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Abstract

Hydraulic structures are used for water supply and power generation. Down-

stream of these structures, different shapes of stilling basins are designed and

constructed. Barrages are low head hydraulic structures which are built across

rivers to divert required flow into the canals. In Pakistan, such structures are

built about 50 to 100 years ago, and the stilling basins of these barrages are jump-

type which include impact baffle and friction blocks. The stilling basin of Taunsa

barrage was constructed in 1958 and soon after its operation several issues were

occurred i.e., lowering of tail water, uprooting of baffle blocks, and downstream

bed retrogression. These issues remained unresolved till 2004, and during the

years 2005 to 2008, the barrage’s basin was remodeled. For the remodeling, the

results of model study were employed which focused the investigation of tail water

effects on hydraulic jump. In the remodeling process, old basin’s appurtenances

were dismantled and new energy dissipation arrangements were made. Even after

the remodeling, during 2010 flood, the previous studies indicated large scour pits

downstream of the new basin, and block filter floor in front of some bays was also

found sinking. On the other hand, previous studies have also showed that due to

the flow reattachment on the sides, vertical face baffle block reduces wake area and

drag force, whereas wedge-shaped baffle block (WSBB) creates large wake region,

thereby produces more drag force. However, the literature is lacking the use of

WSBB for the stilling basins of open channel hydraulic structures.

The aim of present study is to develop FLOW-3D hydraulic and scour for different

basins of Taunsa barrage. By employing hydraulic and scour models, the study

also investigates the suitability of WSBB downstream of river diversion barrage.

For the hydraulic modelling, three gated flows i.e., 2.44 m3/s/m, 4.88 m3/s/m,

7.22 m3/s/m are employed downstream of different investigated basins. Under the

hydraulic investigation, sequent depths, free surface profiles, velocity profiles, roller

lengths, hydraulic jump efficiency, and turbulent kinetic energy (TKE) are the

main investigated parameters. In the hydraulic models, to capture the turbulence,

RNG K-ϵ model is employed while volume of Fluid (VOF) method is used for
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free surface tracking. For the assessment of hydraulic models, volume flow rates

obtained from the present models are compared with the prototype data. For

the scour models, the mesh blocks, and boundary conditions are employed similar

to the hydraulic models. However, the third mesh block is extended due to the

inclusion of 30 m long sediment bed. It is worth mentioning that the sediment

beds studied in the present models are completely made of fine sand which has

contained the physical properties (i.e., diameter and density) similar to that is

obtained from the prototype barrage. The present scour models are developed

for designed and flood discharge of 24.30 m3/s/m and 18 m3/s/m, respectively.

The flow fields downstream of the scoured and retrogressed beds are captured by

three different turbulence models whereas for the sediment transport rate, Vin

Rijn equation is employed. The scour profiles downstream of remodeled basin

(Type (B)) are used for models’ validation and their results are compared with

probing data of prototype barrage.

The results of volume flow rate in different stilling basins have indicated acceptable

errors for the tested discharges which ranged between -3% to 14%, respectively.

At all the investigated gated flows, as compared to modified USBR basin (Type

(A)) and remodeled basin (Type (B)), the lengths of hydraulic jump (HJ) in

wedge-shaped baffle blocks basins (Type (C) & (D)) are found to be less, however,

distances of HJ starting locations from the toe of downstream glacis are found to

be less in WSBB basins. In the studied basins, sequent depth ratios are decreased

as the flow is increased and the maximum sequent depth ratio is noticed in the

Type (D) basin. Similar to the sequent depths, the dimensionless roller lengths in

the studied basins are decreased as flows is increased. At the studied discharges,

the maximum relative energy loss is observed at 4.88 m3/s/m discharge in Type

(D) basin which reached 26%. However, as the discharge is increased, the relative

energy loss is found to be decreased in the studied basins. In Type (A), (C) &

(D) basins, the patterns of velocity profiles in the HJ regions are found to be

a jet-like structures which showed agreement with the literature. Furthermore,

at lower flows, the minimum velocity at the basin’s end is found in Type (C)

& (D) basins which indicates that these basins are decaying the velocity more
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efficiently than Type (A) and (B) basins of the studied barrage. At lower flow,

the maximum TKEs and turbulent intensity (TI) at the basin’s end are found in

Type (B) basin, whereas in Type (A), (C) & (D) basins their values were found

to be close. However, the near basin’s floor, due to the development of large wake

regions, the TKEs in Type (C) & (D) basins are found less than Type (A) and

(B) basins. As compared to the lower discharges, at higher discharges, the values

of TKEs and TI are found higher. However, near the basins’ floor, the minimum

TKEs and TI are observed in WSBB basins (Type (C) & (D)).

The bed profiles downstream of Type (B) basin have shown good agreement with

field data for which R2 reached 0.908, 0.909 and 0.953 in LES, RNG and Standard

K-ϵ models, respectively. As compared to other turbulence models, the results of

RNG K-ϵ model are found more promising when compared with field data. The

results of flow field on scoured and retrogressed indicate a large flow re-circulation

zone near the rigid floor of Type (B) basin which showed scour hole. On the

contrary, a forward velocity profiles are observed on retrogressed beds downstream

old and Type (C) & (D) basins. At the designed discharge (24.30 m3/s/m), upon

use of LES model, the sediment bed downstream of Type (B) is completely expose

near the rigid floor and at the end of sediment bed, whereas downstream of Type

(A), (C) & (D) basins only beds retrogression is noticed. At designed discharge,

the net change of erodible bed downstream of Type (A) basin is reached to 65%

in LES model, however, the maximum change of beds downstream of Type (C) &

(D) are reached to 67% and 68% in RNG and LES models, respectively. On the

other hand, at the flood discharge (18 m3/s/m), the minimum change in the bed

is noticed downstream of Type (C) basin which reaches to 37% (at Y/4 section)

whereas the maximum change is witnessed downstream of Type (B) which reaches

89% (at Y/4 section).

Based on the results, it is concluded that the present Type (B) of studied barrage

is dissipating less energy and producing highly turbulent flow on the riverbed. The

results further confirm that WSBB with vertex angle of 1500 and cutback angle

of 900 can be implemented downstream of river diversion barrage up to the dis-

charge 18 m3/s/m. The study further confirms that both RNG K-ϵ and Vin Rijn
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transport rate equations are efficient for hydraulic and scour modelling, respec-

tively. However, as the present numerical models are limited to gated flow of 7.22

m3/s/m and flood flow of 18 m3/s/m, therefore, the study recommends employing

other discharges to investigate the hydraulic and scour modeling downstream of

studied and other barrages of Pakistan. The study also suggests employing other

vertex and cutback angles for WSBB to check their suitability downstream of open

channel flow structures.

Keywords:

FLOW-3D, Barrage, Hydraulic Modelling, Scour Models, Wedge-Shaped Baffle

Block (WSBB)
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Chapter 1

Introduction

1.1 Background

Hydraulic structures are classified into two categories i.e., high head, and low head

[1]. Dams are the high head hydraulic structures [2][3] built to create reservoirs

for water storage and power generation, while barrages are the low head hydraulic

structures [4] [5] [6] constructed across the rivers to regulate water for irrigation

system.

Flow over these hydraulic structures is very complicated [7] [8] [9] which is asso-

ciated with turbulence and three-dimensional secondary currents [10] [11]. Down-

stream of these hydraulic structures, energy dissipation arrangements/stilling basins

[12] [13] are provided to reduce kinetic energy of the upstream flow. Based on nu-

merous model studies on different type of stilling basins, the United State Bureau

of Reclamation (USBR) recommended to employ Type-II [14] [15] [16] and Type-

III [17] [18] [19] basins downstream of high and low head hydraulic structures,

respectively. The primary objectives of these stilling basins were to enhance the

performance of hydraulic jump (HJ), and to minimize the stilling basin’s length

[20][21][22][23].

Primarily, these stilling basins were studies on reduced scaled models and their

performance was also evaluated on prototypes. All around the world, the USBR

1



Introduction 2

Engineering Monograph No. 25 “Hydraulic Design of Stilling Basins and Energy

Dissipators” [24][25][26] is applied as a manual for modelling of energy dissipators

design. The performance of any hydraulic structure is said to be compromised

when: discharging capacity is reduced, hydraulic jump is not contained properly,

and the energy dissipation within the stilling basin is lessened.

Conventionally, physical models of hydraulic structures are built in the laboratory

to investigate their flow behavior. However, such kind of modelling technique

is very expensive and time consuming [27], and associated with scaling effects

i.e., models’ and measurement effects [28][29][30] [31][32]. These models also face

difficulties in terrain and concrete roughness, and measurement tools also create

hindrance to flow which alters the hydraulic behavior [33]. Additionally, in case of

turbulent flow, it is very difficult to notice the streamline, and measurement can

only be carried at certain locations. Furthermore, to carry out testing on different

size and dimension of models, old ones must be demolished, and new models are

developed which put additional cost.

On the contrary, with the advancement in computer technology, and more efficient

computational fluid dynamic (CFD) tools, it is possible to investigate the hydraulic

modelling of full-scale spillways and barrage bays [34] [35]. The first CFD model

was developed in 1970, and during the years 1990 to 2000, an increase in the

use of CFD models was noticed in the research institutes. Additionally, with

the upgraded turbulence models i.e., Re-normalization group theory (RNG) [36]

[37], Standard K-ϵ [38], and large eddy simulation model [39], an insight view of

hydraulic jump, free surface, pressure variation, velocity fluctuations, turbulent

kinetic energy, and sediment transport can be established.

On the other hand, whenever a hydraulic structure is built on the pathway of

environmental flows, it not only changes the riverbed but also affects the flow

patterns. Subsequently, these interventions lead to local scouring downstream of

the structures [40][41]. Therefore, predicting of local scour at the design stage is

an essential research field because if not properly addressed, it can damage the

entire foundation of the structure [42].
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In Pakistan, all most, all existing hydraulic structures i.e., barrage, are designed

on basis of physical modelling. These structures were designed about 50 to 100

years ago and require rehabilitation. In 2004, a model study on rigid bed suggested

to remodel the stilling basin of Taunsa barrage and from 2005 to 2008, the basin

was remodelled [43][44][45]. For the remodelling process, the model study was

limited to investigation of tail water and the location of hydraulic jumps. Even

after the remodelling, during the year 2010, the literature revealed large scour pits,

damages to basin’s floor & stone apron and block floor in-front of some of bays

was also found to be launched downstream of the barrage. In view of the above

mentioned, presently, numerical models using FLOW-3D [46] [47] are developed

to investigate hydraulic behavior downstream of Taunsa barrage by implementing

different energy dissipation arrangements. The study further implemented scour

models to assess the performance of different dissipation systems.

1.2 River Indus and Barrages

The Indus is one of the world’s mightiest rivers, which traverses through Tibet,

Kashmir, and Pakistan before falling into the Arabian Sea.

After traversing downstream, it meets the first Barrage, known as Jinnah Barrage,

and further going downstream about 48.28 km, the Kurram tributary joins at

Chashma Barrage. The barrage transfers water from river Indus to river Jhelum

through a link canal known as Chashma-Jhelum Link Canal.

After traveling 249.5 km downstream, the river flows from the Suleman Ranges at

the foot of Taunsa Barrage, the 3rd barrage in the chain of head works. Spurs are

constructed on both sides of the barrage upstream to maintain the river approach.

On its course, the river Indus crosses, Guddu barrage near Khashmor, Sukkar

barrage, and Kotri barrage near Hyderbad, where vast agricultural land is irrigated

before discharging into the Arabian Sea. In short, barrages play a crucial in

Pakistan’s irrigation network. After diverting the water into the canals, a large
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area of agriculture land is irrigated by these barrages. They also serve for road

transport, rail lines and provide crossings for oil, gas, and power transmission.

1.3 Hydraulics of Punjab Barrages

Barrage/Weirs in the Punjab, Pakistan are constructed about 50 to 100 years ago.

Such hydraulic structure falls into the category of low head hydraulic structures.

They are constructed across the rivers to raise the upstream water levels to supply

the required amount of water for agricultural purposes. The hydraulic designs of

these structures are such that the maximum kinetic energies of the upcoming flows

must be dissipated within the designed length of the stilling basins [48].

In the plane areas of the Pakistan, these hydraulic structures are designed as

the jump-type stilling basin which are assisted with energy dissipators [49]. These

arrangements not only stabilize the hydraulic jump (HJ) but also stop the excessive

energies to travel on downstream of the stilling basin (Chanson, [50]; Hamedi et al.

[32], Hamedi et al. [51]). Approximately all the stilling basins of Punjab barrages

have auxiliary devices/appurtenance to keep the HJ at glacis even though the tail

water levels are less than the required conjugate depths [52]. These hydraulic

structures are built on alluvial soil which usually experience retrogression and

scouring on their downstream. If such downstream problems are not controlled

properly, the safety of these structures can be jeopardized. Therefore, to secure

these hydraulic structures from local scour, flexible aprons, i.e. stone in gabions

and loose stone aprons are provided [53].

1.4 Impacts of Floods on Barrages

Floods cause about 40% of deaths worldwide and also damage the environment

[54]. In Pakistan. Floods occur due to heavy rainfall in river catchments areas.

Snow melt flows further supplement them during the monsoon season, especially
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from the Bay of Bengal and the Himalayan foothills. The historical record of the

floods damages occurred in Pakistan are shown in Table 1.1. As mentioned earlier,

River Indus has a significant catchment area which also feed all other rivers. The

monsoon period during 2010 came out to be the most devastating flooding year

in the past 80 years, which caused heavy flood in River Indus.

Table 1.1 shows maximum peak discharges on the Indus River in Punjab Province,

especially at Taunsa barrage during the unprecedented monsoon rainfall within the

last week of July 2010. Except Taunsa barrage, all other head works and barrages

had safely passed the super flood of year 2010 which led to an uncontrolled breach

on its left marginal bund. The flood had not only damaged the downstream stilling

basin of the barrage but also developed deep scour hole washed away the whole

stone apron and concrete floor and inverted filter blocks [49].

Table 1.1: History of floods at Taunsa Barrage, Punjab, Pakistan

Head work
/Barrage

Designed
Capacity (m3/s)

Historical
Peak flood

2010
Peak Flood

Flood Year Flood Year
River

Indus
Tarbela Dam 42469 14440 1989 23584 2010

Jinnah

(Kala Bagh)
26897 26897 1942 26541 2010

Chashma 26897 22270 1976 29351 2010
Taunsa 28313 22239 1958 27180 2010

1.5 Research Motivation and Problem Statement

All over the world, dams spillways, barrages, weirs, sluice gates and other hydraulic

structures with enormous dimensions are widely used to control and manage the

flows of streams and rivers [55][56][57] [58]. Barrages are the low head hydraulic

structures to divert the required amount of water into the canals. Downstream

of these hydraulic structures, i.e., stilling basins are constructed to dissipate the
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potential and kinetic energies of the upstream flows thereby minimizing the ad-

verse effects on the downside riverbed [59][49][60]. Usually, the performance of

these stilling basins is assess by USBR monograph No.25 which provides a wide

range of design criteria for different stilling basins of various hydraulic structures

[61][62] [63] [64] [65] [52] [66] [61] [64] [67] [68] [69][26] [62] [66][70] [63][71] [72].

However, if such structures are not designed and operated carefully, it can affect

the downstream generating problem such as uprooting of appurtenances (baffle

and friction blocks) and scouring [73] [74] [75] [49] [54].

Hence, during the design stage, it is very important to focus all the critical hy-

draulic parameters which have dominant role. These parameters are required to

be determined onn the basis of various physical and numerical studies in the liter-

ature. there is also need to investigate geometrical changes in the appurtenances

of stilling basins for the hydraulic and scour behaviour by employing critical hy-

draulic parameters.

1. For low head hydraulic structures, apart from the hydraulic models, the

performance of these structures needs to be investigated for local scouring.

2. In addition, due to the advancement in computer technology, transport and

turbulence models, full-scaled numerical models of barrage should be em-

ployed along with the reduced scale modeling.

1.6 Novelty of the Research

Barrages in the plain areas of Pakistan are built about a century ago for the un-

interrupted water supply and power generation. With the passage of time, these

barrages started facing structural and hydraulic issues. Similarly, Taunsa bar-

rage on the mighty river Indus was constructed about 65 years ago for a designed

discharge capacity of 28,313 m3/s. The stilling basin of barrage was designed ac-

cording to the USBR Type-III basin which consisted of baffle and friction blocks.

Soon after the barrage construction in 1958, multiple problems were seen i.e.,
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lowering of tail water and consequently uprooting of baffle blocks, riverbed ret-

rogression, and damages to basin’s floor. From years 1958 to 2004, these regular

issues were addressed by the partial repairs. After so much repair work, during

the years 2004 to 2008, based on the model study of 1:50 scale, the barrage’s basin

was changed in which the old baffle and friction blocks were replaced with chute

blocks and end sill, and it was concluded that the old basin was not retaining

the tail water levels as per the hydraulic jump (HJ) requirements. In the remod-

elling, the basin’s floor level was also changed from 126.79 m to 127.10 m [44]

[45] [76]. In addition, in the model study, only the effects of tail water levels on

various discharge were investigated, however, the study did’t investigated the the

performance of new basin for local scouring, therefore, even after the remodelling,

the probing data of years 2010 to 2014 showed large scour pits on the barrage

downstream. The data also revealed that the flexible apron in front of the bays

was also sinking [49]. In addition, the literature also revealed that after the re-

modelling, on the downstream, the river also changed its route towards the left

side. After the remodelling of Taunsa barrage, the literature showed only one

study [77] that investigated the hydraulics of two different stilling basins before

and after remodeling using Hydrologic Engineering Center River Analysis System

(HEC-RAS).

On the contrary, numerous investigations have been conducted on the shapes of

energy dissipators (Hager and Li [26], Hamedi and Kitabdar [32], Mohammed et

al. [53], Tiwari et al. [62], Habibzadeh et al.[67], Maci´an-P´erez et al.[78], Tiwari

et al. [79], Guardio and Marion [80], Mansour et al. [81], Alikhani et al. [82],

Grimaldi et al. [83], Eloubaidy et al. [84], Omid et al.[85], Babaali et al. [86],

Elsaeed et al.[87] and Armenio et al.[88]) downstream of graded control structures,

i.e., spillways, diversion structures, canal falls, and pipe outlets. However, the

use of wedge-shaped baffle blocks (WSBB) (Goel [66], Pillai et al. [70], Goel

[72], Verma et al. [89], Verma and Goel [90], Verma and Goel [91]), has been

found limited downstream of open channel flow. Previously, these dissipators

have only been investigated downstream of pipe-outlets basins, i.e., square, and

circular outlets. In those investigations, WSBB with different vertex and cutback
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angles were examined, however, the results of WSBB with vertex angle of 1500

and cutback angle of 900 was found to be promising which decreased the local

scour and overall length of the studied basins. Additionally, in those studies, the

WSBB were investigated for the initial Froude number of 4.5.

Conventionally, the above mentioned hydraulic investigations have been carried on

reduced scaled models. Such modelling techniques are not only time consuming

but also associated with scaling effects, e.g., models’ effect. In addition, the flow

and other measuring devices also hinder the flow which consequently comprise

the results of output parameters. In contrast, since last few decades, due to

advancement in computer technology and turbulence models, the use of numerical

codes, i.e., FLOW-3D, has become prevent in the hydraulic and scour modeling.

These models have provided significant opportunities for the hydraulic experts

to understand the inherent characteristics of flow over the full-scaled hydraulic

structures [92]. In addition, because of the high processors computers, the use

of coarse meshes (one-dimensional) for hydraulic modelling is now limited and

has been replaced with the three-dimensional (3-D) fine meshes which provide

stable and accurate hydraulic modelling without any further need of the simplified

assumptions [93],[94]. Many numerical researches [52], [57],[58], [71], [82], [85],

[88], [95], [96], [41], [97], [98], [99], [100], [101], [102], [103], [104],[105], [106], [107]

employed numerical models to investigate HJ, energy dissipation, and scouring

downstream of different hydraulic structures but the literature lacks to provide

any data on Taunsa barrage (presently investigated).

From the literature review, it is noted that construction and remodelling of studied

barrage experiences multiple issues on its downstream. The present study is novel

in term of: a) to identify the critical hydraulic parameters which had not been con-

sidered in the above two stages of barrage construction and are the most relevant

one to minimizing the problem and (b) to make modification in the baffle blocks

regions by changing the shape of baffle blocks geometry that help to increase the

energy dissipation near the basins’ floor and improved flow characteristics in the

basin. Therefore, this study has developed FLOW-3D hydraulic and scour models

to investigate the hydraulics of different stilling basins downstream of the studied
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barrage. Primarily, the study investigates four different stilling basins, i.e., modi-

fied USBR Type-III basin, remodelled basin (USBR-Type-III basin), and WSBB

basins. In the WSBB basins, the WSBB with vertex angle of 1500 and cutback

angle of 900 is employed to confirm the suitability of such dissipators downstream

of diversion structures.

1.7 Research Objectives

This research study intends to investigate hydraulic parameters that are critical

for hydraulic modelling and energy dissipation. The study implements WSBB

and other energy breaking appurtenance previously used on Tuansa barrage to

investigate hydraulic and scouring behavior on the barrage downstream. The

specific objectives of the present study are;

1. Identification of critical hydraulic parameters (CHPs) from the literature

and implementation of 3-D numerical models to investigate these CHPs with

WSBB and other shapes of appurtenances which are previously used down-

stream of the studied barrage.

2. To determine the shapes and configuration of appurtenances using 3-D nu-

merical models that help to increase the energy dissipation process down-

stream of the studied barrage.

1.8 Scope and Research Limitations

1.8.1 Research Scope

The present study developed numerical models to investigate hydraulic and scour

phenomena downstream of Taunsa barrage using FLOW-3D software. The study

focused four different type energy dissipation arrangement for hydraulic and scour

models. For the hydraulic models, different parameters were studied for three
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gated flows using the most suitable turbulence model. The models input data, i.e.,

pond and tail water levels were gathered from the barrage site, while to replicate

the actual conditions of the barrage gate openings were computed. To resolve

the geometry and basin’s appurtenance, different mesh blocks were employed, and

suitable finish time was assigned to obtain the steady state solution for the models.

For the scour models, the present study focused uncontrolled free flows condition

using three different turbulence models. For the scour models, sand bed was em-

ployed downstream of the different stilling basin, and Van Rinj sediment transport

rate equation was applied. The present numerical models were validated with the

probing/scour data of year 2015.

1.8.2 Research Limitations

The present study developed FLOW-3D numerical models downstream of Taunsa

barrage. The modelling of environmental flows in a computer based models bears

some assumptions and limitations. Similarly, the present study has also some

limitations which are further divided into two categories, i.e., general limitation

and models’ limitations as listed below.

1.8.2.1 General Limitations

1. For the gated flows, the present study has only focused three discharge values,

i.e., 2.44, 4.88 and 7.22 m3/s/m. Similarly, for the validation of models’ flow

values, the study only employed three free flows such as designed, 90% and

75% of designed flow.

2. As the barrage under study was remodelled during the year 2008, which also

consisted of subsidiary weir on its downstream. However, at present, the

focus is only made downstream of main weir where the basin appurtenances

are remodelled. Subsequently, the investigation of different hydraulic and

scour parameters are also examined downstream of the main weir.
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3. Presently, to run the simulations, operational conditions, i.e., tail water

depths, and pond levels of year 2010 flood are employed while minimum and

maximum hydraulic jump conditions are yet to be explored for hydraulic

and scour processes.

1.8.2.2 Models’ Limitations

1. Only one bay of the barrage is modelled from hydraulic and scour models.

For the hydraulic modelling, the present study only focuses lower flows, and

due to the absence of field and laboratory data, for all the investigated flows,

the performance of hydraulic models is ensured by volume flow rates at the

inlet and outlet boundaries.

2. Due to the non-availability of river bed data, for the scour models, the study

employed sand bed downstream of the studied basins, and only Van Rinj

transport rate equation is employed. Additionally, the scour models were

studied for two uncontrolled free flow conditions i.e., 24.30 and 18 m3/s/m

discharges.

3. Presently, the dimensions of different energy dissipators such as impact baffle

and friction blocks are kept constant, and for the WSBB, the vertex and

cutback angles were restricted to 1500 and 900, respectively.

4. The main focus of this study is to investigate the affects of different energy

dissipating system downstream of low head hydraulic structure, and to check

the suitability of WSBB for open channel hydraulic structures.

5. It is worth mentioning here that the present study has only investigated the

geometry of different energy dissipators to check their suitability for river

diversion barrages.

6. Presently, to investigate the turbulent flow regions,i.e., hydraulic jump and

near the scour beds, mainly two equation RANS models, such as RNG K-ϵ

and Standard K-ϵ models are employed, whereas the effects of other models
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like SST K-ω and Reynolds stress models (RSM) are yet to be studied for

hydraulic and scour patterns downstream of the investigated barrage.

1.9 Dissertation Organization

The dissertation consists of six chapters as detailed below:

The Chapter first begins with brief of hydraulic structure and their modelling con-

cepts. The chapter highlights the importance of hydraulic structure, and includes

the use of numerical modelling. The chapter also includes the brief of barrage

design in Pakistan, and the affects of flooding on these structure. After that, re-

search motives, problem statement, research novelty and scope & limitations are

outlined.

The Chapter two provides the literature review for this research work. The lit-

erature review starts with the brief background of turbulent flow behavior over

hydraulic structures and highlights the significance of hydraulic jump (HJ). The

literature review also includes the role of stilling basin appurtenances, i.e., chute

blocks, baffle blocks, and end sills for energy dissipation. The literature review

further illustrates physical and experimental studies on HJ, energy dissipators and

local scour downstream of hydraulic structure. Furthermore, the literature review

provides background for use of computational fluid dynamic in hydraulic and scour

modeling and, describes numerical studies relevant to this research work. Lastly,

the literature review provides a summary for problem statement, research gap and

motives for the present study.

