappe flow
regime. The minimum discharge required for the onset of skimming flow on horizontal

and inclined steps for 73.110.0 
l

h
is
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While the maximum discharge for the nappe flow regime is









l

h

h

yc 388.0005.0927.0  (5.4)

where
h

yc means relative critical flow depth. The nappe flow regime is a succession of

free-falling nappe and jet impacts from one step onto the next one when the nappe
cavity is fully aerated (Chanson, 2002). For the cases of T0.46 and T0.73, nappe flow was
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observed. With the higher discharge, some air pocket is observed while the falling jet
disappears, then the flow becomes a transition flow. The skimming flow regime is
observed after the higher discharge approach; in this study, it was observed at T0.96.
Then the air pocket disappears and the flow recirculation is observed. The flow was
turbulent along the spillway with the Reynolds number of  51056.5 Re 61068.3  ,

 61068.1 Re 61021.7  , and  61019.1 Re 61055.5  for the smooth, 25-step, and
50-step spillways, respectively. All of the values of Re found in the present study were
greater than 105, which suggested that the viscous effects in the momentum exchange
were minimised.

Similarly to the physical models, two cases of nappe flow were found on the 25-step
spillway. The interface between the water surface and air can be seen in the numerical
results. The numerical results for nappe flow looked similar to the physical model. The
wavy water surface with the air pockets underneath can be seen on the steps. For the
flow along the entire spillway, the value of V90 can be found. In the nappe flow zone, at
low relative critical flow depth, yc/ih, V90 stays constant since s is less than 0.2, where s
= il/Lcos. At high yc/ih, V90 stays constant for s > 0.4. In the nappe flow regime, it can
be obtained that the location where V90 stays constant, depending directly on the relative
critical flow depth.

In cases of the same inlet velocity, for example; T0.96 and F1.91, T1.16 and F2.32, the value
of V90 from the 50-step spillway was smaller than from the 25-step spillway at the same
location. This shows that at the same yc/ih, the velocity, V90, can be rapidly varied for
different locations. However, V90, can be constant after steps at s > 0.8. It can be
observed that low yc/ih can produce constant V90 faster than high yc/ih. The flow profile
of low yc/ih and high yc/ih were therefore compared to locate the point of interest.

The behaviour of skimming flow can be divided into 2 zones; non-aerated zone and
aerated zone. In the non-aerated zone, the irrotational flow without air entrainment is
observed. The water surface is quite smooth. After flow through some steps, the aerated
zone is found where the free surface is wavy with full of air entrainment. The separated
point of non-aerated and aerated zone is called the inception point. Downstream of the
inception point can be divided into 2 more zones; gradually varied flow zone and
uniform flow zone. In gradually varied flow, flow depth and other properties such as
velocity and pressure, change gradually. At the end point of the gradually varied flow
zone, the attainment of uniform flow is observed.

5.4.2 Uniform flow attainment

Generally, in skimming flow regimes, non-aerated and aerated zones can be found. To
separate these two zones, the inception point is used. Upstream of this point, non-
aerated zone has been found while the aerated zone has been found downstream. For the
non-aerated zone, Bombardelli et al. (2011) found a good agreement between numerical
and experimental data. The TruVOF method was used together with the standard k-
and the RNG k-. The non-aerated zone was studied by using multi-block grids in a
Cartesian coordinate system. For the aerated zone, both non-uniform and uniform flows
have been found. In a uniform region, flow conditions; the residual specific energy and
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the flow velocity, remain constant (Ohtsu et al., 2004). Three different ways for
evaluating the attainment of uniform flow were also suggested by Boes and Hager
(2003b). First, the air concentration profiles at the spillway end and at any interesting
cross-section are used. These two profiles are compared and considered together with
the constant flow depth and velocity. Second, the curves of the equivalent clear water
depth, hw, and characteristic mixture depths, h90, are examined. For quasi-constant
values at the spillway end, uniform flow is likely to be attained. For a third criterion, the
uniform depth-averaged air concentration is compared with the mean air concentration
for uniform flow as proposed by Hager (1991). These two values had to be within an
arbitrarily selected 20% that is considered sufficiently exact for highly turbulent air-
water flow. The hydraulic conditions for the uniform flow are required for the study of
stepped spillway. For flow over long enough stepped spillway, the attainment of
uniform flow can cause higher energy dissipation than the non-uniform flow in shorter
spillway. The energy dissipation can also be deduced from the chute geometry and from
the discharge (Chanson, 1993). Therefore, the locations of inception point and the
attainment of uniform flow are important.

Considering on the pressure profile on the skimming flow in Figure 5.9, the inception
point can be seen on il/Lcos = 0.37. The pressure isolines in between

37.0cos/0  Lil are different among their own steps and also from the other steps.
The maximum and minimum absolute pressure at the upstream of the inception point
are 51023.1  and 51003.1  Pa, respectively. From the previous study proposed by Boes
(2000b), the length of inception point with slopes ranging from 30 to 50 is;
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where LI is length of inception point from the first step, ks is the step roughness height
which is ks =h cos ,  is the spillway slope, and q is the discharge per unit width. The
length of inception point from equation (5.5) is very close to the one from the present
study so the pressure profile from the numerical model can be used to locate the
inception point on the stepped spillways.

Downstream of the inception point, the pressure profile on each step seems to be the
same. However, from the enlargement of pressure isolines on il/Lcos = 0.47, the
maximum absolute pressure is 51023.1  Pa, which is a bit different from il/Lcos =
0.63 and il/Lcos = 0.79, where  the maximum absolute pressure is 51029.1  Pa. This is
because the flow is the gradually varied right after the inception point while the uniform
flow occurred after the gradually varied flow. As mentioned above, in a uniform flow,
the residual specific energy and the flow velocity remain constant. Also from the
pressure profiles, the enlargement of pressure isolines can be used to separate the
gradually varied flow and uniform flow. The pressure isolines for the uniform flow
from the numerical model also remain constant in every steps, except for the last step of
spillway because the effect of tailwater. The pressure isolines for the gradually varied
flow change on each step gradually. To locate the location of the separation between
gradually varied flow and uniform flow which means the starting point of uniform flow,
the equation as follows can be used;



58

 
    








 





 sin

sin

cos
42.2

tancos
cos64.3

2
07.1

43.029.0

86.0
86.0 hq

h

q
LSU (5.6)

where LSU is the length of starting point of uniform flow.
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Figure 5.9 Pressure profiles of the skimming flow (unit:Pa) with the enlargement of
pressure isolines (unit:×105 Pa)

5.5 Flow on the step

The step which was far away from the inception point and reached a uniform condition
was used to observe. The nappe and skimming flow on the steps are shown in Figure
5.10 (a) and (b), respectively. The photos taken from the experiments (Frizell, 2006)
with the simulation results of flow direction and volume fraction of water are shown in
the same scale. For nappe flow, the flow depth is low and the air pocket is found near
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the corner of the tread and riser. The numerical results show good agreement with the
photograph, as shown in Figure 5.10 (a). In the air pocket, there was small velocity
vectors in different directions which mean some water spilled in and out of the air
pocket. Due to the complexity in this zone, it is difficult to measure the velocity or
pressure, so it is the advantage of using the numerical model. However, the numerical
model should be verified whether it can satisfactorily simulate this kind of flow. The
numerical results of the air concentration at the surface or at 90% air concentration are
also agreed well with the experimental data.

(a) Nappe flow

(b) Skimming flow

Figure 5.10 Schematic diagrams of flow on the steps (flow from left to right)

For skimming flow, the flow recirculation was observed in the lower region. The air
bubbles in the flow recirculation were distributed with the upper region. High air
entrainment was found at the centre of the recirculation flow while the least flow
velocity was found there. In the lower region, flow recirculation plays an important role
in governing the pressure. The negative gauge pressure could be found in the flow
recirculation while the higher pressure could be found in the downstream half of the
tread. With the same velocity inlet, the negative pressure in stepped spillway was less
than in the smooth spillway whereas the negative pressure in smooth spillway can be
found along the entire length wherever the flow depth is higher than the design head at
the upstream. Therefore, prevention of damage from cavitation in a stepped spillway is
easier than in a smooth spillway. The filling of more air in the recirculation can be one
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of the solutions to reduce the negative pressure. The numerical model can be a tool to
design the appropriate step size for the reduction of the negative pressure.

The upper region, as shown in Figure 5.10 (b), is the aerated zone. The flow depth in the
main flow is higher than the nappe flow and contained a wavy water surface. The
numerical results of the air entrainment near the surface are agreed well with the
experimental data but they cannot simulate well near the pseudo-bottom. The interaction
between lower and upper regions was characterised by a shear layer in the shear layer
zone, as shown in Figure 5.10 (b).

5.6 Velocity profile

The velocity profiles tended to have the same shape beginning with velocity gradually
increasing from the bed until a maximum velocity was reached. At some point in the
upper region of the depth, an immediate change was observed where the velocity
abruptly increases. For both smooth and stepped spillways, the numerical results show
good agreement of the velocity profiles compared to the experimental data. The velocity
profiles along the smooth spillway at five stations with a discharge of 2.27 m3/s are
shown in Figure 5.11. The percentage difference between numerical and experimental
data was less than 17%.
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Figure 5.11 Velocity profiles along the smooth spillway with the discharge of 2.27 m3/s

After flow along some distances through the spillway, the velocity profiles at all
stations tended to have the same shape with the same maximum velocity. The maximum
velocity at the last station near the outlet in the smooth spillway is high, and can cause
more turbulence, compared with the flow along the stepped spillway at the same inlet
velocity. On 25-step spillway, velocity profiles at il/Lcos = 0.79 between the physical
and numerical models are shown in Figure 5.12. This location was chosen because it
was far from both the inception point and the effect of tail-water. The percentage
difference between the numerical and experimental data was less than 15%. It was
found that near the water surface, the data from the physical model was quite different
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from the velocity profiles trend. This is due to a problem with measurements near the
water surface with high turbulence of water and air. In the cases which have the same
critical depth at the same location, that maximum velocity from the smooth spillway is
higher than in the 25-step spillway. Thus, the stepped spillway is more efficient than the
smooth spillway in reducing the flow velocity.
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Figure 5.12 Velocity profiles on il/Lcos = 0.79 of 25-step spillway

For the 50-step spillway, comparison of velocity profiles at s = 0.79 in all cases is
shown in Figure 5.13. The percentage difference between the numerical and
experimental data was less than 12%. Comparison of cases which have the same critical
depth at the same location, the maximum velocity from the 25-step spillway is also
higher than the 50-step spillway. Considering nappe flow only, Figure 5.14 shows the
dimensionless velocity distribution at all five stations. In previous studies on skimming
flow, the results followed the power law, as shown in equation (5.7), suggesting
different values of n.

n

y

y

V

V
1

9090








 (5.7)

Different values of n were suggested from smaller-scale experiments; Chanson and
Toombes (2001) found n = 5.1 and 6 for yc/h of 1.5 and 1.1, respectively. Matos (2000)
obtained n = 4, whereas Chanson (1995) suggested n = 3.5 and 4 for the earlier works.
However, in the present study of skimming flow regimes, n = 5.09 is suggested under
the limitation of the Reynolds number of  61068.1 Re 61021.7  . This number can
be used to design the stepped spillway in various sizes. The designers or engineers can
use this empirical formula to initially design the flow or even the flow depth that can be
passed the stepped spillway. However, the numerical model, with the turbulence model
suggested in the present study, is used to design more details of the stepped spillway.
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Figure 5.13 Velocity profiles on il/Lcos = 0.79 of 50-step spillway
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Figure 5.14 Dimensionless velocity distributions on different locations of nappe flow

As concerns in the skimming flow, the numerical results are shown in Figure 5.15. The
power law of skimming flow for both the 25-step and 50-step spillways shows the same
trend for all five locations. Value of n = 4.4 is obtained from the present study, which is
quite close to previous studies (Matos, 2000).
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Figure 5.15 Dimensionless velocity distributions of skimming flow
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5.7 Turbulence intensity

The turbulence intensity in the flow through the spillway is subjected to the influence of
flow patterns of the boundary layers and boundary conditions of different sections. This
can be defined as the ratio of root mean square of the longitudinal component of
turbulent velocity over velocity at that point. In Figure 5.16, the turbulence intensity
distributions from the smooth spillway, with an inlet discharge of 2.27 m3/s, are shown
with the flow direction from left to right. The trends of the turbulence intensity profiles
are similar to those on the smooth open-channel flow in previous study (Radhakrishnan
and Piomelli, 2008).

Figure 5.16 Turbulence intensity distributions of flow along smooth spillway with the
inlet discharge of 2.27 m3/s

At each measurement location, the maximum turbulence intensity, maxI , occurred close
to the spillway floor. Then, with greater water depth, the turbulence intensity decreased
to a minimum, minI , near the water surface. For the location upstream, maxI is lower
than at the stations downstream. It increased gradually along the spillway and reached a
maximum near the outlet. As concerns minI near the surface, it slowly decreased from

upstream to downstream. On the other hand, it can be observed that both maxI and

minI for flow along the smooth spillway occur near the spillway outlet. From
comparison at the same location with a different critical depth, flow with low critical
depth obtained a value of I less than the high critical depth. Critical depth and flow
distance have an obvious effect on turbulence intensity.

For the stepped spillway, the turbulence intensity in both nappe and skimming flows
showed different trends from some previous studies (Gonzalez and Chanson, 2004;
Chanson and Toombes, 2002). This might be because of some of the parameters used to
calculate the turbulence intensity. These previous studies used mean or average velocity
to calculate the turbulence intensity. However, compared with the studies in which the
turbulence intensity was from the friction velocity (Wang et al., 1993; Carollo, 2005),
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the results show the same trend. The equation for the distribution of turbulence intensity
is used and shown as;

 HyDe
u

u /






(5.8)

where H is flow depth normal to the slope, y = depth at point of interest normal to the
slope. The turbulence intensity distributions depend directly on the roughness ratio
between flow depth and roughness height. The constants in Eq.(5-8) can be divided into
2 groups based on H/hcos. However, in the present study, only H/hcos of less than
0.4 was found. Therefore, the results were compared and it was found that all results
were under equation (5.8) with D = 2.14 and  = 0.8. The turbulence intensity
distribution was found to decrease in the direction from the water surface to the pseudo-
bottom. In the region of y/H of less than 0.2, the turbulence intensity was found to be
quite constant with bed distance. It can also found that the roughness of the spillway
considerably increases the turbulence intensity

5.8 Energy dissipation

The energy dissipation can be observed and calculated from the energy between the
inlet section at the approach channel of spillway, E0, and any section downstream, Ei, as
described in section 2.5 and shown in Figure 2.5. For any section downstream, the
energy at the interesting section was calculated. The energy dissipation, EL/E0, is one of
the dimensionless parameter which is widely used. The energy loss, EL, is the difference
between energy at the inlet section, E0, and the energy at the point-of-interest section,
Ei, EL= E0 - Ei. The point of interest is superimposed with the datum then the energy Ei

consists of flow depth measured in vertical direction and velocity head. The energy E0

consists of elevation head from datum to the inlet, and the summation of flow depth and
velocity head which is equal to 1.5yc. The energy dissipation for the smooth spillway
rapidly decreases with increasing discharge, while for the stepped spillway it decreases
only gradually. For a given height, the energy dissipation increases when the number of
steps increases for the case of skimming flow. Because each step acts as a macro
roughness, more steps causes more flow resistance and energy dissipation.

To consider on the inlet discharge on stepped and smooth spillways, Figure 5.17 shows
the energy dissipation at the last station for both step and smooth spillways. It is shown
that for the same spillway, the energy dissipation decreases when the discharge
increases. The energy dissipation for the smooth spillway is rapidly decreased with
increasing of discharge while the one for stepped spillway is gradually decreased. It can
be stated that the stepped spillway is better used for higher design discharge than the
smooth one because more energy can be dissipated due to the macro roughness of the
steps.

Consideration on the certain discharge, even it is low or high, the results indicate clearly
that a great amount of energy dissipation is occurred in a stepped spillway. It is also
shown that for a given height, the energy dissipation increases when the number of steps
increases. The results can be compared with the study from Rad and Teimouri (2010)
and the same trend is found. Because each step acts as a macro roughness, the more
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steps can cause the thickness of turbulent boundary layer and more flow resistance and
also significantly causes more energy dissipation. However, with high roughness,
Chanson (1994) reported the skimming flow will become fully developed and the
stepped spillway behaves like a smooth spillway.
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Smooth spillway

Figure 5.17 The energy dissipation chart on spillways with different step numbers

With the results from simulation, the empirical correlation for the energy dissipation on
the critical depth and number of steps, with R2=0.90 and the limit of 2H:1V stepped
spillway, is;
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The fitting trend of data in Figure 5.18 is compared with the previous study by Rad and
Teimouri (2010), in which the spillway slope was 26.6, the number of steps was 32,
and the Reynolds number was 105. The trend of results by Rad and Teimouri (2010)

which 13.004.0 
Nh

yc fits very well with the results from the present study

which 60.002.0 
Nh

yc . They are also compared with the other large scale studies:

Chanson and Toombes (2002) with a spillway slope of 15.9 and  5103 Re 5108 ;
Carosi and Chanson (2008) with a spillway slope of 21.8 and  4103 Re 5107 ; and
Chanson and Felder (2010) with a spillway slope of 26.6 and  4105 Re 6101 . The
dimensionless residual head, Ei/yc, is then used for comparison. For the slope of 21.8,
Ei/yc was 3.1 and it was 4.6 for 15.9° and 26.6° depending on the step height. It is 4.5
from the present study, which is not much different from the previous works and
confirmed the results from the other large-scale studies.
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Figure 5.18 Energy dissipation on the correlation of critical depth and number of steps

5.9 Pressure on the step

To consider on the pressure on the step, the absolute pressures on; i) il/Lcos = 0.31,
which is in non-aerated zone, ii) il/Lcos = 0.47,  which is in gradually varied flow, and
iii) il/Lcos = 0.79, which is in uniform flow, were chosen. The measured locations for
vertical and horizontal surface were settled on the centre alignment of step. On
horizontal face, eight locations were measured; x/l= 0.06, 0.19, 0.31, 0.44, 0.56, 0.69,
0.81, and 0.94, where x means the horizontal distance from the riser of previous step.

The absolute pressure on the horizontal surface of steps in non-aerated zone, gradually
varied flow, and uniform flow are shown in Figures 5.19 (a), (b) and (c), respectively.
Along the horizontal surface, both nappe and skimming flow regimes, the pressure
slightly decreases at the upstream half of the step, or after first 4 stations. It means that
air pocket in nappe flow and flow recirculation in skimming flow affect the absolute
pressure directly. The minimum pressure was obtained in the zone of 45.0/30.0  lx .
The negative pressure was also found in this area. Then, the flow hits the rest of
downstream half of the step directly and causes the increased pressure to be the
maximum near the tip or in the zone of 9.0/8.0  lx and a little bit decrease again at
the last station. This maximum pressure is caused by the impact of the falling water
from the previous step hit directly the next step. To compare with the study from
Chinnarasri et al. (2008), a similar trend of pressure on the horizontal step is found even
it is the result from the gabion-stepped spillway. The maximum pressure and minimum
pressure were found at the location of 9.0/7.0  lx and ,7.03.0/ lx respectively.
Both maximum and minimum pressures from the present study are agreed well with the
previous study.
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Figure 5.19 Absolute pressure distribution on the horizontal surface

On the vertical surface as shown in Figure 5.20, four locations were measured; z/h =
0.13, 0.38, 0.63, and 0.88 . The absolute pressure on the vertical surface of steps in non-
aerated zone, gradually varied flow , and uniform flow are shown in Figures 5.20 (a),
(b) and (c), respectively. Both nappe and skimming flow regimes, the pressure
decreases at the upper zone of the step, or after first 3 stations. Then, it increases a bit at
the last station. The maximum absolute pressure was found at the first station while the
minimum one was obtained at 63.0/ hz . In nappe flow regime, all of the pressure on
vertical surface is less than the atmospheric pressure, 101325 Pa, which means the
pressure is negative. The results on the vertical steps are different from the previous
study because the measured line in the present study located at the middle of the step
while the others located at the step edges. However, the pressure near the step floor of
skimming flow is negative and clearly be seen. With the effect of negative pressure, the
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step face can be damaged easily. Therefore, it is important to know the location of
negative pressure and then the experiments are needed. Using the physical model to
study, the measurement of negative pressure is quite difficult, so, this numerical model
can be used to locate the negative pressure location which is important for the
assessment of cavitations potential and cavitations protection.
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Figure 5.20 Absolute pressure distribution on the vertical surface

5.10 Proposed coefficients for turbulence model

According to the analysis by Shih et al. (1995), the equations for k and  in the Rl k-
model are already shown in equations (3.28) and (3.30), respectively.
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Shih et al. (1995) developed the flow at large Reynolds number and firstly obtained a
modelled dissipation rate equation as follows;

 



  


k

CSCuu jj

2

21 (5.10)

The coefficients, C1 and C2, are expected to be independent of the Reynolds number as
the Reynolds number becomes large. They are affected by solid body rotation imposed
on turbulence through the reduction of fluctuation vortex stretching, however, it is
rather weak compared to the other mechanisms (Shih et al., 1995). For decaying grid
turbulence, only the last term on the right hand side of equation (5.10) is non-zero and
must be negative, hence C2 must be positive. For the case of homogeneous shear flow,
both the turbulent kinetic energy and its dissipation rate increase with time so that the
“source” term in equation (5.10) must be positive, hence C1 must be positive. In fact,
the flow through stepped spillway depends on C2 more than C1. The decay of
dissipation rate of the turbulent kinetic energy equation is observed along the
downstream direction (Jinnah, 2012). Shih et al. (1995) mentioned the decay exponent nd

varies from 1.08 to 1.30. In their study, nd of 1.11 was chosen and then, C2 was 1.9
according to equation (5.11).
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After that, C1 was determined due to the use of the experimental data of homogeneous
shear flow and boundary layer flow. It is found to be the function of C1 = max [0.43,
/(+5)],  = Sk/, S  (2SijSij)

0.5, Sij = )/()/( ijji xuxu  .However, in the present

study, the decaying grid turbulence plays more important role than the homogeneous
shear flow and boundary layer flow. Hence, the C2 should be more important than the
case used by Shih et al. (1995). The C2 of 1.80 shows the better simulation results than
C2 of 1.90 which is proposed in the previous study. The results for velocity at different
values of coefficient C2 are shown in appendix C. The nd is found to be 1.25 and it is in
the range of 1.08 to 1.30 suggested in the previous study. Then, the more appropriate
value of C2 is proposed to be 1.80 for the flow over stepped spillway.
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS

Based on the results from both numerical and physical models, the conclusions and
recommendations can be drawn as follow:

6.1 Conclusions

The numerical model was used to study the flow behaviour through smooth and stepped
spillways. The stepped spillway consists of 25 steps and 50 steps. The numerical results
are verified by comparison with the large-scale physical model. First, the physical
model, tested by Ward in 2002, was located at Colorado State University. The concrete
spillway was 34.09 m long, 1.22 m wide, and 2.13 m deep on a 2H:1V slope with a total
height of 15.24 m. Velocity and air concentration instrumentation was installed on a
carriage system. The manually operated carriage system allowed for two degrees of
freedom, with movement along the spillway, and lateral movement within the width of
the spillway. The remotely operated, motorised point gage allowed for vertical
movement normal to the pseudo-bottom. All profiles were taken along the centreline of
the spillway. A back flushing Pitot-static tube was used to measure the velocity, due to
its ability to work in non-homogeneous fluid. The output signal was scanned at 120 Hz
for a duration of 20-seconds. The air probe was used to determine the air concentration.
Its output signal was scanned at 15 kHz for 5 seconds per probe tip. The error on the
vertical position of the probe was less than 0.025 mm. The accuracy on the longitudinal
probe position was estimated as x < ± 0.5 cm.

The numerical model with the Finite Volume Method (FVM) was used with the
uniform-sized, structured grids. The meshed domain represents as a 2D grid. The inlet
section is at the upstream of the spillway which consists of the inlet of water at bottom
and the inlet of air at top. The inlet water velocity was the initial condition and was set
uniformly at the water inlet and flow through the spillway which was initially full of air.
The air boundaries were defined as an inlet pressure with the atmospheric pressure. The
outlet of the spillways at the downstream was defined as an outlet pressure so the water
can flow out freely. The calculation domain was discretised into structured grid with
various sizes of 0.0200.020, 0.0350.035, 0.0500.050 and 0.1000.100 m2

quadrilateral cells. The control volume technique is used to convert the governing
equations to algebraic equations that can be solved numerically. The integration
governing equations on the control volumes are solved iteratively using implicit form.
In the implicit scheme, the unknown value of each variable is computed from the
relationship among the neighboring meshes.

The pressure-based segregated solver was used because it is multiphase flow with 2
materials, water and air, flow with different velocities. To start the initial calculation,
the uniform velocity of water and the atmospheric pressure are specified at the water
inlet and free surface zone, respectively. The momentum equation is then used to
calculate. The VOF and MMF models are used in this step to compare the results. Then,
the values of parameters will transfer to solve the continuity equation. After that, the
values of pressure and velocity are updated and put into the turbulence models. The
converged criteria are checked at the difference of 0.0001 in order to assure that the
results from the simulation are very close to the data from physical model.
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The flow regime on a stepped spillway is classified into three types: nappe flow,
transition flow and skimming flow. In nappe flow, usually found on large steps or at
low discharges, a free-falling jet impacts from step to step with a fully aerated nappe
cavity. Skimming flows occur on small steps or at high discharges. The behaviour of
skimming flow can be divided into 2 zones; non-aerated and aerated. In the non-aerated
zone, the irrotational flow without air entrainment is observed. The water surface is
quite smooth. After flow through some steps, the aerated zone is found where the free
surface is wavy with full of air entrainment. The separated point of non-aerated and
aerated zone is called the inception point. Downstream of the inception point can be
divided into 2 more zones; gradually varied flow and uniform flow. In gradually varied
flow, flow depth and other properties such as velocity and pressure, change gradually.