The Chapter three presents the methodology carried out for the current study. At

start, methodology displays the study area on which research motives are focused.

Keeping in view the research objectives, methodology is divided into three main

phases. In the first phase, critical hydraulic parameters are identified from the

literature and their ranking is done using Frequency analysis and relative impor-

tance index (RII). During the first phase, from the available literature, a detailed
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comparison of different numerical codes is also performed, and FLOW-3D code is

selected to conduct hydraulic and scour modelling. For the second phase, method-

ology explains numerical modelling techniques, turbulence closure models, solu-

tion methods, computational grids, free surface tracking, and fluid solid interface

to carry out hydraulic modelling of the identified critical hydraulic parameters. In

the third phase, the methods and techniques selected for hydraulic modelling and

scour models are explained. In the end, the methodology also presents input data,

initial and boundary conditions i.e., drawings, discharge, and sediment data.

The Chapter four presents the results in two parts. In the first part, results of rank-

ing of different hydraulic parameters are displayed, and based on the methodology

defined in chapter 3, critical hydraulic parameters are identified. In the second

part, initially, performance of present FLOW-3D numerical models is assessed by

gated and free flow analysis, and then the comparison of hydraulic parameters

such as free surface profiles, sequent depths ratio, roller lengths, hydraulic jump

efficiency, velocity profiles and turbulent kinetic energy is done for the studied

stilling basins. The results of hydraulic parameters in the studied stilling basins

are also compared with the relevant experimental and numerical studies of the

literature.

The Chapter five shows the results of local scour and bed retrogression down-

stream of the studied stilling basins using different turbulence schemes i.e., RNG

K-ϵ , Standard K-ϵ and Large Eddy simulation (LES) as described in chapter

3. Before representing the scour results, the scour results downstream of Type

(B) basin are validated with field data. Using the field data, the scour results

downstream of Type (B) basin are also assessed by statistical method i.e., Coef-

ficient of Determination (R2). After the validation, the results of flow field over

the scour/retrogressed beds of investigated basins are presented and their discus-

sion is made accordingly. Lastly, the chapter 5 displays and discusses the 3-D

illustrations of scoured/retrogressed bed downstream of studied stilling basins.

The Chapter six provides the overall conclusions and recommendations of the

present study. The chapter also provides the practical implications of the study.



Chapter 2

Literature Review

2.1 Introduction

Flow characteristics over the hydraulic structures are very complicated, highly

turbulent which develop secondary currents and reattachment on the bodies of

the structures [70][108]. The grade-control structure across rivers and canals are

used to calculate flow, raise upstream water levels, reduce velocity, and help to

limit the excessive channel degradation on their downstream [33]. Barrages and

weirs are the low head hydraulic structures constructed across the river to divert

water into the canal for a regular water supply for irrigation and control the

released water [68], [109], [110], [111]. These structures operate under low Froude

numbers, and their floor levels are kept so that the hydraulic jump (HJ) must

be formed on the downstream toe of the glacis. The leftover energy from the HJ

must be dissipated within the downstream stilling basin using different structural

arrangements. Furthermore, a flexible apron is also provided downstream side of

stilling basin to dissipate the residual energies. Thus, such structures improve the

river approach and navigation conditions. However, if the flow conditions are not

properly developed, the safety of the whole system can be jeopardized [112]. From

the history, it is found that physical modelling has played crucial role to understand

the process, testing and optimization of the hydraulic structures at various stages

14
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i.e. design and prototype construction [113],[114]. In most of the situations,

environmental flow are turbulent in nature, and to control the turbulence, HJs

are developed in the stilling basin of these hydraulic structures. The physical

experimentation to study HJ in term of energy dissipation, free surface profiles

(FSPs), velocity profiles (VPs), pressure and the behaviour of HJ in different

types of stilling basin with various appurtenances have been reviewed presently

and discussed in the proceeding sections.

2.2 Hydraulic Jump and its Usefulness

Hydraulic jump (HJs) are occurred in the rivers, canals, and below the industrial,

industrial discharge outlets [115], [116], [113]. Civil and hydraulic engineers de-

velop such conditions to create this phenomenon for efficient and effective energy

dissipation [24], [117], [118], [119], [120] downstream of hydraulic structures. This

chaotic phenomenon happens when a supercritical flow transforms into the sub-

critical flow. The Belanger equation is employed to compute the sequent depths

of free HJ [83], [41], [121], [100], [122].

y2
y1

=
1

2
(
√
1 + 8Fr21 − 1) (2.1)

where y1 and y2 are the supercritical and subcritical flow depths, respectively, and

Fr1 is the incoming Froude number from the upstream which equals to;

Fr1 =
v

√
gy1

(2.2)

where, v is supercritical flow velocity, and g is acceleration due to gravity. Various

studies are carried out on HJ characteristics but only few of the most relevant

ones are discussed in the proceeding section.

A mathematical model was developed to investigate the characteristics of HJ to

assess the performance of prototypes and physical models. The integral strip

method, which uses the velocity shape function and allows the partial integration
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of the equation of motion was used. The results showed that the value of Froude

Number greater than 4 increased the pressure and centrifugal force. The results

further indicated that flow bulking was the main reason for entrained air.

Misra et al. [120] investigated mean and turbulent structure of weak HJ. A recir-

culating tilting flume was used to carry out experiments and undershot weir was

used to develop the flow conditions. The results showed a thick curved shear layer

near the bed which was parallel to the free surface. This shear layer produced the

turbulence, and its intensity was decreased from the HJ toe towards downstream.

The results further showed that Reynolds shear stress was found to be negative in

the shear layer, which indicated the momentum diffusion beneath the shear layer

and its value was positive just beneath the free surface.

Pagliara et al. [123] conducted experiments in horizontal rectangular flume on

the homogeneous and non-homogeneous rough beds to investigate the HJ charac-

teristics. The results indicated that in the nature bed, the correlation coefficient

was not only dependent on sequent depths and roughness coefficient but also on

uniformity of the roughness.

Abbaspour et al. [122] conducted experimental in a metal glass flume to investigate

the effects of sinusoidal corrugated bed on HJ characteristics. The discharge was

measured by triangular weir which was placed at the end of flume. The results

indicated that as compared to the smooth bed, tail water depth (hereafter called

TWD) and HJ length were reduced in corrugated bed. The results of shear stress

on the corrugated bed was 10 times more than that of smooth.

Zobeyer et al. [124] investigated flow turbulence from the end of HJ to open

channel flow. Discharge, upstream water and tail water depths were controlled

by magnetic flow meter, sluice gate and tail water gate, respectively. The results

showed that length of turbulence region in transition zone was about 10 times of

sub critical depth.

Mignot and Cienfuegos [125] conducted experiments to investigate turbulence pro-

duction and energy dissipation for weak HJ. In case of undeveloped inflow jumps,
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the results indicated that turbulence production and turbulence kinetic energy

were confined within the shear layers of upper fluid column. However, in case of

partially developed jump, peaks of turbulence production and turbulence kinetic

energy were observed in upper shear layer as well as near the wall region.

Macián-pérez et al. [78] conducted laboratory investigation on USBR-II stilling

basin to study the HJ characteristics. The efficiency of HJ was reached from 70%

to 75% for Fr1=9. The roller length of the HJ was reached to 1.25 m which was

less than the roller length calculated from the classical HJ equation. The velocity

decay was found slow as compared to the classical HJ equation.

Stojnic et al. [126] conducted experiments to investigate the HJ on a stepped

spillway. The results revealed 17% more HJ length than that was found in Petreka

(1958) results. Due to the curvilinear flow behavior near the upstream jump toe,

high-pressure fluctuations was found in that region.

2.3 Significance of Stilling Basins and Appurte-

nances

Energy dissipation is the most common issue faced in the design of hydraulic

structures. The potential and kinetic energies typically come from the upstream

of the dams, spillways, chute, sluice gates, and weirs which are further induced

by the HJ and its turbulent structure [87]. To dissipate the excessive energy of

the water, stilling basins [26], [63],[72],[52], [24] [50], [127], [89], [90], [91], [25] are

constructed downstream of these hydraulic structures. There are various types of

stilling basin designs i.e., United States Bureau of Reclamation (USBR) stilling

basins [24], [25],[61], manifold stilling basins [128], Utah State University (USU)

energy dissipators [129], Mahakaal stilling basins [63], [62], and wedge-shaped

stilling basins [89], [91]. Furthermore, performance of these basin is also affected by

their size and geometry which develops different flow patterns [83]. In the stilling

basin, various geometrical arrangements such as chute blocks [52], baffle blocks
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[67], [65], [80], [32], friction blocks, [45], [76], end sill, [44],[81],[130], and vertical

sill [82], and splitter blocks [91] are made to uniformly distribute the kinetic energy

and turbulence. Numerous studies are carried on the design of stilling basins but

only a few of them are briefly discussed in the proceeding section.

2.3.1 Function of Chute Blocks in Stilling Basins

Chaudary and Sarwar [76] studied the two different stilling basins of Taunsa Bar-

rage. The old basin was changed in which chute blocks and sill were placed at the

start and end of basin, respectively. It is reported that after 2010, the barrage

was unable to pass the flood and downstream of the barrage, the river changed its

route. After comparing the pre and post dissipation systems, the results indicated

that the remodeling of basin was not rational.

Padulano et al. [127] conducted experiments on USBR-II stilling basin and in-

vestigated different types of HJs. The study focused pressure and forces on the

stilling basin and identified free and submerged HJs. The results showed that

energy dissipation and HJ efficiency were increased as the submergence increased.

In the submerged jumps, maximum efficiency was achieved for the negative sub-

mergence as the values of (Fr1) increased. In case of submerged HJ, the results

further showed at 0.5 pressure coefficient, the pressure fluctuation were high as

the HJ changed from C-type to Spray-type.

Farhoudi [130] investigated flow behavior on ogee spillway with chute blocks. The

flow depths were controlled by tail water gate which was installed at the end of

flume. The results further showed a second-order polynomial function between

the Froude number and pressure fluctuation.

2.3.2 Effects of Baffle Blocks on Flow Characteristics

Stilling basins are design to accommodate a wide range of flows without damag-

ing the components of the hydraulic structures [68]. Various shapes of auxiliary
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devices/energy dissipators are developed within the stilling basins to stabilize and

reduce the turbulence. These devices also control the HJ length and enhance

energy dissipation within the basins [131]. These dissipators are placed on down-

stream of the gates and can be of various shapes and sizes. Numerous studies are

carried out on the sizes and shapes of baffle blocks but only a few of them are

briefly discussed below.

Nettleton and McCorquodale [61] conducted a total of 120 experiments to inves-

tigate characteristics of HJ in the radial stilling basin. The study further im-

plemented multiple regression analysis to developed equations for the hydraulic

parameters such as location of baffle blocks, flows, gate openings and tail water

levels. The results showed that radial basin created less sequent depths than that

of rectangular channel basin. The results further showed that the dimensionless

length of forced HJ in the radial stilling basin was found equal to the free HJ.

Grimaldi et al. [83] investigated curve baffle blocks and developed dimension-

less equations for the investigated hydraulic parameters. As compared to regular

straight blocks, results indicated that curve baffle blocks produced more energy

dissipation which increased from 3.2% to 33.3%. The results further showed that

increase in the effective height ratio (h/Y) produced 36% more energy dissipation

than conventional baffle blocks.

Habibzadeh et al. [64] investigated the performance of submerged HJ with baffle

blocks. The results showed two regimes, namely deflected surface jet and reattach-

ing wall jet flows. For small submergence values, deflected surface jet was found

to be more efficient in energy dissipation as compared to the reattaching wall jet.

Habibzadeh et al. [67] investigated submerged HJ for baffle walls and blocks. The

results showed that Fr1 and submergence were the functions of energy dissipation

in the submerged HJs. The results further showed that the energy dissipation

increased as the submergence was increased. However, as the tail water depths

increased the energy dissipation was decreased. Upon use of baffle blocks with

the same values of Fr1, the results revealed that in the submerged HJs energy

dissipation was found high than that was observed in free HJs.
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Abbas et al. [68] investigated different shapes of baffle blocks in rectangular flume.

For different HJs, the values of Fr1 were ranged from 3.99 to 7.48. The result

showed that Type-D block reduced the sequent depths (y2/y1) and hydraulic jump

length (yj/y1) ratio and up to 26% and 37%, respectively. The results further

indicated that two rows of D-type baffle block produced 28.6% energy loss on

smooth bed.

Bestawy [132] studied different shapes of baffle piers within the stilling basin of

spillway. Discharge was measured with orifice meter, and point gauges were in-

stalled to measure the flow depths. The scour length and depth were measured

with a scale mounted on side of the flume. The experiments were conducted for

5 to 9 values of Fr1. The results showed that models which produced vertical

circulation and roller along the transverse direction were more efficient for en-

ergy dissipation which also reduced the scour. Among various models, the vertical

semi-circular and vertical trapezoidal sections baffle blocks showed better hydraulic

performances as compared to other models.

Al-Mansori et al. [133] studied V-shaped baffle blocks to investigate energy dis-

sipation downstream of ogee spillway. As Compared to the normal baffle blocks,

upon use of V-shaped, the results showed 9.31% increase in the energy dissipation

while a 38.6% decreased in the HJ length was also observed. In comparison to

the standard baffle blocks, 98.6% increase of drag force ratio was also observed in

V-shaped baffle blocks.

2.3.2.1 Summary

From the previous studies, it is found that the baffle blocks have improved the

flow conditions and stabilize the HJs downstream of different hydraulic structures.

It is also reported that using different energy dissipators, the dissipation rate

within different stilling basin is also increased. Additionally, few of the studies also

highlighted that in comparison to the vertical face baffle blocks, the other shapes

of baffle blocks such as V [132], Curve [133] increased the energy dissipation and

decayed kinetic energies more efficiently.



Literature Review 21

2.3.3 Sill-controlled and Multiple-steps Stilling Basins

Sills are HJ-type energy dissipator and are placed at various locations in the stilling

basin. They are of various shaped and size such as Un-dentated and dentated sills

which control sequent depths and stabilize the HJ [69]. However, on flat apron

to control the length of submerged HJs [85] sudden drop, rise, and multiple steps

are also provided in the stilling basin. Primarily, these arrangements are made

to dissipate excessive kinetics energies which are released from sluice gates, pipe

outlets, and spillways. Numerous studies are conducted on sill and multiple steps

within the stilling but the most relevant are discussed in the following section.

Hager and Li [26] conducted laboratory experimentation to investigate the effects

of end sills on tail water and scour depth. The results showed that due to formation

of strong rollers around the end sill, erodible bed was less scoured as compared

to the results of scour in classical hydraulic jump. Similarly, results also showed

that the stilling basin with end sill controlled HJ length and tail water depths as

compared to the results of classical HJ without end sill.

Alikhani et al. [82] conducted experiments on five different heights of vertical sills

to investigate the characteristics of HJ without tail water depth. The results indi-

cated that upon increase of sill height, the free surface profile of HJ was increased

while smaller sequent depths was observed. As compared to free HJ without end

sill, upon use of sill, the results indicated 30% reduction in stilling basin length .

Tiwari et al. [63] conducted experiments on different heights of intermediate sill

downstream of non-circular pipe outlets. The experiments were conducted for

three different value of Fr1 such as 3.85, 2.85, and 1.85. The performance of the

investigated models were monitored by a non-dimensional performance index (PI).

As compared to other models, triangular blocks of 0.5d height and base width of

d showed less scour.

Elsaeed et al. [87] investigated the effects of negative steps of bed on the pres-

sure fluctuation in HJ. The upstream and downstream flows were controlled by

pressure tabs while Transamerica Instruments was attached to the computer to
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collect pressure data. The results showed that pressure fluctuation was found to

be maximum in at the impingement point. The dimensionless pressure coefficient

was found varying with the change of step shape and dimension. On comparison,

the results further revealed that the maximum pressure fluctuations were smaller

than the classical HJ, and its values were confined within 20% of the classical HJ.

Ali and Mohamed [112] conducted experiments to investigate the HJ character-

istics for different stilling basins downstream of radial gates. The results showed

that the stilling basin with multiple step at the apron’s end produced smaller

length of submerged HJ. In comparison to other stilling basins, multi-steps stilling

basin also reduced velocity and scour.

2.3.3.1 Summary

From the studies related to end sill and multiple step basin, it is revealed that these

arrangements have increased the energy dissipation in the basins and controlled the

HJs length. However, before employing such arrangements, the size and geometry

of these dissipators need special attention. Additionally, in the the literature these

type of setup are found to be applied for submerged HJ conditions whereas their

employment downstream of the open channel i.e., river diversion barrage need

special care.

2.3.4 Effects of Tail Water Depth (TWD) on Hydraulic

Jump and Energy Dissipation

Free surface profiles (FSPs) downstream of the hydraulic structures produce con-

vective acceleration and deceleration of the flows. This acceleration or deceleration

of the FSPs is called tail water when the flow becomes subcritical [134] [135]. For

a specific flow rate, distinct tailwater levels are developed downstream of the hy-

draulic structures and any increase or decrease in tail water depths produces effects

downstream of channel and river [136] [137] [138]. The effects of tail water depths
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downstream of hydraulic structures are investigated in many studies but only a

few them are highlighted in the proceeding section.

Matooq et al. [139] investigated the effects of tail water depths for Diyala weir.

The results indicated that to form the HJ, available tail waters on downstream

of the Diyala weir were less than the required sequent depth. The results further

showed that an oscillating HJ was formed within the stilling basin which caused

hydraulic issues on downstream of the Diyala weir. The study recommended to

increase the downstream floor level to cater the problems.

Ead and Rajaratnam [137] investigated the effect of tail water shallowness on plane

turbulent wall jet. The results indicated that in the developed region, the rate of

velocity decay was independent of TWD while velocity profiles in developing and

developed regions were found to be similar.

Ali and Kaleem [140] studied energy dissipation for two different stilling basins of

Tuansa barrage. It was reported that the old basin was functioning properly while

the new remodelled basin dissipated less energy in the basin. The study further

showed that the remodelled basin also launched the stone apron in front of some

bays, and drifted the river toward left side of the barrage.

Chaudhry [45] investigate the tail water effects for various discharges on the down-

stream of Taunsa barrage. The results showed that the existing tail water level

were appropriate for HJs which further indicated no sweeping on HJs. The study

revealed that the two different basins of the barrage produced different hydraulic

behaviour which might be studied further for local scour and other hydraulic pa-

rameters.

Mosaa et al.[141] conducted experiments to investigate the effects of tail water

levels on the vertical drop downstream of spillway. By varying the TWDs, five

different flow conditions, A-jump, wave jump, wave train, B-jump with plunge

condition and limited jump were noticed. The analysis revealed quasi-periodically

flow configuration for oscillating jumps. In addition, due to oscillating effects, the

free surface profile, pressure and velocity values were also found to be changed.
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The results further indicated that for a constant Fr1, as the step ratio was increased

the TWD ratio were also increased. The study also developed a flow regime chart

for a wide range of discharges, step ratio and TWDs, and suggested to employ

these guidelines for the vertical drop basins downstream of spillways.

Bhuiyan et al. [142] studied the effects of shallow TWDs for the characteristics

of plane turbulent offset jet on rough beds.The momentum analysis revealed that

due to increase of TWDs, the water surface near the offset jet dropped and results

further showed that for a similar bed roughness, the effects of bed roughness in

offset jet were found to be less than wall turbulent jet.Under shallow TWDs, The

results further showed as compared to wall jet, the momentum and velocity decay

were found to the higher on downstream side which further accelerated s the bed

roughness was increased.

Espa and Sibilla [143] studied intermediate TWDs to investigate local scour down-

stream of apron. The study indicated three different scour regimes, i.e., surface

jet regime, bed jet regime and an intermediate regime ranged from bed to sur-

face. The results indicated that in surface jet regime, the scour hole and dune

was formed horizontally while in bed jet regime, the shorter scour hole and dune

were noticed, however, the vertical dimensions of the scour hole and dune found

to higher than surface jet regime. On the contrary, in the intermediate regime,

the water jet was found to be switching between bed and surface which indicated

unsteady scour hole and dune. The results further indicated that to understand in-

termediate scour regime, densi-metric Froude number, dimensionless apron length

and dimensionless TWDs were the dominating parameters.

2.3.4.1 Summary

Based on the literature review, it is found that the tail water downstream of hy-

draulic structures plays a crucial role in the development of HJs. In case of less

tail water levels, the HJ phenomena can be changed which further have implica-

tions on the river bed, i.e., bed retrogression and local scour. A very few studies

have been found which investigated the tail waters effects on the HJ whereas the
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literature is lacking to provide the effects of tail water on different parameters of

HJ and flow behaviour within the stilling basins’ of barrage. Therefore, the effects

of tail water in different stilling basins downstream of river diversion barrages are

yet to be explored.

2.4 Wedge-Shaped Baffle Block (WSBB) Stilling

Basins

Different types of stilling basins have been designed downstream of the hydraulic

structures, as mentioned in the 2.3 section. However, none of the designs have

mentioned the optimal length of these stilling basins. This section has focused

WSBB which are preciously used downstream of pipe outlets to reduce the length

of the basins.

Goel [66] investigated different shapes of stilling basin appurtenance downstream

of circular pipe outlet. The study conducted seventy-four (74) experiments in

the rectangular flume and the performance of different models was assessed by

local scour. Out of the investigate models, M-71 model showed less scour. In

M-71 model, WSBB produced maximum drag on either sides of baffle blocks, and

created discontinuity in fluid layer. The results also showed large number of eddies

on either sides of WSBB which increased energy dissipation.

Pillai et al. [70] investigated the role of chute and WSBB for the design of short

stilling basins. The WSBB at the vertex angle of 1500 and a cutback angle of 900

were used in the stilling basin. The experiments were performed for inflow Froude

number (Fr1) of 2.85. The results showed that newly proposed basin produced

less scour than the USBR-IV stilling basin. The study recommended to develop

such stilling basin for (Fr1) ranging from 3.75 to 4.57.

GOEL [72] conducted experiments to investigate different shapes and sizes of en-

ergy dissipators such as end sills, baffle blocks, WSBB, impact walls, and inter-

mediate sills for square pipe outlets. The results showed that WSBB spread the
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water jet in a wider area and improved the flow behavior and head loss. The

results also showed that WSBB produced more drag force and wake areas which

increased eddies of either side of blocks. On comparison with USBR-IV stilling

basin, the stilling basin with WSBB enhanced energy dissipation and reduced the

of length of basin up to 15%.

Verma and Goel [91] carried out experiments to investigate WSBB on downstream

the for pipe outlet. The invert level of the pipe was kept on the floor level and

the values of Fr1 were ranged from 1.70 to 5.50. The results showed that WSBB

spread the fluid across the full length in lateral direction. Upon use of WSBB, the

results indicated more energy loss due to the entrainment of the surrounding fluid

which distributed by momentum to the greater mass. Additionally, the WSBB

also increased small eddies on either sides and developed more drag forces which

increased energy dissipation. Overall, compared to USBR-IV basin, the WSBB

basin reduced basin length up to 25% reduction.

Verma and Goel [90] investigated the flow characteristics downstream of the cir-

cular pipe outlets and implemented WSBB. The tests were conducted for 1.70 to

5.50 values of Fr1 . The WSBB with a vertex angle of 1500 and cut back at 900

produced larger drag force and less scour. As compared to USBR-IV stilling basin,

SB-34 model with length of 6d generated less scour.

2.4.1 Summary

Based on available literature of WSBB, it is found that the previous studies lack

to provide the use of WSBB downstream of the open channel/low head hydraulic

structures such as barrages. Therefore, to fill this gap, the present study inves-

tigated the WSBB downstream of open channel flow, i.e, river diversion barrage.

Based on results of studies [66], [72], [70], [91], [90], for the investigated WSBB,

the vertex angle of 1500 and cutback angle of 900 is still to study for diversion

barrages.
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2.5 Computational Fluid Dynamics (CFD) and

Hydraulic Modelling

Physical modelling and on-site-measurements are usually expensive and time con-

suming. Therefore, the use of numerical modelling for hydraulic characteristics

of grade-control structures is becoming popular. Such modeling tools are useful,

especially when the basic fundamental equations cannot be useful such as in case

of multifaceted geometries [59].

In the former section, a wide range of literature on the experimental studies is

discussed, which could be assisted by CFD models e.g., investigation of hydraulic

jumps (HJs) and energy dissipation [98] [100]. Flow over the hydraulic struc-

tures is very complex and associated by secondary currents which characterized

it highly turbulent in three dimensions. Hence, it is usually hard to accurately

measure the free surface profile, pressure variations, velocities, secondary currents

and turbulent kinetic energy over these hydraulic structures (Jothiprakash et al.

[33]). With the development of CFD in 1970, numerous studies were conducted

with different numerical tools which opened new dimensions to model the above

mentioned hydraulic issues. Also, the rapid development of computer technolo-

gies and turbulence models, these numerical techniques provide an insight view of

the hydrodynamic downstream of graded controlled structures [97]. Additionally,

these numerical models are also capable of solving fluid equations, and facilitate

civil engineers and hydraulic experts for performances evaluation of dissipation

mechanism [144] [145] [146] [147] [148]).

Several hydraulic modellings tools are available in the market to address the multi-

surface problems of hydraulics, such as FLOW-3D [149], Fluent CFD [150], Open

Foam [151], REEF3D [152], HEC-RAS [153], Pheonics [154] and STAR-CMM+

[155]. All the above-mentioned tools use Finite Volume Method (FVM) to dis-

cretize the Reynolds Averaged Naiver Stokes (RANS) equation and implement

turbulence models to solve the closure problems. Numerous studies are carried
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out on the hydraulics of spillways, sluice gates, weirs, and barrages. A brief re-

view of the few numerical studies on the hydraulic investigations is presented here.

Chaudhry [77] investigated FSPs downstream of barrage’s stilling basins using two

dimensional HEC-RAS models. The results revealed acceptable values of FSPs in

which the locations of HJs were found at the glacis. Similarly, the result also

showed that in the old basin, the velocities were within the acceptable limits

while higher values were noticed in the remodelled basin. Furthermore, it was

also reported that as compared to old basin, the remodeled basin was developing

higher flow depths and due to that reason, the locations of HJ toe were found to

be shifting above on the glacis.

Mishra [156] used Fluent CFD to investigate energy dissipation on flexible apron

downstream of the barrage. The study investigated hydraulic parameters on two

bed i.e, horizontal and inclined flexible aprons. In comparison to the horizontal

apron, the results showed that TKE downstream of the inclined apron was found

less. Similarly, as compared to horizontal apron, no velocity currents and flow

concentration was noticed on the downstream of inclined bed.

Cassan and Belaud [157] used Fluent CFD to investigate large gate openings and

gate submergence, and compared results with the experiments. The results indi-

cated that the numerical model slightly overestimated velocity values in the longi-

tudinal direction. The results further revealed that maximum turbulence energy

and dissipation were found in the mixing region, particularly near the contracted

stream.

Bayon-Barrachina et al. [99] conducted numerical investigation on rectangular

smooth horizontal channel to study characteristics of HJ using 3-D Open Foam

software. The turbulence was captured by Standard K-ϵ, RNG K-ϵ, and SST K-

ω. The free surface was tracked by volume of fluid (VOF) method. The results

showed that multiple sizes of bubble were found in the recirculating and turbulent

shear region of HJs. The mesh sensitivity analysis showed that all models results

showed less than 2% error but the results of RNG K–ϵ were found to be in close
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agreement with the roller length. For the FSP, the value of R2 reached 0.996 which

indicated better performance than other models.

Lopes et al. [106] investigated the hydraulic characteristics of stepped spillways.

Two different width of spillway models i.e., 0.5 m and 0.3 m were investigated

for skimming flow patterns using Open Foam code. The results revealed a seesaw

flow pattern over the consecutive steps of the spillway. The results further showed

that this pattern was found because of complex nature of cross waves along the

spillway, and alternating skimming flow was more profound at cavities than that

of free-stream flow. The results also showed that near spillway crest, turbulent

kinetic energy (TKE) was high due to the development of the boundary layer.

The results showed that the free surface velocity increased when the distance was

increased towards the spillway crest.

Nguyen [107] carried out investigation on the free surface flow analysis for rivers

and natural channels using Open Foam code. The study used two different meth-

ods to track the free surface such as front tracking and front capturing. The results

showed that in 1800 curved channel, the front tracking method failed to produce

the water surface profile on the inner side while the results of outer side were found

promising. In case of the dam break phenomena, again the front tracing method

failed to capture the complex free profiles, while front capturing method produced

a good shape of complex breaking surface at t= 0.25s and t= 0.50s. Similarly, the

simulation results of the free surface over the Kostheim Weir showed breaking sur-

face of HJ which indicated that the results of front tracking method deviated from

the experimental data. However, the front capturing with use of dense meshes

produced the HJ characteristics which agreed with the experiments.

Liu and Garćıa [158] used Open Foam code to investigate the local scour down-

stream of turbulent wall jet and around circular cylinder. The results indicated

flow circulation at three different location which caused scour on movable bed. In

near jet region, the results were agreed with experiments, however, in the far region

the model overestimated the velocity distribution. At equilibrium, the maximum
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scour depth reached 0.63 m while maximum deposition depth was found about 0.4

m which agreed with the experimental observations.

Parson et al. [154] conducted numerical study on aeolian dune of different geome-

try to investigate wind flow structure using 2-D PHOENICS models. The pressure

velocity coupling was carried out by Simpler method, while turbulence was cap-

tured using RNG K-ϵ model. The results indicated that upon increase of dune

height, flow at the dune’s crest and in the streetwise direction was increased, while

at the toe of leeward side the flow was decreased. The study further highlighted

that the steeper dunes with the same aspect ratio affected the flow field especially

on the leeward side of dunes.

Sergeenko et al. [159] used STAR CMM+ models to investigate the flow over

broad crested spillway. The study used realizable K-ϵ to capture the turbulence

downstream of the spillway. The results indicated air injection at the hydraulic

jump initial location and the maximum velocity was observed before the HJ and

at downstream floor. The results further indicated that the maximum turbulence

intensity were at the locations of maximum velocities. Upon comparison of results

of numerical model with experiments, the study showed that STAR CMM+ pro-

duced agreeable results, however, due to the absence of air entrainment model, the

results of numerical models showed deviation at the flow impingement location.

Babaali et al. [86] investigated the HJ characteristics on stilling basin with con-

verging sidewall using FLOW-3D. The study implemented four convergence angles

such as 500, 7.500, 100 and 12.500 for the USBR-II stilling basin. VOF, RNG and

Standard K-ϵ models were utilized to track free surface and turbulence within

the HJ, respectively. The results showed that in the HJ region, the basin’s end,

because of low turbulence, the pressure distribution was found to be hydro-static.

The results further showed that near the bottom, velocity distribution was found

to be consistent, while at top, due to fluid circulation, adverse velocity profile

was noticed. Using both K-ϵ models, except in the HJ region, the water profiles

showed good agreement with the experiments. The results also showed that at the

convergence angles of 50, the HJ efficiency was found to be maximum.
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Ghaderi et al. [98] implemented FLOW-3D to investigate the geometrical effects of

Trapezoidal–Triangular Labyrinth weirs (TTLW) on the characteristics of HJ. Free

surface and turbulence were modeled by VOF and RNG K-ϵ models, respectively.

The results showed that for the higher value of hydraulic head/weir height (H/P),

as the angles of sidewall decreased, the discharge coefficient was also decreased

due to the collision of the falling jet. The results further showed that maximum

energy was dissipated due to the colliding nappes in the upstream apex angle

while on the downstream side, it was noticed in circulation region behind the

nappe. Additionally, the results also showed that energy dissipation was reduced

as angles of sidewall and weir height increased.

Ghaderi et al. [101] conducted experiments on triangular macro-roughness for the

characteristics of submerged HJ and compared the results with FLOW-3D models.

The results showed reduction in the HJ length, and maximum turbulent kinetic

energies were found on the free surface. The results of bed shear stress coefficient

and energy loss within the submerged HJ using triangular micro-roughness were

more significant as compared to the results of smooth bed.

Savage and Johnson [104] conducted experiment to investigate the FSPs and dis-

charge coefficient over the standard ogee spillway. The study also compared re-

sults with FLOW-3D numerical models. The results showed close agreement of

discharge coefficients (Cd) with the experimental data. The results further re-

vealed that at the crest, a small change in pressure produced different magnitude

of pressure forces.

Wang [160] conducted experimental and numerical investigation to study the ef-

fects of separated and compound stilling basins. The turbulence was captured by

four different turbulence models. The free surface was tracked by VOF method.

The validation of the models were carried out using flow rates with the prototype

data of Lotus Temple hydro power station on Gourd River, China. As compared

to separated basin, the compound stilling basin decayed more velocity which de-

creased from 1.5 to 2 m/s. Additionally, the results higher showed energy dissipa-

tion rate in compound basin than the separated stilling basin.
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FLOW-3D models were used to study the flow pattern at flood discharge down-

stream of multipurpose Soyang dam [145]. As compared to the scaled model and

field data, the numerical model overestimated the discharge up to 4%. The value

of maximum velocity was found on the spillway glacis which reached 43 m/s.

Additionally, the result of flow reattachment were agreed with the scaled model.

Nikmehr and Aminpour [161] investigated the HJ characteristics over the rough

bed using FLOW-3D numerical models. For calibration of the models, experi-

mental data was used. The RNG K-ϵ turbulence model was used to observe the

sequent depth ratio, surface profiles, length of the jump, and velocity distribution.

The location of the free water profiles was identified by VOF method. The results

indicated that after reducing the roughness height and its distance, the sequent

depths ratios and HJ lengths at all value of Froude number were also decreased.

Additionally, velocities profile near the bed decreased as the roughness height and

its distance was increased.

Chen [162] employed FLOW-3D models to study the flow characteristics on rect-

angular sharp-crested weir with varying upstream and downstream slopes. The

study further investigated the effects of weir slopes on coefficient of discharge (Cd).

VOF and RNG K-ϵ models were implemented to capture the FSPs and turbulence,

respectively. The results showed that after increasing the energy heads, the dis-

charge coefficient was also found to be increased, which slightly overestimated the

Cd values from the compared studies.

Valero et al. [163] developed FLOW-3D models to study the flow characteristics

on smooth and stepped spillway. RNG K-ϵ and VOF models were implemented

to captured turbulence and FSPs, respectively. In case of stepped spillway, results

showed more turbulent flow behavior on the spillway in which turbulent kinetic

energy was contained between the basin’s inlet and appurtenances. The maximum

velocity was found at the sloping region while maximum velocity decay was found

downstream of the baffle blocks. Upon use of lower tail water levels and Fr1, the

study indicated that baffle blocks increased the total force, which stabilized the

HJ.
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Macián-Pérez et al. [164] developed FLOW-3D models to analyze the flow char-

acteristics in USBR-II stilling basin. RNG K-ϵ and VOF methods modeled the

turbulence and FSPs, respectively. The results showed that the modelled sequent

depths were less than the Classical hydraulic jump (CHJ), and HJ efficiencies for

the physical and numerical models reached to 0.516 and 0.505, respectively. The

stream wise VPs showed higher values in the upper region of flow depths while

effects of energy dissipation devices were visible in the VPs.

Viti and Gualtieri [165] investigated HJ characteristics with FLOW-3D RANS

models, large eddy simulation (LES), and direct numerical simulation (DNS) meth-

ods. The results of the detailed review showed that RNG K-ϵ models produced

more accurate results when compared with the results of published data. However,

as compared to the rest of implemented turbulence models, Standard K-ϵ model

produced more reliable results of free surface and lengths of HJ.

Valero et al. [166] employed FLOW-3D to study the FSPs and turbulence with

the chute blocks on spillway. To capture the free surface and turbulence, VOF

and RNG K-ϵ models were implemented, respectively. Four different mesh blocks

were implemented to examine the flow characteristics on the sloping area and in

the basin. The results indicated that entrained air was in the bottom region while

air entrapment was noticed on the free surface. The study indicated that as the

submergence increased, the HJ efficiency increased. Furthermore, on the lower

submergence, velocity decay was found between the HJ region and wall jet.

2.5.1 Application of Turbulence Models

The flow over the weir’s crest and on the downside is very turbulent in nature.

Due to the change in gradient, HJs occur on the downstream side of graded control

hydraulic structures and flow passes through certain conditions, i.e., subcritical,

critical, and supercritical. In these conditions, three-dimensional turbulent cur-

rents are generated. In addition, around the basin’s appurtenance and on the
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scoured beds, large number of re-circulation, eddies and wake zones are devel-

oped, thereby, it is very essential to study the characteristics of turbulent flow

including secondary flow patterns for the basins.

In the preceding section, a detailed review of numerical studies is performed which

employed different 1-D, 2-D, and 3-D codes. In these models, RANS equations are

employed to solve the turbulent flow which find closure using turbulence models.

Number of turbulence models, i.e., Standard K-ϵ, RNG K-ϵ model, K-ω, RSM, K-

large eddy simulation (LES), and realizable K-ϵ models are developed to examine

the turbulent flow behavior downstream of open and close channels. Because of

the simplicity and low computation cost, the two-equation standard K-ϵ is mostly

widely used turbulence model in hydraulic applications. Similarly, RNG K-ϵmodel

is also known to describe the flows more accurately in strong shear regions which

only differs in formulation from the standard K-ϵ model, especially for values of

models’ parameters. In addition, due to the less computation cost, the model is

recommended to be used for strained flow. On the other hand, due to the problems

of flow separation under adverse pressure gradient, the standard (Std) K-ϵ models

fail to accurately measure the free surface, thereby, by adding transport effects in

the eddy viscosity, K-ω models are considered to be the more accurate model for

adverse pressure nears wall regions. However, for output precision, finer meshes

are recommended near the wall regions which makes this model computationally

un-affordable.

Numerous researchers have employed turbulence models to investigate secondary

flow [167] [150], river flows [168], discharge measurement [169], air entrainment in

hydraulic jump (HJ) [170], submerged HJs [171][172] and flow fields on spillway

and within stilling basins [173][174][175] using different numerical codes. These

studies examined different hydraulic parameters and compared the performance of

the mostly widely used two equations turbulence models, i.e., Std K-ϵ, RNG K-ϵ

and K-ω models. A detailed comparison of different turbulence models is provided

in Table 2.1.



L
iteratu

re
R
eview

35

Table 2.1: Utilization of two equations turbulence models for HJ and flow fields

Reference Focus
Study

parameters

Turbulence

Models Accurateness

Std K-ϵ RNG K-ω

Tajnesaie et al.[167]
Secondary flow in

Trapezoidal channel

Water surface, depth averaged

velocity, shear stress
✓ X ✓ Std K-ϵ

Rodriguez et al.[168] Sinuous River Reach
Depth-averaged velocity, bed velocity,

free surface velocity
✓ ✓ X RNG K-ϵ

Ma et al.[170] Air entrainment in HJs
Water surface, void fraction,

vortex Structure in roller
✓ X ✓ K-ϵ/k-ω

Azeez and Azzubaidi[173]
Spillway under

gated condition

Velocity profiles, volume fraction,

discharge, pressure
X X ✓ K-ω

Heyrani et al.[169]
Flow modeling

in venturi flume
Water level, velocity profile ✓ ✓ ✓ Std K-ϵ

II and Rao[150]
Open channel flow

with HJs

Stationary water depth, bottom

roughness effective on HJ location
✓ ✓ ✓ RNG K-ϵ

Behnamtalab et al.[174]
Turbulent flow in

USBR Type-IV basin

Velocity profiles, turbulent dissipation,

turbulent kinetic energy (TKEs),
X ✓ X RNG K-ϵ

Shekari et al.[171]
Turbulence in

Submerged HJs

Water surface, velocity profiles,

near bed velocity,
✓ ✓ X Std K-ϵ

Moroni et al. Dam spillway and basin
Rating curve, velocity profiles,

volume fraction
✓ X ✓

Results

Matched

Jesudhas et al.[172]
Symmetrical

Submerged HJ

Water surface, velocity profile,

TKEs
X X ✓ K-ω
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2.5.2 Summary

Based on the literature review, it is found that researchers have employed number

of turbulence models to investigate HJ and energy dissipation. However, out of the

various options, two equation turbulence models are found to be efficient, and due

to less computational cost, relative courser meshes, and computational time Std

K-ϵ, and RNG K-ϵ models are more preferred for hydraulic simulation. However,

in case of adverse pressure gradient, cavitation effects and and shear boundary

layer K-ω models are employed

2.5.3 Mesh Blocks and Cell Size Effects on CFD Models

In RANS models, the simulation domains are discretized into sub domains to solve

the Navier-Stokes equations. In each sub domain, mesh cells are employed to store

the required information on their nodes and center. Two different approached

such as Lagrangian and Eulerian are applied in the present-day numerical codes.

In term of HJ and turbulence model, Lagrangian method can produced the free

surface profiles with higher accuracy because of less dependence on mesh. On

the other hand, RANS models compromised the accuracy of HJ profile and to

accommodate these problems, finer meshes and shorter time-steps are employed

in the HJ regions. In addition, to reduce the uncertainly, many researchers have

employed multiple mesh blocks of various cell sizes for HJ and around the basin’s

appurtenances.

Mirzaei and Tootoonchi [57] employed different meshing arrangement to study the

HJ characteristics on bump using DNS, LES and RNG K-ϵ model. Upon use of

DNS and LES model, as compared to RNG K-ϵ model, the results of finer meshes

indicated more turbulence and small-scale eddies near the sluice gate. Similarly, in

fine meshing, using DNS and LES models, the dimensionless free surface profiles

from sluice gate to bump was found to be agreed with experimental data.

Macián-Pérez et al.[176] investigated HJ and energy dissipating effects of negative

step by employed two different size of mesh blocks in FLOW-3D models. The
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study employed a fine meshes of 0.01, 0.015, and 0.025 m on upstream of the

HJ while 0.02, 0.03, and 0.05 m mesh sizes in the subcritical regions. The results

indicated lesser values of sequent depths as compared to the previous which allowed

for the shorter stilling basin’s length. The results further indicated a decrease in

the stream-wise pressure and upon use of negative step, the effects of pressure

fluctuations on the HJ were also found to be reduced.

Bryant and Ng [177] investigated HJ characteristics with mesh based ANSYS

FLUENT models and compared the results with Lagrangian moving grid methods.

The study employed two different mesh blocks in which the finer mesh grid was

set near the HJ region which ranged from 0 to 2 m. However, after the HJ, a

relatively, coarse mesh grid was employed to study the velocity profiles and other

flow fields i.e., turbulent kinetic energy and dissipation. The results showed that

in the HJ regionϵ, as compared to RANS model, i.e., RNG K-ϵ and SST K-ω, the

Lagrangian standard K-ϵ model overestimated the free surface profiles and overall

water depth. However, near the sluice gate, the Lagrangian model captured the

turbulence better than Eulerian models.

Numerous numerical models have been developed to the HJ and energy dissipation

downstream of graded control structures using different mesh blocks and cell size.

These studies have developed scales models of the prototype and tested them in

the laboratory. Due to the less dimension of these scaled models, finer meshes are

employed in the interest region, i.e., flow measurements using venturi meter [178],

nappe impingement jet on spillway [179], submerged and classical HJs downstream

on the spillway basins [99][160], flow field over spillway[111], river morphology

[180] and scouring [181]. However, a few of the models investigated HJ and energy

dissipation using full-scale of prototype structure such as energy dissipators for

spillways geometries [52][182][183]. The Table ?? highlights a few of the most

relevant reduced and full scaled models’ studies which employed different mesh

blocks and cell sizes.
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Table 2.2: Different mesh blocks and cell sizes employed in numerical models for HJ and energy dissipators

Reference
Study

Focus

Models Detail Mesh

Block

Mesh

Size

(m)

Reduced

Scale

Full

Scale

Pourshahbaz et al. [180]
River morphology around

groynes
✓ X Two 0.012, 0.025

Welahettige et al.[178] Flow in venturi meter ✓ X One 0.003, 0.020

Castillo et al.[179]
Nappe impingement jet

on spillway
✓ X One 0.01

Mukha et al. [184] Classical HJ ✓ X One 0.001

Chanel and Doering [183] Spillway modeling X ✓ Two 0.5, 1

Moroni et al.[175] Dam spillway and stilling basin ✓ X One 0.005, 0.02

Bayon-Barrachina et al.[99] Spillway HJ ✓ X One 0.124, 0.12, 0.10

Zhou and Wang[160] Spillway HJ and stilling basins ✓ X Three 0.20, 0.25, 0.30

Soori et al.[52]
Energy dissipators

for Spillway basin
X ✓ one 3

Rovesht et al.[182]
Spillway geometry and

energy dissipators
X ✓ Two 0.2, 0.4

Le et al.[181] Scour downstream of box culvert ✓ X Two 0.01, 0.015, 0.02

Macián-Pérez et al.[176] HJ and energy dissipation ✓ X Two 0.136, 0.18

Simşek et al.[185] B-Type HJ and energy dissipators ✓ X Multi-blocks 0.00016, .0007

Valero et al.[163]
HJ and energy dissipators under

adverse TWD
✓ X Two 0.012

Kumcu [111] Flow field over spillway ✓ X Two 0.50, 0.25

Present study
Energy dissipation using different

baffle blocks and scour modeling
X ✓ Three 0.125, 0.25
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2.5.4 Comparison of Numerical Models

Selecting the most reliable numerical model is not an easy task, as criterion are

always found to be case dependent. There are many numerical models available in

the market which are employed in hydraulic and scour modelling, i.e., FLOW-3D,

Open FOAM, IBER, HEC-RAS, Fluent CFD, and River-2D etc. At present, a

brief comparison among the different numerical models is made, and based on the

results and models limitations, the suitability of the different models is assessed.

Table 2.3 compares various numerical model which conducted investigations for

open channel flow. Further selection criteria using strongly desired features can

be in seen in Chapter 3, section 3.4.

Vasquez et al. [4] reported that FLOW-3D models predicted better results of

the Free surface profile, Vertical velocity profiles, solid fluid interaction and water

profile over triangular sill. The study further reported that due to the problem

lies in ground model of River-2D model, the results of flow depths were not cap-

turing accurately while using real time topographic data, FLOW-3D results were

found to promising within the limited computational cost. Similarly, Vargas at al.

[186] employed HEC-RAS, IBER, and FLOW-3D numerical models to the flow

dynamics in the meandering river and studied Channel Bank erosion, secondary

currents, Velocity distribution, flow depths, and velocity profiles. The results indi-

cated that as compared to IBER and HEC-RAS models, FLOW-3D results of the

investigated parameters were found to be agreed with the experimental and field

data. The study further stated that IBER and HEC-RAS model were limited in

the computation of flow depths and velocity distribution. Shademan et al. [187]

evaluated the performance of OpenFOAM software for the complex geometries,

i.e., flow over the bluff bodies. The study investigated Velocity distribution, pres-

sure,and mass flow rates near the bluff bodies. The results indicated the Open

FOAM successfully captured all the investigated parameters for the complex ge-

ometries. The study further stated to employed the Open FOAM code using LES

turbulence model, as the other RANS models were limited to capture the wake

zone and vertex shedding using LES model.
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In contrast, Rajaa et al. [188] employed Fluent-2D and FLOW-3D numerical

models to investigated velocity profiles, free surface profiles; pressure and the tur-

bulent kinetic energy over and downstream of over spillway. The results indicated

that both the models predicted the hydraulic parameters in a good agreement to

the experimental data. However, as compared Fluent-2D, the results of pressure

profile were found to good in FLOW-3D models. The study further highlighted

due to limitation of uniform mesh cell size, the computational cost in Fluent-2D

model was found much higher than FLOW-3D models. Bayon et al. [103] com-

pared Open FOAM and FLOW-3D soft wares to investigated characteristics of HJ

of low Reynolds number. The study mainly investigated Sequent depths, roller

length, mean velocity, HJ location, and free surface profiles. The results indicated

that both the models predicted good results which showed agreement with the

experimental data. However, the results of hydraulic parameters in supercritical

and subcritical, i.e., sequent depth were found to promising in FLOW-3D model,

while for the roller lengths and velocity profiles, Open FOAM results agreed well

with the compared data. In addition, the results of velocity decay in stilling basin

was well predicted by the FLOW-3D.

2.5.5 Summary

From the literature, it is found that due to the limitation of groundwater model,

River-2D is unable to capture free surface profile, vertical velocity profiles, and

solid fluid interaction at high flood discharges. Similarly, as IBER and HEC-

RAS models are limited in flow depth computation, these models can not produce

good result for HJ and its associated parameters. On the contrary, because of

the limitation in uniform grid development, the computational cost of Fluent-2D

is very high. On the other hand, the results of FLOW-3D and Open FOAM are

found to be promising in HJ and flow investigations, however, due to advantage of

uniform mesh size and FAVOR method, FLOW-3D is widely used for investigation

of hydraulic structures which have simple geometries.
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Table 2.3: Comparison of numerical model for hydraulic investigation

Authors
Study

Focus

Numerical

Model

Parameters

investigated

Model

Accuracy

Vasquez at al. [4] Dam beak waves
River-2D,

FLOW-3D

Free surface profile, vertical velocity profiles,

solid fluid interaction, water profile over triangular sill

FLOW-3D

Vargase at al.[186]
Meandering

rivers

HEC-RAS, IBER,

FLOW-3D

Channel Bank erosion, secondary currents ,

elocity distribution , flow depths, velocity profiles

FLOW-3D

Shademan et al.[187]
Flow bluff

bodies

Open FOAM
Velocity distribution, pressure,

mass flow rates, Flow over Bluff Bodies

OpenFOAM in

complex geometries

Rajaa et al. [188]
Flow over

ogee spillway

Fluent-2D,

FLOW-3D

Velocity, free surface profiles,

pressure, turbulent kinetic energy

FLOW-3D

Bayon et al.[103]
HJ in horizontal

bed Channel

Open FOAM,

FLOW-3D

Sequent depths, roller length,

mean velocity, HJ location,

free surface profiles

Both
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2.6 Sediment Scour Models

Scouring is the process of sediments removal from downstream end of graded con-

trol structures such as weir, barrage and spillways [48], [69]. Therefore, kinetic

energy of flowing water over these structures must be dissipated within the still-

ing basins to prevent excessive bed degradation. Ample protection measures i.e.,

such as location of hydraulic jump; energy dissipators, and downstream tail water

depths are required to limit the size and location of scour. The scouring pro-

cess starts from downstream end of stilling basin when bed shear stresses increase

beyond the critical limits. Due to the significant values of hydraulic structure,

prediction of scour in open channel is a challenging research field [189] for which

many experimental ans numerical investigations have carried downstream of open

channel flow, culvert, and around the bridge piers. Before, highlighting the studies,

a brief description on the sediment scour models is presented below.

Sediment scour or local scouring is usually governed by three dimensional charac-

teristics of packed and suspended particles [190]. The packed sediment bed does

not move as they are bounded by the surrounding particles and due to the zero

permeability, the fluid flow on these beds stops. Due to the local pressure gradient,

as the bed shear stress by the flowing fluid increases from the critical shear stress,

the sediment bed starts eroded and particles begin to be suspended. Such motion

is governed by drifting models, in which the particle advects and drifts in the

modeling domain [191]. On the other hand, at the interface on fluid and packed

bed, as sediment bed starts eroded and begins to be suspended which motion is

called lifting of the sediment.