6.1.1 It can be concluded, from the numerical results, that the numerical model can be
used to model the complex flow pattern of two-phase turbulence flow in spillways. The
Finite Volume Method, FVM, is also found to be the numerical method that can be used
to simulate the complex flow. The Volume of Fluid, VOF, and the Realisable k-
models are chosen as the multiphase flow model and turbulence model, respectively,
that can simulate the flow from the physical model better than the other models. The
flow initiation at the inlet is one of the locations that VOF shows the better simulation
than MMF. Considering the entire data set, the lowest value of RMSE of 0.96 is found
from using the Rl k- model. The highest value of RMSE of 1.07 is found from using
the St k- model. The Rl k- model is slightly better than other turbulence models with
an RMSE ranging from 0.19–1.82 m/s.

6.1.2 The appropriate grid size for the simulation is suggested based on Grid
Convergence Index (GCI). Three sizes of grid sizes which are 0.035x0.035 m2,
0.050x0.050 m2, and 0.100x0.100 m2 were compared by GCI. The grid size of
0.035x0.035 m2 shows the best results among those grid sizes. For the GCI between the
grid size of 0.050x0.050 m2 and 0.100x0.100 m2, the values of GCI are less than 20%.
For the GCI between the grid size of 0.035x0.035 m2 and 0.050x0.050 m2, the values of
GCI are less than 5%. It means that the results from grid size of 0.035x0.035 m2 and
0.050x0.050 m2 are not noticeably seen. Also, the time and resources required for the
simulation from the coarse grid are less than for the fine grid, but it shows similar
results. Then, the present study, the grid size of 0.050×0.050 m2 was suggested as a
representative grid size because they can show the good results in appropriate sources
and time. Later, the grid size of 0.020x0.020 m2 was analysed. Then, the ratio of grid
size over step height was used for comparison. The ratio of 0.03, 0.06, 0.08, 0.11, and
0.16 were found. It is shown that the ratio of 0.07 should be the best ratio for simulation
of flow through a stepped spillway.

6.1.3 It is shown that for the same spillway, the energy dissipation decreases when the
discharge increases. The energy dissipation for the smooth spillway is rapidly decreased
with increasing of discharge while the one for stepped spillway is gradually decreased.
It can be stated that the stepped spillway is better used for higher design discharge than
the smooth one because more energy can be dissipated due to the macro roughness of
the steps.
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6.1.4 It is found that the simulation results from numerical models can be used to
simulate the large scale physical models. The flow regimes that can be found on the
numerical model are the same as the ones found in the physical model. The inception
point and the point of uniform flow attainment can be found from the pressure profiles
of numerical model. It is also important to know the location of negative pressure and
then the experiments are needed. Using the physical model to study, the measurement of
negative pressure is quite difficult, so, this numerical model can be used to locate the
negative pressure location which is important for the assessment of cavitations potential
and cavitations protection.

6.1.5 The numerical model can be used to develop the equations and charts for the
preliminary design of spillways for any cases of possible discharges. The example of
preliminary design by these equations and charts are shown in appendix D.

- The velocity profiles from the numerical simulation also show the similar trend
as the 1/6 power law from previous studies. The equations from present study for the
velocity profiles of skimming flow are suggested in equation (5.1).
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- The inception point and the point of uniform flow attainment can be found
from the pressure profiles of numerical model. To locate the location of the separation
between gradually varied flow and uniform flow which means the starting point of
uniform flow, equation (5.6) can be used.
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where LSU is the length of starting point of uniform flow.

- The results followed the power law, as shown in equation (5.7), suggesting
different values of n. In the present study of skimming flow regimes, n = 5.09 is
suggested under the limitation of the Reynolds number of  61068.1 Re 61021.7  .
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- The equation for the distribution of turbulence intensity is shown in equation
(5.8) with D = 2.14 and  = 0.8.
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- The Figure 5.8 can be used as a tool for the improvement of the results from
different grid size. If the designers have less time to simulate the flow over stepped
spillway, a large grid can be used to spend less time. Then, this chart can be used to
improve the results of velocity from the numerical model.

Figure 5.8 Comparison of velocity on the different grid size

- The fitting trend of equation (5.9) and Figure 5.18 can be used as a tool for the
energy dissipation on the correlation of critical depth and number of steps.
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Figure 5.18 Energy dissipation on the correlation of critical depth and number of steps

6.2 Recommendations

Based on the results from this study, the following recommendations are offered for
future investigation:

6.2.1 This study attempted to simulate only 25 and 50-step spillways compared with
the physical model. It might be better to simulate more number of steps. However, the
researcher might have to test the physical model for more number of steps because there
is still no physical data of large scale model for stepped spillways.

6.2.2 More kinds of turbulence models should be used because in the present study,
only linear equations were used. However, it might take more time to simulate and the
results may be almost the same as using the linear equations. It depends on sources and
time that the researchers will spend.

6.2.3 More parameters need further studies to understand physical process of flow
behaviour through the spillway. They are, for example, friction factor, bed shear stress,
etc. The other types of flow regimes; transition flow and nappe flow, are also needed to
be studied more. However, the results from the large-scale physical model are needed.
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APPENDIX A

Measurement locations on the physical model
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Table A.1 Measurement locations on the smooth spillway

Discharge Velocity
L

LS Reynolds number
Depth normal to the

pseudo-bottom
Position

(m3/s) (m/s) (m) x y

0.57 0.12

0.09

116245.11 0.02 -27.61 13.83
245929.53 0.04 -27.60 13.85
348318.37 0.05 -27.60 13.86
452187.62 0.07 -27.59 13.87
555520.31 0.09 -27.58 13.89
555520.31 0.09 -27.58 13.89
597370.20 0.09 -27.58 13.89

0.28

191276.39 0.02 -22.04 11.05
368903.01 0.04 -22.04 11.07
528175.73 0.05 -22.03 11.08
687202.87 0.07 -22.02 11.09
813607.06 0.08 -22.02 11.10
845532.02 0.09 -22.02 11.11
877607.04 0.09 -22.01 11.11

0.44

180765.18 0.02 -17.20 8.62
430811.94 0.04 -17.19 8.64
621170.21 0.05 -17.18 8.65
819943.39 0.07 -17.17 8.66
976433.81 0.08 -17.17 8.67

1016199.54 0.09 -17.17 8.68
1214702.68 0.10 -17.16 8.69
1214702.68 0.10 -17.16 8.69
1328103.82 0.11 -17.16 8.70

0.60

216938.11 0.02 -12.31 6.18
488389.57 0.04 -12.31 6.20
703274.18 0.05 -12.30 6.21
927139.42 0.07 -12.29 6.22

1061416.01 0.08 -12.29 6.23
1152528.05 0.09 -12.28 6.24
1336370.00 0.10 -12.28 6.25
1380042.66 0.10 -12.28 6.25

0.76

259260.44 0.02 -7.43 3.74
542892.39 0.04 -7.42 3.76
778717.67 0.05 -7.41 3.77

1019648.66 0.07 -7.41 3.78
1260138.30 0.09 -7.40 3.80
1500321.00 0.10 -7.39 3.81
1500321.00 0.10 -7.39 3.81
1735483.65 0.12 -7.39 3.82
1735483.65 0.12 -7.39 3.82

Remarks:
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Table A.1 (Cont.) Measurement locations on the smooth spillway

Discharge Velocity
L

LS Reynolds number
Depth normal to the

pseudo-bottom
Position

(m3/s) (m/s) (m) x y

1.13 0.24

0.09

127042.59 0.02 -27.61 13.83
260446.97 0.04 -27.60 13.85
370826.87 0.05 -27.59 13.86
482997.63 0.07 -27.59 13.87
595254.77 0.09 -27.58 13.89
707927.29 0.10 -27.57 13.90
819868.29 0.12 -27.57 13.91
931964.65 0.13 -27.56 13.93

1043492.80 0.15 -27.55 13.94
1155231.84 0.16 -27.55 13.95
1155231.84 0.16 -27.55 13.95
1199744.16 0.17 -27.54 13.96

0.28

198709.61 0.02 -22.04 11.05
383032.13 0.04 -22.04 11.07
548011.26 0.05 -22.03 11.08
713252.12 0.07 -22.02 11.09
878309.24 0.09 -22.02 11.11

1041828.96 0.10 -22.01 11.12
1203527.18 0.12 -22.00 11.13
1300616.96 0.12 -22.00 11.14
1364677.69 0.13 -22.00 11.15

0.44

186874.59 0.02 -17.20 8.62
444993.37 0.04 -17.19 8.64
640208.02 0.05 -17.18 8.65
843379.16 0.07 -17.17 8.66

1043321.87 0.09 -17.17 8.68
1245752.96 0.10 -17.16 8.69
1441232.78 0.12 -17.15 8.70
1598894.24 0.13 -17.15 8.71
1637395.66 0.13 -17.15 8.72
1714472.57 0.14 -17.14 8.72

0.60

221874.16 0.02 -12.31 6.18
499496.18 0.04 -12.31 6.20
719261.55 0.05 -12.30 6.21
948170.62 0.07 -12.29 6.22

1178575.04 0.09 -12.28 6.24
1411897.61 0.10 -12.28 6.25
1547779.28 0.11 -12.27 6.26
1639129.67 0.12 -12.27 6.26
1866862.51 0.13 -12.26 6.28

0.76

261055.10 0.02 -7.43 3.74
547635.38 0.04 -7.42 3.76
787896.42 0.05 -7.41 3.77

1037314.87 0.07 -7.41 3.78
1291826.52 0.09 -7.40 3.80
1549959.21 0.10 -7.39 3.81
1807039.72 0.12 -7.39 3.82
2063694.42 0.13 -7.38 3.84
2213912.36 0.14 -7.38 3.85
2314456.13 0.15 -7.37 3.85
2564543.31 0.16 -7.37 3.86
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Table A.1 (Cont.) Measurement locations on the smooth spillway

Discharge Velocity
L

LS Reynolds number
Depth normal to the

pseudo-bottom
Position

(m3/s) (m/s) (m) x y

1.70 0.36

0.09

129013.06 0.02 -27.61 13.83
265303.68 0.04 -27.60 13.85
379588.65 0.05 -27.59 13.86
615837.18 0.09 -27.58 13.89
857826.13 0.12 -27.57 13.91
980217.17 0.13 -27.56 13.93
1102671.30 0.15 -27.55 13.94
1226020.42 0.16 -27.55 13.95
1349199.58 0.18 -27.54 13.97
1473115.96 0.19 -27.53 13.98
1597035.44 0.21 -27.53 14.00
1696814.04 0.22 -27.52 14.01

0.28

202514.73 0.02 -22.04 11.05
390544.84 0.04 -22.04 11.07
559097.08 0.05 -22.03 11.08
900865.66 0.09 -22.02 11.11
1242420.88 0.12 -22.00 11.13
1412804.39 0.13 -22.00 11.15
1582862.98 0.15 -21.99 11.16
1753220.88 0.16 -21.98 11.17
1754997.86 0.16 -21.98 11.17
202514.73 0.17 -21.98 11.18

0.44

189589.99 0.02 -17.20 8.62
451598.69 0.04 -17.19 8.64
650242.64 0.05 -17.18 8.65
1064325.02 0.09 -17.17 8.68
1478447.03 0.12 -17.15 8.70
1683923.38 0.13 -17.15 8.72
1885536.69 0.15 -17.14 8.73
2007097.94 0.16 -17.14 8.74
2088004.66 0.16 -17.13 8.74
189589.99 0.17 -17.13 8.75

0.60

224930.94 0.02 -12.31 6.18
506378.87 0.04 -12.31 6.20
729175.48 0.05 -12.30 6.21
1197888.38 0.09 -12.28 6.24
1674166.43 0.12 -12.27 6.26
1911332.52 0.13 -12.26 6.28
2142095.39 0.15 -12.26 6.29
2142095.39 0.15 -12.26 6.29
2373404.45 0.16 -12.25 6.30
2418942.79 0.16 -12.25 6.31

0.76

264734.65 0.02 -7.43 3.74
555322.44 0.04 -7.42 3.76
798863.73 0.05 -7.41 3.77
1051861.45 0.07 -7.41 3.78
1310286.43 0.09 -7.40 3.80
1573656.80 0.10 -7.39 3.81
1837929.98 0.12 -7.39 3.82
2102764.60 0.13 -7.38 3.84
2362721.82 0.15 -7.37 3.85
2622069.13 0.16 -7.37 3.86
2774175.00 0.17 -7.36 3.87
2875763.01 0.18 -7.36 3.88
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Table A.1 (Cont.) Measurement locations on the smooth spillway

Discharge Velocity

L

LS Reynolds number
Depth normal to the

pseudo-bottom Position

(m3/s) (m/s) (m) x y

2.27 0.48

0.09

131363.92 0.02 -27.61 13.83
270779.32 0.04 -27.60 13.85
388879.32 0.05 -27.59 13.86
634978.99 0.09 -27.58 13.89
889106.72 0.12 -27.57 13.91
1146901.93 0.15 -27.55 13.94
1406242.47 0.18 -27.54 13.97
1536505.00 0.19 -27.53 13.98
1666591.17 0.21 -27.53 14.00
1797407.34 0.22 -27.52 14.01
1928179.92 0.24 -27.51 14.02
2059681.89 0.25 -27.50 14.04
2349613.28 0.29 -27.49 14.07

0.28

206206.95 0.02 -22.04 11.05
397607.03 0.04 -22.04 11.07
569098.79 0.05 -22.03 11.08
918233.16 0.09 -22.02 11.11
1269071.99 0.12 -22.00 11.13
1619921.78 0.15 -21.99 11.16
1795706.95 0.16 -21.98 11.17
1971442.13 0.18 -21.97 11.19
2147538.81 0.19 -21.97 11.20
2500010.44 0.22 -21.95 11.23

0.44

192608.97 0.02 -17.20 8.62
458699.31 0.04 -17.19 8.64
660123.65 0.05 -17.18 8.65
1080250.21 0.09 -17.17 8.68
1502225.70 0.12 -17.15 8.70
1918908.63 0.15 -17.14 8.73
2126549.06 0.16 -17.13 8.74
2332541.13 0.18 -17.13 8.76
2539286.97 0.19 -17.12 8.77
2542608.99 0.19 -17.12 8.77
2704044.48 0.20 -17.11 8.78

0.60

227970.41 0.02 -12.31 6.18
513206.09 0.04 -12.31 6.20
738963.22 0.05 -12.30 6.21
1213335.65 0.09 -12.28 6.24
1696080.33 0.12 -12.27 6.26
2172687.55 0.15 -12.26 6.29
2408976.44 0.16 -12.25 6.30
2641895.45 0.18 -12.24 6.32
2641895.45 0.18 -12.24 6.32
2875348.17 0.19 -12.24 6.33
2968134.78 0.20 -12.23 6.34

0.76

267821.66 0.02 -7.43 3.74
561832.66 0.04 -7.42 3.76
808316.80 0.05 -7.41 3.77
1064255.83 0.07 -7.41 3.78
1325486.20 0.09 -7.40 3.80
1591671.39 0.10 -7.39 3.81
1858731.97 0.12 -7.39 3.82
2126801.74 0.13 -7.38 3.84
2390841.45 0.15 -7.37 3.85
2654636.40 0.16 -7.37 3.86
2913258.89 0.18 -7.36 3.88
3171833.23 0.19 -7.35 3.89
3325327.16 0.20 -7.35 3.90
3427773.48 0.21 -7.35 3.91
3683842.98 0.22 -7.34 3.92
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Table A.2 Measurement locations on the 25-step spillway

Discharge Velocity

cosL

il
Reynolds number

Depth normal to the
pseudo-bottom Position

(m3/s) (m/s) (m) x y

0.57 0.12

0.16

36639.70 0.02 -25.59 13.42
407936.70 0.08 -25.57 13.48
791119.68 0.14 -25.54 13.53

1020654.50 0.17 -25.52 13.56
1213617.74 0.20 -25.51 13.59
1640756.23 0.26 -25.49 13.64
2039038.85 0.32 -25.46 13.70
2207925.48 0.38 -25.43 13.75

0.31

43096.13 0.02 -20.72 10.98
279730.50 0.05 -20.71 11.01
481638.10 0.08 -20.70 11.04
696020.86 0.11 -20.68 11.07
922125.31 0.14 -20.67 11.09

1155666.57 0.17 -20.66 11.12
1202414.69 0.17 -20.65 11.13
1390754.85 0.20 -20.64 11.15
2165223.00 0.30 -20.59 11.24

0.47

44248.43 0.02 -15.84 8.54
328791.69 0.05 -15.83 8.58
764042.74 0.11 -15.80 8.63

1021797.38 0.15 -15.79 8.66
1236081.26 0.17 -15.77 8.69
1704972.56 0.23 -15.75 8.74
1974347.46 0.27 -15.73 8.77
2152204.20 0.30 -15.72 8.79

0.63

45890.23 0.02 -10.96 6.11
296805.10 0.05 -10.95 6.14
509404.62 0.08 -10.94 6.17
734688.09 0.11 -10.92 6.20
972096.81 0.14 -10.91 6.22
972096.81 0.14 -10.91 6.22

1216883.67 0.17 -10.90 6.25
1462470.33 0.20 -10.88 6.28
2194190.31 0.30 -10.84 6.36

0.79

45665.75 0.02 -6.09 3.67
296692.17 0.05 -6.08 3.70
511711.96 0.08 -6.07 3.73
739061.97 0.11 -6.05 3.76
809527.52 0.12 -6.05 3.76
977533.83 0.14 -6.04 3.78

1222313.53 0.17 -6.03 3.81
1467130.11 0.20 -6.01 3.84
1682703.63 0.23 -6.00 3.86
1706556.15 0.23 -6.00 3.86

Remarks:
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Table A.2 (Cont.) Measurement locations on the 25-step spillway

Discharge Velocity
cosL

il
Reynolds number

Depth normal to the
pseudo-bottom

Position

(m3/s) (m/s) (m) x y

1.13 0.24

13.4

36767.72 0.02 -25.59 13.42
463984.09 0.08 -25.57 13.48
915891.39 0.14 -25.54 13.53

1391775.17 0.20 -25.51 13.59
1689001.50 0.23 -25.50 13.62
1891037.87 0.26 -25.49 13.64
2406031.92 0.32 -25.46 13.70
2431821.99 0.32 -25.46 13.70

31.3

53400.05 0.02 -20.72 10.98
345564.56 0.05 -20.71 11.01
610051.87 0.08 -20.70 11.04
886941.79 0.11 -20.68 11.07

1174724.65 0.14 -20.67 11.09
1470945.45 0.17 -20.66 11.12
2089301.13 0.23 -20.63 11.17
2408210.78 0.26 -20.62 11.20
2730640.56 0.29 -20.60 11.23
3843615.17 0.40 -20.55 11.33

49.2

138568.94 0.02 -15.84 8.67
491014.63 0.05 -15.83 8.70

1127996.83 0.11 -15.80 8.75
1806037.84 0.17 -15.77 8.81
2322437.01 0.22 -15.75 8.85
2492166.42 0.23 -15.75 8.86
3112045.49 0.30 -15.72 8.92
3344840.54 0.36 -15.69 8.97
3357113.56 0.36 -15.69 8.98
3468490.65 0.42 -15.66 9.03

67.1

60868.71 0.02 -10.96 6.11
394375.23 0.05 -10.95 6.14
687595.27 0.08 -10.94 6.17
998466.13 0.11 -10.92 6.20

1326098.54 0.14 -10.91 6.22
1667746.42 0.17 -10.90 6.25
2021695.73 0.20 -10.88 6.28
2276526.82 0.22 -10.87 6.30
2386995.48 0.23 -10.87 6.30
2756300.30 0.26 -10.86 6.33
3125684.38 0.29 -10.84 6.36
3490132.21 0.32 -10.83 6.39
3525342.40 0.32 -10.83 6.39

85

60936.84 0.02 -6.09 3.67
396086.08 0.05 -6.08 3.70
694204.86 0.08 -6.07 3.73

1009997.17 0.11 -6.05 3.76
1342490.53 0.14 -6.04 3.78
1688922.71 0.17 -6.03 3.81
1867003.63 0.18 -6.02 3.82
2047887.19 0.20 -6.01 3.84
2418176.52 0.23 -6.00 3.86
2792752.86 0.26 -5.99 3.89
3167873.27 0.29 -5.97 3.92
3354171.60 0.30 -5.96 3.93
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Table A.2 (Cont.) Measurement locations on the 25-step spillway

Discharge Velocity

cosL

il
Reynolds number

Depth normal to the
pseudo-bottom

Position

(m3/s) (m/s) (m) x y

1.70 0.37

0.16

38899.19 0.02 -25.59 13.42
460123.79 0.08 -25.57 13.48
911813.62 0.14 -25.54 13.53

1405431.58 0.20 -25.51 13.59
1935856.12 0.26 -25.49 13.64
2182869.03 0.29 -25.47 13.67
2489210.31 0.32 -25.46 13.70
2572803.39 0.33 -25.45 13.70
3049905.00 0.38 -25.43 13.75

0.31

53769.62 0.02 -20.72 10.98
350097.24 0.05 -20.71 11.01
621034.57 0.08 -20.70 11.04

1199285.89 0.14 -20.67 11.09
1826186.95 0.20 -20.64 11.15
2158283.47 0.23 -20.63 11.17
2498655.61 0.26 -20.62 11.20
2845601.67 0.29 -20.60 11.23
2915579.12 0.30 -20.60 11.23
3197100.39 0.32 -20.59 11.26
3549716.04 0.35 -20.57 11.28
3655804.73 0.36 -20.57 11.29

0.47

58898.18 0.02 -15.84 8.54
328566.96 0.04 -15.83 8.57
671872.16 0.08 -15.82 8.60

1309378.74 0.14 -15.79 8.65
2016346.49 0.20 -15.76 8.71
2781223.80 0.26 -15.74 8.76
3417728.50 0.31 -15.71 8.81
3578687.28 0.32 -15.71 8.82
4383900.30 0.38 -15.68 8.87
4704765.09 0.41 -15.67 8.89
5180655.12 0.44 -15.65 8.93

0.63

62222.79 0.02 -10.96 6.11
404854.71 0.05 -10.95 6.14
715518.00 0.08 -10.94 6.17

1398922.27 0.14 -10.91 6.22
2154772.93 0.20 -10.88 6.28
2558125.44 0.23 -10.87 6.30
2972580.29 0.26 -10.86 6.33
3353164.54 0.29 -10.84 6.36
3395670.12 0.29 -10.84 6.36
3824510.00 0.32 -10.83 6.39
4253665.36 0.35 -10.81 6.41
4681613.70 0.38 -10.80 6.44
4895782.94 0.40 -10.79 6.46

0.79

66209.72 0.02 -6.09 3.67
428274.78 0.05 -6.08 3.70
746622.08 0.08 -6.07 3.73

1454252.62 0.14 -6.04 3.78
2239152.24 0.20 -6.01 3.84
2656789.20 0.23 -6.00 3.86
3042325.84 0.26 -5.99 3.89
3085927.79 0.26 -5.99 3.89
3524292.67 0.29 -5.97 3.92
3968912.05 0.32 -5.96 3.95
4414238.57 0.35 -5.94 3.97
4547951.28 0.36 -5.94 3.98
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Table A.2 (Cont.) Measurement locations on the 25-step spillway

Discharge Velocity

cosL

il
Reynolds number

Depth normal to the pseudo-
bottom

Position

(m3/s) (m/s) (m) x y

2.27 0.49

0.16

45929.70 0.02 -25.59 13.42
295486.53 0.05 -25.58 13.45
510170.43 0.08 -25.57 13.48
970754.01 0.14 -25.54 13.53

1474680.46 0.20 -25.51 13.59
2018525.96 0.26 -25.49 13.64
2300200.94 0.29 -25.47 13.67
2586604.89 0.32 -25.46 13.70
2875157.83 0.35 -25.44 13.72
2933448.33 0.36 -25.44 13.73
3136400.66 0.38 -25.43 13.75
3165568.98 0.38 -25.43 13.75

0.31

55415.69 0.02 -20.72 10.98
359506.88 0.05 -20.71 11.01
627263.92 0.08 -20.70 11.04

1210376.65 0.14 -20.67 11.09
1852523.04 0.20 -20.64 11.15
2546186.42 0.26 -20.62 11.20
2905416.08 0.29 -20.60 11.23
3270392.75 0.32 -20.59 11.26
3563789.57 0.34 -20.58 11.28
3637661.51 0.35 -20.57 11.28
4006786.50 0.38 -20.56 11.31
4376542.43 0.41 -20.55 11.34
5116241.74 0.47 -20.52 11.39

0.47

58722.16 0.02 -15.84 8.54
329011.15 0.04 -15.83 8.57

- 0.08 -15.82 8.60
1340331.63 0.14 -15.79 8.65
2069264.34 0.20 -15.76 8.71
2862108.58 0.26 -15.74 8.76
3694829.80 0.32 -15.71 8.82
4204074.70 0.36 -15.69 8.85
4544568.00 0.38 -15.68 8.87
5356701.50 0.44 -15.66 8.92
5399204.34 0.44 -15.65 8.93
6248428.96 0.50 -15.63 8.98

2.27 0.49

0.63

- 0.02 -10.96 6.11
421423.64 0.05 -10.95 6.14
740814.88 0.08 -10.94 6.17

1446077.88 0.14 -10.91 6.22
2231940.67 0.20 -10.88 6.28
3089192.20 0.26 -10.86 6.33
3535932.98 0.29 -10.84 6.36
3991314.85 0.32 -10.83 6.39
4128230.71 0.33 -10.82 6.39
4450692.65 0.35 -10.81 6.41
4912995.00 0.38 -10.80 6.44
5376274.24 0.41 -10.79 6.47
5561754.18 0.42 -10.78 6.48
5839484.89 0.44 -10.77 6.50
6300979.52 0.47 -10.76 6.52
6756529.03 0.50 -10.75 6.55