In the sediment scour models, the rate of erosion mainly depends on fluid shear

stress, critical shear stress, sediment and fluid densities and mean diameter. In

CFD models, the shear stress on the beds is usually computed by critical shield

number (CSN) which defines the amount of shear stress required to lift a sediment

particle from the packed bed [192], and for the present study, further details are

given in Chapter 3, section 3.12. Another the important aspect of sediment models

is to define the maximum packing fraction in all sediments cells which effects and
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viscosity and densities. The sediment bed fraction is the ratio of volume occupied

by the sediment to the total volume, i.e., sum of sediment in suspension and

remaining packed concentration is divided by density of that sediment (ρ) [193].

In numerical model, the solid and liquid fraction should be equal to unity as

presented by expression (2.3);

fs + ff = 1 (2.3)

In addition, in the scouring phenomena, the processes of entertainment and settling

of particles occur simultaneously. This process define the overall rate of packed

and suspended sediments. In the entertainment, the lift velocity is required to

move the sediment particle from the packed bed [194]. In contrast, when the

velocity of suspended load particles decrease, the particles start settling down on

the sediment bed. According to bed load transport rate equations, different values

of entertainment coefficients are utilized in CFD models.

On the critical parameter of scouring is the angle of repose which affects the lifting

velocity [195]. As the natural riverbeds are not flat, thereby, in CFD models, user

can also define a number of angles for different species according to particular

problem under investigation.

Balachandar et al. [196] investigated the effects of TWD on the dynamic of lo-

cal scour downstream of sluice gate. The study reported that even after 96 hrs,

asymptotic bed profiles were not attained on the investigated conditions. During

digging phase, the results of stream-wise and transverse velocity components in-

dicated that flow moved towards the bed, while, in the refilling process, it was

reflected toward the free surface.

Mohammed et al. [53] investigate local scour for different curvature of end sill

downstream of spillway. End sills of different angles such as 100, 200, 300, 450,

and 600 were experimented in the spillway models. After changing the angle from

100 to 600, results showed 18% decrease in scour. The results further showed that

when the flow was increased up to 320%, bed was completely exposed within 13

min and 5.25 minutes for models with end sill’s angle of 600 and 100, respectively.
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Wüthrich et al. [197] conducted experiments to investigate the local scour after

placing randomly distributed concrete prisms in the plunge pool of Chancy-Pougny

barrage. The results indicated flow re-circulation and eddies due to the asymmetry

of plunge pool which was controlled by vertical wall. The results showed that prism

concrete blocks dissipated energy which further reduced local scour downstream

of the studied barrage.

Guven [40] developed multi-output descriptive neural network (DNN) to study the

local scour below the hydraulic structures. Scour depth and location were the main

investigated parameters. For scour depth, DNN produced better results compared

to the published equations which showed AIC = -61.921, MAE = 0.341, MSE =

0.030 and R2 = 0.819. Similarly, DNN also produced better results in terms of

location of scour (Xm) for which values of different performance indicators such as

MAE, MSE, R2, and AIC reached to 0.109, 0.364, 0.907 and -9.232, respectively.

Elsayed et al. [198] investigated local scour by employing multi-gate operation

downstream of hydraulic structure. The results showed that gate opening affected

the flow pattern and due to that different scour patterns were noticed. The results

further showed that as Froude number and tail water increased maximum scour

depth and length were also increased. Similarly, as the upstream water head in-

creased, the maximum scour depth and maximum scour length was also increased.

In case of the operation of side gate, the results showed high value of maximum

scour depth while in all gates operation the values were found to be less.

Amin [48] investigated local scour downstream of Fayoum type weir. A sand bed

with mean diameter d50=0.70-mm was laid on downstream. The results showed

that upon increase of flow, the relative scour depth and length were reduced while

on decrease of Froude number, relative scour depth and length were also decreased.

The results further showed that at relative jet position (Lj/Lf ) of 0.7 and relative

jet discharge (Qj/Q) of 0.15, the net scour depth and length was reduced up to

68% and 76%, respectively.

Scour models were developed to investigate the local scour downstream of the box

culvert using FLOW-3D software [199]. Because of the meandering effects, results
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indicated local scour on concave-side and sand deposition on the convex-side. The

results further indicated that the higher value of bed roughness/d50 ratio produced

deeper and larger bed deformation.

Local scour around the three tandem piles was studied using FLOW-3D numerical

models [200]. The results indicated that local scour was affected due to down flow

horseshoe vortex, which was driven by downstream pressure gradient, high bed

shear stress, flow circulations in front of piles and flow acceleration. The results

further indicated that the maximum scour was near the first tandem pile.

Daneshfaraz et al. [201] employed FLOW-3D scour models around the circular

piles. The results showed that in comparison to the front piles, the highest scour

was found near the downstream piles. To minimize scour effect of harvesting

material, the study altered the shape of front piles, and then results showed 29%

decline in the scour depth. Due to the inclusion of new shaped piles, the results

also showed decline in the velocity magnitude around the other piles.

Taha et al. [202] employed FLOW-3D scour models to study the local scour

downstream of blocked culvert. The results showed that 70% of the blockage in

the culvert increased water depth and flow velocity to 2.3 and 3 times, respectively.

However, small effects on scour downstream of culvert were also observed for which

the models developed scour equations.

Shamohamadi and Mehboudi [203] developed FLOW-3D scour models to study

influencing parameters of scour for confluence channels. It was found that the

ratio of discharge of main to secondary channels, and ratio of width of main to

secondary channel width were causing the local scour. The results further showed

that upon increasing the ratio of discharge of main to secondary channels, the scour

also found to be increased in the main channel, while increase in ratio of width

of main to secondary channels width developed the scour hole in the secondary

channels.
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2.6.1 Summary

From the literature review, it is found that apart from examining the HJs and flow

characteristics on rigid bed, the study of local scour downstream of these structures

is also very crucial for the assessment of stilling basin’s design. On the other

hand, bibliographical analysis showed that in the plane area of Pakistan, based on

physical model studies on rigid bed, the stilling basins of diversion barrages are

remodelled. These studies didn’t apply erodible bed on the downstream. However,

scouring downstream of any hydraulic structure is an important research area to

investigate the performance of any stilling basin. Therefore, to draw comparison

between the different stilling basins of barrage, scour investigation is presently

focused for the uncontrolled designed flow conditions.

2.7 Overall Summary

In Pakistan, barrages are essential for irrigation and power generation but many of

them are suffered because of ageing, hydraulic, structural and retrogression issues

which have endangered their overall stability [43]. Taunsa barrage is an important

diversion barrage which was built on Indus River for the discharge capacity of

28,313 m3/s. The barrage’s basin was modified form of USBR Type-III basin which

consists of two staggered rows of baffle and friction blocks. After the completion of

barrage in 1958, many problems appeared in the barrage’s basin such as uprooting

of baffle blocks and retrogression. After many repairs till 2004, from years 2005

to 2008 the energy dissipating system within the basin of Taunsa barrage was

changed in which chute blocks and end sill were placed at the downstream glacis

and at the basin’s end, respectively. From the literature review, it is found that

only few studies [76], 44, [45], [77] have investigated the the basins’ of Taunsa

Barrage which mainly focused the influences of tail water levels on the locations

of HJs. Additionally, the probing data from years 2010 to 2014 also indicated that

even after the remodelling of barrage’s basin, in front of many bays, the blocks

floor, flexible apron and inverted filter blocks are washed away. However, the
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past studies are lacking to provide the justification of damages occurred after the

remodelling and did not investigate important hydraulic parameters such as roller

lengths of HJ, velocity distribution in the basin, free surface profile of HJ, sequent

depths, energy loss in the HJ and TKEs in two different basins of the studied

barrage.

On the contrary, the use of WSBB downstream of the river diversion barrage was

found limited in the literature. Therefore, the aim of the present study is to investi-

gate various hydraulic parameters in different basins’ of Tuansa barrage for three

different discharges using FLOW-3D numerical models. The study also investi-

gated WSBB with different setup downstream of the studied barrage. The present

study also developed FLOW-3D scour models to investigate the performance of

different shapes of stilling basin’s appurtenances i.e., USBR baffle block basin, re-

modelled basin with chute blocks and end sill, WSBB basin, and composite basin

using WSBB and USBR baffle block. Based on the results of maximum energy

dissipation, appropriate baffle blocks shape and configuration are determined for

diversion barrage i.e., Taunsa barrage.



Chapter 3

Study Area & Methodology

3.1 Background

The methodology has three phases in which first phase identifies the critical hy-

draulic parameters from the literature and selects 3-D numerical codes. In second

phase, the identified critical parameters are numerically investigated downstream

of Taunsa barrage for different stilling basin using the selected numerical code. In

the third phase, the study compares the performance of different stilling basins,

i.e., Modified USBR stilling basin (Type (A)), chute blocks and end sill stilling

basin (Type (B)), Wedge-shaped baffle block stilling basin (Type (C)), and com-

posite baffle block stilling basin (Type (D)). After hydraulic analysis, the study

further performed scour analysis to investigate the performance of above men-

tioned stilling basins. The general flow chart of the research is presented in Fig.

3.1.

3.2 Study Area

Taunsa Barrage is an important diversion structure which is located across the

River Indus to supply arid zone of Southern Punjab. The barrage is about 18

Kilometers away from Kot Addu Town, a Tehsil of District Muzaffargarh. The

48
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Figure 3.1: Flow Chart of Research Methodology

barrage’s name was emanated from a Town ”Taunsa Sharif,” which is situated 30

km upstream of right bank of the River Indus [75] [43]. The location of Taunsa

Barrage is show in Fig. 3.2 below.

The story of Taunsa barrage was started back in 1936 by Mr. J.D. Bed ford, who

had initiated irrigation scheme for the area of Districts D.G. Khan and Muzaf-

fargarh. At that time, many inundation canals operated in these districts from

River Indus but the supplies from these canals were indecisive, especially during

the sowing and maturing times.
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Figure 3.2: Location map of study area

Therefore, regulation of these canals was to be made by weir control structures.

In 1943, a new ”Project Circle” was opened in the Punjab Irrigation Department

(PID), which carried out the preparation works of taunsa barrage project. The

Project was started in 1953 and barrage was completed in 1958 [76].

The barrage is more than a traditional diversion structure because it also ac-

commodates transportation energy infrastructure, i.e., railroad crossing, an oil

pipeline, gas pipeline, transmission lines, and serves as an arterial road bridge.

Furthermore, the barrage also supplies uninterrupted flows to four canals that

take off from its upstream, i.e., Muzaffargarh (command area (2)), TP-Link, DG

Khan (Command area (1) and (3)), and Kachhi canal. Taunsa Punjnad (TP) Link

canal (command area (4)) supplies water to the Chenab River to meet irrigation

requirement of command area (5) of the Panjnad Barrage. The general layout of

the barrage irrigation system is shown in Fig. 3.3.
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Figure 3.3: Taunsa barrage irrigation system

Rules and Regulations for Maintenance and Working of Taunsa barrage (1979)

report that 28313 m3/s is the maximum design discharge of the barrage [74].

The below Table 3.1 shows salient features of the the barrage originally, a 38.10

m long stilling basin was designed to dissipate excessive kinetic energy of the

upstream flows. Energy dissipators/appurtenances were also installed in the basin

to dissipate the surplus energy from the HJ.

The two rows of baffle blocks were also installed about 3 m from the two of the

downstream glacis while two rows of friction blocks are placed at the basin’s end.

Such devices were provided to increase the turbulence and also stabilize the HJs

in case of less tail water levels [76],[77], [45], [44]. The fall height was fixed to 3.66

m. Fig. 3.4 shows longitudinal cross-section of the barrage.



Study Area & Methodology 52

Table 3.1: Salient Features of Taunsa Barrage

Sr. No. Description
Design
values

Sr.
No.

Description
Design
Value

1
Maximum design
discharge capacity

28313 m3/s 8
Crest
width

1.83 m

2
Total width

between abutments
1324.60 m 9

Crest
level

130.44 m

3 Water way 1177.08 m 10
Upstream
floor level

128.31 m

4
Maximum

upstream pond level
136.24 m 11

Downstream
floor level

126.79 m

5
Maximum
downstream

tail water level
135.32 m 12

Maximum
design head
of gates

6.86 m

6
Normal

pond level
135.93 m 13 Gate Width 18.29 m

7 No. of bays 64 14
One Bay
Width

18.29 m

Figure 3.4: Longitudinal cross section of Taunsa barrage (Study area)

3.2.1 Taunsa Barrage and the Hydraulic Concerns

Barrages in the Indus Basin are built about 50 to 100 years ago. Due to the change

in river hydrology, river bed downstream of these hydraulic structure are usually

eroded which generates stability issues.

Apart from the erosion, “piping” also causes soil loss from the foundation which

speed up the bed erosion on the downstream. Soon after the barrage completion

in 1958, the barrage’s basin faced many problem i.e., riverbed retrogression, and

damage to the basin’s floor. To cater the above mentioned problems, during

1959-1962, repairs works were carried out for stilling basin of Taunsa barrage but

problems remained unresolved and the issue continued to aggravate.
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The Government of Pakistan engaged the consultant firm to review the hydraulic

and structural integrity of six existing barrages which were built between 1890 and

1958. After feasibility study, the consultants reported to rehabilitate the barrage

and some major works were recommended to prevent the sudden collapse of entire

structure.

Figure 3.5: Dismantling of Baffle blocks [43]

Figure 3.6: Existing appurtenances of barrage [43]

Based on the criteria mentioned above, Taunsa Barrage was put in the first place

to be rehabilitated. Based on the barrage history, it was clear that the barrage

was suffering from erosion problems on its downstream and can be failed in case

of high floods [75], [73].

After The World Bank willingness to fund the Project, during the year 2004, the

the feasibility study for Taunsa Barrage Emergency Rehabilitation and Modern-

ization Project was completed. Consequently, the remodelling of barrage’s stilling

basin was completed from June 2005 to December 2008 [75].
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In the rehabilitation, old stilling basin’s appurtenance were changed with chute

blocks and end sill as shown in Fig. 3.5 and 3.6.

Soon after the remodelling, during super-flood of 2010, the probing data showed

that the inverted filter blocks floor in-front of some of the bays moved away from

its original location and the flexible apron was also found to be sinking downstream

of the stilling basin [140], [44], [77].

3.3 Identification of Critical Hydraulic Parame-

ters (CHPs)

A systematic review of previous studies was carried out and all those articles were

retrieved which addressed hydraulic parameters on the downstream of hydraulic

structures such as spillway, barrage, sluice gate, weirs, and falls. The retrieved

articles were divided into two categories i.e, experimental and numerical studies.

By doing so, eighty (80) research articles were retrieved and after detailed analysis,

42 experimental and 24 numerical articles were further analysed to identify the

CHPs.

Tables 3.2 and 3.3 show the sources of experimental and numerical studies, re-

spectively. The statistical methods used for the identification of parameters are

explained below. For parameter ranking, Relative percentage score of the param-

eters was carried out by Eq. (3.1). [204], [205], [206].

PercentScore = Rf ×RPA (3.1)

where Rf is relative frequency of a parameter, and RPA is Relative Portion of the

Party Affected. In the present investigation, experimental and numerical articles

were taken as parties.
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Table 3.2: Hydraulic parameters from the experimental studies and their sources

Sr.

No.

Hydraulic

Parameters

Relevant

studies

1 Velocity profile (VP) [207][196][109][198][208][148][95][209][119][189][210][105][87][211][122] [112][124] [45][125][146][44][212][86][213]

2 Froude Number (Fr) [207][122][86][214][82][211][215][140][216][64][189][67] [124][83][217][45] [117][137][119][105][210][213]

3 Tail water (TWL) [196][105][189] [210][122][140][123][218][80][83][45][212][57][137][138][148][104][105][209][76]

4 Stilling basin shape (SS) [86][138][107][83][112][64][82][123][67][215][76][104][105][209][44][218]

5 Surface profile (FSP) [207][210][117][138][219][83][95][209][189][122][125][126][45][140][218][212][86][109][146][80]

6 Bed Profile (BP) [210] [105][117][138][216][126][189][219][83][45][122][125][86][197]

7 Scour profile (SP) [208][196][83][69][210][189][209][80][214][212][110][66]

8 Energy dissipation (ED) [123][122][86][125][146][216][211][214][218]

9 Turbulent energy (TKE) [146][123][122][86][125][105]

10 Pressure profile (PP) [210][95][209][80][86][146]

11 Bed Shear Stress (BSS) [208][117][213][217][68][105][44]

12 Reynolds stress (RSS) [217][119][124][209][44]

f13 Turbulent intensity (TI) [217][119][124][209][44]

14 Submergence (SM) [140][67][64][189]

15 Retrogression (RG) [105][107][140]

16 HJ efficiency (η) [122][125][87]

17 Momentum flux (MF) [117][137]

18 Volume flux (VF) [117][137]

19 Length of HJ (LHJ) [207][112][212][80]

20Turbulent production (TP) [125]

21 Power spectra (PS) [119]

22 Sequent depth (y2/y1) [109][148]

23 Energy loss (∆ E/E1) [122]
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Table 3.3: Hydraulic parameters from the numerical studies and their sources

Sr.
No.

Hydraulic
Parameters

Articles
Cited

1 Velocity profile (VP) [99][86][220][157][156][221][107][97][57][164][158][148][65][222][161][121]
2 Surface profile (FSP) [220][86][99][222][65][97][158][164][161][221][52][156][107][95][147]
3 Pressure profile (PP) [99][86][164][147][158][103][104][105][148][222][52]
4 Turbulent energy (TKE) [99][156][97][121][220][157][221][222]
5 Air volume value (AV) [99][86][156][97][164][147][221]
6 Discharge measurement(DM) [104] [86][105][222][65][52]
7 Stilling basin shape (SS) [219][119][220][104]
8 Froude Number (Fr) [221][107][57][158][97][86]
9 HJ efficiency (η) [86][164][103][148][222]
10 Reynolds stress (RSS) [99][121][158]
11 Tail water (TWL) [105]
12 Contraction coefficient (CC) [157]
13 Head loss (HL) [157]
14 Frictional forces (FF) [157]
15 Momentum coefficient (MC) [157]
16 Energy coefficient (EC) [220]
17 Discharge coefficient (DC) [220]
18 Wall shear stress (WSS) [148][99]
19 Sequent depth (y2/y1) [158][161][148][99]
20 Length of HJ (LHJ) [158][161][148]
21 Scour profile (SP) [158]
22 Bed profile (BP) [97]
23 Energy dissipation (ED) [220]
24 Bed shear stress (BSS) [220] [148]
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Figure 3.7: Process for identification of CHPs

To find relative importance of the parameters, Relative Importance Index (RII)

(Muneeswaran et al.[223]; Gündüz e al. [224]; Ahmad et al. [225]; Siddique et al.

[226]) was applied which was calculated by Eq. (3.2):

RII =
n∑

(i=0)

(Wi)/(AxN) (3.2)

where, RII = Relative importance index; W i = Weight given to each parameter by

research; A= Highest weight and N = Total number of researches. The RII value

ranges from 0 to 1. Any of the identified parameters whose values approaches to

1 was considered as the critical parameters.

3.4 Selection of CFD Software

Based on the objectives defined, the list of strongly desired features from vari-

ous CFD software were studied and divided into various groups i.e., modelling

capabilities, pre and post processing capacities, the solver, user friendliness and
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support. On the basis of literature review, five different software were selected for

comparison. Table 3.4 the strongly desired features of the different CFD codes.

Table 3.4: List of strongly desired feature for selection of CFD software

FEATURE Open FOAM FLOW-3D
FLUENT

CFD
PHOENICS STAR-CD

Discretization

technique
FVM FVM FVM FVM FVM

Mesh

type
STR STR STR STR UNS

2D and 3D Yes Yes Yes Yes Yes

Friendly

interface
No Yes No Yes Yes

Body-fitted

coordinates
Yes Yes Yes Yes N/A

Turbulence

models
Yes Yes Yes Yes Yes

Multi- phase/

species
Yes Yes Yes Yes Yes

Access to

Fortran user- routines
Yes Yes Yes Yes Yes

From Table 3.4, four leading software were selected for further analysis and detailed

comparison was performed as shown in Table-1 of Annex-3A.

3.5 Numerical Modeling Technique

In second phase of the research, CHPs were numerically investigated using FLOW-

3D models. Before, implementing the models, data related for the FLOW-3D mod-

els were studied, and suitable methods & techniques were selected, as described

in the proceeding paragraphs. The detailed process for the numerical models is

shown in the flow chart (Fig. 3.8).

All environmental flows are governed by physics laws such as law of conversation

of mass, momentum, and energy. However, for the open-channel flows, mass and
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Figure 3.8: Detailed methodology for hydraulic and scour modelling

momentum equation are more dominating. For these flows, Naiver Stokes equation

(NSEs) is termed as the momentum equation [165]. These equations are partial

differential schemes and can be solved analytically for one and two-dimensional

flows. However, in case of three-dimensional flows, NSEs do not concede with

analytical methods and need numerical techniques to accumulate their solutions.

With the advent of high computer technologies and evolving algorithms, Compu-

tation Fluid Dynamic (CFD) and numerical modelling techniques are beneficial

for stimulation of the above-mentioned fluid complexities [227] [228]. CFD is the

branch of numerical modelling which solves the problems of flow physics [228]

[92]. In the CFD modelling, flow equations i.e., NSEs and continuity equation are

discretized in each cell. Generally, these models start with a mesh which further

contain multiple interconnected cells in the employed mesh blocks. These meshes
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subdivide the physical space into small volumes which are associated with several

nodes. The values of unknown parameters are stored on these nodes, such as

velocity, temperature, and pressure. In CFD modelling, before the outputs, the

particular models are calibrated with most reliable parameters, however, the cali-

brating parameters are usually case-dependent and varies as per the investigation.

Different numerical techniques are used to discretize the Naiver Stokes equations,

as discussed below.

3.5.1 Direct Numerical Simulation (DNS)

The continuity and Naiver-Stokes equations (NSEs) have four unknowns, i.e., p,

u, v, and w. The DNS technique uses these equations to solve the unknown

directly without using the turbulence models [33]. DNS provides a more accurate

turbulence structure and calculates mean flow velocity and turbulent intensity

from the smallest to the largest scale on the spatial grid, but computational costs

involved in this technique are completely un-affordable [33] [99]. DNS technique

works only for the low Reynolds Number and requires sufficiently fine meshes to

resolve the Kolmogorov micro scales and a much smaller time-step to resolve the

fastest fluctuations. DNS method requires the most powerful high-performance

computers to calculate high Reynolds numbers, which further escalates the cost.

Therefore this method is often avoided in river and hydraulic engineering [160].

3.5.2 Large Eddy Simulation (LES)

Despite efforts of researchers over the last three decades, no specific turbulence

model has been developed which can develop the turbulence flow features for all

the hydraulic investigations. The primary reason behind the above-mentioned

issue is the difference in the behavior of small and large-scaled eddies in which

the small eddies usually are isotropic. However, the large-scale eddies are found

as an isotropic. In the large eddy simulation (LES) method, the small and large

eddies are separated by the filter that applies cutoff width in which large eddies



Study Area & Methodology 61

are calculated directly as carried out in DNS [229], [230]. Implementing LES in

river engineering for high Reynolds numbers requires fine meshing near the wall

and thin boundary because the flow domain has to be divided into sub-grid to

apply filtering function for the core and near-wall flow to calculate for large and

small eddies [231]. As compared to other modeling technique, LES produces a

more reliable prediction of problems, especially in strong shear, separation, and

vortex regions. However, due to the high computational cost, LES models are not

used readily.

3.5.3 Reynolds-Averaged Naiver-Stokes Equations (RANS)

These days, Reynolds-Averaged Naiver-Stokes Equations (RANS) is the most

widely used technique to solve the NSEs, continuity and momentum equations,

which also simulates the turbulent flows. After adding averaged and fluctuat-

ing values, RANS method also solves instantaneous velocity and pressure [164],

[152]. As compared to other models, these models also offer less computational

cost and employ less time for flow resolution. Upon use of RANS models, two

additional variables are generated for which turbulence closure models are usually

employed [100]. In the present numerical model, RANS models are implemented

using FLOW-3D. The equations (3.3) is the momentum equation.

(VFρ)/∂t+
∂

∂x
(ρuAx)+R

∂

∂y
(ρvAy)+

∂

∂z
(ρwAz)+ξρuAx/x = Rsor+RDIF (3.3)

where VF is partial volume of flow, ρ is the fluid density, RSOR is the mass source,

and RDIF is diffusion term of turbulence. In case of Cartesian coordinates, R is

equal to unity and ξ is set as zero. For in compressible flow simulation, using

constant value of density (ρ), the above equation is transformed for turbulent flow

as shown in Eq. (3.4).

∂

∂x
(uAx) +R

∂

∂y
(vAy) +

∂

∂z
(wAz) + ξ

∂u

∂x
Ax/x(uAx) = RSOR/ρ (3.4)
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The fluid velocities components in x, y and z directions are in the RANS Eq. (3.5),

(3.6), and (3.7), respectively.

∂u

∂t
+

1

VF

(uAx
∂u

∂x
+ vAy

∂u

∂y
+ wAz

∂u

∂z
) = −1

ρ

∂p

∂x
+Gx + fx (3.5)

∂v

∂t
+

1

VF

(uAx
∂v

∂x
+ vAy

∂v

∂y
+ wAz

∂v

∂z
) = −1

ρ

∂p

∂y
+Gy + fy (3.6)

∂w

∂t
+

1

VF

(uAx
∂w

∂x
+ vAy

∂w

∂y
+ wAz

∂w

∂z
) = −1

ρ

∂p

∂z
+Gz + fz (3.7)

where, u, v, w, are the velocities in x, y and z directions; Ax, Ay, and Az are the

areas in x, y and z directions, Gx, Gy, and Gz are body accelerations in x, y and

z directions; fx, fy, fz are the viscous acceleration; ρ and P are the fluid density

and pressure, respectively.