0.79

67624.76 0.02 -6.09 3.67
773871.96 0.08 -6.07 3.73

1513560.60 0.14 -6.04 3.78
2339519.83 0.20 -6.01 3.84
3241583.05 0.26 -5.99 3.89
4191819.91 0.32 -5.96 3.95
4675691.44 0.35 -5.94 3.97
5162359.50 0.38 -5.93 4.00
6135951.66 0.44 -5.90 4.06
6135951.66 0.44 -5.90 4.06
7094742.73 0.50 -5.88 4.11
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Table A.2 (Cont.) Measurement locations on the 25-step spillway

Discharge Velocity

cosL

il
Reynolds number

Depth normal to the
pseudo-bottom

Position

(m3/s) (m/s) (m) x y

3.28 0.71

0.16

40581.99 0.02 -25.59 13.42
268027.56 0.05 -25.58 13.45
491476.28 0.08 -25.57 13.48
991661.31 0.14 -25.54 13.53

1542401.84 0.20 -25.51 13.59
2136726.03 0.26 -25.49 13.64
2445785.91 0.29 -25.47 13.67
2760168.98 0.32 -25.46 13.70
3076885.59 0.35 -25.44 13.72
3394645.23 0.38 -25.43 13.75
3712882.80 0.41 -25.42 13.78
3967962.02 0.44 -25.41 13.80
4031055.29 0.44 -25.40 13.81
4348106.26 0.47 -25.39 13.83
4662797.63 0.50 -25.38 13.86
4757530.30 0.51 -25.37 13.87

0.31

56348.99 0.02 -20.72 10.98
365474.25 0.05 -20.71 11.01
642595.36 0.08 -20.70 11.04

1249272.48 0.14 -20.67 11.09
1918806.07 0.20 -20.64 11.15
2643704.14 0.26 -20.62 11.20
3019763.33 0.29 -20.60 11.23
3402217.22 0.32 -20.59 11.26
3787613.96 0.35 -20.57 11.28
4175455.20 0.38 -20.56 11.31
4214504.35 0.38 -20.56 11.31
4564671.08 0.41 -20.55 11.34
4954857.76 0.44 -20.53 11.37
5306007.17 0.47 -20.52 11.39
5345327.89 0.47 -20.52 11.39

0.63

65606.98 0.02 -10.96 6.11
429064.37 0.05 -10.95 6.14
757955.30 0.08 -10.94 6.17

1487664.79 0.14 -10.91 6.22
2302768.57 0.20 -10.88 6.28
3196477.22 0.26 -10.86 6.33
4144005.94 0.32 -10.83 6.39
5121554.40 0.38 -10.80 6.44
5121554.40 0.38 -10.80 6.44
5617113.48 0.41 -10.79 6.47
5667012.29 0.41 -10.79 6.47
6116019.26 0.44 -10.77 6.50
6616852.91 0.47 -10.76 6.52
7116720.34 0.50 -10.75 6.55
7166834.33 0.51 -10.75 6.55

0.79

66981.02 0.02 -6.09 3.67
436716.53 0.05 -6.08 3.70
765131.82 0.08 -6.07 3.73

1509336.07 0.14 -6.04 3.78
2364007.46 0.20 -6.01 3.84
3315213.59 0.26 -5.99 3.89
4331613.38 0.32 -5.96 3.95
5384482.50 0.38 -5.93 4.00
5812517.41 0.41 -5.92 4.02
5919304.39 0.41 -5.92 4.03
6458228.89 0.44 -5.90 4.06
6999482.06 0.47 -5.89 4.08
7214813.51 0.48 -5.88 4.09
7539223.43 0.50 -5.88 4.11
8079409.80 0.53 -5.86 4.14
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Table A.3 Measurement locations on the 50-step spillway

Discharge Velocity

cosL

il
Reynolds number

Depth normal to the
pseudo-bottom Position

(m3/s) (m/s) (m) x y

0.6 0.13

0.16

35698.94 0.02 -26.20 13.42
238319.16 0.05 -26.19 13.45
425626.53 0.08 -26.18 13.48
623997.99 0.11 -26.16 13.51
623997.99 0.11 -26.16 13.51
833338.90 0.14 -26.15 13.53
1051620.81 0.17 -26.14 13.56
1276415.84 0.20 -26.12 13.59
1457708.26 0.22 -26.11 13.61

0.31

38901.62 0.02 -21.33 10.98
259523.64 0.05 -21.32 11.01
467852.00 0.08 -21.31 11.04
671309.44 0.10 -21.29 11.06
694752.43 0.11 -21.29 11.07
937665.54 0.14 -21.28 11.09
1192451.82 0.17 -21.27 11.12
1192451.82 0.17 -21.27 11.12
1454541.57 0.20 -21.25 11.15

0.47

40837.41 0.02 -16.45 8.54
273582.08 0.05 -16.44 8.57
493557.31 0.08 -16.43 8.60
727690.95 0.11 -16.41 8.63
975258.35 0.14 -16.40 8.65
1026151.32 0.14 -16.40 8.66
1233288.92 0.17 -16.39 8.68
1498133.91 0.20 -16.37 8.71
1577175.41 0.21 -16.37 8.72

0.63

40763.04 0.02 -11.57 6.11
273525.39 0.05 -11.56 6.14
493151.16 0.08 -11.55 6.17
728149.67 0.11 -11.53 6.20
977245.80 0.14 -11.52 6.22
1002714.34 0.14 -11.52 6.23
1236712.13 0.17 -11.51 6.25
1501630.73 0.20 -11.49 6.28
1528144.55 0.20 -11.49 6.28

0.79

41001.24 0.02 -6.70 3.67
274853.10 0.05 -6.69 3.70
494182.91 0.08 -6.68 3.73
728635.07 0.11 -6.66 3.76
977167.62 0.14 -6.65 3.78
1002579.74 0.14 -6.65 3.79
1236170.65 0.17 -6.64 3.81
1500895.70 0.20 -6.62 3.84
1553583.43 0.20 -6.62 3.84

Remarks:
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Table A.3 (Cont.) Measurement locations on the 50-step spillway

Discharge Velocity
cosL

il
Reynolds number

Depth normal to
the pseudo-bottom

Position

(m3/s) (m/s) (m) x y

1.16 0.25

0.16

36833.40 0.02 -26.20 13.42
245723.51 0.05 -26.19 13.45
440047.38 0.08 -26.18 13.48
878110.66 0.14 -26.15 13.53

1367307.35 0.20 -26.12 13.59
1519725.18 0.22 -26.11 13.60
1882358.69 0.26 -26.10 13.64
1960661.11 0.27 -26.09 13.65
2142778.75 0.29 -26.08 13.67

0.31

41780.46 0.02 -21.33 10.98
279704.90 0.05 -21.32 11.01
509749.81 0.08 -21.31 11.04
764150.97 0.11 -21.29 11.07

1040575.31 0.14 -21.28 11.09
1612740.20 0.20 -21.25 11.14
1644261.28 0.20 -21.25 11.15
1963555.13 0.23 -21.24 11.17
2223630.70 0.25 -21.23 11.20
2289039.16 0.26 -21.23 11.20

0.47

43860.57 0.02 -16.45 8.54
295904.87 0.05 -16.44 8.57
539745.17 0.08 -16.43 8.60

1107406.52 0.14 -16.40 8.65
1758473.50 0.20 -16.37 8.71
2103444.61 0.23 -16.36 8.73
2349308.42 0.25 -16.35 8.75
2455008.40 0.26 -16.35 8.76
2809093.95 0.29 -16.33 8.79
2879775.18 0.30 -16.33 8.79

0.63

48095.76 0.02 -11.57 6.11
318623.14 0.05 -11.56 6.14
570392.05 0.08 -11.55 6.17

1152122.05 0.14 -11.52 6.22
1817400.33 0.20 -11.49 6.28
2276598.50 0.24 -11.47 6.31
2525848.64 0.26 -11.47 6.33
2884949.98 0.29 -11.45 6.36
3064032.48 0.30 -11.44 6.37

0.79

50158.35 0.02 -6.70 3.67
331420.17 0.05 -6.69 3.70
586696.57 0.08 -6.68 3.73

1175284.26 0.14 -6.65 3.78
1847758.26 0.20 -6.62 3.84
2202787.31 0.23 -6.61 3.86
2202787.31 0.23 -6.61 3.86
2563648.42 0.26 -6.60 3.89
2890132.50 0.29 -6.58 3.92
2926090.67 0.29 -6.58 3.92
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Table A.3 (Cont.) Measurement locations on the 50-step spillway

Discharge Velocity
cosL

il
Reynolds number

Depth normal to
the pseudo-bottom

Position

(m3/s) (m/s) (m) x y

1.70 0.37

0.16

37403.38 0.02 -26.20 13.42
249053.30 0.05 -26.19 13.45
447430.40 0.08 -26.18 13.48
897635.39 0.14 -26.15 13.53

1405546.49 0.20 -26.12 13.59
1946566.49 0.26 -26.10 13.64
2001659.82 0.27 -26.09 13.65
2501419.84 0.32 -26.07 13.70

0.31

43750.53 0.02 -21.33 10.98
292193.78 0.05 -21.32 11.01
529723.35 0.08 -21.31 11.04

1081697.25 0.14 -21.28 11.09
1716612.72 0.20 -21.25 11.15
2401373.66 0.26 -21.23 11.20
2577628.68 0.27 -21.22 11.22
3109278.21 0.32 -21.20 11.26
3466628.78 0.35 -21.18 11.28

0.47

46897.59 0.02 -16.45 8.54
315663.68 0.05 -16.44 8.57
573242.69 0.08 -16.43 8.60

1175380.28 0.14 -16.40 8.65
1875368.26 0.20 -16.37 8.71
2637874.84 0.26 -16.35 8.76
3392194.79 0.32 -16.32 8.81
3431756.92 0.32 -16.32 8.82
3833461.98 0.35 -16.30 8.84
4114028.86 0.37 -16.29 8.86
4234891.20 0.38 -16.29 8.87

0.63

52313.89 0.02 -11.57 6.11
348069.10 0.05 -11.56 6.14
620905.03 0.08 -11.55 6.17

1256969.90 0.14 -11.52 6.22
1994474.04 0.20 -11.49 6.28
2794747.78 0.26 -11.47 6.33
3249528.88 0.29 -11.45 6.36
3627685.40 0.32 -11.44 6.39
4048120.43 0.35 -11.42 6.41
4090569.62 0.35 -11.42 6.42

0.79

53252.37 0.02 -6.70 3.67
354268.74 0.05 -6.69 3.70
633625.10 0.08 -6.68 3.73

1284388.19 0.14 -6.65 3.78
2038298.18 0.20 -6.62 3.84
2858015.11 0.26 -6.60 3.89
3282017.82 0.29 -6.58 3.92
3712560.01 0.32 -6.57 3.95
4143987.65 0.35 -6.55 3.97
4274031.18 0.36 -6.55 3.98
4574743.20 0.38 -6.54 4.00
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Table A.3 (Cont.) Measurement locations on the 50-step spillway

Discharge Velocity

cosL

il
Reynolds number

Depth normal to the
pseudo-bottom Position

(m3/s) (m/s) (m) x y

2.27 0.49

0.16

39086.64 0.02 -26.20 13.42
261123.38 0.05 -26.19 13.45
471510.36 0.08 -26.18 13.48
936429.72 0.14 -26.15 13.53

1458918.04 0.20 -26.12 13.59
2018852.40 0.26 -26.10 13.64
2596222.09 0.32 -26.07 13.70
2712169.29 0.33 -26.06 13.71
3179715.51 0.38 -26.04 13.75
3355664.27 0.40 -26.03 13.77
3472348.05 0.41 -26.03 13.78

0.31

44704.10 0.02 -21.33 10.98
300906.18 0.05 -21.32 11.01
547273.73 0.08 -21.31 11.04

1114606.05 0.14 -21.28 11.09
1764690.50 0.20 -21.25 11.15
2467871.72 0.26 -21.23 11.20
3088475.06 0.31 -21.20 11.25
3199203.05 0.32 -21.20 11.26
3570642.08 0.35 -21.18 11.28
3756720.96 0.37 -21.18 11.30
3943654.80 0.38 -21.17 11.31

0.47

47514.21 0.02 -16.45 8.54
320131.44 0.05 -16.44 8.57
582753.22 0.08 -16.43 8.60

1201465.36 0.14 -16.40 8.65
1924638.72 0.20 -16.37 8.71
2717852.83 0.26 -16.35 8.76
3551611.90 0.32 -16.32 8.82
3977280.34 0.35 -16.30 8.84
4191060.96 0.37 -16.30 8.86
4405960.20 0.38 -16.29 8.87
4837482.32 0.41 -16.28 8.90
4837482.32 0.41 -16.28 8.90

0.63

53247.04 0.02 -11.57 6.11
354600.66 0.05 -11.56 6.14
637063.24 0.08 -11.55 6.17

1298168.65 0.14 -11.52 6.22
2069581.33 0.20 -11.49 6.28
2915712.23 0.26 -11.47 6.33
3808315.98 0.32 -11.44 6.39
4218727.05 0.35 -11.43 6.41
4218727.05 0.35 -11.43 6.41
4725428.70 0.38 -11.41 6.44
5142894.06 0.41 -11.40 6.47

0.79

53923.69 0.02 -6.70 3.67
360807.15 0.05 -6.69 3.70
649416.02 0.08 -6.68 3.73

1331871.61 0.14 -6.65 3.78
2132940.11 0.20 -6.62 3.84
3013955.36 0.26 -6.60 3.89
3945229.09 0.32 -6.57 3.95
4325724.34 0.34 -6.56 3.97
4421774.75 0.35 -6.55 3.97
4902708.00 0.38 -6.54 4.00
5338328.77 0.41 -6.53 4.03
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Table A.3 (Cont.) Measurement locations on the 50-step spillway

Discharge Velocity

cosL

il
Reynolds number

Depth normal to the
pseudo-bottom

Position

(m3/s) (m/s) (m) x y

2.83 0.61

0.16

39915.69 0.02 -26.20 13.42
266385.29 0.05 -26.19 13.45
475491.81 0.08 -26.18 13.48
950132.01 0.14 -26.15 13.53

1489202.66 0.20 -26.12 13.59
2069064.70 0.26 -26.10 13.64
2669037.59 0.32 -26.07 13.70
3277632.51 0.38 -26.04 13.75
3339109.45 0.39 -26.04 13.76
3889871.16 0.44 -26.01 13.81
4011819.81 0.45 -26.01 13.82
4195531.77 0.47 -26.00 13.83

0.31

45681.90 0.02 -21.33 10.98
305624.94 0.05 -21.32 11.01
550464.99 0.08 -21.31 11.04

1122754.73 0.14 -21.28 11.09
1785867.55 0.20 -21.25 11.15
2506723.36 0.26 -21.23 11.20
3258583.27 0.32 -21.20 11.26
3334414.46 0.33 -21.20 11.26
4025226.90 0.38 -21.17 11.31
4411806.26 0.41 -21.16 11.34
4799773.99 0.44 -21.14 11.37

0.47

49084.23 0.02 -16.45 8.54
329683.72 0.05 -16.44 8.57
596489.79 0.08 -16.43 8.60

1225601.41 0.14 -16.40 8.65
1962507.38 0.20 -16.37 8.71
2772881.42 0.26 -16.35 8.76
3627077.33 0.32 -16.32 8.82
4506391.80 0.38 -16.29 8.87
4640645.84 0.39 -16.29 8.88
4952490.98 0.41 -16.28 8.90
5312397.60 0.44 -16.27 8.92
5401723.51 0.44 -16.26 8.93

0.63

53801.62 0.02 -11.57 6.11
358004.97 0.05 -11.56 6.14
643966.20 0.08 -11.55 6.17

1317168.05 0.14 -11.52 6.22
2107184.51 0.20 -11.49 6.28
2978228.23 0.26 -11.47 6.33
3902823.79 0.32 -11.44 6.39
4860378.90 0.38 -11.41 6.44
4860378.90 0.38 -11.41 6.44
5104958.04 0.40 -11.40 6.46
5838512.58 0.44 -11.38 6.50
6034226.79 0.45 -11.38 6.51

0.79

55676.75 0.02 -6.70 3.67
370662.10 0.05 -6.69 3.70
665933.14 0.08 -6.68 3.73

1365167.20 0.14 -6.65 3.78
2190573.22 0.20 -6.62 3.84
3105073.80 0.26 -6.60 3.89
4079485.87 0.32 -6.57 3.95
5091150.60 0.38 -6.54 4.00
5400969.13 0.40 -6.53 4.02
5606661.89 0.41 -6.53 4.03
6125609.80 0.44 -6.51 4.06
6332513.83 0.45 -6.51 4.07
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APPENDIX B

Comparison of velocity from the physical model and
various grid sizes of numerical model
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Table B.1 Comparison of velocity from the physical model and various grid sizes of
numerical model on the smooth spillway

Discharge
L

LS
Depth normal
to the pseudo-

bottom (m)

Velocity from
physical model

Velocity (m/s) from various grid sizes
of numerical model (m2)

(m3/s) (m/s) 0.035x0.035 0.050x0.050 0.100x0.100

0.57

0.09

0.02 7.02 4.77 6.18 1.75
0.04 7.37 6.21 6.43 2.85
0.05 7.48 6.35 6.51 3.96
0.07 6.15 6.45 6.56 5.06
0.09 7.07 6.51 6.58 6.16
0.09 7.14 6.51 6.58 6.16
0.09 - 6.53 6.59 6.46

0.28

0.02 7.97 7.84 9.11 2.94
0.04 8.56 9.31 9.61 4.59
0.05 7.22 9.63 9.87 6.25
0.07 5.28 9.80 9.95 7.91
0.08 8.89 9.89 9.97 9.23
0.09 10.73 9.91 9.98 9.56
0.09 - 9.93 9.98 9.72

0.44

0.02 8.40 7.41 10.45 2.82
0.04 9.55 10.87 11.14 4.79
0.05 10.95 11.32 11.58 6.78
0.07 11.94 11.70 11.89 8.76
0.08 13.64 11.86 12.04 10.35
0.09 13.96 11.91 12.06 10.74
0.10 8.74 12.08 12.13 11.41
0.10 5.17 12.08 12.13 11.41
0.11 - 12.10 12.15 11.18

0.6

0.02 8.49 8.90 11.85 3.37
0.04 9.48 12.33 12.58 5.59
0.05 10.28 12.82 13.05 7.83
0.07 12.18 13.23 13.39 10.06
0.08 12.12 13.39 13.56 11.40
0.09 12.06 13.50 13.65 12.28
0.10 9.63 13.70 13.82 12.91
0.10 8.37 13.72 13.85 12.84

0.76

0.02 8.74 10.63 13.12 3.94
0.04 9.34 13.70 13.86 6.35
0.05 10.43 14.19 14.34 8.77
0.07 11.03 14.54 14.70 11.19
0.09 10.44 14.77 14.99 13.61
0.10 9.64 14.92 15.23 13.92
0.10 9.61 14.92 15.23 13.92
0.12 6.70 14.98 15.40 13.57
0.12 - 14.98 15.40 13.57

Remarks:
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Table B.1 (Cont.) Comparison of velocity from the physical model and various grid
sizes of numerical model on the smooth spillway

Discharge
L

LS
Depth normal
to the pseudo-

bottom (m)

Velocity from
physical model

Velocity (m/s) from various grid sizes
of numerical model (m2)

(m3/s) (m/s) 0.035x0.035 0.050x0.050 0.100x0.100

1.13

0.09

0.02 7.31 5.21 6.52 1.93
0.04 7.88 6.57 6.76 3.10
0.05 7.98 6.76 6.89 4.27
0.07 8.19 6.89 6.98 5.45
0.09 8.17 6.97 7.04 6.62
0.10 8.20 7.04 7.08 6.92
0.12 8.20 7.08 7.11 6.98
0.13 7.74 7.11 7.14 7.05
0.15 - 7.13 7.17 7.11
0.16 8.27 7.15 7.19 7.18
0.16 8.57 7.15 7.19 7.18
0.17 - 7.16 7.20 7.20

0.28

0.02 8.94 8.15 9.27 3.06
0.04 9.86 9.67 9.76 4.78
0.05 10.49 9.99 10.01 6.52
0.07 10.82 10.17 10.11 8.25
0.09 10.77 10.29 10.16 9.97
0.10 12.87 10.36 10.20 10.19
0.12 12.43 10.39 10.24 10.25
0.12 11.91 10.41 10.26 10.29
0.13 10.96 10.41 10.27 10.32

0.44

0.02 9.31 7.66 10.71 2.93
0.04 10.43 11.23 11.41 4.98
0.05 11.09 11.67 11.85 7.05
0.07 11.52 12.03 12.16 9.11
0.09 11.77 12.22 12.35 11.16
0.10 11.72 12.39 12.45 12.12
0.12 11.35 12.44 12.50 12.20
0.13 13.99 12.49 12.53 12.27
0.13 15.25 12.49 12.53 12.28
0.14 - 12.50 12.54 12.31

0.6

0.02 10.27 9.10 12.16 3.52
0.04 11.31 12.61 12.90 5.84
0.05 11.67 13.11 13.37 8.18
0.07 12.12 13.53 13.73 10.51
0.09 12.42 13.81 13.98 12.84
0.10 13.04 14.04 14.17 13.74
0.11 15.05 14.11 14.24 13.79
0.12 16.36 14.15 14.28 13.83
0.13 - 14.24 14.33 13.93

0.76

0.02 9.85 10.71 13.40 4.17
0.04 11.27 13.82 14.15 6.72
0.05 11.80 14.36 14.64 9.29
0.07 12.22 14.80 15.02 11.85
0.09 12.78 15.14 15.31 14.41
0.10 12.82 15.41 15.54 15.11
0.12 12.82 15.60 15.73 15.22
0.13 14.85 15.75 15.85 15.33
0.14 14.13 15.79 15.90 15.40
0.15 13.37 15.82 15.92 15.44
0.16 14.64 15.88 15.96 15.55
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Table B.1 (Cont.) Comparison of velocity from the physical model and various grid
sizes of numerical model on the smooth spillway

Discharge
L

LS
Depth normal
to the pseudo-

bottom (m)

Velocity from
physical model

Velocity (m/s) from various grid sizes
of numerical model (m2)

(m3/s) (m/s) 0.035x0.035 0.050x0.050 0.100x0.100

1.70

0.09

0.02 7.79 5.29 6.90 2.02
0.04 7.96 6.70 7.14 3.23
0.05 8.10 6.92 7.29 4.46
0.09 8.39 7.22 7.50 6.90
0.12 8.52 7.41 7.63 7.32
0.13 8.42 7.48 7.67 7.40
0.15 8.48 7.54 7.71 7.49
0.16 8.42 7.59 7.74 7.58
0.18 - 7.63 7.76 7.67
0.19 - 7.67 7.78 7.71

0.28

0.02 8.84 8.31 - 3.15
0.04 9.72 9.86 10.31 4.92
0.05 10.31 10.19 10.58 6.70
0.09 11.09 10.56 10.78 10.26
0.12 11.46 10.73 10.86 10.57
0.13 11.54 10.78 10.89 10.64
0.15 10.49 10.82 10.91 10.71
0.16 11.34 10.85 10.93 10.79
0.16 11.38 10.86 10.93 10.79
0.17 - - - 10.82

0.44

0.02 9.57 7.78 11.04 2.99
0.04 10.61 11.40 11.76 5.09
0.05 11.38 11.85 12.14 7.20
0.09 12.84 12.47 12.73 11.40
0.12 13.09 12.76 12.90 12.48
0.13 12.93 12.85 12.94 12.58
0.15 12.41 12.89 12.96 12.67
0.16 12.98 12.91 12.98 12.73
0.16 13.36 12.93 12.98 12.76
0.17 - - 12.99 12.80

0.6

0.02 10.60 9.22 12.39 3.58
0.04 12.06 12.78 13.15 5.94
0.05 12.67 13.29 13.63 8.31
0.09 13.16 14.04 14.26 13.05
0.12 12.66 14.45 14.60 14.09
0.13 12.23 14.58 14.68 14.21
0.15 13.34 14.64 14.72 14.33
0.15 13.46 14.64 14.74 14.33
0.16 12.11 14.69 14.75 14.45
0.16 - 14.70 14.75 14.48

0.76

0.02 10.82 10.86 13.62 4.22
0.04 11.73 14.01 14.37 6.81
0.05 12.27 14.56 14.87 9.41
0.07 12.84 15.00 15.25 12.01
0.09 13.26 15.35 15.54 14.60
0.10 13.60 15.65 15.78 15.34
0.12 13.85 15.87 15.98 15.48
0.13 14.10 16.04 16.12 15.63
0.15 14.29 16.15 16.22 15.78
0.16 14.40 16.23 16.27 15.93
0.17 15.94 16.25 16.29 16.02
0.18 16.82 16.27 16.30 16.08
0.19 - 16.29 16.31 16.11
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Table B.1 (Cont.) Comparison of velocity from the physical model and various grid
sizes of numerical model on the smooth spillway

Discharge
L

LS
Depth normal
to the pseudo-

bottom (m)

Velocity from
physical model

Velocity (m/s) from various grid sizes
of numerical model (m2)

(m3/s) (m/s) 0.035x0.035 0.050x0.050 0.100x0.100

2.27

0.09

0.02 7.28 5.39 6.78 2.08
0.04 8.28 6.83 7.05 3.33
0.05 8.08 7.09 7.28 4.59
0.09 8.54 7.44 7.65 7.10
0.12 8.63 7.68 7.89 7.56
0.15 8.68 7.84 8.02 7.77
0.18 8.78 7.95 8.12 7.99
0.19 8.74 8.00 8.16 8.04
0.21 8.70 8.04 8.20 8.08
0.22 8.20 8.08 8.23 8.13
0.24 6.77 8.11 8.26 8.17
0.25 4.19 8.14 8.29 8.22
0.29 - 8.20 8.35 8.28

0.28

0.02 8.67 8.46 9.90 3.21
0.04 9.91 10.03 10.38 5.02
0.05 10.26 10.37 10.65 6.84
0.09 11.23 10.76 10.91 10.47
0.12 11.44 10.96 11.05 10.80
0.15 11.72 11.07 11.15 10.97
0.16 11.49 11.12 11.20 11.05
0.18 12.62 11.15 11.23 11.13
0.19 12.90 11.18 11.26 11.17
0.22 12.52 11.24 11.32 11.23

0.44

0.02 9.51 7.90 11.15 3.04
0.04 10.70 11.58 11.87 5.17
0.05 11.59 12.03 12.32 7.32
0.09 12.96 12.66 12.83 11.59
0.12 13.24 12.97 13.04 12.70
0.15 13.09 13.12 13.15 12.90
0.16 12.02 13.16 13.19 13.00
0.18 10.72 13.19 13.22 13.10
0.19 10.19 13.22 13.25 13.16
0.19 10.17 13.24 13.25 13.16
0.20 - 13.24 13.28 13.18

0.6

0.02 10.44 9.35 12.44 3.63
0.04 12.13 12.95 13.19 6.02
0.05 12.98 13.47 13.67 8.43
0.09 14.12 14.22 14.29 13.23
0.12 14.15 14.64 14.64 14.29
0.15 12.98 14.85 14.80 14.54
0.16 12.53 14.91 14.85 14.67
0.18 11.35 14.94 14.90 14.80
0.18 11.33 14.94 14.90 14.80
0.19 7.68 14.97 14.93 14.85
0.20 - 14.98 14.95 14.87

0.76

0.02 10.70 10.98 13.53 4.27
0.04 12.03 14.18 14.28 6.89
0.05 13.26 14.73 14.77 9.52
0.07 13.72 15.18 15.15 12.14
0.09 14.01 15.53 15.44 14.76
0.10 14.79 15.82 15.68 15.51
0.12 14.90 16.05 15.87 15.67
0.13 14.90 16.23 16.03 15.82
0.15 14.81 16.34 16.15 15.98
0.16 14.54 16.43 16.23 16.13
0.18 14.03 16.48 16.30 16.29
0.19 14.72 16.52 16.36 16.35
0.20 14.30 16.53 16.39 16.37
0.21 13.82 16.54 16.41 16.39
0.22 - 16.56 16.46 16.44
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Table B.2 Comparison of velocity from the physical model and various grid sizes of
numerical model on the 25-step spillway

Discharge

cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity from
physical model

Velocity (m/s) from various grid sizes
of numerical model (m2)

(m3/s) (m/s) 0.020x0.020 0.035x0.035 0.050x0.050 0.100x0.100

0.57

0.16

0.02 3.26 3.73 2.40 1.75 0.84
0.08 3.79 5.49 5.35 5.34 3.69
0.14 4.52 6.12 5.77 5.64 5.74
0.17 6.69 6.40 5.98 5.78 6.12
0.20 6.69 6.58 6.13 5.88 6.25
0.26 6.69 6.82 6.33 6.03 6.44
0.32 6.69 6.74 6.37 6.06 6.42
0.38 6.69 5.32 5.80 5.81 6.13

0.31

0.02 11.08 4.84 2.83 1.93 1.13
0.05 4.54 6.78 6.12 4.97 3.16
0.08 5.01 7.13 6.32 5.90 4.90
0.11 5.23 7.39 6.52 6.05 6.28
0.14 6.60 7.62 6.72 6.19 6.54
0.17 6.11 7.81 6.89 6.32 6.78
0.17 6.43 7.85 6.92 6.34 6.82
0.20 6.43 7.97 7.02 6.42 6.99
0.30 6.43 7.06 7.10 6.55 7.20

0.47

0.02 4.06 4.75 2.90 1.96 1.43
0.05 4.42 6.75 6.35 5.51 4.38
0.11 5.69 7.71 6.77 6.18 6.68
0.15 7.23 8.14 6.98 6.33 7.04
0.17 7.23 8.41 7.11 6.45 7.26
0.23 7.23 8.64 7.26 6.61 7.50
0.27 7.23 8.51 7.28 6.65 7.51
0.30 - 8.02 7.28 6.66 7.49

0.63

0.02 3.36 4.83 3.01 1.90 1.41
0.05 4.51 6.74 6.49 4.87 3.88
0.08 5.22 7.14 6.69 5.79 5.90
0.11 5.56 7.55 6.89 5.95 6.61
0.14 6.73 7.91 7.09 6.09 6.90
0.14 6.73 7.91 7.09 6.09 6.90
0.17 6.73 8.16 7.26 6.21 7.16
0.20 6.73 8.29 7.38 6.31 7.29
0.30 6.73 8.16 7.42 6.45 7.40

0.79

0.02 4.86 5.39 3.00 1.90 1.31
0.05 5.28 7.44 6.49 4.88 3.63
0.08 5.59 7.69 6.72 5.79 5.57
0.11 7.15 7.92 6.93 5.94 6.45
0.12 7.46 7.98 6.99 5.98 6.54
0.14 7.46 8.12 7.13 6.07 6.74
0.17 7.46 8.28 7.29 6.20 6.99
0.20 7.46 8.38 7.41 6.29 7.14
0.23 7.46 8.39 7.46 6.36 7.21
0.23 - 8.39 7.47 6.37 7.22

Remarks:
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Table B.2 (Cont.) Comparison of velocity from the physical model and various grid
sizes of numerical model on the 25-step spillway

Discharge

cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity from
physical model

Velocity (m/s) from various grid sizes
of numerical model (m2)

(m3/s) (m/s) 0.020x0.020 0.035x0.035 0.050x0.050 0.100x0.100

1.13

0.16

0.02 4.54 3.89 2.41 1.86 0.86
0.08 4.75 5.68 6.09 5.70 3.82
0.14 4.81 6.39 6.68 6.10 6.00
0.20 5.06 6.95 7.02 6.51 6.71
0.23 5.75 7.20 7.20 6.74 6.98
0.26 5.75 7.34 7.30 6.87 7.13
0.32 5.75 7.59 7.52 7.15 7.42
0.32 5.75 7.60 7.53 7.17 7.43

0.31

0.02 7.50 4.78 3.50 2.08 1.21
0.05 5.32 6.63 7.56 5.36 3.40
0.08 5.65 7.07 8.01 6.43 5.29
0.11 6.26 7.50 8.31 6.69 6.82
0.14 6.31 7.91 8.56 6.96 7.28
0.17 6.66 8.31 8.77 7.21 7.72
0.23 7.95 8.99 9.14 7.72 8.47
0.26 7.95 9.27 9.30 7.94 8.74
0.29 7.95 9.49 9.43 8.14 8.99
0.40 7.95 9.94 9.70 8.62 9.44

0.47

0.02 7.95 8.90 9.09 6.95 7.50
0.05 6.14 9.39 9.48 7.36 8.14
0.11 6.57 10.05 10.00 7.99 9.11
0.17 7.92 10.50 10.40 8.47 9.78
0.22 9.84 10.71 10.58 8.76 10.08
0.23 9.84 10.75 10.62 8.83 10.14
0.30 9.84 10.45 10.53 9.02 10.24
0.36 9.84 8.87 9.38 9.08 10.05
0.36 9.84 8.74 9.26 9.07 9.99
0.42 7.71 8.31 8.79 9.14

0.63

0.02 5.71 5.83 3.99 2.19 1.62
0.05 6.19 8.35 8.63 5.65 4.46
0.08 6.78 8.92 9.02 6.78 6.81
0.11 7.22 9.37 9.36 7.06 7.76
0.14 7.46 9.80 9.67 7.35 8.26
0.17 7.57 10.20 9.95 7.63 8.74
0.20 9.79 10.56 10.20 7.91 9.15
0.22 9.26 10.78 10.37 8.09 9.40
0.23 9.26 10.87 10.44 8.17 9.51
0.26 9.26 11.12 10.64 8.39 9.82
0.29 9.26 11.32 10.79 8.60 10.02
0.32 9.26 11.46 10.91 8.76 10.19
0.32 9.26 11.47 10.91 8.78 10.21

0.79

0.02 7.01 5.27 4.00 2.23 1.53
0.05 7.36 7.37 8.66 5.74 4.25
0.08 8.02 7.99 9.11 6.86 6.55
0.11 8.75 8.66 9.47 7.12 7.70
0.14 9.94 9.31 9.79 7.39 8.21
0.17 10.41 9.89 10.07 7.66 8.70
0.18 11.22 10.16 10.21 7.79 8.92
0.20 11.22 10.40 10.34 7.92 9.12
0.23 11.22 10.84 10.58 8.17 9.46
0.26 11.22 11.19 10.78 8.39 9.78
0.29 11.22 11.46 10.94 8.58 9.99
0.30 11.22 11.56 11.00 8.67 10.07



109

Table B.2 (Cont.) Comparison of velocity from the physical model and various grid
sizes of numerical model on the 25-step spillway

Discharge

cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity from
physical model

Velocity (m/s) from various grid sizes
of numerical model (m2)

(m3/s) (m/s) 0.020x0.020 0.035x0.035 0.050x0.050 0.100x0.100

1.70

0.16

0.02 6.18 4.04 2.55 1.93 0.90
0.08 6.30 5.87 6.04 5.91 3.99
0.14 6.80 6.58 6.65 6.35 6.26
0.20 6.44 7.19 7.09 6.79 6.99
0.26 6.44 7.65 7.47 7.19 7.42
0.29 6.44 7.81 7.62 7.35 7.60
0.32 6.44 7.96 7.78 7.52 7.74
0.33 6.44 8.00 7.82 7.56 7.78
0.38 - 8.17 8.01 7.78 -

0.31

0.02 2.80 5.95 3.53 2.32 1.23
0.05 6.07 8.17 7.66 5.98 3.46
0.08 6.54 8.44 8.15 7.15 5.40
0.14 6.61 9.00 8.74 7.69 7.45
0.20 7.58 9.58 9.22 8.23 8.39
0.23 7.81 9.83 9.44 8.49 8.77
0.26 8.32 10.04 9.64 8.73 9.10
0.29 8.29 10.22 9.83 8.96 9.42
0.30 8.63 10.25 9.86 9.00 9.48
0.32 8.63 10.37 9.99 9.16 9.71
0.35 8.63 10.49 10.13 9.35 9.90
0.36 8.63 10.53 10.16 9.40 9.95

0.47

0.02 2.56 6.64 3.86 2.36 1.57
0.04 6.95 9.10 8.29 5.44 3.81
0.08 6.39 9.54 8.82 7.33 6.63
0.14 6.89 10.22 9.55 8.01 8.03
0.20 7.46 10.93 10.18 8.70 9.10
0.26 8.71 11.51 10.74 9.33 10.03
0.31 12.01 11.85 11.10 9.76 10.66
0.32 12.01 11.92 11.18 9.86 10.82
0.38 12.01 12.21 11.51 10.29 11.39
0.41 12.01 12.29 11.61 10.43 11.58
0.44 - 12.38 11.72 10.61 11.76

0.63

0.02 2.99 5.81 4.08 2.44 1.68
0.05 5.57 8.19 8.86 6.30 4.63
0.08 6.06 8.83 9.39 7.58 7.07
0.14 6.80 10.09 10.20 8.27 8.63
0.20 7.67 11.20 10.88 8.96 9.69
0.23 8.46 11.67 11.19 9.29 10.17
0.26 9.64 12.07 11.47 9.59 10.63
0.29 9.49 12.38 11.70 9.85 10.99
0.29 9.49 12.41 11.73 9.88 11.03
0.32 9.49 12.70 11.95 10.13 11.40
0.35 9.49 12.94 12.14 10.37 11.73
0.38 9.49 13.13 12.29 10.57 11.97
0.40 9.49 13.21 12.36 10.67 12.09

0.79

0.02 6.70 6.80 4.34 2.46 1.65
0.05 7.00 9.56 9.37 6.34 4.58
0.08 7.35 10.20 9.80 7.62 7.06
0.14 7.98 11.27 10.60 8.31 8.91
0.20 8.69 12.21 11.30 9.01 10.01
0.23 9.93 12.60 11.62 9.35 10.48
0.26 11.25 12.91 11.88 9.63 10.89
0.26 11.25 12.94 11.91 9.66 10.93
0.29 11.25 13.23 12.17 9.95 11.31
0.32 11.25 13.47 12.40 10.21 11.65
0.35 11.25 13.66 12.59 10.45 11.97
0.36 11.25 13.71 12.65 10.52 12.04
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Table B.2 (Cont.) Comparison of velocity from the physical model and various grid
sizes of numerical model on the 25-step spillway

Discharge
cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity from
physical model

Velocity (m/s) from various grid sizes
of numerical model (m2)

(m3/s) (m/s) 0.020x0.020 0.035x0.035 0.050x0.050 0.100x0.100

2.27

0.16

0.02 4.33 4.15 3.01 1.96 0.91
0.05 6.29 5.71 6.46 5.05 2.56
0.08 6.74 6.06 6.70 6.03 4.00
0.14 7.21 6.81 7.08 6.48 6.29
0.20 7.19 7.47 7.44 6.94 7.07
0.26 7.50 7.96 7.79 7.37 7.55
0.29 6.77 8.14 7.94 7.56 7.78
0.32 7.28 8.30 8.08 7.74 7.94
0.35 5.36 8.42 8.20 7.89 8.08

0.31

0.02 - 5.02 3.64 2.30 1.24
0.05 6.50 6.84 7.86 5.93 3.49
0.08 6.80 7.25 8.23 7.11 5.43
0.14 7.65 8.20 8.82 7.70 7.48
0.20 8.31 9.09 9.35 8.31 8.41
0.26 9.10 9.79 9.83 8.88 9.17
0.29 9.57 10.07 10.03 9.14 9.52
0.32 10.59 10.31 10.22 9.38 9.83

0.47

0.02 2.77 6.40 3.85 2.43 1.61
0.04 7.71 8.91 8.30 5.61 3.92
0.08 4.07 9.55 - 7.54 6.82
0.14 8.03 10.35 9.77 8.25 8.18
0.20 8.71 11.07 10.44 8.97 9.22
0.26 9.51 11.66 11.05 9.64 10.14
0.32 11.06 12.11 11.54 10.23 10.94

0.63

0.02 1.63 6.25 - 2.55 1.68
0.05 7.73 8.72 9.22 6.57 4.64
0.08 8.73 9.28 9.72 7.90 7.09
0.14 9.55 10.46 10.54 8.64 8.66
0.20 10.13 11.54 11.27 9.40 9.74
0.26 12.38 12.42 11.92 10.11 10.73
0.29 11.72 12.77 12.21 10.44 11.16
0.32 14.60 13.07 12.47 10.74 11.59
0.33 - 13.15 12.54 10.74 11.71
0.35 - 13.33 12.70 10.83 11.97
0.38 - 13.55 12.90 11.02 12.31
0.41 - 13.74 13.07 11.27 12.62
0.42 - 13.80 13.13 11.50 12.74
0.44 - 13.89 13.21 11.58 12.88
0.47 - 14.02 13.34 11.70 13.11
0.50 - 14.12 13.43 11.88 13.32

0.79

0.02 7.06 6.82 4.44 2.59 1.67
0.08 7.28 9.92 10.16 8.05 7.17
0.14 8.20 11.11 11.04 8.82 9.05
0.20 9.55 12.24 11.81 9.60 10.19
0.26 10.34 13.18 12.51 10.33 11.21
0.32 12.48 13.90 13.10 10.98 12.07
0.35 - 14.19 13.34 11.26 12.48
0.38 - 14.43 13.55 11.52 12.80
0.44 - 14.82 13.88 11.96 13.37
0.44 - 14.82 13.88 11.96 13.37
0.50 - 15.07 14.11 12.30 13.75



111

Table B.2 (Cont.) Comparison of velocity from the physical model and various grid
sizes of numerical model on the 25-step spillway

Discharge
cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity from
physical model

Velocity (m/s) from various grid sizes
of numerical model (m2)

(m3/s) (m/s) 0.020x0.020 0.035x0.035 0.050x0.050 0.100x0.100

3.28

0.16

0.02 5.79 4.30 2.66 2.00 0.92
0.05 6.17 5.95 5.86 5.14 2.59
0.08 6.52 6.33 6.45 6.14 4.06
0.14 7.24 7.15 7.23 6.62 6.39
0.20 7.61 7.86 7.79 7.13 7.22
0.26 7.83 8.40 8.25 7.60 7.75
0.29 8.06 8.62 8.45 7.81 8.00
0.32 8.07 8.79 8.62 8.01 8.18
0.35 8.65 8.94 8.78 8.20 8.34
0.38 8.09 9.07 8.91 8.36 8.49
0.41 9.52 9.17 9.02 8.51 8.63
0.44 9.45 9.24 9.10 8.61 8.73
0.44 9.45 9.26 9.12 8.64 8.75
0.47 9.45 9.33 9.20 8.76 8.81
0.50 9.45 9.39 9.27 8.86 8.87
0.51 9.45 9.40 9.29 8.89 8.89

0.31

0.02 - 5.76 3.70 - -
0.05 6.87 7.83 7.99 6.05 3.52
0.08 7.06 8.22 8.43 7.26 5.48
0.14 8.06 9.10 9.11 7.90 7.55
0.20 8.72 9.86 9.69 8.56 8.48
0.26 9.47 10.45 10.20 9.17 9.24
0.29 9.32 10.69 10.43 9.44 9.60
0.32 9.60 10.88 10.63 9.70 9.92
0.35 10.25 11.05 10.81 9.93 10.17
0.38 11.25 11.20 10.96 10.14 10.41
0.38 11.43 11.21 10.97 10.16 10.43
0.41 11.43 11.33 11.09 10.33 10.63
0.44 11.43 11.44 11.21 10.50 10.79
0.47 11.43 11.52 11.30 10.64 10.91
0.47 - 11.53 11.31 10.66 10.92

0.63

0.02 5.66 6.34 4.30 2.66 1.71
0.05 8.95 8.86 9.38 6.86 4.74
0.08 9.05 9.44 9.95 8.27 7.24
0.14 10.77 10.69 10.85 9.09 8.84
0.20 11.32 11.83 11.62 9.91 9.95
0.26 11.87 12.75 12.34 10.69 10.96
0.32 12.93 13.46 12.95 11.38 11.85
0.38 14.55 13.99 13.44 11.98 12.62
0.38 15.97 13.99 13.44 11.98 12.62
0.41 16.14 14.20 13.65 12.25 12.97
0.41 16.14 14.22 13.67 12.28 13.00
0.44 16.14 14.39 13.84 12.49 13.27
0.47 16.14 14.55 14.01 12.72 13.55
0.50 16.14 14.69 14.15 12.92 13.82
0.51 16.14 14.70 14.16 12.94 13.85

0.79

0.02 8.47 6.40 4.40 2.76 1.71
0.05 9.60 9.01 9.55 7.12 4.76
0.08 10.12 9.75 10.04 8.58 7.34
0.14 11.70 11.15 11.00 9.44 9.25
0.20 12.78 12.44 11.93 10.34 10.43
0.26 13.20 13.52 12.80 11.17 11.49
0.32 13.74 14.35 13.53 11.91 12.43
0.38 16.53 14.99 14.13 12.54 13.26
0.41 15.52 15.21 14.34 12.77 13.56
0.41 15.52 15.25 14.39 12.82 13.63
0.44 15.52 15.48 14.61 13.08 13.98
0.47 15.52 15.68 14.82 13.31 14.29
0.48 15.52 15.75 14.89 13.39 14.41
0.50 - 15.84 14.99 13.52 14.59
0.53 - 15.99 15.15 13.71 14.88
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Table B.3 Comparison of velocity from the physical model and various grid sizes of
numerical model on the 50-step spillway

Discharge

cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity from
physical model

Velocity (m/s) from various grid sizes
of numerical model (m2)

(m3/s) (m/s) 0.020x0.020 0.035x0.035 0.050x0.050

0.6

0.16

0.02 5.76 3.29 2.34 1.52
0.05 6.16 4.74 5.21 3.92
0.08 6.57 5.23 5.59 4.77
0.11 8.64 5.71 5.85 5.07
0.11 8.64 5.71 5.85 5.07
0.14 8.64 6.12 6.08 5.34
0.17 8.64 6.44 6.27 5.59
0.20 8.64 6.68 6.44 5.80
0.22 8.64 6.82 6.55 5.96

0.31

0.02 6.08 3.73 2.55 1.61
0.05 6.52 5.41 5.68 4.16
0.08 7.54 6.02 6.14 5.06
0.10 10.29 6.55 6.48 5.35
0.11 10.29 6.61 6.51 5.39
0.14 10.29 7.12 6.84 5.68
0.17 10.29 7.52 7.11 5.96
0.17 10.29 7.52 7.11 5.96
0.20 0.00 7.83 7.34 6.19

0.47

0.02 5.22 4.38 2.68 1.60
0.05 6.22 6.26 5.98 4.13
0.08 7.78 6.76 6.48 5.03
0.11 6.74 7.24 6.82 5.35
0.14 8.35 7.67 7.11 5.66
0.14 8.47 7.75 7.16 5.71
0.17 8.47 8.02 7.36 5.94
0.20 8.47 8.28 7.56 6.17
0.21 8.47 8.34 7.61 6.24

0.63

0.02 5.06 4.79 2.67 1.65
0.05 5.97 6.84 5.98 4.25
0.08 6.45 7.34 6.47 5.17
0.11 7.46 7.81 6.83 5.47
0.14 9.13 8.22 7.12 5.75
0.14 9.20 8.26 7.15 5.78
0.17 9.20 8.54 7.38 6.01
0.20 9.20 8.76 7.58 7.33
0.20 9.20 8.78 7.60 6.25

0.79

0.02 4.78 5.11 2.69 1.67
0.05 6.41 7.24 6.01 4.29
0.08 6.91 7.74 6.49 5.21
0.11 6.70 8.17 6.83 5.51
0.14 7.84 8.54 7.12 5.78
0.14 7.95 8.57 7.15 5.81
0.17 7.95 8.83 7.37 6.03
0.20 7.95 9.02 7.58 6.25
0.20 7.95 9.04 7.61 6.29

Remarks:
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Table B.3 (Cont.) Comparison of velocity from the physical model and various grid
sizes of numerical model on the 50-step spillway

Discharge
cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity from
physical model

Velocity (m/s) from various grid sizes
of numerical model (m2)

(m3/s) (m/s) 0.020x0.020 0.035x0.035 0.050x0.050

1.16

0.16

0.02 5.77 3.87 2.42 1.63
0.05 4.39 5.67 5.37 4.19
0.08 7.26 6.08 5.77 5.12
0.14 7.39 6.72 6.40 5.78
0.20 8.42 7.21 6.90 6.36
0.22 9.70 7.32 7.02 6.51
0.26 9.70 7.54 7.27 6.80
0.27 9.70 7.57 7.31 6.86
0.29 - 7.65 7.40 6.98

0.31

0.02 7.10 4.80 2.74 1.82
0.05 8.17 7.00 6.12 4.70
0.08 8.20 7.58 6.69 5.77
0.11 8.60 8.07 7.16 6.20
0.14 9.10 8.52 7.59 6.60
0.20 12.53 9.20 8.27 7.30
0.20 12.53 9.23 8.30 7.34
0.23 12.53 9.48 8.59 7.66
0.25 12.53 9.65 8.79 7.87
0.26 0.00 9.69 8.84 7.92

0.47

0.02 5.22 5.23 2.88 1.86
0.05 7.02 7.72 6.47 4.79
0.08 7.30 8.41 7.08 5.90
0.14 7.83 9.50 8.07 6.82
0.20 8.81 10.33 8.88 7.62
0.23 8.75 10.63 9.20 7.96
0.25 10.75 10.80 9.40 8.16
0.26 10.75 10.87 9.48 8.24
0.29 10.75 11.05 9.70 8.49
0.30 10.75 11.08 9.74 8.53

0.63

0.02 5.96 6.05 3.16 1.99
0.05 7.05 8.61 6.97 5.13
0.08 7.70 9.17 7.49 6.27
0.14 8.37 10.19 8.40 7.10
0.20 8.95 11.00 9.17 7.83
0.24 10.86 11.38 9.58 8.23
0.26 10.86 11.53 9.75 8.41
0.29 10.86 11.70 9.96 8.64
0.30 10.86 11.77 10.05 8.74

0.79

0.02 5.68 6.22 3.29 1.99
0.05 7.00 8.72 7.25 5.13
0.08 7.59 9.36 7.70 6.28
0.14 8.13 10.48 8.57 7.10
0.20 8.07 11.34 9.33 7.83
0.23 10.99 11.64 9.64 8.15
0.23 10.99 11.64 9.64 8.15
0.26 10.99 11.88 9.90 8.41
0.29 10.99 12.03 10.09 8.63
0.29 - 12.05 10.11 8.65
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Table B.3 (Cont.) Comparison of velocity from the physical model and various grid
sizes of numerical model on the 50-step spillway

Discharge
cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity from
physical model

Velocity (m/s) from various grid sizes
of numerical model (m2)

(m3/s) (m/s) 0.020x0.020 0.035x0.035 0.050x0.050

1.70

0.16

0.02 6.00 3.92 2.45 1.69
0.05 6.49 5.79 5.45 4.34
0.08 7.33 6.26 5.87 5.30
0.14 8.23 6.97 6.54 6.00
0.20 8.48 7.51 7.09 6.61
0.26 11.89 7.89 7.51 7.09
0.27 11.96 7.92 7.55 7.13
0.32 11.96 8.13 7.82 7.45