3.6 Closure Problems and Turbulence Models

The turbulent flows are associated with the fluctuation of velocity components,

and these fluctuations (Turbulence) are transported through mass, energy and

momentum. In practical engineering problems, due to the small scale and high

frequencies, these fluctuations can’t be solved directly [111]. Therefore, RANS

equations are implemented to solve time-averaged small scale fluctuations and add

additional unknown variables which are solved by the turbulence closure models

[232].

Six different turbulence models are available in FLOW-3D such as one-equation

Prandtl mixing length model, two equations Standard K-ϵ, RNG- K-ϵ and K-ω

and LES model. In these models, different equations are employed to resolve the

closure issues, however, two-equation models, i.e., Std K-ϵ and RNG-K-ϵ, are used

widely in civil engineering and are also discussed below.
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3.6.1 Standard K-ϵ Model

Because of the simplicity and lesser computation time, Std K-ϵ model is widely

used in engineering applications and employs two-equation ( i.e., K and ϵ). This

model derives its coefficients empirically [165] [166]. The model assumes Reynolds

stress to be proportional to the time-averaged strain, and in case of fully turbu-

lent flow this model ignores the molecular viscosity and overlooks the historical

effects in the stream wise direction. However, in case of large curvature, standard

K-ϵ comprises the performance [107]. For turbulent kinetic energy (k) and its

dissipation rate ϵ the model implements Eq.(3.8) and (3.9) [83].

∂k

∂t
+

1

VF

[UAx
∂k

∂x
+ V Ay

∂k

∂y
+ wAz

∂k

∂z
] = PT +G+Diff + ϵ (3.8)

∂ϵ

∂t
+

1

VF

[UAx
∂ϵ

∂x
+ V Ay

∂ϵ

∂y
+wAz

∂ϵ

∂z
] = C1ϵ

ϵ

k
(PT +C3ϵG) +Diff −C2ϵ

ϵ2

k
(3.9)

where PT , G, Diff and Ddif are shear production, buoyancy production and dif-

fusion parameters, respectively, while C1ϵ, C2ϵ, and C3ϵ are the model constants

and the values of C1ϵ and C2ϵ are 1.44 and 1.92, respectively.

3.6.2 Renormalization Group (RNG K-ϵ) Model

Due to progressive development in CFDs, the researcher have continually modi-

fied by turbulence models and considering the turbulence vortex, Re-normalization

Group (RNG K-ϵ) model deduced the turbulent kinetic energy (K) and its dis-

sipation rate (ϵ) through re normalization theory methods [233]. This model is

considered for low turbulence and high shear area which showed better results

than Standard K-ϵ model [148]. The model also adds an addition term for dissi-

pation rate which increases its performance [234],[235]. In the RNG model, Eqs.

(3.10) and (3.11) are used for turbulent kinetic energy (K) and its dissipation(ϵ),

respectively.

∂

∂t
(ρ× k) +

∂

∂xi

(ρ× kui) =
∂

∂xj

[
µ+

µt (ρ× k)

σ × k

∂k

∂xj

]
+ pk + ρϵ (3.10)
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∂

∂t
(ρϵ) +

∂

∂xi

(ρϵ× ui) =
∂

∂xj

[µ+
µt

σϵ
(ρ× k)

∂ε

∂xj

] + c1ε(
ϵ

pk
) + c2ε(

ϵ2

k
) (3.11)

where xi, µ, µt, Pk are coordinate in i-axis, dynamic viscosity, turbulent dynamic

viscosity, and TKE production, respectively, and the terms σk, σϵ, C1ϵ, and C2ϵ

are the model parameters [233]. As compared to Standard K−ϵ model, due to the

difference in the model formulation essentially in the values C1ϵ = 1.42 and C2ϵ =

1.68, the RNG K-ϵ models showed better results in the hydraulic applications. On

the recommendation [236] and results presented in [83], [98], [103], [157], [99], [237]

the present study has implemented RNG K-ϵ model for the turbulence modelling

in various cased studied here.

3.7 Numerical Solution Methods

The process in which the partial differential equations are converted into sets of

non-linear algebraic equations is called discretization. The solution of these equa-

tions is flow-dependent. In the case of steady flow, pseudo-time iteration schemes

are used. However, in unsteady flow, the non-linear algebraic equations are con-

verted into linear equations by iteration schemes, and numerical methods solve

these equations. In general, most of the present 3-D hydraulic models use these

solution methods. In FLOW-3D, finite volume method (FVM) is implemented for

discretization of partial differential equations as discussed below:

3.7.1 Finite Volume Method (FVM)

Finite Volume Method (FVM) is a discretization scheme which is used for various

types of flows and has been used extensively in fluid mechanics and other engi-

neering fields. FVM is also known as a robust and cheap method for discretizing

the law of conservation [238].

In CFD, the spatial discretization of Navier Stokes Equations (NSE) is carried

out by replacing the continuous variable with the control volume [237] for which
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FVM is gaining popularity because it offers less flexibility during the discretization

process [239]. In FVM, initial differential equations are integrated into a spatial

form which are then solved by the numerical methods such as FLOW-3D. More

precisely, in FVM, conversation equations, i.e., mass, momentum, energy, and

volume fraction are integrated and discretized over the control volume and are

solved on each iterative time step.

In FLOW-3D numerical models, equations of the controlled volume are formulated

with area and volume porosity functions. This formulation is called the ‘fractional

area/volume obstacle representation’ (FAVOR) method and is efficiently used in

complex geometries and around the solid regions [240].

3.8 Free Surface Tracking

In CFD, a considerable free surface tracking or capturing methods, e.g., the marker

and cell (MAC) and level set method (LSM), are available to be used in the

numerical simulation [58], but the extensively used method is the volume of fluid

(VOF).

It was initially adopted by [241] to yield the turbulence and free surface tracking

of mean flow and the method uses donor-acceptor formulation [163]. The method

is designed for two or more immiscible fluids in which one fluid is compressible

(i.e., air). The technique uses a fixed Eulerian mesh with a transport equation to

define the relative fraction volume of different fluids in each computational mesh

cell [106]. In the present study, the VOF transport equation (3.12) is employed

∂F

∂t
+

1

VF

[
∂F

∂x
Axu+

∂F

∂y
Ayv +

∂F

∂z
Azw] = 0 (3.12)

where, Ax, Ay, Az are the average flow areas in x, y, and z directions, and u, v,

and w are the average velocities in x, y, and z directions, respectively. In the above

equation, F is fluid fraction, which ranges from 0 to 1. If F = 0, it represents air in
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the cell, and (F = 1) shows the cell is full of water. However, (F = 0.5) represents

the free surface.

3.9 Pressure-Velocity Coupling

The approximation of NSEs is highly case-dependent, and the performance of al-

gorithms is generally assessed by computation requirements, stability, and conver-

gence. Due to the additional variable, pressure converge is a main problem in the

continuity equation which puts an additional constraint on the velocity field [184].

For stability and convergence of pressure and velocity fields, pressure-velocity cou-

pling algorithms are implemented, i.e., SIMPLE, SIMPLER, SIMPLEC, and PISO

[150], [242], [208], [243]. However, FLOW-3D uses the Generalized Minimum

Residual Solver (GMRES) method to implicitly approximate the NSEs and find

pressure and velocity fields in highly efficient and accurate manners [183]. GM-

RES contains good speed, convergence, and symmetry and does not apply over

and under relaxation factors. GMRES also possesses an additional algorithm,

“Generalized Minimum Residual Solver (GCG),” to treat the viscous terms [244].

3.10 Fluid-Solid Interface Reconstruction

For advection and interface reconstruction, traditional techniques such as Simple

Line Interface Calculation (SLIC) [245][246], Piece-wise Linear Interface Calcula-

tion (PLIC) [247], and Flux line-segment model(FLAIR) [248] were applied in the

past. These methods used volume fractions of the neighboring cell to reconstruct

the interface line. However, FLAIR uses the cell face volume fraction to develop

the line segments. The main problem of these techniques is the ”stair-stepping”

[249].

In FLOW-3D, Fractional Area-Volume Obstacle Technique (FAVOR) [250] is used

to resolve the solid and flow regions. The developed curved and complicated
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geometries are embedded in the computation grids by the pre-processor. This

method consists of special algorithms to compute inter facial areas, wall stress

evaluation, enhance stability and solve advection along with the obstacles [52],

[236], [251]. All the governing equations in FLOW-3D are also framed as area/vol-

ume porosity function [147], [59], [71] [103], [104], [163], [240]. As compared to

transitional techniques in other CFD codes, the FAVOR method in FLOW-3D

is simple and accurate in resolving the complex geometries without the require-

ment of body-fitted grids [148]. In FLOW-3D, the FAVOR method also allows

structured grids [165] for the whole flow domain, especially in case of rounded

geometries [98], [183].

Additionally, in case of a larger flow domain, the technique allows more fine mesh

and multiple blocks to resolve the geometry and capture more details of flow . This

technique removes the ”stair-stepping” effect typically connected with rectangular

grids and replaces it with short, straight-lined segments [101], [107], [252]. The

technique utilizes the ”law of wall” to accurately simulate the flow near the obstacle

[253]. In this numerical study VOF-FAVOR method with structured rectangular

hexahedral meshes of various sizes is used to resolve the flow domain and solid

geometries. The general form of equation (3.13) for in-compressible fluid based on

FAVOR is given below;

∆(uA) = [−∂VF

∂t
+

Sm

ρ
] (3.13)

where, Sm is the fluid physical mass term, V F and A, are the volume and area

fractions, respectively.

3.11 Computation Grid

In numerical codes, to solve the partial differential equations, the flow domain

is subdivided into cells and elements which is called computational grid. These

meshes further divide the physical space into small volumes with many nodes which

store the value of essential parameters such as pressure, velocity, and temperature

[103]. Two category of grids are used in CFDs problems, as described below.
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3.11.1 Unstructured Grid-meshing

The computation grids usually consist of geometrical primitives such as triangle,

quadrilateral, tetrahedral and hexahedral [254]. The unstructured grid and mesh

do not have a definite and uniform pattern and are usually made of triangles and

tetrahedral. This meshing system is used for complex geometry because of the

flexibility and minor closures and skewness issues [114]. Unstructured grids allow

the use of computational cells of any arbitrary shape such as hexahedral, tetrahe-

dral, triangle and prism which reduce simulation time. In most aerodynamic and

complex environmental flows, unstructured meshes provide a convenient frame-

work for local refinement [253]. One of the disadvantages of using unstructured

meshing is that the repeating local refinement leads to poor mesh quality, dis-

parate element sizes, high vertex and large face angles, which lead to poor flow

fields.

3.11.2 Structured Grid-meshing

Regular connectivity of cells and meshes in 2D (quadrilateral) and 3D (hexahedral)

is characterized as structured grids. This type of grid and meshing are easy to

create, has defined shapes, and is easy to implement [33]. As compared to unstruc-

tured mesh grids, it is believed that structured meshing [98], [164] produces better

results, and is faster to perform in CFD problems than the unstructured meshing.

These grids consume less computational memory and create fewer latency issues

[121], [253].

Furthermore, the problems of an-isotropic in the thinner sections are also cater

by the structured meshing such as hexahedral. In FLOW-3D, these structured

meshes are easy to develop, and this code is compelling in generating complicated

meshes. The code also offers to create multiple grid blocks that can be linked and

nested. Furthermore, the software allows the pre-processor to check the meshing

quality and analyze it by the FAVOR method [183]. In this numerical study, the

geometry of the models is straightforward, which allows to implement structured
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meshing, therefore, for the studied stilling basins, presently, multiple structured

mesh blocks are employed.

3.12 Sediment Scour Model

In sediment scour modelling, number of sediment species can modelled with various

characteristics such as grain size, density, bed load transport rate, critical shear

stress, entrainment coefficients and angle of repose. FLOW-3D models predict the

sediment scouring in two different ways such as packed and suspended sediment

which further include advection, erosion, settlement and deposition.

In FLOW-3D, several parameters are required to model the scour such as bed

load transport rate equation, maximum packing, fraction critical shield number

definition, and various sediment properties. For the sediment transport models,

following equations are used in the present study.

3.12.1 Critical Shields Number

Critical shield parameter (θcr,i) is the minimum bed shear stress τcr required to

move sediment species from the packed bed. The rate of erosion on the sediment

packed bed depends on size, density and forces acting on the sediment particle.

Θcr,i =
τcr,i

gdi(ρi − ρf )
(3.14)

where g, τcr,i, di, ρi and ρf are acceleration due to gravity, critical shear stress,

sediment diameter, sediment and fluid densities, respectively.

In FLOW-3D, the critical shield number can be computed by the software au-

tomatically for which prescribed values are selected while its value can also be

calculated by Soulsby-White house equations (3.15 and 3.16) as described below;

Θcr,i =
0.3

1.2d∗i + 1
+ 0.055[1− exp(−0.02di)] (3.15)
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d∗i = di[g(si − 1)/Vf ]
3 (3.16)

where d∗i is the dimensionless grain size, Si=ρi/ρf and Vf is the kinematic fluid

viscosity. In FLOW-3D models, a default value of 0.05 can be assigned as a critical

shields number.

3.12.2 Bed-Load Transport

The mode of transport of sediment particle from the surface of packed bed is

defined as bed load transport (Θi). In FLOW-3D, three different equations for the

volumetric sediment transport rate per bed width are used as described below;

3.12.2.1 Meyer, Peter and Müller Equation

Θi = βMPM,i(Θi −Θcr,i)1.5Cb,i (3.17)

where βMPM,i is the bed-load coefficient which ranges from 5.0 to 5.7 for low

transport, 8.0 for intermediate transport, and 13.0 is used for very high transport

[255].

3.12.2.2 Nielsen Equation

Θi = βNie,Θ
1.5
i (Θi −Θcr,i)Cb,i (3.18)

where βNie,i is the bed-load coefficient with a default value of 12.0 [256].

3.12.2.3 Van Rijn Equation

Θi = βV R,i, d∗i(Θi/Θcr,i − 1)2.1Cb,i (3.19)

βV R,i is the bed load coefficient which has 0.053 default value while for equa-

tion (3.17), (3.18), and (3.19) Cb,I is the fractional volume of species i in packed

sediment bed [181][257][258].
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3.12.3 Maximum Packing Fraction

The maximum packing fraction is the ratio of fraction of all sediment species to

open volume in a cell and the cells are considered as packed in which drag function

reached to infinity (No fluid). The maximum packing fraction ranges from 0.55

to 0.7 while 0.64 is the default value of packing fraction which is automatically

selected by FLOW-3D [201].

3.12.4 Bed Shear Stress

For turbulent flow, the bed shear stress applied on the surface of packed sediment

is computed by standard wall function. Crough is the user-defined coefficient which

is obtained by ratio of Nikuradse roughness ks to median grain diameter (d50) in

packed sediment for which 2.5 value is recommended [200][199].

3.13 Data Requirement for Numerical Models

To operate the numerical models, the following geometries and flow data were

supplied to FLOW-3D.

3.13.1 Models Drawings, Hydraulic Data and Models Op-

eration

The solid geometries of investigated models were designed in AutoCAD and con-

verted into stl files. Before employing the files in FLOW-3D, the files were tested

in Netfabb-basic software to remove holes, facets, and boundary edges. Three-

Dimensional (3-D) geometries of USBR baffle block, remodelled basin’s appurte-

nances, and WSBB basins are shown in Fig. 3.9.

In Type (A) basin, floor level is fixed at 126.79 m whereas in Type (B) basin,

it is changed to 127.10 m. The weir crest in both basins is fixed at 130.44 m.



Study Area & Methodology 72

(a) (b)

(c) (d)

Figure 3.9: Geometries and dissipation arrangements in different stilling
basins, (a) Type (A), (b) Type (B), (c) Type (C), and (d) Type (D)

In Type (A) and (B) basins, the slopes of upstream and downstream glacis are

maintained at 1:3 and 1:4 (H:V), respectively. In Type (A) basin, the USBR blocks

are installed 14.63 m away from the center-line of the crest which are placed in a

staggered position.

The overall length and height of the blocks is 1.37 m whereas its width is 1.22 m.

Additionally, between the two staggered rows of baffle blocks a 1.37 m distance is

maintained while the top width of all the USBR blocks is 0.46 m which are angled

at 450 from the rear side. Furthermore, in Type (A) basin, two staggered row of

friction blocks are also placed at the basin’s end about 28.95 m away from the

weir’s crest. These friction blocks are 1.37 m long, 1.22 m wide, and 1.37 m high.

The top surface of these blocks is identical to their bottom.

On the contrary, in remodelled basin (Type (B)), chute blocks are made on the
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(a) (b)

(c) (d)

Figure 3.10: (a) USBR block, (b) USBR block, Isometric view, (c) WSBB
(d) WSBB, Isometric view

downstream glacis whereas at the basin’s end, a sill replaced the friction blocks.

The overall length, width and height of chute block are 4.82 m, 1.70 m, and 1.70

m, respectively. From the top, these chute blocks are 5% inclined in the downward

direction, and 3.45 m distance is maintained between the two consecutive chute

blocks.

The height of end sill is 1.52 m while its width is stretched along the width of

modelled bay. The end sill is sloped from the upstream side which is fixed to 2:1
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(H:V), while the top width of the sill is fixed to 0.30 m.

In Type (C) basin, the WSBB are placed at the locations of impact USBR blocks.

The overall length, width and height of the wedge-shaped block is kept to 1.37 m.

In the present models, for the investigated WSBB, a vertex angle of 1500 and

cutback angel of 900 is employed. However, in Type (C) basin, the friction block

is used of the sizes as described in Type (A) basin. In Type (D) basin, only

first row of impact USBR blocks is replaced with WSBB, while the rest of basin

geometry is kept identical to the Type (A) basin. The top and isometric views of

impact and WSBB are shown in Fig.3.10.

All the models are treated as concrete elements for which roughness coefficient of

0.013 is assigned.

3.13.2 Hydraulic Data and Models’ Operation

For the hydraulic investigation of different stilling basins, boundary and initial

conditions were provided to the models. During the run time, for a particular

flow, the pond and tail water levels were maintained to develop the conditions of

HJ. For all the investigated stilling basins, discharge, pond and tail water level

data of year 2010 was used to run the models as displayed in Table 3.5.

For the investigation of different stilling basins on various discharges, hydro-graphs

are developed from year 2013 to 2020 as shown in Fig. 3.11. The hydro-graphs

trends indicated that the maximum discharge at Tuansa barrage was from mid-

June to September, while in rest of the months low flows were noticed. The box

plot in Fig. 3.12 shows the minimum, maximum and mean values of a year.

From the box plot analysis, the minimum value of discharge during a year was

ranged between 0.25 to 0.37 m3/s/m while the maximum value was found between

4.90 to 7 m3/s/m. However, the mean value of discharge was found between 1.94

to 2.64 m3/s/m. Based on the flow analysis, it is found that during the year, the
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Table 3.5: Models operation and HJ conditions

Discharge

(m3/s/m)

Pond

Levels

(m)

Minimum TWLs

for Jump

formation

(m)

Maximum TWLs

for Jump

formation

(m)

TWLs

during

2010 Flood

(m)

2.44 136.24 129.08 132.28 130.40

4.88 136.24 130.14 132.89 131.23

7.22 136.24 130.75 133.34 131.91

18 134.60 132.73 134.56 133.65

21.7 135.63 133.5 135.08 133.86

24.3 135.93 133.8 135.32 134.00

mean flow in river Indus at Taunsa barrage was remained up to 2.1 m3/s/m, while

the mean of upper box plot values was found up to 6.2 m3/s/m.

Therefore, to accommodate any error within the discharge data, the gated flow

models were operated up to the maximum discharge value of 7.22 m3/s/m with

an equal increment of 2.44 m3/s/m. However, for validation and performance

assessment of FLOW-3D, investigated models were also run for the free flow dis-

charges of 24.3, 21.7 and 18 m3/s/m. The detailed operations of gated and free

flow analysis are described in 3.13.2.1 and 3.13.2.2 sections.

3.13.2.1 Free and Gated Flow Analysis

The hydraulic performance of present numerical models was assessed with He/Hd

values of 0.998 and 0.996, whereas Hd and He are designed and effective heads,

respectively. These values are designed and high flood discharge of the studied

barrage. Therefore, the modelled free flow discharge values were compared with

the designed (24.3, 21.7 and 18 m3/s/m) values. The illustration of He and Hd

can be seen in Fig. 3.13.

For hydraulic modelling, discharge computation is very crucial. However, in rou-

tine, openings of the barrage gates are not same, and are usually set according
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Figure 3.11: Unit discharge during the years at Taunsa barrage

Figure 3.12: Minimum, mean and maximum flows during years 2013-2020 at
Taunsa barrage
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Figure 3.13: Model operation for gated flow

to the flows in rivers. Presently, one bay of the studied barrage was modelled,

and discharge computed from single bay was used to replicate actual condition

of the barrage. Table 3.5 shows the initial condition to run these models. To

compute discharge for the gated flow, the equation was used to estimate the gate

openings (D). Fig. 3.13 shows the typical cross section of gated flow operation for

the studied models.

Q =
2

3
Cd(A)

√
2ghc (3.20)

where Q is known and measured in (m3/s), A is the area of gate opening in (m2),

b is width of the bay in (m), D is the gate opening in (m), g is acceleration due

to gravity, and (hc= Hd-D/2) is the center-line head which is measured in (m).

In the numerical models, the flux surface (porosity=1) was set up at Xmax of

the mesh, and a movable probe was assigned to measure the free surface profile

and other essential parameters in the studied stilling basins. The flow calculated

for the modelled domain was used to calculate the discharge from the barrage,

thereby the actual flow conditions were generated for free and gated flows. Based

on the flow analysis, all the models were operated for gated flow of 2.44, 4.88 and

7.22 m3/s/m. The total length of the simulation domain was 55.50 m, in which

hydraulic investigations were carried out on 38.10 m of downstream side.

3.14 Hydraulic Investigation

Presently, the performance of different stilling basins is assessed different hydraulic.

NSEs, continuity and momentum equations were used by RANS Eq. 3.3, Eq. 3.4,

Eq. 3.5, Eq. 3.6, and Eq. 3.7, while turbulence was captured by Eq. 3.10 using
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RNG K-ϵ models. The modelling domain was discretized by FVM method while

the free surface was tracked by VOF method using Eq. 3.12. Pressure-velocity

coupling was solved using GRMES, while solid-fluid interface was constructed by

the FAVOR method using Eq. 3.13.

3.14.1 Meshing and Boundary Setup

After importing the models’ geometries into FLOW-3D, meshing was applied to

the models. A 3D uniform-structured mesh blocks were employed to resolve the so-

lution domain, in which 1st mesh block was initiated from Xmin=15 m (Upstream)

and was ended at Xmax=51 m (downstream). However, the 2nd mesh block was

started from Xmin=51 m and ended Xmax=56 m. Lastly, the 3rd block was started

from Xmin=56 m and extended up to the end of basin (Rigid floor, Xmax=71 m).

It is worth mentioning here that the purpose of three mesh blocks is resolve the

baffle block because the hydraulic investigations are focused within the hydraulic

jump, especially in the baffle block region. Overall, 56 m long, 22.5 m wide and

11 m high models were simulated and a total of approximately 196,5600 cells were

used in the modelling domain. The details of each mesh block, cell sizes and their

quality indicators are provided in the Table-3.6 and Table 3.7, respectively. To

Table 3.6: Details of mesh blocks and cell sizes

Mesh blocks

and cell sizes

Mesh

Block (1)

Mesh

Block (2)

Mesh

Block (3)

Cell size (m)
∆ x ∆ y ∆ z ∆ x ∆ y ∆ z ∆ x ∆ y ∆ z

0.25 0.25 0.25 0.125 0.125 0.125 0.25 0.25 0.25

Total Cells 777,600 950,400 324,000

reduce the simulation time, a domain-removing section was added to deactivate

unused cells and ensured that the component was not containing the flow. For

gated flow analysis, a vertical gate of 18.5 m wide, 0.53 m long, and 6.10 m high
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Table 3.7: Quality indicators for different mesh blocks

Mesh

Block

Number

of cells

Maximum

adjacent

ratio

Maximum

aspect

ratio

Block (1) X=144, Y=90, Z=60
X Y Z X-Y Y-Z Z-X

1.00 1.00 1.00 1.016 1.016 1.061

Block (2) X=40, Y=180, Z=120 1.00 1.00 1.00 1.00 1.00 1.00

Block (3) X=60, Y=90, Z=60 1.00 1.00 1.00 1.00 1.00 1.00

was mounted upstream of the weir crest. Fig. 3.14 shows the meshing setup for

solid and flow domain.

Figure 3.14: Meshing setup for solid and flow domains

Fig. 3.15 illustrates that both Xmax and Xmin were set as pressure (P) boundaries

while ymax, ymin and zmin were set as wall (W) boundaries which represents no-

slip, zero tangential and normal velocities to the walls. Expect pressure which was

set to zero, for all other variables Zmax was set to atmospheric pressure. For the

2nd block, Xmin and Xmax boundaries were set as symmetry (S). The boundaries

conditions governing the present models are shown in Fig. 3.15.

To run models for various discharges, upstream pond and tail water levels were

provided while gate opening (D) was computed from the equation (3.20).

For controlling the time step at each iteration, a courant number stability criterion

was employed. At every iteration, the step step was monitored by stability and

convergence both for free (0.0023 to 0.0025) and gated flow (0.015 to 0.0025). To

achieve the steady state of models, discharge was monitored at the inlet and outlet
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Figure 3.15: Boundary conditions for different mesh blocks to govern the
solution domain

boundaries. The steady state solution of the models was varied between T=100 s

to 165 s.