0.31

0.02 6.68 4.78 2.87 1.94
0.05 7.69 7.13 6.39 4.99
0.08 8.17 7.79 6.95 6.11
0.14 8.69 8.79 7.89 6.98
0.20 8.99 9.55 8.66 7.77
0.26 10.60 10.06 9.27 8.43
0.27 12.59 10.16 9.40 8.57
0.32 12.59 10.40 9.72 8.94
0.35 12.59 10.53 9.89 9.15

0.47

0.02 4.07 5.32 3.08 2.05
0.05 7.07 7.89 6.90 5.28
0.08 7.75 8.64 7.52 6.48
0.14 8.07 9.84 8.57 7.43
0.20 8.58 10.77 9.47 8.31
0.26 8.96 11.41 10.18 9.04
0.32 11.68 11.85 10.70 9.59
0.32 11.68 11.86 10.72 9.62
0.35 11.68 12.03 10.94 9.86
0.37 11.68 12.13 11.06 10.00
0.38 - 12.17 11.12 10.06

0.63

0.02 6.05 6.12 3.43 2.16
0.05 6.99 8.78 7.61 5.59
0.08 7.55 9.46 8.15 6.86
0.14 8.35 10.68 9.16 7.81
0.20 8.93 11.67 10.07 8.68
0.26 10.63 12.38 10.79 9.40
0.29 12.52 12.67 11.11 9.74
0.32 12.52 12.87 11.34 9.98
0.35 12.52 13.05 11.55 10.22
0.35 12.52 13.06 11.57 10.24

0.79

0.02 6.30 6.46 3.49 2.19
0.05 7.08 9.14 7.75 5.66
0.08 7.89 9.88 8.32 6.94
0.14 8.53 11.18 9.36 7.90
0.20 9.11 12.23 10.29 8.78
0.26 10.39 12.99 11.03 9.51
0.29 13.72 13.27 11.33 9.83
0.32 13.72 13.50 11.60 10.10
0.35 13.72 13.69 11.82 10.34
0.36 13.72 13.74 11.88 10.41
0.38 - 13.83 12.01 10.55
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Table B.3 (Cont.) Comparison of velocity from the physical model and various grid
sizes of numerical model on the 50-step spillway

Discharge
cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity from
physical model

Velocity (m/s) from various grid sizes
of numerical model (m2)

(m3/s) (m/s) 0.020x0.020 0.035x0.035 0.050x0.050

2.27

0.16

0.02 5.73 - 2.56 1.70
0.05 6.10 - 5.71 4.37
0.08 7.68 - 6.19 5.35
0.14 8.08 7.06 6.83 6.07
0.20 8.29 7.67 7.36 6.71
0.26 8.61 8.11 7.79 7.23
0.32 9.34 8.41 8.11 7.63
0.33 9.39 8.46 8.16 7.70
0.38 9.39 8.61 8.35 7.93
0.40 9.39 8.66 8.40 8.01
0.41 - 8.68 8.44 8.06

0.31

0.02 - 5.01 2.93 1.95
0.05 - 7.25 6.58 5.04
0.08 8.03 7.87 7.18 6.19
0.14 9.27 8.92 8.13 7.09
0.20 9.70 9.72 8.91 7.92
0.26 9.77 10.27 9.53 8.61
0.31 10.35 10.60 9.93 9.08
0.32 10.35 10.65 10.00 9.15
0.35 10.35 10.79 10.19 9.38
0.37 10.35 10.86 10.27 9.49
0.38 - 10.91 10.35 9.59

0.47

0.02 4.01 5.51 3.12 2.11
0.05 7.30 8.02 7.00 5.44
0.08 7.57 8.76 7.65 6.69
0.14 8.47 9.98 8.76 7.70
0.20 9.30 10.95 9.71 8.63
0.26 10.09 11.64 10.49 9.41
0.32 10.64 12.14 11.10 10.04
0.35 10.54 12.34 11.35 10.31
0.37 12.70 12.43 11.46 10.43
0.38 12.70 12.51 11.56 10.55
0.41 12.70 12.65 11.76 10.77
0.41 12.70 12.65 11.76 10.77

0.63

0.02 5.94 6.09 3.49 2.27
0.05 6.79 8.91 7.76 5.85
0.08 7.09 9.63 8.36 7.18
0.14 8.46 10.92 9.46 8.20
0.20 8.89 11.97 10.45 9.16
0.26 9.94 12.74 11.25 9.97
0.32 11.94 13.31 11.90 10.64
0.35 12.98 13.52 12.14 10.90
0.35 12.98 13.52 12.14 11.18
0.38 12.98 13.73 12.40 11.18
0.41 - 13.87 12.59 11.38

0.79

0.02 6.32 6.72 3.54 2.30
0.05 6.83 9.43 7.89 5.95
0.08 7.82 10.14 8.52 7.31
0.14 9.10 11.51 9.71 8.38
0.20 9.94 12.64 10.77 9.36
0.26 10.45 13.49 11.63 10.21
0.32 12.25 14.12 12.33 10.90
0.34 12.88 14.32 12.56 11.15
0.35 12.88 14.37 12.61 11.20
0.38 12.88 14.58 12.87 11.46
0.41 12.88 14.74 13.07 11.68
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Table B.3 (Cont.) Comparison of velocity from the physical model and various grid
sizes of numerical model on the 50-step spillway

Discharge
cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity from
physical model

Velocity (m/s) from various grid sizes
of numerical model (m2)

(m3/s) (m/s) 0.020x0.020 0.035x0.035 0.050x0.050

0.60

0.16

0.02 5.85 4.20 2.62 1.73
0.05 6.22 6.11 5.83 4.46
0.08 7.09 6.56 6.24 5.45
0.14 7.96 7.31 6.93 6.20
0.20 8.65 7.92 7.52 6.87
0.26 9.31 8.37 7.99 7.42
0.32 9.65 8.69 8.34 7.86
0.38 10.98 8.92 8.60 8.19
0.39 11.47 8.93 8.63 8.22
0.44 11.47 9.07 8.80 8.46
0.45 11.47 9.09 8.83 8.51
0.47 - 9.12 8.88 8.57

0.31

0.02 6.54 5.06 3.00 2.02
0.05 7.37 7.40 6.68 5.20
0.08 7.95 8.05 7.22 6.37
0.14 9.05 9.10 8.19 7.31
0.20 9.98 9.92 9.01 8.16
0.26 10.41 10.49 9.68 8.87
0.32 12.57 10.89 10.18 9.45
0.33 13.22 10.92 10.22 9.50
0.38 13.22 11.17 10.56 9.91
0.41 - 11.28 10.72 10.10
0.44 - 11.36 10.86 10.28

0.47

0.02 3.27 5.44 3.22 2.16
0.05 7.00 8.11 7.21 5.58
0.08 7.53 8.90 7.83 6.85
0.14 8.74 10.15 8.94 7.91
0.20 9.41 11.14 9.91 8.88
0.26 10.09 11.84 10.70 9.71
0.32 10.33 12.36 11.33 10.39
0.38 11.54 12.75 11.83 10.94
0.39 12.30 12.79 11.89 11.02
0.41 12.30 12.90 12.04 11.18
0.44 12.30 13.00 12.19 11.35
0.44 0.00 13.02 12.22 11.40

0.63

0.02 6.19 6.30 3.53 2.31
0.05 6.65 9.12 7.83 5.96
0.08 7.31 9.81 8.45 7.35
0.14 8.86 11.09 9.60 8.46
0.20 9.51 12.15 10.64 9.47
0.26 10.19 12.95 11.50 10.33
0.32 11.17 13.55 12.19 11.05
0.38 12.32 14.01 12.76 11.65
0.38 14.16 14.01 12.76 11.65
0.40 14.16 14.10 12.88 11.78
0.44 14.16 14.34 13.21 12.14
0.45 - 14.40 13.29 12.23

0.79

0.02 5.57 6.68 3.65 2.36
0.05 7.64 9.48 8.11 6.12
0.08 8.46 10.26 8.74 7.55
0.14 9.51 11.69 9.95 8.71
0.20 10.24 12.87 11.06 9.76
0.26 11.71 13.76 11.99 10.67
0.32 11.52 14.45 12.75 11.42
0.38 12.11 14.97 13.36 12.05
0.40 13.09 15.10 13.53 12.22
0.41 13.09 15.18 13.63 12.32
0.44 13.09 15.37 13.86 12.57
0.45 13.09 15.43 13.94 12.66
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APPENDIX C

Velocity at different values of coefficient C2 in the Realisable k- model
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Table C.1 Velocity at values of coefficient C2 between 1.70-1.76 in the Realisable k-
model

Discharge

cosL

iL Depth
normal to

the pseudo-
bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.70 C2=1.71 C2=1.72 C2=1.73 C2=1.74 C2=1.75 C2=1.76

0.57

0.16

0.02 1.70 1.80 1.63 1.73 1.72 1.71 1.73
0.08 5.19 5.48 5.11 5.30 5.28 5.26 5.37
0.14 5.54 5.74 5.66 5.63 5.63 5.63 5.83
0.17 5.71 5.87 5.87 5.79 5.80 5.80 6.01
0.20 5.84 5.96 5.99 5.90 5.91 5.91 6.12
0.26 6.03 6.10 6.19 6.07 6.07 6.07 6.28
0.32 6.11 6.13 6.25 6.09 6.11 6.11 6.26
0.38 5.91 5.84 5.85 5.80 5.89 5.88 5.78

0.31

0.02 2.08 1.94 2.15 1.90 1.82 1.82 1.86
0.05 5.30 4.98 5.50 4.88 4.70 4.70 4.75
0.08 6.37 5.93 6.59 5.83 5.61 5.62 5.66
0.11 6.66 6.12 6.84 6.02 5.81 5.82 5.85
0.14 6.84 6.27 7.02 6.18 5.98 6.00 6.03
0.17 6.98 6.40 7.16 6.33 6.13 6.16 6.20
0.17 7.01 6.42 7.18 6.35 6.16 6.19 6.23
0.20 7.07 6.50 7.25 6.45 6.25 6.28 6.35
0.30 7.07 6.61 7.27 6.61 6.43 6.47 6.59

0.47

0.02 1.92 1.90 2.13 1.96 1.86 1.83 2.16
0.05 5.40 5.36 6.00 5.52 5.24 5.17 6.07
0.11 6.13 6.03 6.93 6.21 5.95 5.88 6.75
0.15 6.33 6.20 7.12 6.35 6.12 6.06 6.86
0.17 6.48 6.33 7.24 6.46 6.25 6.20 6.94
0.23 6.71 6.54 7.37 6.61 6.44 6.40 7.04
0.27 6.77 6.59 7.39 6.65 6.48 6.45 7.06
0.30 6.81 6.62 7.33 6.66 6.50 6.47 7.06

0.63

0.02 2.14 1.91 2.21 2.11 1.89 1.83 2.00
0.05 5.50 4.91 5.67 5.40 4.87 4.71 5.15
0.08 6.56 5.85 6.78 6.45 5.79 5.62 6.14
0.11 6.76 6.03 7.02 6.66 5.96 5.82 6.33
0.14 6.91 6.19 7.19 6.81 6.11 5.99 6.50
0.14 6.91 6.19 7.19 6.81 6.11 5.99 6.50
0.17 7.02 6.33 7.33 6.93 6.25 6.15 6.65
0.20 7.10 6.45 7.43 7.01 6.36 6.27 6.77
0.30 7.17 6.62 7.54 7.09 6.52 6.46 6.93

0.79

0.02 2.01 1.90 2.16 1.95 1.99 1.83 2.11
0.05 5.14 4.88 5.55 4.98 5.10 4.71 5.42
0.08 6.16 5.81 6.65 5.97 6.09 5.63 6.43
0.11 6.41 5.98 6.90 6.22 6.29 5.83 6.60
0.12 6.48 6.03 6.97 6.29 6.35 5.88 6.65
0.14 6.61 6.13 7.08 6.42 6.45 6.00 6.72
0.17 6.78 6.27 7.23 6.58 6.58 6.16 6.82
0.20 6.90 6.38 7.32 6.71 6.68 6.28 6.89
0.23 6.98 6.46 7.37 6.80 6.75 6.37 6.92
0.23 6.99 6.47 7.38 6.81 6.76 6.38 6.93

Remarks: C2 is the values of coefficient turbulence in the Realisable k- model
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Table C.1 (Cont.) Velocity at values of coefficient C2 between 1.70-1.76 in the
Realisable k- model

Discharge

cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.70 C2=1.71 C2=1.72 C2=1.73 C2=1.74 C2=1.75 C2=1.76

1.13

0.16

0.02 1.83 1.99 1.83 1.85 1.80 1.82 1.84
0.08 5.67 6.07 5.63 5.71 5.59 5.62 5.68
0.14 6.21 6.45 6.14 6.20 6.13 6.15 6.20
0.20 6.62 6.76 6.54 6.58 6.57 6.57 6.61
0.23 6.80 6.90 6.71 6.75 6.75 6.75 6.79
0.26 6.95 7.03 6.87 6.90 6.91 6.91 6.94
0.31 7.19 7.24 7.11 7.14 7.17 7.17 7.19
0.32 7.22 7.26 7.14 7.17 7.20 7.19 7.21
0.38 7.42 7.43 7.35 7.37 7.41 7.41 7.42

0.31

0.02 2.41 2.32 2.31 2.30 2.40 2.30 2.37
0.05 6.15 5.95 5.94 5.92 6.13 5.91 6.07
0.08 7.34 7.15 7.15 7.16 7.38 7.16 7.31
0.11 7.61 7.46 7.47 7.53 7.73 7.53 7.66
0.14 7.85 7.72 7.74 7.80 7.98 7.81 7.92
0.17 8.06 7.96 7.98 8.04 8.20 8.06 8.16
0.23 8.45 8.39 8.41 8.44 8.55 8.46 8.54
0.26 8.61 8.57 8.58 8.61 8.70 8.63 8.70
0.29 8.76 8.73 8.74 8.76 8.84 8.78 8.84
0.40 9.09 9.09 9.10 9.10 9.15 9.11 9.17

0.47

0.02 8.15 7.91 8.10 8.06 8.01 8.12 8.10
0.05 8.51 8.30 8.47 8.44 8.44 8.50 8.46
0.11 9.00 8.83 8.96 8.95 8.99 9.00 8.96
0.17 9.38 9.24 9.33 9.35 9.39 9.38 9.35
0.22 9.59 9.47 9.54 9.57 9.61 9.60 9.56
0.23 9.64 9.53 9.59 9.63 9.66 9.65 9.62
0.30 9.76 9.67 9.71 9.75 9.75 9.77 9.74
0.36 9.58 9.51 9.49 9.55 9.48 9.58 9.53
0.36 9.54 9.48 9.45 9.50 9.44 9.54 9.49

0.63

0.02 2.63 2.63 2.58 2.56 2.67 2.64 2.59
0.05 6.73 6.73 6.64 6.57 6.82 6.77 6.67
0.08 8.08 8.05 8.01 7.91 8.15 8.10 8.03
0.11 8.44 8.35 8.38 8.28 8.47 8.40 8.38
0.14 8.72 8.61 8.67 8.58 8.73 8.68 8.66
0.17 8.97 8.85 8.92 8.85 8.98 8.92 8.91
0.20 9.20 9.08 9.14 9.08 9.20 9.14 9.13
0.22 9.34 9.23 9.29 9.23 9.34 9.29 9.27
0.23 9.40 9.29 9.34 9.29 9.40 9.35 9.33
0.26 9.57 9.46 9.51 9.47 9.57 9.52 9.50
0.29 9.72 9.61 9.66 9.63 9.72 9.67 9.65
0.32 9.84 9.73 9.78 9.76 9.85 9.78 9.77
0.32 9.85 9.74 9.80 9.77 9.86 9.80 9.78

0.79

0.02 2.63 2.64 2.64 2.60 2.67 2.55 2.61
0.05 6.75 6.76 6.76 6.69 6.85 6.54 6.69
0.08 8.12 8.08 8.09 8.09 8.21 7.92 8.01
0.11 8.47 8.38 8.40 8.49 8.53 8.34 8.32
0.14 8.76 8.65 8.68 8.79 8.80 8.67 8.60
0.17 9.02 8.90 8.93 9.04 9.04 8.96 8.87
0.18 9.14 9.02 9.05 9.16 9.15 9.08 9.00
0.20 9.25 9.13 9.16 9.27 9.26 9.20 9.12
0.23 9.46 9.35 9.38 9.47 9.46 9.42 9.36
0.26 9.63 9.53 9.56 9.64 9.63 9.61 9.55
0.29 9.79 9.69 9.72 9.79 9.78 9.77 9.72
0.30 9.85 9.75 9.79 9.85 9.84 9.84 9.79
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Table C.1 (Cont.) Velocity at values of coefficient C2 between 1.70-1.76 in the
Realisable k- model

Discharge

cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.70 C2=1.71 C2=1.72 C2=1.73 C2=1.74 C2=1.75 C2=1.76

1.70

0.16

0.02 2.01 1.91 1.90 1.88 1.88 2.00 1.89
0.05 5.13 4.88 4.89 4.83 4.86 5.13 4.85
0.08 6.15 5.82 5.91 5.87 6.01 6.17 5.87
0.14 6.62 6.27 6.46 6.46 6.73 6.65 6.42
0.20 7.00 6.73 6.88 6.89 7.15 7.02 6.85
0.26 7.33 7.15 7.24 7.24 7.46 7.33 7.22
0.27 7.39 7.22 7.31 7.31 7.52 7.39 7.28
0.32 7.61 7.49 7.55 7.55 7.73 7.61 7.53
0.38 7.84 7.77 7.80 7.80 7.94 7.84 7.79
0.40 7.89 7.83 7.85 7.86 7.99 7.89 7.85

0.31

0.02 2.44 2.46 2.44 2.47 2.51 2.46 2.45
0.05 6.27 6.29 6.25 6.35 6.47 6.29 6.29
0.08 7.56 7.54 7.49 7.62 7.78 7.55 7.56
0.14 8.21 8.13 8.07 8.20 8.39 8.16 8.17
0.20 8.73 8.61 8.58 8.68 8.86 8.67 8.67
0.23 8.96 8.84 8.82 8.90 9.07 8.90 8.90
0.26 9.17 9.05 9.04 9.10 9.26 9.11 9.10
0.29 9.37 9.24 9.24 9.29 9.44 9.31 9.30
0.30 9.41 9.28 9.28 9.33 9.48 9.34 9.34
0.32 9.55 9.42 9.43 9.47 9.61 9.49 9.48
0.35 9.71 9.59 9.60 9.63 9.76 9.65 9.64
0.36 9.75 9.63 9.64 9.67 9.80 9.69 9.68

0.47

0.02 2.64 2.62 2.67 2.62 2.70 2.66 2.66
0.04 6.07 6.02 6.12 6.03 6.20 6.10 6.10
0.08 8.13 8.12 8.21 8.14 8.29 8.18 8.19
0.14 8.80 8.82 8.88 8.89 8.94 8.85 8.86
0.20 9.40 9.42 9.46 9.49 9.52 9.44 9.44
0.26 9.92 9.93 9.97 9.99 10.03 9.96 9.95
0.31 10.29 10.29 10.32 10.34 10.39 10.32 10.31
0.32 10.38 10.37 10.41 10.42 10.47 10.40 10.39
0.38 10.73 10.72 10.75 10.77 10.83 10.76 10.74
0.41 10.85 10.83 10.87 10.88 10.94 10.87 10.86
0.44 10.99 10.98 11.01 11.02 11.08 11.01 11.00

0.63

0.02 2.75 2.75 2.75 2.82 2.79 2.77 2.72
0.05 7.04 7.08 7.08 7.24 7.17 7.12 7.02
0.08 8.46 8.53 8.51 8.65 8.60 8.55 8.47
0.14 9.19 9.27 9.21 9.30 9.31 9.24 9.22
0.20 9.82 9.89 9.83 9.89 9.92 9.85 9.85
0.23 10.12 10.17 10.12 10.17 10.20 10.14 10.14
0.26 10.38 10.43 10.38 10.42 10.46 10.40 10.40
0.29 10.61 10.64 10.60 10.64 10.68 10.62 10.62
0.29 10.64 10.67 10.62 10.66 10.70 10.64 10.64
0.32 10.86 10.89 10.85 10.88 10.92 10.86 10.86
0.35 11.07 11.08 11.05 11.08 11.12 11.06 11.06
0.38 11.24 11.25 11.22 11.24 11.28 11.22 11.23
0.40 11.32 11.32 11.30 11.32 11.36 11.30 11.30

0.79

0.02 2.83 2.88 2.82 2.83 2.79 2.83 2.82
0.05 7.27 7.37 7.26 7.25 7.18 7.24 7.23
0.08 8.75 8.81 8.73 8.70 8.66 8.70 8.70
0.14 9.48 9.48 9.46 9.42 9.43 9.43 9.44
0.20 10.10 10.08 10.09 10.06 10.07 10.06 10.07
0.23 10.39 10.37 10.37 10.35 10.37 10.35 10.36
0.26 10.63 10.60 10.61 10.60 10.61 10.59 10.60
0.26 10.66 10.63 10.64 10.62 10.64 10.62 10.62
0.29 10.90 10.87 10.88 10.88 10.90 10.86 10.87
0.32 11.13 11.10 11.11 11.10 11.13 11.09 11.09
0.35 11.33 11.30 11.31 11.31 11.33 11.29 11.29
0.36 11.38 11.35 11.36 11.36 11.38 11.34 11.35
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Table C.1 (Cont.) Velocity at values of coefficient C2 between 1.70-1.76 in the
Realisable k- model

Discharge

cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.70 C2=1.71 C2=1.72 C2=1.73 C2=1.74 C2=1.75 C2=1.76

2.27

0.16

0.02 2.00 2.00 1.99 2.11 1.95 1.96 2.02
0.05 5.12 5.12 5.12 5.42 5.00 5.02 5.19
0.08 6.16 6.15 6.18 6.48 6.05 6.08 6.30
0.14 6.70 6.65 6.74 6.90 6.63 6.68 6.93
0.20 7.16 7.08 7.20 7.26 7.07 7.15 7.35
0.26 7.56 7.46 7.59 7.59 7.45 7.55 7.68
0.29 7.74 7.64 7.76 7.74 7.63 7.73 7.83
0.32 7.90 7.80 7.92 7.88 7.79 7.89 7.97
0.35 8.05 7.95 8.07 8.01 7.94 8.04 8.10
0.36 8.08 7.98 8.09 8.04 7.96 8.07 8.13
0.38 8.17 8.07 8.18 8.12 8.06 8.15 8.20
0.38 8.18 8.09 8.19 8.13 8.07 8.17 8.22

0.31

0.02 2.58 2.46 2.52 2.49 2.54 2.52 2.57
0.05 6.59 6.31 6.47 6.39 6.53 6.49 6.60
0.08 7.90 7.60 7.75 7.67 7.84 7.80 7.92
0.14 8.50 8.25 8.37 8.30 8.45 8.42 8.54
0.20 9.01 8.80 8.91 8.85 8.96 8.94 9.06
0.26 9.46 9.29 9.37 9.34 9.41 9.39 9.52
0.29 9.67 9.51 9.59 9.55 9.62 9.60 9.73
0.32 9.86 9.71 9.78 9.76 9.81 9.80 9.92
0.34 10.00 9.86 9.93 9.91 9.95 9.95 10.06
0.35 10.03 9.90 9.96 9.94 9.98 9.98 10.09
0.38 10.19 10.06 10.12 10.10 10.14 10.14 10.24
0.41 10.19 10.06 10.12 10.10 10.14 10.14 10.24
0.47 10.55 10.46 10.51 10.49 10.50 10.51 10.59

0.47

0.02 2.74 2.73 2.73 2.72 2.71 2.76 2.76
0.04 6.29 6.27 6.26 6.26 6.24 6.35 6.33
0.08 8.48 8.43 8.42 8.43 8.39 8.52 8.50
0.14 9.24 9.15 9.19 9.17 9.13 9.21 9.21
0.20 9.87 9.77 9.82 9.80 9.77 9.82 9.83
0.26 10.42 10.33 10.39 10.36 10.34 10.38 10.39
0.32 10.90 10.82 10.88 10.86 10.84 10.87 10.89
0.36 11.16 11.08 11.14 11.12 11.10 11.13 11.15
0.38 11.31 11.23 11.29 11.27 11.26 11.28 11.31
0.44 11.62 11.55 11.61 11.58 11.57 11.60 11.62
0.44 11.63 11.56 11.62 11.60 11.59 11.61 11.64
0.50 11.88 11.81 11.87 11.84 11.84 11.86 11.88

0.63

0.02 2.89 2.90 2.86 2.85 2.93 2.89 2.91
0.05 7.44 7.45 7.32 7.34 7.49 7.40 7.47
0.08 8.94 8.96 8.82 8.83 8.99 8.91 8.96
0.14 9.69 9.70 9.65 9.60 9.76 9.71 9.70
0.20 10.37 10.36 10.35 10.29 10.43 10.40 10.38
0.26 10.99 10.97 10.98 10.91 11.03 11.01 10.99
0.29 11.27 11.24 11.26 11.20 11.31 11.28 11.27
0.32 11.53 11.50 11.52 11.46 11.56 11.54 11.53
0.32 11.53 11.50 11.52 11.46 11.56 11.54 11.53
0.33 11.61 11.58 11.60 11.54 11.64 11.62 11.60
0.35 11.77 11.74 11.76 11.71 11.80 11.78 11.77
0.38 11.98 11.95 11.98 11.92 12.01 11.99 11.98
0.41 12.17 12.13 12.17 12.12 12.19 12.17 12.17
0.42 12.24 12.20 12.23 12.18 12.26 12.24 12.23
0.44 12.34 12.30 12.33 12.28 12.36 12.34 12.33
0.47 12.48 12.44 12.47 12.43 12.50 12.48 12.47

0.79

0.02 2.97 2.99 3.00 2.96 3.03 2.98 2.92
0.05 7.62 7.68 7.70 7.61 7.76 7.66 7.49
0.08 9.18 9.23 9.25 9.16 9.30 9.21 9.04
0.14 10.02 10.01 10.02 9.95 10.06 10.01 9.91
0.20 10.74 10.71 10.72 10.66 10.76 10.72 10.65
0.26 11.38 11.34 11.35 11.31 11.39 11.36 11.31
0.29 11.67 11.63 11.64 11.60 11.67 11.65 11.60
0.32 11.94 11.90 11.91 11.87 11.94 11.92 11.88
0.32 11.97 11.93 11.94 11.90 11.97 11.94 11.91
0.35 12.19 12.15 12.16 12.13 12.19 12.17 12.13
0.38 12.41 12.37 12.38 12.35 12.40 12.38 12.35
0.41 12.60 12.56 12.57 12.54 12.59 12.58 12.55
0.42 12.65 12.61 12.63 12.60 12.64 12.63 12.60
0.44 12.77 12.73 12.74 12.72 12.76 12.75 12.72
0.47 12.92 12.87 12.89 12.86 12.90 12.89 12.87
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Table C.1 (Cont.) Velocity at values of coefficient C2 between 1.70-1.76 in the
Realisable k- model

Discharge

cosL

iL Depth normal to
the pseudo-
bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.70 C2=1.71 C2=1.72 C2=1.73 C2=1.74 C2=1.75 C2=1.76

2.83

0.16

0.02 1.97 1.99 2.00 2.03 2.03 1.99 2.09
0.05 5.08 5.11 5.12 5.20 5.21 5.12 5.37
0.08 6.13 6.19 6.19 6.28 6.32 6.21 6.43
0.14 6.69 6.81 6.79 6.88 6.95 6.84 6.91
0.20 7.18 7.32 7.28 7.36 7.43 7.34 7.33
0.26 7.62 7.76 7.70 7.78 7.84 7.77 7.71
0.29 7.82 7.95 7.89 7.97 8.02 7.96 7.88
0.32 8.01 8.13 8.07 8.14 8.18 8.14 8.05
0.35 8.18 8.30 8.23 8.30 8.33 8.30 8.20
0.38 8.33 8.44 8.38 8.44 8.46 8.44 8.33
0.40 8.42 8.53 8.47 8.53 8.55 8.53 8.42
0.41 8.46 8.56 8.50 8.56 8.58 8.56 8.46
0.44 8.58 8.68 8.62 8.67 8.68 8.67 8.57
0.47 8.67 8.76 8.71 8.76 8.76 8.76 8.65

0.31

0.02 2.54 2.55 2.57 2.64 2.61 2.56 2.54
0.05 6.51 6.55 6.59 6.76 6.68 6.57 6.51
0.08 7.80 7.86 7.90 8.09 7.97 7.89 7.82
0.14 8.43 8.49 8.51 8.68 8.56 8.52 8.44
0.20 8.98 9.05 9.05 9.20 9.09 9.05 8.99
0.26 9.48 9.55 9.55 9.66 9.57 9.54 9.49
0.29 9.71 9.77 9.77 9.88 9.79 9.76 9.72
0.32 9.93 9.98 9.98 10.08 10.00 9.97 9.93
0.35 10.13 10.18 10.18 10.26 10.19 10.16 10.13
0.38 10.29 10.33 10.33 10.41 10.35 10.32 10.29
0.38 10.30 10.35 10.35 10.43 10.36 10.34 10.30
0.41 10.46 10.50 10.50 10.58 10.52 10.49 10.46
0.44 10.61 10.65 10.64 10.71 10.66 10.63 10.61
0.47 10.73 10.77 10.77 10.82 10.78 10.75 10.73

0.47

0.02 2.76 2.76 2.81 2.78 2.78 2.71 2.78
0.04 6.34 6.35 6.45 6.38 6.40 6.25 6.39
0.08 8.53 8.57 8.63 8.57 8.62 8.44 8.56
0.14 9.27 9.32 9.33 9.33 9.38 9.23 9.27
0.20 9.94 9.98 9.97 9.99 10.02 9.92 9.92
0.26 10.54 10.58 10.56 10.60 10.61 10.54 10.52
0.32 11.07 11.11 11.09 11.14 11.13 11.08 11.05
0.38 11.53 11.56 11.55 11.59 11.58 11.54 11.50
0.40 11.63 11.66 11.65 11.69 11.68 11.65 11.61
0.44 11.90 11.93 11.92 11.96 11.94 11.92 11.88
0.49 12.15 12.18 12.17 12.21 12.19 12.17 12.13
0.50 12.19 12.22 12.21 12.25 12.23 12.21 12.18
0.56 12.43 12.46 12.44 12.48 12.46 12.44 12.41

0.63

0.02 2.93 2.97 2.99 2.96 2.96 2.98 2.95
0.05 7.54 7.61 7.65 7.61 7.59 7.65 7.56
0.08 9.07 9.16 9.19 9.17 9.12 9.18 9.08
0.14 9.88 9.97 9.97 9.98 9.93 9.96 9.87
0.20 10.61 10.68 10.67 10.69 10.64 10.66 10.58
0.26 11.26 11.33 11.32 11.33 11.29 11.30 11.23
0.32 11.85 11.91 11.90 11.91 11.88 11.88 11.82
0.35 12.12 12.17 12.16 12.17 12.14 12.15 12.09
0.37 12.24 12.29 12.28 12.29 12.26 12.27 12.21
0.38 12.36 12.40 12.40 12.40 12.38 12.38 12.32
0.41 12.57 12.62 12.61 12.62 12.60 12.60 12.54
0.44 12.77 12.81 12.80 12.81 12.79 12.79 12.74
0.47 12.94 12.98 12.97 12.98 12.96 12.96 12.91
0.48 12.97 13.01 13.00 13.02 13.00 12.99 12.95
0.50 13.09 13.13 13.13 13.14 13.12 13.12 13.07

0.79

0.02 3.11 3.06 3.07 3.09 3.05 3.13 3.00
0.05 7.96 7.85 7.89 7.95 7.84 8.03 7.73
0.08 9.55 9.44 9.49 9.57 9.45 9.61 9.36
0.14 10.36 10.31 10.33 10.41 10.31 10.35 10.27
0.20 11.10 11.08 11.08 11.16 11.07 11.08 11.06
0.26 11.79 11.78 11.77 11.83 11.76 11.76 11.76
0.32 12.40 12.41 12.39 12.45 12.38 12.38 12.39
0.35 12.68 12.69 12.67 12.72 12.66 12.66 12.67
0.37 12.81 12.81 12.79 12.85 12.79 12.78 12.80
0.38 12.93 12.94 12.92 12.97 12.91 12.91 12.92
0.41 13.15 13.17 13.15 13.19 13.14 13.14 13.15
0.44 13.36 13.37 13.36 13.40 13.35 13.34 13.36
0.46 13.45 13.47 13.45 13.49 13.44 13.44 13.45
0.47 13.54 13.55 13.54 13.58 13.53 13.52 13.54
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Table C.1 (Cont.) Velocity at values of coefficient C2 between 1.70-1.76 in the
Realisable k- model

Discharge

cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.70 C2=1.71 C2=1.72 C2=1.73 C2=1.74 C2=1.75 C2=1.76

3.28

0.16

0.02 2.06 2.14 1.97 1.97 2.04 2.00 2.08
0.05 5.28 5.47 5.04 5.07 5.22 5.13 5.35
0.08 6.30 6.57 6.10 6.16 6.31 6.24 6.44
0.14 6.82 7.09 6.73 6.80 6.91 6.92 6.98
0.20 7.33 7.52 7.24 7.30 7.40 7.46 7.43
0.26 7.79 7.91 7.70 7.75 7.84 7.92 7.84
0.29 8.00 8.09 7.91 7.95 8.04 8.13 8.03
0.32 8.19 8.26 8.10 8.15 8.22 8.32 8.21
0.35 8.36 8.41 8.28 8.32 8.40 8.49 8.37
0.38 8.50 8.55 8.45 8.48 8.55 8.64 8.52
0.41 8.64 8.68 8.60 8.63 8.69 8.78 8.65
0.44 8.74 8.78 8.71 8.74 8.79 8.87 8.75
0.44 8.76 8.80 8.73 8.76 8.82 8.90 8.78
0.47 8.87 8.90 8.85 8.88 8.92 9.00 8.88
0.50 8.96 8.99 8.95 8.98 9.02 9.09 8.98
0.51 8.99 9.02 8.98 9.01 9.05 9.11 9.00

0.31

0.02 2.61 2.57 2.57 2.57 2.55 2.64 2.59
0.05 6.68 6.61 6.60 6.60 6.56 6.76 6.64
0.08 7.98 7.95 7.92 7.93 7.89 8.07 7.98
0.14 8.57 8.61 8.55 8.57 8.56 8.64 8.62
0.20 9.11 9.17 9.11 9.13 9.13 9.18 9.17
0.26 9.61 9.68 9.62 9.64 9.65 9.67 9.67
0.29 9.84 9.91 9.85 9.88 9.88 9.91 9.91
0.32 10.06 10.13 10.07 10.10 10.10 10.12 10.12
0.35 10.26 10.33 10.28 10.30 10.31 10.32 10.32
0.38 10.44 10.51 10.46 10.48 10.49 10.50 10.50
0.38 10.46 10.53 10.48 10.50 10.51 10.52 10.52
0.41 10.60 10.67 10.62 10.65 10.65 10.66 10.66
0.44 10.75 10.82 10.77 10.80 10.80 10.81 10.81
0.47 10.87 10.94 10.89 10.91 10.92 10.93 10.92
0.47 10.89 10.95 10.91 10.93 10.93 10.94 10.94

0.63

0.02 3.00 3.04 2.96 3.00 2.99 2.97 3.01
0.05 7.69 7.78 7.61 7.71 7.69 7.63 7.71
0.08 9.24 9.33 9.15 9.25 9.25 9.20 9.25
0.14 10.03 10.09 9.96 10.03 10.07 10.04 10.04
0.20 10.77 10.81 10.71 10.76 10.80 10.79 10.77
0.26 11.45 11.48 11.40 11.44 11.48 11.47 11.45
0.32 12.06 12.08 12.03 12.05 12.09 12.08 12.07
0.38 12.59 12.61 12.57 12.58 12.61 12.61 12.60
0.38 12.59 12.61 12.57 12.58 12.61 12.61 12.60
0.41 12.82 12.84 12.80 12.82 12.84 12.84 12.83
0.41 12.85 12.86 12.82 12.84 12.86 12.86 12.85
0.44 13.03 13.05 13.01 13.03 13.05 13.05 13.04
0.47 13.22 13.23 13.21 13.22 13.24 13.24 13.23
0.50 13.39 13.40 13.38 13.39 13.41 13.41 13.40
0.51 13.41 13.42 13.39 13.40 13.42 13.43 13.42

0.79

0.02 3.07 3.15 3.10 3.15 3.11 3.20 3.08
0.05 7.91 8.05 7.96 8.07 8.01 8.17 7.91
0.08 9.54 9.67 9.59 9.68 9.66 9.78 9.54
0.14 10.43 10.52 10.47 10.51 10.52 10.58 10.44
0.20 11.23 11.30 11.26 11.29 11.30 11.33 11.25
0.26 11.96 12.02 11.99 12.02 12.02 12.04 11.99
0.32 12.63 12.67 12.65 12.67 12.68 12.68 12.65
0.38 13.20 13.24 13.22 13.23 13.24 13.25 13.23
0.41 13.41 13.44 13.43 13.44 13.44 13.45 13.43
0.41 13.45 13.49 13.47 13.48 13.49 13.49 13.48
0.44 13.68 13.72 13.70 13.71 13.71 13.72 13.70
0.47 13.89 13.92 13.90 13.91 13.92 13.92 13.91
0.48 13.96 13.99 13.98 13.98 13.99 14.00 13.98
0.50 14.07 14.10 14.09 14.09 14.10 14.10 14.09
0.53 14.24 14.26 14.25 14.25 14.26 14.26 14.25
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Table C.2 Velocity at values of coefficient C2 between 1.77-1.83 in the Realisable k-
model

Discharge

cosL

iL Depth
normal to

the pseudo-
bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.77 C2=1.78 C2=1.79 C2=1.80 C2=1.81 C2=1.82 C2=1.83

0.57

0.16

0.02 1.73 1.71 1.73 1.67 1.76 1.76 1.74
0.08 5.32 5.23 5.29 5.18 5.40 5.35 5.32
0.14 5.65 5.57 5.63 5.64 5.81 5.65 5.63
0.17 5.81 5.73 5.79 5.82 5.97 5.79 5.78
0.20 5.92 5.85 5.90 5.94 6.08 5.90 5.89
0.26 6.08 6.02 6.05 6.12 6.25 6.06 6.06
0.32 6.13 6.08 6.09 6.18 6.29 6.10 6.11
0.38 5.88 5.83 5.84 5.82 5.85 5.84 5.89

0.31

0.02 2.00 1.94 1.86 2.08 2.01 1.95 1.84
0.05 5.16 5.00 4.79 5.31 5.17 4.98 4.75
0.08 6.12 5.95 5.71 6.36 6.12 5.96 5.66
0.11 6.29 6.12 5.89 6.63 6.25 6.19 5.83
0.14 6.42 6.27 6.05 6.82 6.36 6.37 5.99
0.17 6.53 6.39 6.20 6.98 6.46 6.52 6.14
0.17 6.55 6.42 6.22 7.01 6.48 6.55 6.16
0.20 6.61 6.49 6.31 7.09 6.53 6.63 6.25
0.30 6.67 6.63 6.46 7.17 6.64 6.73 6.42

0.47

0.02 1.89 1.91 1.85 2.17 1.97 1.97 1.83
0.05 5.33 5.38 5.22 6.09 5.53 5.54 5.16
0.11 5.98 6.23 5.89 6.96 6.17 6.29 5.83
0.15 6.14 6.45 6.06 7.13 6.31 6.49 6.00
0.17 6.25 6.59 6.19 7.24 6.42 6.63 6.13
0.23 6.40 6.80 6.37 7.35 6.58 6.85 6.32
0.27 6.44 6.85 6.42 7.39 6.61 6.90 6.37
0.30 6.47 6.83 6.44 7.35 6.62 6.94 6.39

0.63

0.02 2.03 2.03 2.03 2.18 1.88 2.00 1.80
0.05 5.23 5.20 5.22 5.61 4.84 5.14 4.63
0.08 6.22 6.24 6.18 6.75 5.76 6.11 5.52
0.11 6.38 6.48 6.32 7.04 5.94 6.27 5.72
0.14 6.51 6.67 6.43 7.22 6.12 6.41 5.90
0.14 6.51 6.67 6.43 7.22 6.12 6.41 5.90
0.17 6.62 6.84 6.52 7.36 6.28 6.53 6.06
0.20 6.70 6.95 6.59 7.45 6.41 6.62 6.19
0.30 6.80 7.07 6.67 7.54 6.63 6.75 6.39

0.79

0.02 1.93 2.04 1.98 2.17 1.89 1.95 2.02
0.05 4.95 5.24 5.09 5.56 4.86 5.01 5.19
0.08 5.92 6.20 6.05 6.68 5.77 5.93 6.17
0.11 6.14 6.35 6.22 6.97 5.93 6.07 6.34
0.12 6.20 6.39 6.27 7.04 5.97 6.12 6.38
0.14 6.31 6.46 6.38 7.16 6.07 6.20 6.48
0.17 6.45 6.56 6.51 7.31 6.19 6.31 6.60
0.20 6.56 6.63 6.61 7.41 6.29 6.39 6.70
0.23 6.64 6.68 6.69 7.47 6.36 6.45 6.77
0.23 6.64 6.68 6.69 7.47 6.36 6.46 6.77
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Table C.2 (Cont.) Velocity at values of coefficient C2 between 1.77-1.83 in the
Realisable k- model

Discharge

cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.77 C2=1.78 C2=1.79 C2=1.80 C2=1.81 C2=1.82 C2=1.83

1.13

0.16

0.02 1.82 1.82 1.82 1.86 1.82 1.75 1.85
0.08 5.62 5.65 5.64 5.76 5.63 5.44 5.70
0.14 6.16 6.16 6.18 6.25 6.16 6.03 6.18
0.20 6.59 6.55 6.59 6.61 6.58 6.49 6.56
0.23 6.77 6.72 6.77 6.77 6.76 6.68 6.72
0.26 6.92 6.87 6.93 6.92 6.92 6.85 6.87
0.31 7.17 7.12 7.18 7.15 7.17 7.12 7.12
0.32 7.20 7.14 7.20 7.17 7.19 7.15 7.14
0.38 7.41 7.35 7.41 7.38 7.41 7.37 7.35

0.31

0.02 2.42 2.32 2.44 2.42 2.37 2.36 2.42
0.05 6.19 5.95 6.23 6.19 6.07 6.06 6.20
0.08 7.42 7.18 7.46 7.40 7.30 7.30 7.41
0.11 7.72 7.52 7.77 7.69 7.63 7.65 7.69
0.14 7.96 7.79 8.01 7.93 7.88 7.91 7.92
0.17 8.18 8.03 8.21 8.14 8.10 8.14 8.13
0.23 8.55 8.43 8.57 8.50 8.47 8.52 8.50
0.26 8.70 8.60 8.71 8.65 8.63 8.67 8.66
0.29 8.84 8.75 8.85 8.79 8.78 8.81 8.80
0.40 9.17 9.09 9.15 9.10 9.11 9.13 9.11

0.47

0.02 8.06 7.92 8.07 8.03 8.06 8.18 8.01
0.05 8.45 8.32 8.46 8.42 8.44 8.56 8.40
0.11 8.96 8.84 8.97 8.94 8.95 9.05 8.92
0.17 9.35 9.25 9.36 9.33 9.35 9.42 9.32
0.22 9.57 9.47 9.58 9.55 9.57 9.62 9.55
0.23 9.62 9.53 9.63 9.60 9.62 9.67 9.61
0.30 9.75 9.66 9.76 9.71 9.75 9.77 9.74
0.36 9.54 9.49 9.54 9.50 9.55 9.54 9.54
0.36 9.49 9.45 9.50 9.46 9.50 9.50 9.50

0.63

0.02 2.56 2.56 2.69 2.51 2.66 2.61 2.52
0.05 6.57 6.57 6.91 6.43 6.80 6.69 6.45
0.08 7.89 7.92 8.23 7.76 8.12 8.03 7.78
0.11 8.22 8.29 8.50 8.16 8.42 8.37 8.16
0.14 8.51 8.58 8.74 8.48 8.69 8.65 8.47
0.17 8.78 8.84 8.97 8.76 8.93 8.90 8.75
0.20 9.02 9.08 9.18 9.01 9.16 9.13 8.99
0.22 9.18 9.23 9.32 9.17 9.31 9.28 9.15
0.23 9.24 9.29 9.38 9.23 9.36 9.34 9.21
0.26 9.43 9.47 9.54 9.42 9.54 9.52 9.40
0.29 9.59 9.62 9.69 9.59 9.69 9.67 9.57
0.32 9.73 9.75 9.81 9.72 9.81 9.79 9.71
0.32 9.74 9.76 9.82 9.74 9.83 9.80 9.72

0.79

0.02 2.62 2.61 2.58 2.63 2.73 2.51 2.68
0.05 6.69 6.71 6.64 6.73 6.97 6.41 6.86
0.08 8.02 8.05 8.02 8.10 8.27 7.77 8.23
0.11 8.35 8.38 8.40 8.46 8.52 8.20 8.58
0.14 8.63 8.66 8.70 8.75 8.76 8.55 8.85
0.17 8.88 8.91 8.97 9.01 8.98 8.85 9.09
0.18 9.00 9.03 9.09 9.12 9.09 8.98 9.20
0.20 9.12 9.14 9.20 9.23 9.19 9.11 9.30
0.23 9.33 9.36 9.41 9.43 9.39 9.34 9.49
0.26 9.51 9.54 9.59 9.60 9.56 9.53 9.66
0.29 9.67 9.69 9.74 9.75 9.70 9.70 9.80
0.30 9.73 9.76 9.81 9.81 9.76 9.77 9.86
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Table C.2 (Cont.) Velocity at values of coefficient C2 between 1.77-1.83 in the
Realisable k- model

Discharge

cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.77 C2=1.78 C2=1.79 C2=1.80 C2=1.81 C2=1.82 C2=1.83

1.70

0.16

0.02 1.97 1.94 1.95 1.88 1.84 1.89 1.89
0.05 5.03 4.97 4.99 4.81 4.74 4.84 4.84
0.08 6.02 5.99 6.00 5.82 5.79 5.85 5.80
0.14 6.49 6.52 6.51 6.40 6.44 6.44 6.27
0.20 6.89 6.95 6.91 6.84 6.91 6.90 6.73
0.26 7.24 7.31 7.25 7.21 7.29 7.28 7.14
0.27 7.31 7.38 7.32 7.28 7.36 7.35 7.22
0.32 7.55 7.62 7.55 7.52 7.61 7.60 7.48
0.38 7.80 7.86 7.80 7.78 7.86 7.85 7.75
0.40 7.86 7.92 7.85 7.83 7.91 7.90 7.81

0.31

0.02 2.47 2.51 2.53 2.49 2.52 2.54 2.45
0.05 6.32 6.44 6.50 6.40 6.46 6.51 6.29
0.08 7.57 7.71 7.80 7.68 7.74 7.78 7.54
0.14 8.16 8.29 8.39 8.25 8.30 8.32 8.11
0.20 8.66 8.76 8.85 8.73 8.77 8.78 8.60
0.23 8.89 8.97 9.06 8.94 8.98 8.99 8.83
0.26 9.10 9.17 9.25 9.14 9.18 9.19 9.03
0.29 9.29 9.36 9.43 9.33 9.36 9.38 9.23
0.30 9.33 9.39 9.46 9.36 9.40 9.41 9.27
0.32 9.47 9.53 9.59 9.50 9.53 9.55 9.41
0.35 9.63 9.69 9.74 9.66 9.69 9.70 9.57
0.36 9.68 9.73 9.78 9.70 9.73 9.74 9.62

0.47

0.02 2.63 2.70 2.68 2.65 2.71 2.55 2.65
0.04 6.03 6.20 6.14 6.08 6.23 5.88 6.09
0.08 8.11 8.34 8.25 8.21 8.36 7.97 8.19
0.14 8.82 9.06 8.96 8.93 9.05 8.75 8.88
0.20 9.42 9.62 9.54 9.51 9.60 9.39 9.46
0.26 9.94 10.11 10.04 10.02 10.08 9.94 9.97
0.31 10.31 10.45 10.40 10.37 10.42 10.31 10.32
0.32 10.39 10.52 10.48 10.45 10.50 10.40 10.40
0.38 10.75 10.85 10.83 10.79 10.83 10.76 10.74
0.41 10.87 10.96 10.94 10.90 10.94 10.87 10.85
0.44 11.01 11.09 11.08 11.03 11.08 11.02 10.99

0.63

0.02 2.83 2.79 2.80 2.81 2.74 2.78 2.74
0.05 7.27 7.16 7.20 7.21 7.05 7.11 7.05
0.08 8.70 8.59 8.65 8.65 8.50 8.53 8.49
0.14 9.34 9.30 9.34 9.31 9.25 9.23 9.20
0.20 9.92 9.90 9.94 9.91 9.90 9.86 9.82
0.23 10.19 10.18 10.22 10.19 10.19 10.15 10.10
0.26 10.44 10.44 10.47 10.44 10.45 10.41 10.36
0.29 10.66 10.66 10.69 10.66 10.68 10.63 10.58
0.29 10.68 10.69 10.71 10.68 10.70 10.65 10.60
0.32 10.90 10.91 10.93 10.90 10.92 10.87 10.82
0.35 11.09 11.11 11.12 11.09 11.12 11.07 11.02
0.38 11.26 11.28 11.28 11.26 11.29 11.24 11.19
0.40 11.33 11.36 11.36 11.33 11.37 11.32 11.27

0.79

0.02 2.89 2.89 2.82 2.89 2.84 2.89 2.79
0.05 7.39 7.40 7.25 7.40 7.29 7.38 7.18
0.08 8.83 8.86 8.72 8.85 8.75 8.83 8.63
0.14 9.51 9.57 9.46 9.52 9.48 9.50 9.36
0.20 10.13 10.17 10.10 10.13 10.11 10.10 10.00
0.23 10.41 10.46 10.40 10.41 10.41 10.39 10.30
0.26 10.65 10.69 10.64 10.64 10.65 10.62 10.54
0.26 10.67 10.71 10.66 10.67 10.67 10.65 10.57
0.29 10.92 10.96 10.91 10.91 10.92 10.89 10.82
0.32 11.14 11.18 11.14 11.13 11.15 11.11 11.05
0.35 11.34 11.37 11.34 11.32 11.35 11.31 11.25
0.36 11.39 11.42 11.39 11.37 11.40 11.36 11.30



127

Table C.2 (Cont.) Velocity at values of coefficient C2 between 1.77-1.83 in the
Realisable k- model

Discharge

cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.77 C2=1.78 C2=1.79 C2=1.80 C2=1.81 C2=1.82 C2=1.83

2.27

0.16

0.02 2.00 2.03 1.94 2.02 1.97 2.07 1.94
0.05 5.12 5.21 4.98 5.19 5.06 5.29 5.00
0.08 6.09 6.30 6.07 6.28 6.12 6.34 6.05
0.14 6.52 6.85 6.73 6.86 6.70 6.82 6.63
0.20 6.98 7.28 7.21 7.30 7.16 7.21 7.08
0.26 7.41 7.64 7.59 7.66 7.56 7.56 7.47
0.29 7.60 7.81 7.76 7.82 7.73 7.71 7.64
0.32 7.77 7.96 7.92 7.97 7.89 7.86 7.80
0.35 7.92 8.09 8.06 8.10 8.04 8.00 7.95
0.36 7.95 8.12 8.09 8.12 8.07 8.02 7.98
0.38 8.04 8.20 8.17 8.21 8.15 8.11 8.07
0.38 8.06 8.21 8.18 8.22 8.17 8.12 8.08