The analysis indicated that for the free flow discharge, the model achieved steady

state at the averaged time of T=60 s, while the gated flow models achieved steady

state after longer periods of time, i.e., between T=150 s to 165 s. However, to

accommodate fluctuations/oscillations in the flows, T=170 s (finish time) was

provided to the free and gated flow models. In the Annex-3B, Figs. 1, 2 and 3

show the time rate change of gated (2.44, 4.8 and 7.22 m3/s/m) flow at the inlet

and outlet boundaries of different stilling basins.

3.15 Scour Modelling and Investigation

For scour modelling, numerical models for different stilling basins’ geometries were

developed. A fully in-compressible and clear water of 200 C was supplied to the

tested models for various free and gated flow condition as described in Table 3.8.

The total length, width and height of the modelling domain was 85 m, 22.5 m and

11 m, respectively. Out of the total length, 15 m was upstream pond level and
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70 m was downstream side where hydraulic and scour investigations were carried

out. Out of 70 m on downstream, 30 m of the bed was laid as erodible (Sediment

Packed Bed) where scour was studied.

Before carrying out scour modelling, models were set for hydraulic characteristics,

and for the free surface tracking and turbulence modelling, volume of Fluid (VOF)

method and RNG K-ϵ, Standard K-ϵ and LES models were implemented, respec-

tively. Generalized Minimum Residual Method (GMRES) was used to pressure

velocity couple while for the spatial discretization of the flow domain was solved

by Finite Volume Method (FVM).

In the present study, only one sediment specie was considered for modelling of

scour for which maximum packing fraction of 0.64 was used. User prescribed

value for critical shield number was used while Van Rijn equation (3.19) were

implemented for bed load transportation.

After calculation of the critical shield number, bed load coefficient was computed

using Van Rijn equation (3.19). The drag on settlement of sediment species was

computed by Richardson-Zaki coefficient and a value equal to 1 was assigned. The

diffusion of suspended sediment was controlled by turbulent diffusion and molecu-

lar diffusion coefficients, and they were assigned values equal 1 and 0, respectively.

The entertainment coefficient controlled the rate of scour modelling and its default

value selected by FLOW-3D was used in the models. The value of 2.5 was used

for ratio of bed roughness/d50. The other physical specifications of the sediment

packed bed are provided in Table 3.8.

3.15.1 Geometry and Meshing for Scour Models

The solid .Stl files of models were imported in FLOW-3D. A 30 m long, 18.29 m

wide and 4.78 m deep erodible bed downstream of the stilling basin was created in

FLOW-3D which was defined a sediment packed bed as 100 % sand component.

Fig.3.16 indicates the geometrical setup for the different models under scouring

modelling.
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Table 3.8: Physical properties of sediment packed/scour bed.

Sr. No. Sediment Characteristics Modelling Value

1 Bed Load species Fine sand

2 Species diameters (d50) 0.0002 m

3 Sediment density 1692 kg/m3

4 Critical Shield number 0.05

5 Entrainment coefficient 0.018

6 Bed load coefficient 0.053

7 Angle of repose (Degree) 320

Three mesh blocks were applied to the modelling domain. The first mesh block

was started from Xmin=15 m and ended at Xmax=51 m, while the second mesh

block started from Xmin=51 m and end at Xmin= 56 m.

These two blocks were implemented to investigate the hydraulic jump and flow

in the baffle blocks regions, while the third mesh block was started after baffle

blocks’ region and ended after the sediment packed bed which ranged from Xmin=

56 m to Xmax= 100 m.

Within the mesh blocks, structured rectangular hexahedral mesh cells were em-

ployed to resolve the solid and flow domains. A total of 259,2000 mesh cells were

used for the modelling domain.

Figure 3.16: Geometry and three dimensional schematic setup of rigid and
scour bed
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3.15.2 Boundary Conditions for Scour Models

Like the hydraulic modelling as discussed in section (3.14.1), three mesh blocks

were implemented to investigate the hydraulic and scour behaviour downstream

of the studied stilling basins. However, in case of third mesh blocks, the block

was extended to the end sediment packed bed with bottom (Zmin) as Wall (W)

boundary. Table 3.9 shows the boundary condition for rigid and sediment packed

bed.

Table 3.9: Mesh boundary setup for scour modelling

Mesh

Blocks

Xmin Xmax Ymin Ymax Zmax Zmin

Block (1) P P W W P W

Block (2) S S W W P W

Block (3) S P W W P W

3.15.3 Simulation Time for Scour Stability Conditions

For scour and bed retrogression, the models’ stability and convergence at each

time step was monitored by courant number. It is important to mention that

for free flow analysis of higher unit discharge such as 24.3 and 18 m3/s/m, the

steady state solution can only be achieved by mass-averaged fluid kinetic energies

(MAFKE) and volume flow rates at inlet and outlet boundaries.

Therefore, time (T) at which MAFKEs values reached to steady state was assigned

as simulation time (Ts). Based on the hydraulic stability criterion mentioned

above, models were run for Ts=500 s. However, the average actual time (Ta) of

the simulations was reached to 96 hrs.

To investigate the patterns of scour and bed retrogression, three turbulence models

such as LES and two equation turbulence (K-ϵ) models were applied.
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Using LES model, in Type (A) stilling basin, hydraulic stability was achieved

at different intervals of time i.e, Ts= 81 s, 111 s, 141 s, 171 s, 200 s, 231 s,

261 s, 291 s, 3.35 s, 3.85, 435 s and 485 s. However, upon use of K-ϵ models

no hydraulic stability was observed even at Ts=500 s. Such conditions occurred

because: downstream bed continued to be retrogressed, fluctuations in MAFKEs,

and the formulation of turbulence models.

At Ts= 500 s (Finish time), the maximum MAFKEs reached 8.32, 8.55 and 8.35

m2/s2 in LES, Standard K-ϵ and RNG K-ϵ models, respectively as shown in Fig

3.17.

Figure 3.17: Hydraulic stability through MAFKEs in Type (A) basin

In Type (B) stilling basin, upon use of LES model, model achieved hydraulic

stability at Ts= 68 s, 93 s, 118 s, 143 s, 168 s, 193 s, 218 s, 243 s and 3.35 s.

As compared to Type (A) basin, in Type (B) basin the hydraulic stability was

achieved earlier, however, upon use of Standard and RNG K-ϵ models, the initial

stability conditions were noticed at Ts=121 s, and Ts= 222 s, respectively.

At Ts=500 s, the maximum MAFKE in Type (B) stilling basin was reached to 8,

8.67, and 8.56 m2/s2 in LES, Standard K-ϵ and RNG K-ϵ models, respectively as

shown in Fig 3.18.

In the case of K-ϵ models, the MAFKEs in Type (B) basin were higher than

that were observed in Type (A) basin. The higher values in Type (B) basin were
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because: there were no basin’s appurtenances due to which velocity was higher on

the basin’s floor, and higher bed degradation.

Figure 3.18: Hydraulic stability through MAFKEs in Type (B) basin

Using LES model, in Type (C) and D stilling basins, the model indicated hydraulic

stability at 93 s, 1.18 s, 1.43 s, 193 s, and 243 s while no stability condition appeared

in K-ϵ models. The maximum MAFKEs in Type (C) stilling basin were reached

8.46, 8.40 and 8.64 m2/s2 in LES, Standard K-ϵ and RNG K-ϵ models, respectively

as shown in Fig 3.19. In case of Type (D) stilling basin, the maximum MAFKEs

were reached 8.52, 8.77, 8.53 m2/s2 in LES, Standard K-ϵ and RNG K-ϵ models,

respectively as shown in Fig 3.20.

Additionally, besides fluctuations in MAFKEs values, results also indicated fluc-

tuations in free surface profiles because of the retrogressed bed which continued

up to finish time. Due to the change in the geometry of baffle blocks, upon use

of K-ϵ models, fluctuation in different hydraulic parameters were found more in

Type (C) and (D) basin than that were observed in Type (A) basin .

However, even at Ts=500 s, scour in Type (A), (B), (C) and (D) stilling basins

didn’t achieve stability, and the sediment bed was found to be eroded even after

actual averaged time of 96 hrs. In fields at such a higher discharge rate, similar

conditions of free surface profiles and bed retrogression take place downstream of

river diversion hydraulic structures. Additionally, under such flow rate sometime
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Figure 3.19: Hydraulic stability through MAFKEs in Type (C) basin

Figure 3.20: Hydraulic stability through MAFKEs in Type (D) basin

large scour pits are formed as witnessed downstream of Type (B) basin. Based

on the results of hydraulic and scour stability, LES turbulence scheme showed

hydraulic stability in the tested basins, while no hydraulic and scour stability was

noticed in rest of tested turbulence models.

Therefore, to assess the performance of different basins, the simulation time Ts

at which the sediment bed completely exposed was fixed to highlights various

results i.e., flow field, scour and retrogression patterns, longitudinal and lateral

bed profiles. Initially, at Ts=380 s, sediment packed bed downstream of Type (B)

basin was found fully eroded at the end and soon after the rigid bed. However,

models were further run for extra 120 s to observe the maximum scour depth
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downstream of Type (A), (C) and (D) stilling basin. The details of scour pattern

and depths are provided in the chapter 5.

3.15.4 Performance Assessment of Scour Models

The performance of present scour models is assessed by the Coefficient of deter-

mination (R2), which can be measured by the expression (3.21).

R2 = 1− SSres

SStot

(3.21)

where, SSres is sum of square of residuals between the field observation and pre-

dicted data and SStot shows total sum of squares between the field observations

and mean of field data. The model shows the perfect agreement between the

observed and predicted data when the R2 values reached 1, however, R2 value

higher than 0.70 is considered to good. For the present models, upon use of differ-

ent turbulence models, the scour profiles downstream of Type (B) basin are used

for comparison with the observed field data. In addition to R2, the study also

employed the Nash-Sutcliffe efficiency (NSE) Coefficient to measure the relative

residual variance of the simulated data as compared to the observed data. The

model performance is believed to perfect if the value reaches to 0 while it is said to

poor when the values become negative. The expression (3.22) is applied to draw

comparison between riverbed and the modelled scour profiles.

NSE = 1−

n∑
i=1

(obsi − simi)

n∑
i=1

(obsi − obs)

(3.22)

where, obsi, simi are the field and models’ value, respectively while obs is the mean

of field values.



Chapter 4

Identification of Hydraulic

Parameters & Performance of

Stilling Basins

4.1 Background

The critical hydraulic parameters from the literature are identified using frequency

analysis and relative importance index (RII). Velocity, Froude number, free surface

profile, shape of stilling basin, turbulent kinetic energy, and tail water were found

as the most investigated parameters in the literature. To investigate above men-

tioned hydraulic parameters on various discharges i.e., 2.44, 4.88, and 7.22 m3/s/m,

different stilling basin’s appurtenances were installed downstream of studied bar-

rage. The performance of different stilling basins was assessed on the basis of

free surface profile, sequent depths, roller lengths, relative energy loss in hydraulic

jump, VPs and turbulent kinetic energy.

88
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4.2 Identification of Critical Parameters

The hydraulic parameters in Chapter 3 (see Tables 3.2 & 3.3) are placed according

to their frequency of occurrence and the total number of parameters in numerical,

and experimental studies were found to be twenty-four (24) and twenty-three (23),

respectively.

After analysis, it was found that fifteen (15) parameters were common in both

types of studies (numerical and experimental). After adding all the extracted pa-

rameters (numerical and experimental), in total thirty-three (33) parameters were

found from published data as shown in Table 4.3. In Table 4.1, relative Impor-

Table 4.1: Parameters’ Frequency, RII and ranking in numerical studies.

Parameters Frequency RII Rank Parameters Frequency RII Rank

VP 16 0.155 1st WSS 2
0.019 10th

FSP 15 0.146 2nd BSS 2

PP 11 0.107 3rd TWL 1

0.010 11th

TKE 8 0.078 4th CC 1

AV 7 0.068 5th HL 1

DM 6 0.058
6th

FF 1

Fr1 6 0.058 MC 1

η 5 0.049 7th EC 1

SS 4 0.039
8th

DC 1

SDHJ 4 0.039 SP 1

RSS 3 0.029
9th

BP 1

LHJ 3 0.029 ED 1

tance Index (RII) showed that Velocity Profile (VP), Free Surface Profile (FSP),

Pressure Profile (PP), Turbulence Kinetic Energy (TKE), Air Volume Value (AV),

Discharge Measurement (DM), Shape of Stilling Basin (SS), Fr1 and HJ efficiency
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(η) were found to be the most critical parameters which were studied in numerical

researches.

From Table 4.2, it was found that VP, Fr1, TWL, SS, FSP, BP, SP, and ED were

the most critical parameters on which several numerous experimental works were

carried out during the past years. After combining parameters from experimental

and numerical studies, the RII showed that VP, FSP, Fr1, SS, TWL, PP, BP,

TKE, SP, and ED were found to be the most critical parameters based as shown

in Table 4.3.

Table 4.2: Parameters’ Frequency, RII and ranking in experimental studies

Parameters Frequency RII Rank Parameters Frequency RII Rank

VP 24 0.125
1st

TI 5 0.026 11th

Fr1 24 0.125 SM 4 0.021
12th

TWL 20 0104 2nd LHJ 4 0.021

FSP 19 0.099 3rd RG 3 0.016
13th

SS 17 0.089 4th η 3 0.016

BP 14 0.073 5th MF 2 0.010

14thSP 13 0.068 6th VF 2 0.010

ED 9 0.47 7th SDHJ 2 0.010

BSS 7 0.036 8th TP 1 0.005

15thTKE 6 0.031
9th

PS 1 0.005

PP 6 0.031 (∆E/E1) 1 0.005

RSS 5 0.026 10th

The results of relative percentage score were categorized in three different levels

as shown in Table 4.4.

Parameters which were positioned above 5%, were found to be highly significant;

3-5 % were moderately significant, and below 3% were less significant [103], [99],

[208], [45]. The significance of the parameters was based on their occurrence in
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Table 4.3: RII and ranking of parameters after combining numerical and
experimental studies.

Parameters Frequency RII Rank Parameters Frequency RII Rank

VP 40 0.14 1st SDHJ 6 0.021 14th

FSP 31 0.11 2nd TI 5 0.017 15th

Fr1 30 0.1 3rd SM 4 0.014 16th

SS 21 0.08 4th RG 3 0.01 17th

TWL 21 0.07 5th MF 2 0.007

18thPP 17 0.05 6th VF 2 0.007

BP 15 0.06

7th

WSS 2 0.007

TKE 14 0.06 CC 1 0.003

19th

SP 14 0.06 HL 1 0.003

ED 10 0.04 8th FF 1 0.003

BSS 9 0.03
9th

MC 1 0.003

RSS 8 0.03 EC 1 0.003

η 8 0.02 10th DC 1 0.003

AV 7 0.03 11th ES 1 0.003

LHJ 7 0.01 12th TP 1 0.003

DM 6 0.02 13th PS 1 0.003

(∆E/E1) 1 0.003

literature as investigated by many researchers. Based on the results of relative

percentage score, in total nine (9) parameters were found to be highly significant,

while 2, and 22 parameters were moderately and less significant, respectively.
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Table 4.4: Relative % score and ranking based on frequency of occurrence of parameters in literature [223], [225], [226]

Parameters Frequency
Relative

Frequency
PA RPA

%

score

Relative

% score
Parameters Frequency

Relative

Frequency
PA RPA

%

score

Relative

% score

VP 40 0.137 2 1 0.137 14.71 TI 5 0.017 1 0.34 0.006 0.63

FSP 31 0.106 2 1 0.106 11.40 SM 4 0.014 1 0.34 0.005 0.50%

Fr1 30 0.103 2 1 0.103 11.04 RG 3 0.010 1 0.34 0.003 0.38

SS 21 0.072 2 1 0.072 7.72 MF 2 0.007 1 0.34 0.002 0.25

TWL 21 0.072 2 1 0.072 7.72 VF 2 0.007 1 0.34 0.002 0.25

PP 17 0.058 2 1 0.058 6.25 WSS 2 0.007 1 0.66 0.005 0.49%

BP 15 0.051 2 1 0.051 5.52 CC 1 0.003 1 0.66 0.002 0.24

TKE 14 0.048 2 1 0.048 5.15 HL 1 0.003 1 0.66 0.002 0.24

SP 14 0.048 2 1 0.048 5.15 FF 1 0.003 1 0.66 0.002 0.24

ED 10 0.034 2 1 0.034 3.68 MC 1 0.003 1 0.66 0.002 0.24

BSS 9 0.031 2 1 0.031 3.31 EC 1 0.003 1 0.66 0.002 0.24

RSS 8 0.027 2 1 0.027 2.94 DC 1 0.003 1 0.66 0.002 0.24

η 8 0.027 2 1 0.027 2.94 ES 1 0.003 1 0.66 0.002 0.24%

AV 7 0.024 1 0.66 0.016 1.70 TP 1 0.003 1 0.34 0.001 0.13

LHJ 7 0.024 2 1 0.024 2.57 PS 1 0.003 1 0.34 0.001 0.13

DM 6 0.021 1 0.66 0.014 1.46 (∆E/E1) 1 0.003 1 0.34 0.001 0.13

SDHJ 6 0.021 2 1 0.021 2.21
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Based on frequency analysis, RII and relative % score, the overall relative position

of CHPs is shown in Table 4.5. Table 4.5 shows that, except VP, all other param-

eters were changing their position literature. Table 4.5 further showed that VP,

Fr1, FSP, SS, TKE and TWL were found to be the most significant parameters

in the literature, and therefore, for hydraulic investigation the focus of the present

numerical study was made to these parameters for the studied stilling basins.

Table 4.5: Relative position of parameters from literature using different sta-
tistical methods

Parameters

Ranking

from

Table-4.1

Ranking

from

Table-4.2

Ranking

from

Table-4.3

Ranking

from

Table-4.4

Overall

occurrence

(1) (2) (3) (4) (5) (6) = 2)+(3)+(4)+(5)

VP 1st 1st 1st 1st 4

Fr1 6th 1st 3rd 3rd 4

FSP 2nd NA 2nd 2nd 3

SS NA* 4th 4th 4th 3

TKE 4th NA 7th 8th 3

TWL NA 2nd 5th 5th 3

4.3 Hydraulic Modelling

4.3.1 Results of Gated and Free Flow

For the investigated basins, the models’ accuracy was checked by the discharge

rating curves of free and gated flow at the outlet boundaries (Johnson and Savage

[105]; Savage and Johnson [104]; Chanel and Doering [183]). The models results

were compared with the flow rates of the prototype. For gated flow of 2.44 m3/s/m

discharge, the present models produced 2.70, 2.50, 2.57 and 2.50 m3/s/m discharge

in Type (A), (B), (C) and (D) basins, respectively, as shown in Table 4.6.
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Similarly, at 4.88 m3/s/m unit discharge, the models values reached to 5, 5.10,

5.50, and 5.40 m3/s/m in Type (A), (B), (C) and (D) basins, respectively as

presented in Table 4.6. For 7.22 m3/s/m discharge, the models underestimated

the discharge values in Type (A) and (B) basins while overestimation of discharge

was noticed in Type (C) and (D) basins.

The overall percentage errors for the investigated discharges were found to be

between -3 to 14.5 % which showed that the present models produced acceptable

results of discharge rating curves.

Additionally, upon comparison with field data, 83.33 % of the models’ results are

found to be higher than the compared values. However, in all basins, % errors

on higher discharge were found to be less than the lower discharge. For free flow

analysis, the present models were run for 100 %, 90% and 75 % of the designed

discharge capacity of the barrage.

As compared to 2010 flood data, the results indicated that about 87.5 % of present

models showed a little overestimation of the free flows as shown in Table 4.6.

4.4 Results of Hydraulic Parameters for Gated

Discharge

4.4.1 Free Surface Profiles (FSPs)

VOF method was used to obtain FSPs within different stilling basins at various

discharges. In the beginning with change of time step and due to the inlet velocity,

the FSPs were changed which stabilized when the models reached to the steady

state.

In all the models, from gate opening to hydraulic jump (HJ) initiating point, the

FSPs in the supercritical region followed a similar trend. However, locations of the



Identification of Hydraulic Parameters & Performance of Stilling Basins 95

Table 4.6: Comparison of gated discharges with Prototype discharge of year
2010 ([43])

Gated Flow (m3/s/m)

Stilling

basins
Actual Predicted

%

Error
Actual Predicted

%

Error
Actual Predicted

%

Error

Type (A) 2.4 2.7 12.5 4.8 5 4 7.22 7 -3

Type (B) 2.4 2.5 4 4.8 5.1 6 7.22 6.9 -4.4

Type (C) 2.4 2.57 7 4.8 5.5 14.5 7.22 7.4 2

Type (D) 2.4 2.5 4 4.8 5.4 12.5 7.22 7.4 2

Free Flow (m3/s/m)

Stilling

basins
100 % Predicted

%

Error
90 % Predicted

%

Error
75 % Predicted

%

Error

Type (A) 24.3 24.5 0.8 21.7 22.3 2.7 18 17 -5

Type (B) 24.3 23.33 3 21.7 21.23 -2 18 18.4 2

Type (C) 24.3 24.85 2.2 21.7 22.94 5 18 18.6 3

Type (D) 24.3 25.6 5 21.7 22 1 18 18.33 2

hydraulic jumps (HJ) were found to be different which also varied as the discharges

were changed.

Fig 4.1 shows FSPs within different stilling basins at 2.44 m3/s/m discharge. In

the supercritical flow region, flow pattern was observed similar while locations of

the hydraulic jump were found different.

However, locations of the HJs were found at the downstream glacis. Fig. 4.1,

in Type (A), Type (B), Type (C), and Type (D) basins, distances of the HJs

initiating points from toe of the glacis were 4.90 m, 4.67 m, 4.66 m, and 4.50

m, respectively. In HJ regions, except Type (B) basin, trends of the FSPs were

observed identical.

However, within the HJ region, a small fall of free surface was also observed in

Type (A) basin while Type (C), and Type (D) basins showed similar FSPs.
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After the jump initiating point, in Type (B) basin, the free surface profile remained

supercritical which was found to be raised as the distance from the HJ initial

location was increased. The results of FSP in Type (B) basin further indicated

an undulating free surface within the HJ region which showed deviation from the

other studied basins as shown in Fig. 4.1. After the HJ, the FSPs in all the basins

followed a similar pattern, however, small fluctuations were observed in the FSPs

because of the types of HJ profiles produced by different basins.

In comparison to the other stilling basins, after the HJ in Type (B) basin, a

dropped FSP was observed in the subcritical flow region.

Figure 4.1: FSPs in different basins at 2.44 m3/s/m

Fig 4.2 illustrates FSPs in different basins at 4.88 m3/s/m discharge. In the

supercritical region, the FSPs followed the similar trend while variations were

seen in the HJ region.

The results of the FSPs indicated different locations and lengths of HJ in different

basins. In Type (A), (B), (C), and (D) basins, the distances of the HJs initiating

points from toe of the glacis were 6.10 m, 5.23 m, 5.19 m, and 4.86 m, respectively.

However, in all the basins, the locations of HJ were noticed on the downstream

glacis.

In sub critical region, the basin with WSBB such as Type (C), and Type (D)

showed a similar trend of FSPs while different trends were noticed in Type (A)
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and (B) basins. After HJ, the FSP in Type (B) basin showed deviation from the

rest of investigated basins as shown in Fig. 4.2.

Figure 4.2: FSPs in different basins at 4.88 m3/s/m

Figure 4.3: FSPs in different basins at 7.22 m3/s/m

Fig. 4.3 shows the FSPs in different basins at 7.22 m3/s/m discharge. In all the

investigated basins, identical flow behaviors were noticed in the supercritical flow

regions. Except Type (B) basin, similar flow patterns were observed in the HJ

region, however, deviations were noticed in the supercritical region as shown in

Fig. 4.3.

The location of HJ in the tested basins were noticed at the glacis while their

lengths and distances from the toe glacis were found to be different. The basins

with WSBB showed similar trend of flow in the subcritical region. However, Type
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(A) basin showed higher free surface elevation after the HJ which gradually level

off at the end of the basin.

In Type (B) basin a curvilinear flow pattern was observed from jump initiating to

termination locations and the flow became steady after the HJ. Additionally, in

Type (B) basin, the elevation of the FSPs in the subcritical region was less than

that was observed in other basins.

Bakhmeteff and Matzke [259] developed hydraulic jump similarity models and

proposed dimensionless Eq. 4.1 for FSP of HJs.

Γ(X) = tan(h(1.5.X)) (4.1)

where, Γ(X) is flow depth at X(hi) in which variable X is the dimensionless longi-

tudinal coordinates, as shown in the dimensionless Eq. 4.2 and 4.3, respectively.

Γ(X) =
(hi − h1)

(h2 − h1)
(4.2)

X =
(Xi −X1)

(X2 −X1)
(4.3)

where h1 and h2 are the flow depths in supercritical and subcritical regions, respec-

tively. X1 and X2 are functions of variable X, and their values can be calculated

at the toe of HJ and end of the roller region, respectively. The components of Eqs.

4.2 and 4.3 are shown in the below schematic diagram 4.4 .

Fig. 4.5 compares results of FSPs with Bayon-Barrachina et al. [99] (RNG K-ϵ)

and Wang and Chanson [115] at 2.44 m3/s/m. Except, Type (B) basin, the FSPs

in all other basin were found close to the compared studies. Out of the present

basins, FSPs produced by Type (D) basin showed more accurate results when

compared with Bayon-Barrachina et al. [99] (RNG K-ϵ). After comparing results

with Wang and Chanson [115], except Type (B) basin, the FSPs in all other basin

showed close agreement.
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Figure 4.4: Schematic diagram showing the components of dimensionless FSP
of HJ

Figure 4.5: Dimensionless FSPs of HJ at 2.44 m3/s/m discharge

Like 2.44 m3/s/m discharge, the FSPs within the investigated stilling basins at

4.88 m3/s/m followed the trends of Bayon-Barrachina et al. [99] (RNG K-ϵ) and

Wang and Chanson [115].

As compared to the lower discharge, the FSPs within Type (B) basin at 4.8 m3/s/m

discharge showed improvement and its trend was found identical to the compared

studies as shown in Fig.4.6. Except for the result of FSP in Type (B) basin, all

other FSPs showed a close agreement with Wang and Chanson [115].

Fig. 4.7 shows the dimensionless FSPs in Type (A), B, C, and D basins at 7.22

m3/s/m discharge. In the tested basins, all the FSPs showed identical trend and

agreed with the compared with numerical study of Bayon-Barrachina et al. [99]

(RNG K-ϵ) and experimental study of Wang and Chanson [115].
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Figure 4.6: Dimensionless FSPs of HJ at 4.88 m3/s/m discharge

However, the FSPs in the Type (B) stilling basin showed more promising results

when compared with the literature data. Furthermore, at the HJ Initiating loca-

tions, the results of the FSPs in Type (B) and (D) basins showed a small deviation

than the compared studies and found to be agreed as the distance from HJ initi-

ating location was increased.

Figure 4.7: Dimensionless FSPs of HJ at 7.22 m3/s/m discharge

The analysis of FSPs of HJ in different basins indicated that at the lower discharge,

the basin with USBR baffle block (Type (A)) and WSBB (Type (C) & (D)) showed

identical patterns of FSPs. However, the basins with wedge shaped baffle block

(Type (C) & (D)) reduced the lengths of the HJ while a complex flow phenomenon

was observed in the basin with chute and end sill (Type (B)).
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After increasing the flow, the lengths of HJ in wedge-shaped baffle block basins

(Type (C) & (D)) were found to be reduced while their locations on the glacis

were found below than that was observed in USBR baffle block basin (Type (A)).

On the other hand, in chute and end sill basin (Type (B)), the FSPs were improved

which matched with other basins. Like the lower flows, at the higher flow, the HJ

lengths in Type (C) & (D) basins were less than Type (A) & (B) basins. However,

FSPs within and after the HJ were found to be similar in all the basins.

Table 4.7 shows lengths of HJ in different basins at the studied discharges. In

Type (A) and (B) basins, results showed a linear trend between discharge and

length of the HJ, however, in Type (B) basin, at higher discharge (7.22 m3/s/m),

increase in the HJ length was found higher than Type (A) basin.

In Type (C), and (D) basins, a linear trend between discharge and HJ length was

observed, and the results further showed that at higher discharge, the length of

HJ was increased than that was found at the lower discharge.

Table 4.7: Length of HJs in the studied basins

Discharge

(m3/s/m)

Type (A) Type (B) Type(C) Type (D)

Length of Hydraulic Jump (m)

2.44 9.7 5.0 9.5 9.3

4.88 11.5 7.0 10.7 10.5

7.22 12.9 13.0 12 12.1

4.4.2 Sequent Depths

Table 4.8 shows the sequent depths ratio within different basins at various dis-

charges i.e., 2.44, 4.88, and 7.22 m3/s/m.

At the lower discharge (2.44 m3/s/m), minimum and maximum sequent depth

ratio was 11.18 and 13.88 in Type (D) and (B) basins, respectively. At higher
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discharge (7.22 m3/s/m), the minimum and maximum sequent depths ratio was

obtained in Type (B) and Type (C) basins, respectively.

It is worth mentioning here that that in all the basins, as the discharge was in-

creased , the sequent depths ratio was gradually decreased which indicated a linear

trends.

Table 4.8: Sequent depths ratio in the studied basins

Discharge

(m3/s/m)

Type (A) Type (B) Type (C) Type (D)

Sequent depths ratio

2.44 12.17 13.88 12.8 11.18

4.88 7.41 7.60 8.13 8.30

7.22 5.82 5.55 5.70 5.85

4.4.3 Roller Lengths

Carollo et al.[260] indicated that the roller length, which is measured between the

HJ toe and end of the rollers is found to be a better length parameter as compared

to HJ length. The literature further described that the roller length was easy to

measure, observe and can properly be specified for steady flow conditions [123].

However, on the contrary, due to flow oscillations, turbulence, and surface waves,

length of HJ is difficult to measure.

Figs. 4.8, 4.9, 4.10 show the comparison of dimensionless roller lengths (Lr/d1)

with initial Froude number (Fr1) at various discharge in the different stilling

basins, whereas Lr is the length of rollers in HJs and d1 is the flow depth in

supercritical region before the HJ.

At the lower discharge (2.44 m3/s/m) as shown in Fig. 4.8, except in the Type

(B) basin, the present model showed larger roller lengths which showed deviation

from the compared experimental studies ([261] [262] [115]). On the contrary, in
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Type (B) basin, the model underestimated the roller length when compared with

the previous studies and other investigated basins.

Figure 4.8: Roller length of HJ in different stilling basins at unit discharge of
2.44 m3/s/m

At 4.88 m3/s/m discharge, Except Type (B) basin, all basin produced approxi-

mately identical roller lengths, however, small difference can be seen due to change

of shape of baffle blocks which controlled these roller lengths as shown in Fig. 4.9.

On the contrary, the roller length in Type (B) basin was about 50 % less than

other investigated models and showed deviation from the compared experimental

studies.

At 7.22 m3/s/m discharge, like the lower discharge, the basins with USBR and

WSBB (Type (A), (C), and (D), respectively) showed the identical roller lengths

which agreed with the literature studies, while in Type (B) basin, the roller length

was found higher than the other models. Out of the compared experimental data,

the model showed close agreement with [262]. Furthermore, the results showed

that as the flow was increased, the roller length within Type (A), (C) and (D)

basins were found to be decreased while opposite behavior was noticed in Type

(B) basin as can be seen in Fig. 4.10.
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[]

Figure 4.9: Roller length of HJ in different stilling basins at unit discharge of
4.88 m3/s/m

Figure 4.10: Roller length of HJ in different stilling basins at unit discharge
of 7.22 m3/s/m

4.4.4 Relative Energy Loss

The relative energy loss within the HJs was calculated by the following expression

(4.4). It states that relative loss is the ratio of energy loss between the two different

sections (upstream and downstream heads) of HJ to the upstream hydraulic head.

Whereas, hi, vi and g are the variables of relative energy loss in the HJs.
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η =
∆H

H1

=
H2 −H1

H1

(4.4)

where, H1 and H2 are the energy heads of two different sections (upstream and

downstream) of HJs.

Table 4.10 shows the relative energy loss of the investigated Type (A), (B), (C),

and (D) basins at different discharges i.e., 2.44, 4.88, and 7.22 m3/s/m. From

Table 4.10, it is noted that as the flow was increased, the relative energy loss of

HJs was found to be decreased in the studied basins. In Type (A) and (B) basins,

a decreasing linear trends of energy loss was observed while a nonlinear trends

were observed in Type (C), and (D) basins.

Table 4.9: Energy loss in different basins at various gated flows

Discharge
(m3/s/m)

Stilling basins
Energy at

(E1)
Energy at

(E2)

Relative
energy
loss (%)

2.44

Type (A) 4.39 3.54 19
Type(B) 4.00 3.23 19
Type(C) 4.50 3.70 18
Type(D) 4.54 3.68 19

4.88

Type(A) 4.79 4.38 8
Type(B) 4.99 4.31 14
Type(C) 5.64 4.56 19
Type(D) 5.10 3.78 26

7.22

Type(A) 5.15 5 3
Type(B) 5.15 4.96 4
Type(C) 5.37 5.15 4
Type(D) 5.42 5.23 3

At the investigated flows, the maximum energy loss with HJ was noticed at 4.88

m3/s/m discharge in Type (C) and (D) basins which reached 19 and 26 %, re-

spectively. As compared to other basins, Type (C) basin showed higher relative

energy loss at the studied gated discharges.
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4.4.5 Velocity Profiles (VPs)

To obtain vertical VPs, velocity was measured before, within, and after the HJ at

different flow depths in the studied stilling basins. In Type (A), (B), (C), and (D)

basins, the maximum value of forward velocity was observed after the toe of HJ (at

X=2 m), and their values reached to 5.31, 7.53, 5.17, and 5.46 m/s, respectively as

shown in Figs. 4.11 (a), (b), (c), and (d), respectively. As the distances from the

HJ increased, the values of vertical velocity were found decreased which decayed

before the end of basins as noted in [138][137].

As compared to other basins, after the HJ, at X=12 m, the minimum velocities

were observed in Type (A) basin while maximum velocity was observed in Type (B)

basin which reached 2.2 m/s. The forward velocity profile from the HJ initiating

to the termination point showed the identical trends in Type (A), (C), and (D) as

noted in [161][117], while a different patterns of VPs were observed in Type (B)

basin.

At X=12 m, the basins with WSBB (Type (C) & (D)) showed different VPs which

indicated two forward regions i.e., near the bed, and at Z=1.5 m as shown in Figs.

4.11 (c) and (d). At 2.44 m3/s/m, as compared to the other basin, due to the less

roller length in Type (B) basin, the velocity in the upper region started level off

at X=10 m, while up to X=10 m, backward VPs were observed in other basins.

Fig. 4.12 illustrates velocity plots in Y-Z plane at horizontal sections i.e., after

the HJ (At X=12 m), and at the basin’s end (At X=28 m) in Type (A), (B), (C),

and (D) basins. In all basins, after the HJ, the maximum values of velocity were

observed at the bottom surface of the downstream glacis. However, the values

were found to be different because the HJs initiating locations for the different

basins were different. Except Type (B) basin, velocities in the other basins were

found low at bottom and free surface.

In Type (B) basin, velocity values were found higher which reached to 8.5 m/s at

top surface of the chute blocks, and 7.3 m/s between the chute blocks. On the
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(a) (b)

(c) (d)

Figure 4.11: Vertical distribution of velocity in HJ for different stilling basins
at 2.44 m3/s/m, (a) Type (A), (b) Type (B), (c) Type (C), and (d) Type

(D)
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.12: 2-D illustration of VPs in Y-Z plane at at 2.44 m3/s/m in Type
(A) (a&b), Type (B) (c&d), Type (C) (e&f), and Type (D) (g&h) basins
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other hand, in Type (A), (C), and (D) basins, the velocity ranged from 4.8 to 5.5

m/s at bottom, and 1.3 to 1.8 m/s at the free surface.

At X= 12 m, the velocity in Type (A), (C), and (D) basins ranged between 1.2 to

1.7 m/s in the lower fluid depths as shown in Figs 4.12 (a), (e), and (g), however the

maximum velocity was observed in Type (A) basin. Additionally, after the baffle

blocks in Type (A), (C), and (D) basins, the velocity values were found decreased

while between the baffle blocks comparatively higher values were noticed.

On the contrary, different ranges of velocity magnitude were observed in Type-B

stilling basin which reached to 3.90 m/s and were higher than the rest of studies

stilling basin as shown in Fig 4.12 (c). The reason for such higher velocity values

was the absence energy dissipation arrangements in the basin. At the basin’s end,

the maximum velocities of 1.0, 1.40, 1.0, and 0.90 m/s were observed at the free

surface in Type (A), (B), (C), and (D) basins, as shown in Figs 4.12 (b), (d), (f)

and (h), respectively.

Fig 4.13 shows the vertical VPs at 4.88 m3/s/m discharge in Type (A), (B), (C)

and (D) basins. As compared to the other basins, the maximum forward velocity

was found soon after the HJ (At X=2 m) in Type (B) basin which reached to

9.45 m/s as shown in 4.13 (b). Similar to 2.44 m3/s/m discharge, the velocity

pattern at 4.88 m3/s/m discharge showed identical trends. However, compared

to the lower discharge, at 4.88 m3/s/m discharge, the velocities were higher at

various sections within the HJ in all the stilling basins.

In comparison to 2.44 m3/s/m, at 4.88 m3/s/m, after the HJ (at X=14 m), the

velocities near the bed in Type (C), and (D) basins were found less than Type

(A) and (B) basins as shown in Figs. 4.13 (c) and (d). Although, in the central

part of flow depths (Z= 1.5 to 2.5 m) the velocities were found higher in Type

(C) and (D) basins as shown in Figs. 4.13 (c) and (d). Fig 4.13 (b) in Type (B)

basin, the velocity near bed reached to 4.24 m/s compared to 2.55, 0.42, and 0.15

m/s in Type (A), (C), and (D) basins. Near the bed, the change in velocity values

was due to the difference of energy dissipating arrangements, i.e., USBR blocks,

WSBB, and Chute blocks & end sill etc.
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(a) (b)

(c) (d)

Figure 4.13: Vertical VPs in different stilling basins at 4.88 m3/s/m, (a) Type
(A), (b) Type (B), (c) Type (C), and (d) Type (D)
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Fig. 4.14 shows velocity contours in Y-Z plan at various sections in Type (A)

basin. After the HJ, the maximum velocity values were found near the bed which

gradually declined as the distance from the HJ initiating location was increased.

The maximum velocity contours were noticed from the bed to central part of fluid

depths. After the baffle blocks, the velocity values were found to be declined which

reached 1.20 m/s behind the blocks, while higher values were noticed between the

blocks which reached 1.90 m/s as shown in Fig 4.14 (a).

In the HJ region, higher velocities were observed near the basin’s floor while fluid

re-circulations were noticed near the free surface which reduced the velocities up

to 1.20 m/s as shown in Fig 4.14 (a). Compared to the lower discharge (2.44

m3/s/m), at 4.88 m3/s/m discharge, velocities both at floor and free surface were

found higher at the end of the basin. At the end of Type (A) basin, the maximum

velocity was found in the central fluid depths which reached 1.60 m/s as shown in

Fig. 4.14 (b).

In Type (B) basin, from the HJ initial location to termination point (X=14 m),

velocity near bed remained between 9 m/s to 4.10 m/s. In the chute blocks region,

velocity near and above the chute blocks remained between 5.80 to 8.70 m/s as.

In Type (B) basin after the HJ (at X=12 m) more concentrated flow was observed

between the chute blocks, and at the same regions velocity were found higher than

the sides and upper fluid depths as shown in Fig. 4.14 (c). On right side of the

bay, below the chute blocks, re-circulations and eddies were observed due to which

velocity values were declined and remained between 0.70 to 0.60 m/s as shown

in Fig. 4.14 (c). At the end of Type (B) basin, the velocity at the basin’s floor

reached 4.10 m/s while 1.50 m/s was noticed at the free surface as shown in Fig.

4.14 (d).

Close to the basin’s floor, the velocity values were found to be declined in Type

(C) basin and identical pattern was found as was noticed in Type (A) basin. Due

to the larger wake areas around WSBB, the velocity after the HJ was found to be

less than Type (A) basin as shown in Fig. 4.14 (e). Soon after the WSBB, value

of velocity were found between 1.20 to 1.50 m/s behind the baffle blocks while



Identification of Hydraulic Parameters & Performance of Stilling Basins 112
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Figure 4.14: 2-D illustration of VPs in Y-Z plane at at 4.88 m3/s/m in Type
(A) (a&b), Type (B) (c&d), Type (C) (e&f), and Type (D) (g&h) basins
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between the WSBB the maximum velocity values reached 2.80 m/s as shown in

Fig. 4.14 (e). At the basin’s end the higher velocities were noticed in the central

fluid region which reached 1.80 m/s while near the basin’s floor and at the free

surface it reached to the maximum values of 1.20 m/s as shown in Fig. 4.14 (f).

Figs. 4.14 (g) and 4.14 (h) show VPs in Type (D) basin, and after the HJ and

baffle blocks (At X=12 m), velocity were found to be declined from floor to the

central fluid region while value was slightly increased at the free surface which

reached to 1.10 m/s as shown in Fig. 4.14 (g). At the end of Type (D) basin,

maximum velocity was reached 1.50 m/s at the free surface while near the floor

0.60 m/s velocity values were observed as shown in Fig. 4.14 (h).

In comparison to the lower flow, at 7.22 m3/s/m discharge, forward VPs from the

HJ were found more due to larger roller and length of HJs. In Type (A), (C), and

(D) basins, at X=8 m, results of vertical profiles showed fully developed region of

HJ as shown in Fig. 4.15 (a), (c) and (d). However, upon comparison with other

basins, in Type (B) basin, the boundary layer growth were found to increased as

the distance from the HJ was increased as shown in Fig. 4.15 (b).

Additionally, as compared to Type (A), (C), and (D) basins, due to larger HJ

length in Type (B) basin and the absence of baffle blocks, the vertical VPs showed

higher values near the bed at all horizontal sections. In Type (B) basin even at

X=16 m, near the bed, the results showed a developing HJ which indicated more

boundary growth layers compared to the rest of investigated basins as shown in

Fig. 4.15 (b). At X=2 m from the HJ, the maximum value of velocity in Type

(A), (B), (C), and (D) basins were reached to 7.56, 8.21, 7.79, and 7.70 m/s,

respectively.

Figs. 4.16 (a) and (b) show velocity contours in Type (A) basin at 7.22 m3/s/m

discharge. The velocity contours were drawn at two different sections, i.e., after

the HJ and at the basin’s end. The results showed that as the distance from

the HJ jump initial location was increased, the velocity on the basin’s floor was

found to be reduced. After the HJ (at X=12), maximum velocity was found in

the gully flows of baffle blocks which ranged from 3.10 to 3.60 m/s, while behind
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(a) (b)

(c) (d)

Figure 4.15: Vertical distribution of velocity in HJ for different stilling basins
at 7.22 m3/s/m, (a) Type (A), (b) Type (B), (c) Type (C), and (d) Type

(D)

baffle blocks the velocity values reached 1.10 m/s as shown in Fig. 4.16 (a). At

the basin’s end after the friction blocks, lower velocity values were seen near the

floor while at the free surface the velocity reached 1.80 m/s as shown in Fig. 4.16

(b).

Figs. 4.16 (c) and (d) show the velocity contours in Type (B) basin at 7.22 m3/s/m
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discharge. After the HJ (At X=12 m), velocity values were reached to 4.40 m/s

at the floor, while from central fluid region to free surface the values were ranged

from 3.10 to 1.20 m/s as shown in Fig. 4.16 (c). After the end sill, at basin’s end,

velocity from lower fluid region to the top surface were found between 1.20 to 2

m/s, while at the floor 0.70 m/s velocity value was observed as shown in Fig. 4.16

(d).

It worth mentioning here that the increase of velocity from lower fluid depth to

free surface was due to the fluid deflection created by end sill.

In Type (C) basin, after the HJ (At X=12 m), in the WSBB region, the maximum

value of velocity contours was found in between the spaces which showed similar

values as were seen in Type (A) basin as shown in Fig. 4.16 (e). However, the

pattern of velocity contours was found to be different.

At this section, the maximum velocity was reached to 3.10 m/s and found less

than Type (A) basin, while at surface it reached up to 1.20 m/s. After the WSBB,

higher velocities were observed in the gully flows which moved in the central part

of fluid depths and gradually reduced towards the free surface, while behind the

baffle blocks, velocity values were reduced 1.20 m/s. After the rectangular friction

blocks, 2 m/s was the maximum velocity observed at the end of basin as shown in

Fig. 4.16 (f).

In Type (D) basin, after the HJ (at X=12 m). the velocity values were seen similar

to that found in Type (C) basin, however, their pattern was found to be different.

The maximum values of velocity contour and their values were found similar to

the Type (A) and (C) basins which reached 2.70 m/s as shown in Fig. 4.16 (g).

After the baffle blocks, higher velocity was shifted to upper fluid depths and their

values ranged from 2.70 to 2.10 m/s. On the free surface, these values reached 1.40

m/s. At the end of stilling, similar to Type (A) and (C) basin, the velocity was

reached 2 m/s at the free surface, and 0.80 m/s was observed at the floor level, as

shown in Fig. 4.16 (h).
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Figure 4.16: 2-D illustration of VPs in Y-Z plane at 7.22 m3/s/m in Type
(A) (a&b), Type (B) (c&d), Type (C) (e&f), and Type (D) (g&h) basins



Identification of Hydraulic Parameters & Performance of Stilling Basins 117

At the studied discharges, from supercritical regions to HJ termination points,

the VPs in Type (A), (C) and (D) basins showed the wall jet-like structure which

showed agreement with the previous studies (Ead and Rajaratnam [117]; Nikmehr

and Aminpour [161]).

The analysis of VPs using the similar operation and boundary conditions indicated

that due to the changes in energy dissipation arrangements i.e., baffle and chute

blocks, different pattern, and values of VPs were observed in the different stilling

basins.

Conclusively, on low flows (2.44 m3/s/m), at basins’ end, the minimum velocity at

the free surface was noticed in Type (D) basin, while minimum value of velocity

profile after the HJ was found in Type (A) basin. After increasing flow up to 4.88

m3/s/m. after the HJ, the velocity values near the basin’s floor were less in Type

(C) and (D) basins.

Additionally, as compared to Type (B) basin, the minimum velocity values at

the basin’s end were noticed in Type (D) basin. However, on high flow (7.22

m3/s/m), as compared to Type (A) basin, at the end of basins, a slight increase in

the velocity values was observed in Type (C) & (D) basins which approximately

reached 10 %.

Convincingly, the analysis of vertical and lateral velocity profile indicated the

WSBB basins (Type (C) & (D)) were found to be efficient in decaying the velocity

at lower flow while the decay rate was found to be decreased as the flow was

increased.

On the other hand, analysis revealed that at all the investigated flows, the max-

imum velocity after the HJ and at end of basin was noticed in Type (B) basin,

which further indicated that the Type (B) basin was dissipating less energy within

the HJ, thereby higher velocity values were noticed at the basin’s end.
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4.4.6 Turbulent Kinetic Energy (TKE) and Turbulent In-

tensity (TI)

The flow turbulence between the two measured sections is represented by Turbu-

lent kinetic energy (TKE) which is also an important indicator of energy dissipa-

tion. It is a function of averaged velocity values in different directions i.e., x, y and

z, and can be measured by taking the root mean-square of velocities fluctuations

as expressed in (4.5).

Urms =

√
1

n
u2
1 + u2

2 + u2
3 + .........+ u2

n (4.5)

where, u1, u2 and u3 are the velocities, and their values can be utilized to compute

the TKEs as expressed below (4.6).

TKE =
1

2
(u2

rms + v2rms + w2
rms) (4.6)

where urms, vrms and wrms are the root mean square velocities in x, y and z

directions, respectively. Under various investigated discharges i.e., 2.44, 4.88, 7.22

m3/s/m, the turbulent kinetic energy is shown from the center line of Type (A),

(B), (C), and (D) basins.

Fig. 4.17 (a) shows the 2-D plots of TKE in Type (A) basin at 2.44 m3/s/m

discharge. It was noticed from Fig. 4.17 (a) that the maximum amount of TKE

were found in fore side of HJ at the contracted jet of supercritical velocity. The

maximum amount of TKE was reached to 3.10 m2/s2 which gradually reduced up

to X=18 m from the HJ initiating location. Fig. 4.17 (a) further indicates that the

maximum amount of TKE were observed in the HJ region from lower fluid depths

(Z= 1.22 m) to the free surface. At the basin’s end, the maximum TKE reached

below 0.21 m2/s2. Fig. 4.17 (b) indicates TI in Type (A) basin at 2.44 m3/s/m

discharge. From the results, it was found that the maximum TI was located at

the locations of maximum TKE and was found within the HJ region which was

ranged from 171 to 115 %. After the basin’s baffle blocks, the TI was gradually
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reduced. In Type (A) basin, 26 % TI was observed at the basin’s end, as can be

seen in Fig. 4.17.

Figs. 4.17 (c) and (d) show TKE and TI in Type (B) basin. In comparison to

Type (A) basin, in Type (B) basin the TKE travelled up to X=22 m from the

HJ initiating location, and its value reached 1 2/s2. Fig. 4.17 (c) also shows that

after end sill, the TKE was between 0.40 to 0.80 m2/s2. Similar to the Type (A)

basin, the maximum TKE was noted in the central fluid depths of HJ, however,

it was found further on the downstream. In Type (B) basin, 0.80 to 1.10 m2/s2

values of TKEs were noticed at the floor surface which travelled about 24 m from

the HJ initiating location as can be seen in Fig. 4.17 (c). Fig. 4.17 (d) illustrates

TI in Type (B) basin at 2.44 m3/s/m. As compared to Type (A) basin, in Type

(B) basin, the intensity and distance was found more after the HJ which travelled

long way to the basin’s end. The maximum TI was observed in the HJ region,

and its value was reached to 175 %, However, at the basin’s end TI was reached

up to 50 %. The increase of TI at end of stilling basin was due to the absence of

baffle blocks.

Figs. 4.17 (e) and (f) show the TKE and TI in Type (C) basin at 2.44 m3/s/m.

Following the similar pattern as seen in Type (A) and (B) basins, the maximum

TKE was found within, and fore side of the HJ as shown in Fig. 4.17 (e). In

Type (C) basin, the maximum TKE was reached 3 m2/s2 and after the WSBBs

in upper layer of the flow depth, its values reached below 0.23 m2/s2. In Type (C)

basin, maximum TKE were found to be diminished before the basin’s end. Upon

comparison with Type (A) and (B) basins, less TKEs were witnessed at the end

of Type (C) basin as shown in Fig. 4.17 (e).