0.31

0.02 2.45 2.50 2.55 2.48 2.49 2.59 2.51
0.05 6.31 6.41 6.54 6.39 6.39 6.61 6.44
0.08 7.59 7.69 7.92 7.70 7.66 7.87 7.72
0.14 8.22 8.32 8.64 8.36 8.29 8.41 8.34
0.20 8.76 8.85 9.15 8.91 8.83 8.90 8.86
0.26 9.24 9.34 9.57 9.39 9.31 9.36 9.33
0.29 9.46 9.55 9.76 9.61 9.54 9.57 9.55
0.32 9.66 9.76 9.94 9.81 9.74 9.77 9.75
0.34 9.81 9.91 10.07 9.96 9.89 9.91 9.90
0.35 9.85 9.94 10.10 9.99 9.93 9.95 9.93
0.38 10.01 10.11 10.24 10.15 10.09 10.10 10.09
0.41 10.01 10.11 10.24 10.15 10.09 10.10 10.09
0.47 10.41 10.49 10.58 10.52 10.48 10.48 10.47

0.47

0.02 2.69 2.71 2.71 2.76 2.68 2.75 2.69
0.04 6.16 6.24 6.22 6.33 6.18 6.31 6.20
0.08 8.27 8.38 8.42 8.50 8.34 8.44 8.37
0.14 8.99 9.10 9.22 9.19 9.09 9.12 9.13
0.20 9.63 9.74 9.87 9.80 9.74 9.74 9.77
0.26 10.21 10.32 10.43 10.36 10.32 10.31 10.33
0.32 10.72 10.82 10.92 10.85 10.82 10.80 10.83
0.36 10.98 11.09 11.18 11.11 11.09 11.07 11.09
0.38 11.14 11.24 11.34 11.26 11.24 11.22 11.24
0.44 11.47 11.56 11.65 11.58 11.56 11.54 11.56
0.44 11.48 11.58 11.66 11.59 11.58 11.55 11.57
0.50 11.74 11.83 11.91 11.84 11.83 11.80 11.82

0.63

0.02 2.89 2.88 2.88 2.92 2.86 2.86 2.80
0.05 7.44 7.37 7.39 7.51 7.36 7.35 7.20
0.08 8.92 8.86 8.89 9.01 8.87 8.84 8.70
0.14 9.65 9.64 9.67 9.72 9.65 9.59 9.54
0.20 10.30 10.32 10.35 10.37 10.33 10.27 10.26
0.26 10.91 10.93 10.97 10.97 10.94 10.89 10.90
0.29 11.18 11.21 11.26 11.25 11.22 11.17 11.18
0.32 11.44 11.48 11.52 11.50 11.48 11.44 11.45
0.32 11.44 11.48 11.52 11.50 11.48 11.44 11.45
0.33 11.52 11.55 11.60 11.58 11.55 11.52 11.52
0.35 11.68 11.72 11.76 11.74 11.72 11.68 11.69
0.38 11.89 11.93 11.98 11.95 11.93 11.90 11.90
0.41 12.08 12.12 12.17 12.14 12.12 12.09 12.09
0.42 12.15 12.19 12.24 12.21 12.19 12.16 12.16
0.44 12.25 12.29 12.34 12.31 12.29 12.26 12.26
0.47 12.39 12.43 12.48 12.45 12.43 12.40 12.41

0.79

0.02 2.98 2.95 2.98 3.01 3.03 3.02 3.01
0.05 7.65 7.59 7.64 7.71 7.75 7.73 7.70
0.08 9.19 9.14 9.20 9.23 9.28 9.23 9.23
0.14 9.96 9.94 10.00 9.97 10.02 9.96 9.98
0.20 10.65 10.66 10.71 10.66 10.70 10.64 10.67
0.26 11.29 11.30 11.35 11.29 11.33 11.27 11.30
0.29 11.58 11.59 11.64 11.59 11.62 11.57 11.59
0.32 11.85 11.87 11.91 11.86 11.89 11.84 11.86
0.32 11.87 11.89 11.93 11.88 11.91 11.86 11.89
0.35 12.10 12.11 12.16 12.11 12.14 12.09 12.11
0.38 12.31 12.33 12.38 12.33 12.35 12.31 12.33
0.41 12.51 12.53 12.57 12.52 12.55 12.50 12.52
0.42 12.56 12.58 12.62 12.58 12.60 12.56 12.58
0.44 12.68 12.70 12.74 12.70 12.72 12.68 12.70
0.47 12.82 12.85 12.89 12.84 12.86 12.83 12.84
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Table C.2 (Cont.) Velocity at values of coefficient C2 between 1.77-1.83 in the
Realisable k- model

Discharge

cosL

iL Depth normal to
the pseudo-
bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.77 C2=1.78 C2=1.79 C2=1.80 C2=1.81 C2=1.82 C2=1.83

2.83

0.16

0.02 1.95 1.99 2.09 2.15 2.01 2.00 1.94
0.05 5.01 5.10 5.34 5.49 5.16 5.13 4.99
0.08 6.07 6.15 6.42 6.55 6.23 6.19 6.09
0.14 6.66 6.73 6.99 7.01 6.82 6.79 6.79
0.20 7.14 7.19 7.44 7.40 7.32 7.29 7.31
0.26 7.57 7.59 7.83 7.76 7.74 7.73 7.75
0.29 7.77 7.78 8.00 7.92 7.94 7.92 7.94
0.32 7.96 7.96 8.16 8.08 8.11 8.10 8.12
0.35 8.12 8.12 8.31 8.23 8.27 8.27 8.28
0.38 8.27 8.27 8.44 8.35 8.41 8.41 8.42
0.40 8.37 8.37 8.53 8.44 8.51 8.50 8.51
0.41 8.41 8.41 8.56 8.47 8.54 8.54 8.55
0.44 8.53 8.53 8.67 8.58 8.65 8.65 8.66
0.47 8.63 8.62 8.75 8.66 8.74 8.74 8.74

0.31

0.02 2.56 2.63 2.58 2.52 2.52 2.61 2.59
0.05 6.56 6.73 6.63 6.48 6.48 6.66 6.65
0.08 7.87 8.03 8.01 7.79 7.81 7.95 7.96
0.14 8.48 8.59 8.70 8.45 8.50 8.53 8.57
0.20 9.01 9.11 9.24 9.01 9.06 9.06 9.09
0.26 9.50 9.58 9.70 9.52 9.56 9.55 9.57
0.29 9.72 9.80 9.91 9.75 9.78 9.77 9.79
0.32 9.94 10.00 10.11 9.96 9.99 9.98 10.00
0.35 10.13 10.19 10.29 10.16 10.18 10.18 10.19
0.38 10.29 10.34 10.43 10.31 10.33 10.33 10.34
0.38 10.30 10.35 10.45 10.33 10.35 10.35 10.35
0.41 10.46 10.50 10.60 10.49 10.50 10.50 10.51
0.44 10.60 10.64 10.73 10.63 10.64 10.64 10.65
0.47 10.73 10.76 10.84 10.75 10.76 10.76 10.77

0.47

0.02 2.79 2.82 2.74 2.77 2.71 2.78 2.80
0.04 6.41 6.48 6.30 6.35 6.24 6.40 6.44
0.08 8.61 8.68 8.50 8.52 8.43 8.58 8.63
0.14 9.31 9.37 9.29 9.24 9.24 9.29 9.33
0.20 9.95 10.01 9.97 9.90 9.93 9.94 9.97
0.26 10.54 10.59 10.58 10.50 10.54 10.54 10.55
0.32 11.07 11.12 11.12 11.04 11.08 11.06 11.08
0.38 11.52 11.56 11.57 11.50 11.54 11.51 11.53
0.40 11.62 11.66 11.68 11.61 11.64 11.62 11.63
0.44 11.89 11.93 11.94 11.88 11.91 11.89 11.90
0.49 12.14 12.18 12.20 12.13 12.16 12.14 12.15
0.50 12.19 12.22 12.24 12.18 12.21 12.18 12.20
0.56 12.42 12.45 12.47 12.41 12.44 12.42 12.43

0.63

0.02 2.93 2.96 3.00 2.89 2.99 2.97 2.93
0.05 7.54 7.59 7.69 7.44 7.67 7.60 7.55
0.08 9.08 9.12 9.21 8.98 9.20 9.10 9.10
0.14 9.87 9.90 9.97 9.81 9.96 9.87 9.90
0.20 10.58 10.62 10.67 10.55 10.65 10.58 10.62
0.26 11.24 11.28 11.32 11.22 11.29 11.24 11.27
0.32 11.83 11.87 11.91 11.82 11.87 11.83 11.86
0.35 12.09 12.14 12.17 12.09 12.14 12.10 12.12
0.37 12.21 12.26 12.29 12.21 12.26 12.22 12.24
0.38 12.33 12.38 12.41 12.33 12.37 12.34 12.36
0.41 12.55 12.60 12.62 12.55 12.59 12.56 12.58
0.44 12.74 12.79 12.82 12.75 12.78 12.76 12.77
0.47 12.92 12.96 12.99 12.92 12.95 12.93 12.94
0.48 12.95 13.00 13.02 12.96 12.98 12.96 12.97
0.50 13.07 13.12 13.14 13.08 13.11 13.09 13.10

0.79

0.02 3.06 3.04 3.11 3.07 3.07 3.04 3.16
0.05 7.86 7.82 7.98 7.90 7.90 7.80 8.08
0.08 9.46 9.43 9.58 9.49 9.50 9.40 9.65
0.14 10.30 10.28 10.40 10.30 10.33 10.27 10.39
0.20 11.06 11.04 11.13 11.05 11.07 11.03 11.10
0.26 11.75 11.75 11.81 11.74 11.75 11.73 11.77
0.32 12.37 12.38 12.42 12.36 12.37 12.36 12.38
0.35 12.64 12.66 12.70 12.63 12.65 12.64 12.65
0.37 12.77 12.79 12.82 12.76 12.78 12.77 12.78
0.38 12.89 12.91 12.95 12.88 12.90 12.90 12.90
0.41 13.12 13.14 13.17 13.11 13.13 13.12 13.13
0.44 13.33 13.35 13.38 13.32 13.33 13.33 13.33
0.46 13.43 13.45 13.47 13.42 13.43 13.43 13.43
0.47 13.51 13.54 13.56 13.50 13.51 13.51 13.51
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Table C.2 (Cont.) Velocity at values of coefficient C2 between 1.77-1.83 in the
Realisable k- model

Discharge

cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.77 C2=1.78 C2=1.79 C2=1.80 C2=1.81 C2=1.82 C2=1.83

3.28

0.16

0.02 2.11 2.09 2.02 2.12 2.06 2.06 2.08
0.05 5.40 5.36 5.18 5.44 5.29 5.26 5.34
0.08 6.50 6.46 6.25 6.54 6.37 6.30 6.46
0.14 7.08 7.06 6.83 7.10 6.95 6.82 7.06
0.20 7.56 7.55 7.31 7.57 7.46 7.28 7.55
0.26 7.98 7.98 7.75 7.98 7.90 7.70 7.98
0.29 8.16 8.17 7.95 8.17 8.09 7.90 8.17
0.32 8.33 8.34 8.14 8.35 8.28 8.09 8.34
0.35 8.49 8.50 8.31 8.50 8.44 8.27 8.50
0.38 8.63 8.64 8.47 8.64 8.59 8.42 8.64
0.41 8.76 8.77 8.61 8.77 8.73 8.57 8.77
0.44 8.85 8.86 8.72 8.86 8.82 8.67 8.86
0.44 8.88 8.88 8.74 8.88 8.85 8.70 8.88
0.47 8.97 8.98 8.85 8.98 8.95 8.82 8.97
0.50 9.06 9.07 8.95 9.06 9.04 8.92 9.06
0.51 9.09 9.09 8.98 9.09 9.07 8.95 9.08

0.31

0.02 2.60 2.62 2.55 2.60 2.61 2.64 2.59
0.05 6.68 6.72 6.55 6.67 6.68 6.75 6.63
0.08 8.00 8.05 7.88 7.98 8.01 8.05 7.97
0.14 8.61 8.67 8.55 8.59 8.63 8.62 8.62
0.20 9.16 9.21 9.12 9.15 9.18 9.14 9.17
0.26 9.67 9.70 9.63 9.67 9.68 9.62 9.68
0.29 9.90 9.93 9.87 9.90 9.91 9.85 9.91
0.32 10.12 10.14 10.09 10.12 10.13 10.06 10.13
0.35 10.33 10.34 10.29 10.32 10.32 10.26 10.33
0.38 10.51 10.51 10.47 10.50 10.50 10.44 10.50
0.38 10.52 10.53 10.49 10.52 10.52 10.45 10.52
0.41 10.67 10.67 10.63 10.66 10.66 10.60 10.67
0.44 10.82 10.82 10.78 10.81 10.81 10.75 10.81
0.47 10.94 10.94 10.90 10.93 10.92 10.86 10.93
0.47 10.95 10.95 10.91 10.94 10.94 10.88 10.94

0.63

0.02 3.01 3.00 3.01 2.99 3.05 3.02 2.93
0.05 7.71 7.70 7.73 7.68 7.80 7.72 7.53
0.08 9.25 9.25 9.28 9.26 9.34 9.26 9.10
0.14 10.03 10.04 10.06 10.07 10.10 10.03 9.98
0.20 10.76 10.77 10.79 10.81 10.81 10.75 10.74
0.26 11.43 11.45 11.46 11.48 11.48 11.43 11.42
0.32 12.04 12.07 12.06 12.08 12.08 12.04 12.04
0.38 12.57 12.60 12.59 12.61 12.60 12.57 12.57
0.38 12.57 12.60 12.59 12.61 12.60 12.57 12.57
0.41 12.81 12.83 12.82 12.84 12.83 12.80 12.80
0.41 12.83 12.86 12.84 12.86 12.86 12.82 12.83
0.44 13.02 13.05 13.03 13.05 13.04 13.01 13.02
0.47 13.21 13.23 13.21 13.23 13.23 13.20 13.21
0.50 13.39 13.41 13.38 13.40 13.40 13.37 13.38
0.51 13.40 13.42 13.40 13.42 13.42 13.39 13.40

0.79

0.02 3.13 3.15 3.08 3.13 3.10 3.12 3.16
0.05 8.04 8.06 7.92 8.05 7.97 8.00 8.12
0.08 9.67 9.70 9.55 9.68 9.61 9.61 9.72
0.14 10.52 10.57 10.45 10.54 10.49 10.44 10.52
0.20 11.29 11.35 11.26 11.32 11.27 11.22 11.28
0.26 12.01 12.06 11.99 12.03 12.00 11.95 12.00
0.32 12.67 12.71 12.65 12.68 12.65 12.60 12.65
0.38 13.23 13.27 13.22 13.24 13.22 13.17 13.21
0.41 13.43 13.47 13.42 13.44 13.43 13.37 13.41
0.41 13.48 13.52 13.47 13.48 13.47 13.42 13.46
0.44 13.71 13.74 13.70 13.71 13.70 13.64 13.69
0.47 13.91 13.94 13.90 13.91 13.90 13.85 13.89
0.48 13.98 14.02 13.97 13.98 13.98 13.92 13.96
0.50 14.09 14.12 14.08 14.09 14.09 14.04 14.07
0.53 14.25 14.28 14.25 14.25 14.25 14.20 14.23
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Table C.3 Velocity at values of coefficient C2 between 1.84-1.91 in the Realisable k-
model

Discharge

cosL

iL Depth
normal to

the pseudo-
bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.84 C2=1.85 C2=1.86 C2=1.87 C2=1.88 C2=1.89 C2=1.91

0.57

0.16

0.02 1.74 1.67 1.69 1.72 1.70 1.70 1.71
0.08 5.30 5.17 5.24 5.29 5.26 5.23 5.25
0.14 5.61 5.60 5.71 5.63 5.69 5.58 5.64
0.17 5.77 5.78 5.89 5.78 5.86 5.74 5.81
0.20 5.88 5.89 6.00 5.89 5.97 5.86 5.93
0.26 6.05 6.07 6.18 6.04 6.15 6.02 6.11
0.32 6.10 6.14 6.24 6.08 6.20 6.06 6.16
0.38 5.86 5.86 5.90 5.85 5.84 5.83 5.82

0.31

0.02 2.06 2.01 2.11 1.84 2.01 1.81 1.96
0.05 5.28 5.16 5.41 4.73 5.18 4.65 5.03
0.08 6.28 6.14 6.44 5.62 6.28 5.55 5.99
0.11 6.46 6.33 6.64 5.79 6.61 5.73 6.17
0.14 6.59 6.48 6.80 5.95 6.82 5.90 6.34
0.17 6.69 6.61 6.92 6.09 6.99 6.06 6.49
0.17 6.71 6.63 6.94 6.11 7.02 6.08 6.52
0.20 6.76 6.71 7.00 6.20 7.10 6.18 6.62
0.30 6.80 6.80 7.08 6.37 7.16 6.36 6.79

0.47

0.02 2.07 2.09 1.95 1.80 2.17 1.82 2.20
0.05 5.82 5.87 5.46 5.09 6.07 5.11 6.17
0.11 6.56 6.64 6.30 5.77 6.90 5.76 6.80
0.15 6.72 6.81 6.51 5.95 7.06 5.93 6.89
0.17 6.82 6.93 6.65 6.08 7.17 6.06 6.94
0.23 6.96 7.09 6.85 6.28 7.31 6.26 7.00
0.27 6.98 7.12 6.91 6.33 7.35 6.31 7.00
0.30 6.97 7.10 6.91 6.35 7.33 6.33 6.97

0.63

0.02 2.07 2.07 2.04 1.80 2.12 1.91 1.93
0.05 5.30 5.30 5.23 4.64 5.43 4.90 4.96
0.08 6.33 6.33 6.25 5.54 6.48 5.81 5.89
0.11 6.58 6.54 6.48 5.72 6.73 5.96 6.05
0.14 6.76 6.70 6.65 5.89 6.91 6.10 6.19
0.14 6.76 6.70 6.65 5.89 6.91 6.10 6.19
0.17 6.92 6.82 6.79 6.04 7.06 6.22 6.32
0.20 7.02 6.90 6.89 6.15 7.16 6.32 6.41
0.30 7.14 7.00 6.99 6.32 7.27 6.45 6.56

0.79

0.02 2.20 2.05 1.94 1.81 2.12 1.87 1.92
0.05 5.66 5.23 4.98 4.65 5.43 4.82 4.93
0.08 6.75 6.22 5.92 5.54 6.51 5.73 5.85
0.11 6.95 6.41 6.09 5.72 6.76 5.90 6.01
0.12 7.00 6.46 6.14 5.77 6.83 5.95 6.06
0.14 7.09 6.56 6.24 5.88 6.94 6.05 6.15
0.17 7.19 6.70 6.38 6.03 7.09 6.18 6.28
0.20 7.24 6.80 6.50 6.14 7.19 6.29 6.39
0.23 7.27 6.87 6.59 6.23 7.26 6.37 6.46
0.23 7.27 6.87 6.59 6.24 7.27 6.38 6.47
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Table C.3 (Cont.) Velocity at values of coefficient C2 between 1.84-1.91 in the
Realisable k- model

Discharge

cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.84 C2=1.85 C2=1.86 C2=1.87 C2=1.88 C2=1.89 C2=1.91

1.13

0.16

0.02 1.84 2.04 1.84 1.88 1.77 1.77 1.83
0.08 5.66 6.31 5.67 5.73 5.52 5.55 5.60
0.14 6.17 6.73 6.18 6.19 6.10 6.13 6.10
0.20 6.58 6.97 6.59 6.56 6.55 6.56 6.51
0.23 6.76 7.07 6.76 6.72 6.73 6.74 6.69
0.26 6.91 7.17 6.92 6.87 6.89 6.90 6.84
0.31 7.16 7.33 7.16 7.11 7.15 7.16 7.10
0.32 7.19 7.35 7.19 7.13 7.18 7.18 7.12
0.38 7.40 7.48 7.40 7.34 7.39 7.39 7.33

0.31

0.02 2.33 2.40 2.38 2.38 2.35 2.36 2.37
0.05 5.99 6.15 6.09 6.10 6.03 6.06 6.07
0.08 7.23 7.34 7.27 7.31 7.25 7.30 7.27
0.11 7.57 7.62 7.54 7.60 7.57 7.63 7.55
0.14 7.83 7.86 7.78 7.84 7.83 7.89 7.80
0.17 8.07 8.08 8.00 8.06 8.06 8.11 8.01
0.23 8.45 8.47 8.40 8.44 8.45 8.48 8.40
0.26 8.62 8.64 8.57 8.60 8.61 8.63 8.56
0.29 8.77 8.79 8.72 8.74 8.76 8.77 8.71
0.40 9.10 9.13 9.07 9.07 9.10 9.10 9.05

0.47

0.02 8.07 8.00 8.00 8.08 8.08 7.87 8.07
0.05 8.44 8.37 8.39 8.45 8.46 8.27 8.44
0.11 8.94 8.88 8.91 8.94 8.96 8.81 8.94
0.17 9.32 9.26 9.30 9.32 9.34 9.23 9.31
0.22 9.54 9.48 9.51 9.53 9.56 9.46 9.52
0.23 9.59 9.53 9.57 9.58 9.61 9.52 9.57
0.30 9.72 9.66 9.69 9.70 9.74 9.66 9.69
0.36 9.52 9.47 9.49 9.48 9.50 9.47 9.47
0.36 9.48 9.42 9.45 9.44 9.46 9.43 9.43

0.63

0.02 2.63 2.65 2.54 2.60 2.50 2.58 2.53
0.05 6.74 6.77 6.54 6.65 6.40 6.62 6.49
0.08 8.08 8.07 7.87 7.95 7.73 7.95 7.83
0.11 8.41 8.35 8.23 8.26 8.12 8.30 8.19
0.14 8.69 8.60 8.53 8.54 8.44 8.58 8.49
0.17 8.93 8.83 8.80 8.79 8.72 8.83 8.75
0.20 9.14 9.05 9.04 9.03 8.97 9.05 8.99
0.22 9.28 9.20 9.19 9.18 9.14 9.19 9.14
0.23 9.34 9.25 9.25 9.24 9.20 9.25 9.20
0.26 9.51 9.43 9.43 9.42 9.39 9.42 9.38
0.29 9.66 9.59 9.60 9.58 9.56 9.58 9.54
0.32 9.78 9.71 9.73 9.71 9.69 9.70 9.67
0.32 9.79 9.73 9.74 9.72 9.70 9.71 9.68

0.79

0.02 2.65 2.61 2.74 2.64 2.66 2.59 2.58
0.05 6.80 6.68 7.02 6.79 6.82 6.66 6.61
0.08 8.14 7.99 8.36 8.15 8.17 8.05 7.95
0.11 8.45 8.31 8.64 8.48 8.49 8.44 8.31
0.14 8.72 8.59 8.88 8.75 8.75 8.73 8.61
0.17 8.96 8.84 9.11 8.98 8.99 8.98 8.88
0.18 9.08 8.96 9.21 9.09 9.10 9.09 9.00
0.20 9.18 9.07 9.31 9.20 9.20 9.19 9.12
0.23 9.39 9.28 9.50 9.39 9.40 9.39 9.34
0.26 9.55 9.46 9.65 9.56 9.56 9.55 9.52
0.29 9.70 9.62 9.79 9.70 9.71 9.70 9.68
0.30 9.76 9.69 9.84 9.77 9.77 9.76 9.75
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Table C.3 (Cont.) Velocity at values of coefficient C2 between 1.84-1.91 in the
Realisable k- model

Discharge

cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.84 C2=1.85 C2=1.86 C2=1.87 C2=1.88 C2=1.89 C2=1.91

1.70

0.16

0.02 2.01 1.91 2.03 1.93 1.98 1.90 1.90
0.05 5.15 4.89 5.22 4.95 5.07 4.87 4.87
0.08 6.18 5.91 6.24 5.97 6.07 5.89 5.88
0.14 6.67 6.47 6.67 6.52 6.56 6.43 6.44
0.20 7.06 6.92 7.02 6.95 6.96 6.86 6.87
0.26 7.39 7.29 7.33 7.31 7.31 7.22 7.22
0.27 7.45 7.36 7.39 7.37 7.37 7.29 7.28
0.32 7.67 7.60 7.60 7.61 7.60 7.53 7.51
0.38 7.90 7.85 7.83 7.85 7.84 7.78 7.75
0.40 7.95 7.91 7.88 7.90 7.89 7.84 7.81

0.31

0.02 2.51 2.47 2.43 2.49 2.44 2.49 2.47
0.05 6.42 6.32 6.25 6.36 6.27 6.39 6.34
0.08 7.67 7.59 7.52 7.61 7.57 7.65 7.64
0.14 8.22 8.21 8.13 8.20 8.23 8.20 8.27
0.20 8.70 8.71 8.64 8.70 8.73 8.67 8.76
0.23 8.92 8.93 8.87 8.93 8.95 8.89 8.98
0.26 9.13 9.14 9.08 9.13 9.15 9.09 9.17
0.29 9.32 9.33 9.28 9.33 9.34 9.28 9.36
0.30 9.36 9.37 9.32 9.37 9.37 9.32 9.40
0.32 9.50 9.51 9.46 9.51 9.51 9.46 9.53
0.35 9.66 9.67 9.63 9.67 9.67 9.62 9.68
0.36 9.70 9.71 9.67 9.71 9.71 9.66 9.72

0.47

0.02 2.64 2.64 2.67 2.67 2.66 2.64 2.70
0.04 6.06 6.05 6.13 6.11 6.10 6.07 6.20
0.08 8.13 8.12 8.23 8.20 8.20 8.15 8.28
0.14 8.81 8.83 8.88 8.89 8.90 8.83 8.90
0.20 9.40 9.43 9.45 9.48 9.48 9.42 9.48
0.26 9.92 9.96 9.95 9.99 9.99 9.93 9.99
0.31 10.28 10.32 10.31 10.35 10.35 10.29 10.34
0.32 10.37 10.40 10.39 10.43 10.43 10.37 10.42
0.38 10.73 10.76 10.74 10.78 10.78 10.73 10.77
0.41 10.84 10.87 10.85 10.90 10.90 10.84 10.88
0.44 10.99 11.01 10.99 11.04 11.03 10.98 11.02

0.63

0.02 2.76 2.79 2.81 2.77 2.76 2.74 2.79
0.05 7.08 7.14 7.19 7.12 7.11 7.02 7.17
0.08 8.50 8.56 8.61 8.56 8.56 8.46 8.60
0.14 9.19 9.25 9.29 9.26 9.31 9.20 9.28
0.20 9.81 9.86 9.89 9.88 9.93 9.82 9.88
0.23 10.10 10.14 10.17 10.16 10.21 10.11 10.16
0.26 10.36 10.40 10.42 10.42 10.46 10.37 10.42
0.29 10.58 10.62 10.63 10.65 10.68 10.59 10.63
0.29 10.61 10.64 10.65 10.67 10.70 10.61 10.65
0.32 10.83 10.87 10.87 10.89 10.92 10.83 10.87
0.35 11.03 11.07 11.06 11.09 11.12 11.03 11.07
0.38 11.20 11.23 11.23 11.26 11.28 11.19 11.23
0.40 11.28 11.31 11.30 11.34 11.36 11.27 11.31

0.79

0.02 2.82 2.79 2.85 2.84 2.86 2.81 2.83
0.05 7.21 7.15 7.34 7.29 7.36 7.20 7.27
0.08 8.67 8.62 8.82 8.76 8.85 8.68 8.73
0.14 9.41 9.40 9.51 9.49 9.57 9.43 9.44
0.20 10.04 10.06 10.11 10.10 10.17 10.05 10.06
0.23 10.33 10.35 10.38 10.38 10.44 10.34 10.34
0.26 10.57 10.59 10.61 10.61 10.67 10.57 10.58
0.26 10.60 10.62 10.64 10.64 10.69 10.60 10.60
0.29 10.85 10.86 10.87 10.88 10.93 10.84 10.85
0.32 11.07 11.09 11.09 11.10 11.15 11.07 11.07
0.35 11.27 11.29 11.29 11.30 11.34 11.27 11.27
0.36 11.32 11.34 11.34 11.35 11.39 11.32 11.32
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Table C.3 (Cont.) Velocity at values of coefficient C2 between 1.84-1.91 in the
Realisable k- model

Discharge
cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.84 C2=1.85 C2=1.86 C2=1.87 C2=1.88 C2=1.89 C2=1.91

2.27

0.16

1.96 2.10 1.96 1.97 1.96 2.03 1.97 1.96
5.02 5.37 5.01 5.06 5.02 5.20 5.05 5.02
6.09 6.41 6.05 6.11 6.07 6.27 6.10 6.09
6.68 6.87 6.62 6.66 6.64 6.83 6.69 6.68
7.14 7.27 7.09 7.12 7.09 7.26 7.14 7.14
7.54 7.62 7.49 7.51 7.47 7.61 7.53 7.54
7.71 7.78 7.67 7.69 7.65 7.77 7.70 7.71
7.87 7.92 7.83 7.85 7.81 7.92 7.86 7.87
8.02 8.06 7.98 8.00 7.95 8.05 8.01 8.02
8.04 8.08 8.01 8.02 7.98 8.07 8.03 8.04
8.13 8.16 8.10 8.11 8.07 8.15 8.12 8.13
8.15 8.17 8.11 8.12 8.08 8.16 8.13 8.15

0.31

2.55 2.53 2.50 2.48 2.49 2.51 2.48 2.55
6.54 6.50 6.43 6.38 6.42 6.45 6.38 6.54
7.82 7.80 7.74 7.66 7.72 7.76 7.67 7.82
8.39 8.41 8.37 8.28 8.35 8.38 8.29 8.39
8.90 8.93 8.90 8.81 8.87 8.91 8.83 8.90
9.36 9.39 9.37 9.29 9.34 9.38 9.31 9.36
9.57 9.60 9.58 9.51 9.55 9.59 9.52 9.57
9.77 9.80 9.77 9.71 9.74 9.79 9.73 9.77
9.92 9.95 9.92 9.86 9.89 9.94 9.88 9.92
9.95 9.98 9.95 9.90 9.92 9.97 9.91 9.95

10.11 10.14 10.11 10.06 10.08 10.13 10.07 10.11
10.11 10.14 10.11 10.06 10.08 10.13 10.07 10.11
10.49 10.51 10.48 10.45 10.46 10.50 10.46 10.49

0.47

2.72 2.73 2.70 2.75 2.73 2.67 2.76 2.72
6.26 6.29 6.20 6.30 6.25 6.14 6.34 6.26
8.41 8.46 8.36 8.44 8.38 8.30 8.47 8.41
9.13 9.18 9.12 9.11 9.08 9.09 9.12 9.13
9.76 9.80 9.76 9.72 9.73 9.74 9.72 9.76

10.33 10.35 10.32 10.28 10.30 10.31 10.29 10.33
10.83 10.85 10.82 10.77 10.80 10.82 10.78 10.83
11.09 11.11 11.09 11.04 11.06 11.08 11.05 11.09
11.24 11.26 11.24 11.20 11.22 11.24 11.20 11.24
11.56 11.57 11.56 11.52 11.53 11.55 11.52 11.56
11.57 11.59 11.57 11.53 11.55 11.57 11.54 11.57
11.82 11.83 11.82 11.79 11.80 11.82 11.79 11.82

0.63

2.84 2.87 2.94 2.88 2.92 2.82 2.93 2.84
7.31 7.36 7.51 7.41 7.48 7.24 7.50 7.31
8.82 8.85 8.95 8.91 8.96 8.72 8.98 8.82
9.62 9.62 9.63 9.65 9.67 9.53 9.68 9.62

10.31 10.31 10.28 10.31 10.33 10.24 10.33 10.31
10.93 10.93 10.89 10.91 10.93 10.87 10.93 10.93
11.21 11.22 11.17 11.19 11.21 11.16 11.20 11.21
11.47 11.48 11.43 11.44 11.46 11.43 11.46 11.47
11.47 11.48 11.43 11.44 11.46 11.43 11.46 11.47
11.55 11.56 11.50 11.52 11.54 11.50 11.54 11.55
11.72 11.72 11.67 11.68 11.70 11.67 11.70 11.72
11.93 11.94 11.88 11.89 11.91 11.89 11.91 11.93
12.12 12.13 12.08 12.08 12.10 12.08 12.10 12.12
12.19 12.20 12.15 12.15 12.17 12.15 12.17 12.19
12.29 12.30 12.25 12.25 12.27 12.25 12.27 12.29
12.43 12.44 12.39 12.39 12.41 12.40 12.41 12.43

0.79

2.98 2.94 2.99 2.93 2.97 2.97 2.92 2.98
7.65 7.55 7.69 7.54 7.62 7.64 7.51 7.65
9.19 9.09 9.23 9.08 9.16 9.18 9.04 9.19
9.97 9.89 9.98 9.90 9.95 9.96 9.86 9.97

10.68 10.60 10.66 10.62 10.65 10.66 10.58 10.68
11.31 11.25 11.29 11.26 11.29 11.30 11.24 11.31
11.60 11.55 11.58 11.56 11.59 11.60 11.53 11.60
11.87 11.83 11.85 11.83 11.86 11.87 11.81 11.87
11.90 11.85 11.87 11.86 11.89 11.89 11.84 11.90
12.12 12.08 12.09 12.08 12.11 12.12 12.06 12.12
12.34 12.30 12.31 12.30 12.33 12.33 12.29 12.34
12.53 12.50 12.50 12.50 12.52 12.53 12.49 12.53
12.59 12.55 12.56 12.56 12.58 12.58 12.54 12.59
12.70 12.67 12.68 12.68 12.69 12.70 12.66 12.70
12.85 12.82 12.82 12.82 12.84 12.84 12.81 12.85
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Table C.3 (Cont.) Velocity at values of coefficient C2 between 1.84-1.91 in the
Realisable k- model

Discharge

cosL

iL Depth normal to
the pseudo-
bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.84 C2=1.85 C2=1.86 C2=1.87 C2=1.88 C2=1.89 C2=1.91

2.83

0.16

0.02 2.13 2.00 2.05 2.07 2.09 1.95 2.09
0.05 5.45 5.14 5.27 5.31 5.36 5.01 5.33
0.08 6.51 6.21 6.38 6.38 6.45 6.11 6.42
0.14 6.95 6.81 6.97 6.90 7.00 6.79 6.98
0.20 7.34 7.30 7.43 7.34 7.44 7.29 7.44
0.26 7.70 7.73 7.83 7.73 7.82 7.72 7.82
0.29 7.86 7.92 8.00 7.90 8.00 7.91 7.99
0.32 8.02 8.09 8.16 8.06 8.16 8.08 8.15
0.35 8.17 8.25 8.31 8.21 8.30 8.24 8.30
0.38 8.30 8.39 8.44 8.34 8.43 8.38 8.42
0.40 8.39 8.49 8.53 8.43 8.52 8.48 8.51
0.41 8.42 8.52 8.56 8.46 8.55 8.51 8.54
0.44 8.53 8.63 8.66 8.57 8.65 8.62 8.64
0.47 8.61 8.72 8.74 8.65 8.73 8.71 8.72

0.31

0.02 2.58 2.55 2.56 2.49 2.55 2.59 2.58
0.05 6.62 6.53 6.59 6.41 6.55 6.63 6.62
0.08 7.91 7.83 7.91 7.73 7.84 7.93 7.93
0.14 8.51 8.47 8.52 8.41 8.45 8.52 8.53
0.20 9.04 9.02 9.06 8.98 9.01 9.04 9.06
0.26 9.52 9.51 9.55 9.49 9.50 9.52 9.54
0.29 9.75 9.73 9.77 9.72 9.73 9.74 9.76
0.32 9.96 9.94 9.98 9.94 9.94 9.95 9.97
0.35 10.15 10.14 10.17 10.13 10.14 10.14 10.16
0.38 10.30 10.29 10.33 10.29 10.29 10.29 10.32
0.38 10.32 10.31 10.35 10.31 10.31 10.31 10.33
0.41 10.48 10.47 10.50 10.47 10.47 10.46 10.49
0.44 10.62 10.61 10.64 10.61 10.61 10.60 10.63
0.47 10.74 10.73 10.76 10.73 10.74 10.73 10.75

0.47

0.02 2.78 2.79 2.78 2.74 2.76 2.77 2.78
0.04 6.38 6.42 6.39 6.30 6.36 6.37 6.38
0.08 8.56 8.60 8.59 8.51 8.55 8.57 8.56
0.14 9.29 9.30 9.29 9.29 9.29 9.31 9.28
0.20 9.94 9.94 9.94 9.95 9.94 9.95 9.93
0.26 10.54 10.54 10.53 10.55 10.53 10.54 10.52
0.32 11.07 11.07 11.06 11.08 11.06 11.07 11.06
0.38 11.52 11.52 11.52 11.53 11.52 11.52 11.51
0.40 11.63 11.63 11.62 11.63 11.62 11.62 11.62
0.44 11.89 11.89 11.89 11.90 11.89 11.89 11.89
0.49 12.15 12.14 12.14 12.15 12.14 12.14 12.14
0.50 12.19 12.19 12.18 12.19 12.18 12.18 12.18
0.56 12.42 12.42 12.42 12.42 12.42 12.41 12.42

0.63

0.02 2.89 2.90 2.90 2.93 3.00 2.95 2.96
0.05 7.42 7.46 7.45 7.54 7.68 7.55 7.58
0.08 8.96 8.98 8.98 9.07 9.19 9.06 9.08
0.14 9.82 9.79 9.81 9.87 9.91 9.83 9.85
0.20 10.57 10.52 10.55 10.58 10.60 10.55 10.57
0.26 11.24 11.19 11.21 11.24 11.25 11.21 11.22
0.32 11.83 11.79 11.80 11.83 11.83 11.81 11.81
0.35 12.10 12.06 12.06 12.10 12.10 12.07 12.08
0.37 12.22 12.18 12.18 12.22 12.22 12.19 12.20
0.38 12.34 12.30 12.30 12.34 12.33 12.31 12.31
0.41 12.55 12.52 12.52 12.55 12.55 12.53 12.53
0.44 12.75 12.72 12.72 12.75 12.75 12.73 12.73
0.47 12.93 12.90 12.90 12.92 12.92 12.90 12.90
0.48 12.96 12.93 12.93 12.96 12.95 12.94 12.93
0.50 13.08 13.06 13.06 13.08 13.08 13.06 13.06

0.79

0.02 3.08 3.03 3.03 3.08 3.10 3.11 3.09
0.05 7.91 7.76 7.80 7.91 7.96 7.97 7.94
0.08 9.50 9.35 9.39 9.49 9.55 9.56 9.52
0.14 10.29 10.22 10.25 10.28 10.33 10.35 10.31
0.20 11.03 11.00 11.01 11.01 11.06 11.07 11.04
0.26 11.72 11.70 11.70 11.70 11.74 11.75 11.73
0.32 12.34 12.34 12.33 12.32 12.35 12.36 12.34
0.35 12.62 12.62 12.61 12.60 12.63 12.63 12.62
0.37 12.75 12.75 12.74 12.73 12.76 12.76 12.75
0.38 12.87 12.87 12.87 12.85 12.88 12.88 12.87
0.41 13.10 13.10 13.10 13.08 13.11 13.11 13.10
0.44 13.31 13.31 13.31 13.29 13.31 13.31 13.31
0.46 13.41 13.41 13.40 13.39 13.41 13.41 13.40
0.47 13.49 13.50 13.49 13.47 13.49 13.49 13.49
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Table C.3 (Cont.) Velocity at values of coefficient C2 between 1.84-1.91 in the
Realisable k- model

Discharge

cosL

iL Depth normal
to the pseudo-

bottom (m)

Velocity (m/s) at various values of coefficient C2

(m3/s) C2=1.84 C2=1.85 C2=1.86 C2=1.87 C2=1.88 C2=1.89 C2=1.91

3.28

0.16

0.02 1.97 2.08 2.03 1.99 2.06 2.00 1.97
0.05 5.07 5.32 5.22 5.12 5.30 5.16 5.06
0.08 6.16 6.40 6.30 6.21 6.44 6.28 6.17
0.14 6.78 6.98 6.89 6.84 7.08 6.96 6.87
0.20 7.28 7.47 7.39 7.36 7.57 7.49 7.42
0.26 7.72 7.90 7.83 7.81 7.98 7.92 7.87
0.29 7.92 8.10 8.03 8.01 8.17 8.12 8.07
0.32 8.11 8.28 8.22 8.20 8.33 8.29 8.25
0.35 8.29 8.44 8.39 8.37 8.49 8.45 8.42
0.38 8.45 8.59 8.54 8.52 8.63 8.59 8.57
0.41 8.59 8.73 8.68 8.66 8.75 8.72 8.71
0.44 8.69 8.82 8.77 8.76 8.84 8.81 8.80
0.44 8.72 8.84 8.80 8.78 8.86 8.84 8.83
0.47 8.83 8.95 8.90 8.89 8.95 8.93 8.93
0.50 8.94 9.04 9.00 8.99 9.04 9.02 9.02
0.51 8.96 9.06 9.03 9.01 9.06 9.05 9.05

0.31

0.02 2.54 2.60 2.54 2.56 2.60 2.57 2.56
0.05 6.54 6.67 6.52 6.59 6.67 6.60 6.60
0.08 7.87 7.99 7.83 7.92 7.98 7.92 7.95
0.14 8.55 8.60 8.51 8.59 8.60 8.55 8.61
0.20 9.11 9.15 9.09 9.15 9.15 9.12 9.17
0.26 9.62 9.66 9.62 9.65 9.65 9.63 9.67
0.29 9.85 9.89 9.86 9.88 9.89 9.86 9.90
0.32 10.07 10.10 10.08 10.09 10.10 10.08 10.12
0.35 10.27 10.30 10.29 10.29 10.31 10.28 10.31
0.38 10.45 10.48 10.47 10.47 10.49 10.46 10.49
0.38 10.47 10.50 10.49 10.49 10.51 10.48 10.51
0.41 10.62 10.64 10.63 10.63 10.65 10.63 10.65
0.44 10.77 10.79 10.78 10.78 10.80 10.78 10.79
0.47 10.89 10.90 10.90 10.90 10.92 10.90 10.91
0.47 10.90 10.92 10.92 10.91 10.93 10.91 10.92

0.63

0.02 3.01 3.01 2.99 2.99 2.92 2.97 2.97
0.05 7.73 7.71 7.69 7.68 7.51 7.63 7.61
0.08 9.27 9.25 9.24 9.25 9.06 9.16 9.15
0.14 10.04 10.06 10.02 10.04 9.92 9.95 9.97
0.20 10.75 10.79 10.74 10.76 10.69 10.68 10.71
0.26 11.43 11.46 11.41 11.43 11.39 11.37 11.40
0.32 12.04 12.07 12.03 12.04 12.02 11.98 12.01
0.38 12.57 12.59 12.56 12.57 12.55 12.52 12.54
0.38 12.57 12.59 12.56 12.57 12.55 12.52 12.54
0.41 12.80 12.82 12.79 12.80 12.79 12.75 12.78
0.41 12.82 12.84 12.82 12.82 12.81 12.77 12.80
0.44 13.01 13.03 13.01 13.01 13.00 12.97 12.99
0.47 13.20 13.22 13.20 13.20 13.20 13.16 13.18
0.50 13.37 13.39 13.37 13.37 13.37 13.34 13.35
0.51 13.39 13.40 13.39 13.38 13.39 13.35 13.37

0.79

0.02 3.13 3.09 3.13 3.14 3.18 3.16 3.13
0.05 8.04 7.93 8.04 8.07 8.14 8.10 8.03
0.08 9.66 9.57 9.66 9.67 9.74 9.71 9.64
0.14 10.49 10.47 10.50 10.47 10.54 10.50 10.46
0.20 11.26 11.27 11.27 11.23 11.28 11.26 11.23
0.26 11.98 12.00 11.98 11.95 11.98 11.97 11.95
0.32 12.63 12.66 12.64 12.61 12.62 12.62 12.61
0.38 13.19 13.23 13.20 13.18 13.19 13.18 13.18
0.41 13.39 13.43 13.40 13.39 13.39 13.38 13.38
0.41 13.44 13.48 13.45 13.43 13.43 13.42 13.43
0.44 13.66 13.71 13.68 13.66 13.66 13.65 13.66
0.47 13.87 13.91 13.88 13.87 13.86 13.85 13.86
0.48 13.94 13.98 13.95 13.94 13.94 13.93 13.94
0.50 14.05 14.09 14.06 14.05 14.05 14.04 14.05
0.53 14.21 14.25 14.22 14.21 14.21 14.20 14.21
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APPENDIX D

Sample cases of preliminary design by the proposed equations and charts
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This appendix presents two sample cases of preliminary design by the proposed
equations and charts. The first case is the existing stepped spillway in Thailand which is
located at Mae Suay Reservoir, Chiang Rai. The second case is the first and highest
concrete arch dam in Thailand, Bhumibol dam, which is capable of storing as much as
13,462 million cubic meters of heavy runoff to prevent downstream flooding and
provide the needed irrigation water supply in the Central Plains and for other purposes
all year (Center of Excellence for Hydro Power Plant project, 2006). The details are as
follows:

D.1 Mae Suay Reservoir

Stepped spillway at Mae Suay Reservoir, as shown in Figure D.1, located in Mae Suay
District, Chiang Rai since 2002. It is the first Roller compacted concrete reservoir in
Thailand. The schematic designed plan of stepped spillway at Mae Suay reservoir is
shown in Figure D.2. The height of reservoir is 59 m. The reservoir crest is 400 m long.
The ungated overflow weir, Creager Type, is 145 m long. The spillway width is 140.8
m. The storage capacity is 73 million cubic meters. The step height is 0.5 m and the step
length is 0.4 m. The possible discharges of flow through a spillway depend on the total
head on the spillway crest which is at the elevation of 507.00 m MSL. The spilled
discharge at the spillway can be shown in Table D.1.

Figure D.1 Stepped spillway at Mae Suay reservoir
(Source: Chiangrai directory, 2013)

From the result of numerical model, it was shown that 88 steps of spillway can dissipate
only 46% of energy dissipation. However, the equations and charts for preliminary
design were used as a tool to re-design for the higher energy dissipation.

The fitting trend of equation (5.9) and Figure 5.18 was used to figure out the energy
dissipation on the correlation of critical depth and number of steps, as shown in Figure
D.3. It can be concluded that if the slope of stepped spillway is re-designed to be 2H:1V
with the step height of 0.25 m and the step length of 0.5 m, the minimum energy
dissipation will be about 78% at the highest water level in the reservoir.

Flow direction
Flow direction
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Figure D.2 Schematic designed plan of stepped spillway at Mae Suay reservoir

Table D.1 The spilled discharge at the spillway of Mae Suay Reservoir

Elevation Discharge Elevation Discharge Elevation Discharge Elevation Discharge
(m MSL) (m3/s) (m MSL) (m3/s) (m MSL) (m3/s) (m MSL) (m3/s)
+507.000 0.000 +508.500 543.199 +510.000 1536.398 +511.500 2957.778
+507.500 104.539 +509.000 836.309 +510.500 1936.083 +512.000 3688.303
+508.000 295.680 +509.500 1168.778 +511.000 2365.440 +512.500 4516.568

+513.000 5427.464

The calculation for the spillway width can be shown as follows;
- From yc = (q2/g)1/3 , the critical depth, yc = 3.64
- The relative critical depth, (yc/Nh) = 0.08
- The dam height, Nh = 44 m
- The unit discharge, q = 21.71 m3/s/m
- From Q/B = q, the spillway width, B = 250 m

The inception point and the point of uniform flow attainment can be found from the
pressure profiles of numerical model. To locate the location of the separation between
gradually varied flow and uniform flow which means the starting point of uniform flow,
equation (5.6) can be used.
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where LSU is the length of starting point of uniform flow.

Then, equation (5.6) was calculated to check the length of uniform flow. From the dam
height, Nh = 44 m. Let the number of step, N = 176 steps, step height, h = 0.25 m. The
length of starting point of uniform flow, LSU = 94 m which is shorter than the spillway
length, 98 m. It means the flow will be in uniform flow and can dissipate as much
energy as design. The appropriate grid size for numerical simulation is (Grid size / h ) =
0.07, thus, the grid size = 0.07 0.5 = 0.018 m

However, this is only the preliminary design. More details, for example; slope stability
data, should be more considered.
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Slope 26.6º – Present study

Slope 26.6º – Rad and Teimouri (2010)

Figure D.3 Energy dissipation at Mae Suay Reservoir stepped spillway

D.2 Bhumibol dam

The Bhumibol dam, as shown in Figure D.4, is a concrete dam with 154 m tall and 486
m long. The storage capacity is 13,462 million cubic meters. It has been operated since
1964 with the designed extreme flood of 6,000 m3/s. Physical condition of the
catchment area is different from the condition at the time of design period. Then, the
design extreme flood has been revised based on standard concept of Probable Maximum
Precipitation (PMP) and Probable Maximum Flood (PMF) (Shotittayanggoon and
Hiruntiyakul, 2009). This reason confirmed that there should be a revision of spillway
design to decrease the efficiency of spillway and transfer higher flow. Shotittayanggoon



140

and Hiruntiyakul (2009) presented the PMF of Bhumibol Dam of 6,311 m3/s and the
PMP of Bhumibol Dam of 6,784 m3/s under the effect of La Nina.

Figure D.4 Bhumibol Dam
(Source: thailandg.com, 2013)

The fitting trend of equation (5.9) and Figure 5.18 was used to figure out the energy
dissipation on the correlation of critical depth and number of steps, as shown in Figure
D.5. If the slope of stepped spillway is designed to be 2H:1V with the step height of 0.5
m and the step length of 1.0 m, the energy dissipation will be about 80% at the
discharges of both PMF and PMP. The spillway has 308 steps with the critical depth of
7.7m. However, this is only the preliminary design. More details, for example; slope
stability data, should be more considered.

The calculation for the spillway width can be shown as follows;
- From yc = (q2/g)1/3 , the critical depth, yc = 7.77
- The relative critical depth, (yc/Nh) = 0.05
- The dam height, Nh = 154 m
- The unit discharge, q = 66.92 m3/s/m
- From Q/B = q, the spillway width, B = 100 m

The inception point and the point of uniform flow attainment can be found from the
pressure profiles of numerical model. To locate the location of the separation between
gradually varied flow and uniform flow which means the starting point of uniform flow,
equation (5.6) can be used.
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where LSU is the length of starting point of uniform flow.

Then, equation (5.6) was calculated to check the length of uniform flow. From the dam
height, Nh = 154 m. Let the number of step, N = 308 steps, step height, h = 0.5 m. The
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length of starting point of uniform flow, LSU = 286 m which is shorter than the spillway
length, 344 m. It means the flow will be in uniform flow and can dissipate as much
energy as design. The appropriate grid size for numerical simulation is (Grid size / h ) =
0.07, thus, the grid size = 0.07 0.5 = 0.035  m

However, this is only the preliminary design. More details, for example; slope stability
data, should be more considered.
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Figure D.5 Energy dissipation at Bhumibol Dam stepped spillway
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