Fig. 4.17 (f) represents TI in Type (C) basin. The maximum TKEs were found in

the HJ and baffle block region, as was noticed in Type (A) and (B) basins and the

maximum values found at the contracted jet of supercritical flow. The TI values

in the HJ region was reached 180.7 % and after the WSBBs these values reduced

to 100 %. Upon comparison with Type (A) and (B) basins, at the end of Type
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Figure 4.17: 2-D representation of TKEs and TI at 2.44 m3/s/m discharge,
Type (A) (a & b), Type (B) (c & d), Type (C) (e & f), and Type (D) (g

& h) basins

(C) basin, TI was found less and its value reached 26 % which was 24 % less than

that was observed in Type (B) basins.

Fig. 4.17 (g) shows TKE in Type (D) basin at 2.44 m3/s/m discharge. The

maximum TKE was found at HJ initiating location which reached to 3.60 m2/s2

and was observed higher than Type (A), (B) and (C) basins. However, from the

HJ to X=18 m the TKE travelled were found to be less in Type (D) basin than

Type (A), (B) and (C) basins. At X=18 m, the maximum TKE was reached

below 0.20 m2/s2. Similar to Type (C) basin, the TKE was found to be declined
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before the basin’s end. Fig. 4.17 (h) shows TI in Type (D) basin at 2.44 m3/s/m

discharge. In the HJ region, TI in Type (D) basin was more than other basins

and the maximum value in Type (D) basin was reached 195 %. However, the TIs

reduced in basins’ appurtenances region and were ranged between 68 to 90 %.

From the baffle region to friction blocks region, the TIs were found to be between

20 to 68% and further low TIs were noted at the basin’s end.

Fig. 4.18 shows the vertical distribution of TI after HJ and end of the basins at

2.44 m3/s/m. Figs. 4.18 (a) and (b) show the vertical distribution of TI in Type

(A) basin. After the HJ, the TI was reached 38 % in lower fluid depths (Z=1.5

m), while from middle to free surface, the TI gradually increased up to 110 % as

shown in Fig. 4.18 (a). The maximum TI at the end of Type (A) basin was found

in upper fluid region which reached to 26 %.

In Type (B) basin, after HJ, TI was found higher in the lower fluid depths (At, Z=

1 m) which reached 120 %, while a small reduction was notice at the upper fluid

depths. After the HJ, in the lower fluid depth, especially near the floor (Z=0.5

m), TI was reached 50 % as shown in Fig. 4.18 (c). At the basin’s end, in the

upper fluid region, TI reached to 45 % as shown in Fig. 4.18 (d).

In Type (C) basin, the distribution of TIs was different than that was noted in

Type (A) and (B) basins. After HJ, maximum TI was reached 100 % at Z= 2 m,

while further reduction in TIs was noticed in upper fluid depths as shown in Fig.

4.18 (e). The maximum TI at the end of Type (C) basin was reached 26 % at the

free surface, while in lower fluid depths (Z=0 to 3 m) TI was found between 8 %

to 26 % as shown in Fig. 4.18 (f). The trends of TI in Type (C) basin were found

similar to Type (A) basin. Fig. 4.18 (g) and (h) show TI intensity in Type (D)

basin at the two vertical sections i.e., after the HJ and at the basin’s (X=70 m).

The overall trend of TIs at the investigated two sections was similar to that was

noted in Type (A) and (C) basins. The maximum TI after the HJ was reached to

100 % (At Z= 2.25 m) which gradually reduced in upper fluid regions as shown

in Fig. 4.18 (g). The maximum TI at the end of Type (D) basin was reached to
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Figure 4.18: Distribution of TI at 2.44 m3/s/m flow in Type (A) (a&b),
Type (B) (c&d), Type (C) (e&f), and Type (D) (g&h) basins after the HJ

and at the basins’ end
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Figure 4.19: 2-D representation of TKEs and TI at 4.88 m3/s/m discharge,
Type (A) (a & b), Type (B) (c & d), Type (C) (e & f), and Type (D) (g

& h)

26 % at the free surface, while from the floor level to Z= 2.5 m, TIs were ranged

between 8 to 26 % as shown in Fig. 4.18 (h).

Figs. 4.19 (a) and (b) show the distribution of TKEs and TIs in Type (A) basin

at 4.88 m3/s/m discharge, respectively. The values are taken at X-Z plane at Y/2.

Fig. 4.19 (a) shows that maximum TKE was at the fore side of HJ which reached

to 3.34 m2/s2. The TKEs were decreased in the lower and upper regions of fluid

re-circulation. Additionally, further decrease of TKEs was also noticed after the

baffle blocks region to X=64 which showed 0.38 m2/s2 of TKE. The decrease was
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due to influence of baffle blocks as they dissipated the residual energy from the HJ.

From Fig. 4.19 (b), it was noted that the maximum TI occurred at the locations

where maximum TKEs existed which were found to be decreased after the HJ

initiating location towards downstream of the HJ.

Figs. 4.19 (c) and (d) show the variation of TKE and TI in Type (B) basin at 4.88

m3/s/m discharge. In Type (B) basin, due to the smaller HJ length, lesser amount

of TKE was dissipated in the HJ region. However, In comparison to Type (A)

basin, the amount TKE was higher in HJ region which reached to 3.88 m3/s/m.

On the other hand, more TKE was observed at the end of the basin. The higher

TKE at the end of basin was due to the absence of baffle blocks in Type (B) basin.

Figs. 4.19 (e) and (f) show the TKE and TI in Type (C) basin. The maximum

TKE was noticed at contracted jet of supercritical flow and its value reached

4.22 m2/s2. In Type (C) basin, TKEs were restricted between the HJ and baffle

blocks region which declined towards downstream as the distance from the HJ

initiating point was increased. After comparing with Type (A) basin, TKEs were

noted above the top level of WSBBs and their values were reduced after the baffle

blocks. In addition, the results indicated that the TKEs at the end of Type (C)

basin were fully decayed in the lower fluid layers. At 4.88 m3/s/m discharge, Fig

4.19 (e) shows TI intensity at Y/2 in Type (C) basin. Maximum amount of TI

was noticed at the locations of maximum TKEs which reached to 134.5 %.

Following the similar trend of Type (A) and (C) basins, maximum amount of

TKEs and TI in Type (D) basin were noted in the fore side of the HJ which were

found to be declined towards downstream from the HJ toe as shown in Fig. 4.19

(g) and (h). Because of the different geometry of the basin’s appurtenances, the

pattern of TKEs in the HJ and baffle block region were dissimilar to that was

observed in Type (C) and D basins. From Fig. 4.20 (a), soon after the HJ in Type

(A) basin, it can be seen that maximum amount of TIs was found at free surface,

while at the basin’s end (X=70 m), TIs at the free surface was reduced to 30 %

as shown in Fig. 4.20 (b).



Identification of Hydraulic Parameters & Performance of Stilling Basins 125

(a)

(b)

(c)

(d)

Figure 4.20: Distribution of TI at 4.88 m3/s/m flow in Type (A) (a&b),
Type (B)(c&d), Type (C) (e&f), and Type (D) (g&h) basins after the HJ

and at the basins’ end
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After the HJ, 98 % TI was observed at Z= 2.5 m, while at the free surface TI

reached 94 % as shown in Fig. 4.20 (a). The maximum TI at basin’s end was

found near the floor which reached 52%, while at the free surface its value reached

45 % as shown in Fig. 4.20 (c). After comparing with Type (A) basin, more TKE

and TI were noticed at end of Type (B) basin as shown in Fig. 4.20 (d).

Figs. 4.20 (e) and (f) show TIs in Type (C) basin at two different sections (After

HJ, and at basin’s end). After the HJ, maximum TI was reached 94% at Z=3.25

m which gradually reduced to 91 % at the free surface shown in Fig. 4.20 (e). At

the end of Type (C) basin, TI was reduced to 30 % at the free surface as shown

in Fig 4.20 (f).

After the HJ, the maximum TKEs in Type (D) basin was noticed at Z=3.4 m

which showed that the Type (D) basin deflected TKEs towards free surface as

shown in Fig 4.20 (g). At the end of Type (D) basin, TI near the floor was

reached to 29 %, while its value reached to 30% at the free surface (Z=4.5 m) as

can be seen in Fig 4.20 (h).

Fig. 4.21 shows the distribution of TKEs and TIs at 7.22 m3/s/m discharge in

Type (A), (B), (C) and (D) basins. The trend of the TKEs and TIs in Type

(A) basin was found to be similar as was noticed at 4.88 m3/s/m discharge. The

maximum TKEs and TIs was observed at the fore side of the HJ which decreased

as distance from the HJ was increased.

In Type (A) basin, the maximum TKE and TI reached to 3.22 m2/s2 and 122.4

%, respectively, as shown in Fig. 4.21 (a) and (b), respectively. At 7.22 m3/s/m

discharge in Type (B) basin, the maximum of TKE and TI were reached to 3.88

m2/s2 and 122 %, respectively, as shown in Figs. 4.21 (c) and (d), respectively.

In Type (C) basin, the maximum TKE was reached to 4.20 m2/s2 at the contracted

jet as shown in Fig. 4.21 (e), which showed growth in the upper and lower fluid

depths as was observed in Type (A) basin. Due to concentration of TKE at the

contracted jet, its value was found to be higher than that was noticed in Type (A)

basin. The maximum amount of TI was reached up to 116.2% as shown in Fig.
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Figure 4.21: 2-D representation of TKEs and TI at 7.22 m3/s/m discharge,
Type (A) (a&b), Type (B) (c&d), Type (C) (e&f), and Type (D) (g&h)

4.21 (f). At 7.22 m3/s/m discharge, the maximum TKE and TI in Type (D) basin

were reached to 4.1 m3/s/m and 114.9 %, respectively as shown in Figs. 4.21 (g)

and (h), respectively.

Due to resemblance of baffle blocks, trends of TKEs and TIs in Type (D) basin

were found to be similar as noticed in Type (C) basin. Fig. 4.22 shows vertical

distribution of TI in different basin after the HJs and at the basin’s end. In Type
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Figure 4.22: Distribution of TI at 7.22 m3/s/m flow in Type (A) (a&b),
Type (B) (c&d), Type (C) (e&f), and Type (D) (g&h) basins after the HJ

and at the basins’ end
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(A) basin, the maximum TIs were reached 90% and 32% after the HJ and at the

basin’s end, respectively as shown in Figs. 4.22 (a) and (b), respectively. In Type

(B) basin, the maximum TIs after the HJ and at the basin’s end were 77% and

46%, respectively, as shown in Figs. 4.22 (c) and (d), respectively. However, near

the bed, the TI was found even more than the free surface which reached 53%.

On the other in Type (C) basin, the pattern and distribution of TI was found to

be different than Type (A) and (B) basins. The TI near the basin’s floor was less

while relatively higher values were noticed at the free surface as can be seen in Fig.

4.22 (e) and (f). The maximum TI after the HJ and at the end of Type-C basin

was 88% and 32%, respectively, as shown in Fig. 4.22 (e) and (f), respectively.

In Type (D) basin, the maximum TI after the HJ and at the basin’s end was

reached 86% and 32%, respectively as shown in Fig. 4.22 (g) and (h), respectively.

It is important to mention here that in Type (D) basin, the TI near the floor was

found to be less than that was observed in Type (A) and (B) basins.

In conclusion, the pattern of TI in WSBB basins were found to be different than

that was observed in USBR baffle block (Type (A)) and remodelled basins (Type

(B)). Additionally, the TI near the floor of Type (C) and (D) basins were consid-

erably less than the other investigated basins.

4.5 Results of Hydraulic Parameters for Free Flow

Discharges

4.5.1 Free Surface Profiles (FSPs) at Flood and Design

Discharges

Fig. 4.23 shows free surface profiles within Type (A), (B), (C) and (D) basins at

flood discharge of 18 m3/s/m. The plots are drawn from the center line of the

models. From Fig. 4.23, due to different basins’ geometries, the results indicated

dissimilar profiles in supercritical, HJ and subcritical regions. In Type (A) basin,
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the results indicated that up to HJ initial location, the free surface declined and

followed the glacis slope while within the HJ large undulations and fluctuations

were noticed which travelled up to X=67 m. After X=67 m, the free surface

became stable. In addition, after the jump termination, a sudden drop in the free

surface was noted which developed a large wavy surface.

At flood discharge, the HJ initiating point in Type (B) was found close to that

noted in Type (A) basin. In addition, within the HJ, large fluctuations were

observed which indicated that even at the steady state, the water surface profiles

were still fluctuating. Furthermore, in comparison to Type (A), (C) and (D)

basins, the free surface profile of HJ was also found to be lower which gradually

raised as the distance from the HJ was increased. From the Fig. 4.23, the results

indicated a gradually increasing trend of water profile in Type (B) while at X=60

m, the free surface profiles were found to be close with the profiles of other basins.

On the other hand in Type (C) and (D) basins, the results indicated a similar

trends of free surface profiles and the HJ initiating locations were also found to be

closed which were well above on the glacis. The results further revealed a smooth

transition of HJ into the subcritical flow conditions as shown in Fig. 4.23. After

the HJ, the free surface in Type (C) and (D) basins were found to be stable as

the flow travelled towards the downside of the basins. In conclusion, from the

results, it can be believed that Type (C) and (D) basins are holding the HJs

well above on the downstream glacis while the HJ location in Type (A) and (B)

basins were found on the downside of the glacis. In addition, as compared to

Type (A) and (B) basins, at high flood discharge of 18 m3/s/m, the transition of

HJs into the subcritical region is found to be good in Type (B) and (C) basins.

Furthermore, the results also showed a large wave on downstream of Type (A)

basin which ended just 4 m before the basin’s end. Fig. 4.24 shows free surface

profile on the studied basins at the design discharge. In comparison to the flood

discharge, results indicated different water surface profiles in Type (A), (B), (C)

and (D) basins. In comparison to flood discharge, due to the nature of highly

turbulent flow, the free surface downstream of Type (A) was found to be unstable

and revealed large waves which travelled up to the basin’s end.
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Figure 4.23: Comparison of FSPs in different basins at flood discharge of 18
m3/s/m

In Type (B) basin, the HJ initial location moved further on the downside of glacis

while a smooth free surface in the supercritical region was noticed as shown in

Fig. 4.24. After the initial location of HJ, a gradually raising profile was noted

which became levelled after at X=63.4 m.

Figure 4.24: Comparison of FSPs in different basins at flood discharge of 24
m3/s/m

On the contrary, in Type (C) and (D) basin, the results indicated an identical free
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surface profiles in the supercritical regions while dissimilar profiles were noticed

in the HJ regions. In addition, at design discharge, the results showed different

HJ termination locations in Type (C) and (D) basins. Furthermore, after the

HJs, a fluctuating free surface profiles were noted in Type (C) and (D) basins as

shown in Fig.4.24. However, after X=58 m, the free surface profiles were found to

be stable with little fluctuations. It is important to mention that at such higher

discharges, i.e., 18, and 24.30 m3/s/m ,the free surface profiles downstream of

prototype barrages are always found to be wavy and fluctuating.

From the analysis of free surface profiles, it is concluded that out of the studied

basins, the newly proposed Type (C) and (D) basins are holding the HJs well

above from floor level and toe of the downstream glacis. However, as compared to

Type (C) and (D) basins, in Type (A) and (B) basins, the locations of HJs and

its distances are found to be less from the glacis toe.

4.5.2 Velocity Field and Patterns at Flood and Design Dis-

charges

4.5.2.1 Velocity Field and Patterns at Flood Discharge

Fig. 4.25 (a) shows velocity field downstream of Type (A) at flood discharge. The

maximum velocity was found on the top surface in the supercritical region. Near

the floor, from glacis toe to baffle blocks region, a large wake zone was noted which

seemed to dissipate the upcoming supercritical jet. The depth of this wake zone

was increased as the flow moved towards downstream. After the baffle blocks,

near the floor, re-circulation’s were noted which continued up to the end of the

basin. In Type (A) basin, after impacting with the baffle blocks, the flow moved

towards the upper fluid region and due to this reason, the boundary growth layers

near the floor were found to be instantly reduced. However, after the baffle blocks,

two different forward vertical velocity profiles were noted which indicated that the

fluid was highly turbulent in nature, as usually notice downstream of prototype

barrages. In addition, the results also indicated eddies and reserve velocity field
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in the HJ region as can be seen in Fig. 4.25 (a). At flood discharge, in Type (A)

basin, the maximum velocity at the basin’s end reached to 3.8 m/s.

Fig.4.25 (b) shows 2-D velocity field downstream of Type (B) basin at 18 m3/s/m

discharge. From the plots, it can be seen that the supercritical flow was impinging

on the basin’s floor. The results indicated three velocity zones on the Type (B)

basin, i.e., 1) high velocity zone; 2) intermediate zone, and lower velocity zone.

From the downstream glacis to the end the basin’s floor, the depths of these

zones were found to be consistent. The results of velocity field also indicated

that due to the absence basin’s appurtenances, higher velocity is striking on floor

which travelled to the end of basin. However, on the free surface, a small re-

circulation region was also notice within the HJ while after the HJ a forward

velocity profiles were observed as shown in Fig. 4.25 (b). From the vertical

velocity profiles, it can be observed as the flow moved towards the basin’s end the

boundary growth layer remained unchanged that indicated the velocity was not

properly decayed within basin. At 18 m3/s/m discharge, the maximum velocity

was found in the supercritical region which reached 7.22 m/s whereas at the basin’s

end the maximum velocity reached 3 m/s.

Fig. 4.25 (c) shows velocity field on the Type (C) basin at 18 m3/s/m discharge.

From the Fig. 4.25 (c), the results indicated that the supercritical flow was striking

on basin while after impacting with wedge-shaped baffle blocks (WSBB), the high

velocity vectors moved toward the middle fluid region which travelled to the end

of basin. After the baffle blocks, large wake zone and eddies were generated which

travelled up to the basin’s end as shown in Fig. 4.25 (c). From the velocity field,

it can be said that after impacting the WSBB, the fluid velocity was significantly

decreased near the basin. In addition, at the free surface, large re-circulation was

noticed within the HJ which showed that a large amount energy was also dissipated

in the HJ region, thereby, after the HJ, lower low velocity fluid moved toward the

downstream side. The results indicated maximum velocity at in the supercritical

region which reached 6.96 m/s, however, on the basin’s end the velocity value was

reached to 2.71 m/s.
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(a)

(b)

(c)

(d)

Figure 4.25: 2-D Illustration of velocity distribution downstream of different
basins at flood discharge of 18 m3/s/m, (a) Type (A), (b) Type (B), (c) Type

(C) and (d) Type (D)
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Fig.4.25 (d) shows velocity field on Type (D) basin at 18 m3/s/m discharge. The

overall pattern of velocity field on Type (D) basin was found similar to that was

observed in Type (C) basin. However, after the baffle blocks, the pattern of wake

zone was found to be different than Type (C) basin and was lesser than that was

noted in Type (C) basin. From the vertical velocity profiles in Type (D) basin, the

results indicated that after impacting the baffle blocks, the distance of maximum

velocity vectors from the bed was large than that was noticed in Type (C) basin.

In addition, at the free surface, a large re-circulation was also noticed, and after

the HJ, the backward negative velocity vectors converted into the forward velocity

profile as can be seen in Fig.4.25 (d). In Type (D) basin, the maximum velocity

values at the downstream glacis and basin’s end reached to 6.87 m/s and 2.47 m/s,

respectively.

In conclusion, based on the analysis of velocity field at the flood discharge, the

resulted showed that out of studies basins, Type (C) and (D) are producing less

velocity in the basin which indicated that these basin’s appurtenances are sig-

nificantly decaying the velocity magnitude in three dimensions. However, out of

studied basins, at the flood discharge, the maximum velocity was found in Type

(A) basin.

4.5.2.2 Velocity Field and Patterns at Design Discharge

Fig. 4.26 (a) shows velocity pattern in Type (A) basin at design discharge. The

maximum velocity magnitude was found in the supercritical region on the down-

stream glacis which reached to 8.1 m/s. The results indicated that a highly tur-

bulent flow was impinging on the basin’s floor which was shortly deflected by the

baffle blocks to the upper fluid layer. At design discharge, the results revealed

three different velocity zones, i.e., 1) a weak velocity zone from floor to the top

surface of basin’s appurtenances; 2) high velocity zone in the central fluid depths,

and free surface velocity zone with fluctuating velocity magnitude. From the ve-

locity field, the results showed that as the flow travelled towards downstream, the

depth of high velocity zone was found to be increased which further indicated that
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high velocity fluid was moving toward downstream and lesser amount of energy

was dissipated in the basin. At the design discharge, the maximum velocity at the

basin’s end was reached 3.7 m/s. In comparison to the flood discharge, at designed

discharge, the velocity values on the basin flood were higher and flow was found

to be highly turbulent. However, at the basin end, the velocity values were found

to be same as noted in flood discharge.

Fig. 4.26 (b) shows velocity field on Type (B) basin at design discharge. The pat-

tern of velocity field was found similar to that was observed at the flood discharge.

However, the results indicated higher velocity magnitude on the basin’s floor in

which larger boundary growth layers were noticed near the floor. In comparison to

the flood discharge, at design discharge, the free surface profile of HJ was found to

different in which a strong re-circulation region was observed which continued to

¾ of the basin’s length. The overall free surface profile was found to be gradually

increased towards the basin’s end. In addition, after reaching to at basin’s end,

the end sill deflected the high velocity vector toward to upper fluid layer which

slightly decreased the boundary growth layers in those regions as can be seen in

Fig. 4.26 (b). At the design discharge, in Type (B) basin, the maximum velocity

was observed on the downstream glacis which reached 8.60 m/s while at the end,

the velocity magnitude reached 4 m/s.

Fig. 4.26 (c) shows velocity pattern on Type (c) basin at the design discharge.

Overall velocity pattern was found similar to that was observed at the flood dis-

charge, however, at the design discharge, after impacting with the WSBB, the

higher velocity vectors moved towards the upper fluid region and their distance

from the basin floor was larger than that was observed at the flood discharge.

In the HJ region, a strong re-circulation and negative velocity field was observed

which converted into the forward velocity after the HJ. At the basin’s end, due

to the influence of friction blocks, the velocity near the basin was found to be

reduced which indicated that at such higher discharge, the basin substantially de-

cayed the velocity field. In Type (C) basin, the maximum velocity was found in

the supercritical region as noticed in the other basins while at basin’s end, the

velocity value reached to 3.18 m/s.
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(a)

(b)

(c)

(d)

Figure 4.26: 2-D Illustration of velocity distribution downstream of different
basins at design discharge of 24.30 m3/s/m, (a) Type (A), (b) Type (B), (c)

Type (C) and (d) Type (D)
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Fig. 4.26 (d) represents velocity field on Type (D) basin at design discharge. The

pattern of velocity field was found to be different than that was noted in flood

discharge. In addition, the velocity field also differed with Type (C) basin. After

impacting with baffle blocks, the fluid was moved toward the upper fluid region

and distance of this region from basin’s end was higher as compared to flood

discharge. In addition, after the baffle blocks, large wake region was noted, and

its dimensions were found to the larger than that was noticed at flood discharge.

Furthermore, at design discharge, a strong HJ was observed in Type (D) and its

profile was different to that was noticed at flood discharge. In Type (D) basin,

the maximum velocity at the basin reached 3 m/s which was found to be slightly

lesser than Type (c) basin.

4.5.3 Turbulent Kinetic Energies

4.5.3.1 Turbulent Kinetic Energies (TKEs) at Flood Discharge

Fig. 4.27 illustrates 2-D contours of turbulent kinetic energy (TKEs) in Type

(A), (B), (C) and (D) basins at flood discharge of 18 m3/s/m. The contours are

drawn from the center-line (y/2) of the models. Fig. 4.27 (a) shows TKEs in

Type (A) basin at the flood discharge. Due to the highly turbulent flow, the

maximum TKEs in Type (A) basin was reached to 4.85 m2/s2 in the HJ region.

The values of TKEs were found to be reduced as the flow moved towards the

downside of basin. However, the results indicated a uniform distribution of TKEs

soon after the downstream toe of glacis. However, over the baffle blocks region,

the TKEs were ranged between 2.08 m2/s2 to 2.77 m2/s2. At the flood discharge,

the maximum value of TKEs at the basin’s end were found between 0.69 to 1.39

m2/s2.

Fig. 4.27 (b) shows TKEs in Type (B) basin at 18 m3/s/m. The maximum

TKE values were observed in the HJ region and in the central fluid depths which

gradually decreased as the distance from the jump was increased. Due to the

absence of basin’s appurtenances, the TKEs were found in the lower fluid depths
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(b)

(c)

(d)

Figure 4.27: 2-D Illustration of turbulent kinetic energies in different basins
at flood discharge of 18 m3/s/m, (a) Type (A), (b) Type (B), (c) Type (C) and

(d) Type (D)
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and near the floor as can be seen in Fig. (b). In addition, as the fluid moved

toward the downside of the basin, the TKEs were found on the end sill and floor

which indicated that after the rigid bed, the TKEs will erode the loose riverbed.

In Type (B) basin, the maximum TKEs reached to 3.82 m2/s2 in HJ region while

on near the end sill these values reached 1.1 m2/s2.

Fig. 4.27 (c) shows TKEs in Type (C) basin at flood discharge. The pattern of

TKEs was found to different than Type (A) and (B) basins. The maximum TKEs

values were observed in the HJ region which reached to 2.34 m2/s2 while at the

basin’s end these values declined below 1 m2/s2 as shown in Fig. 4.27 (c). The

results further showed that due to the presence of baffle blocks, the higher TKEs

from the HJ was defected towards the free surface while smaller value of TKEs

were observed near the floor and with the baffle and friction blocks regions. The

maximum values of TKEs with the baffle and friction blocks regions were ranged

between 1 m2/s2 to 0.33 m2/s2 as can be seen from Fig. 4.27 (c). In addition, the

results also showed lower TKE values over the rigid surface of downstream glacis

which diminished as the fluid contacted basin’s floor.

Fig. 4.27 (d) shows TKEs in Type (D) basin at the flood discharge. The pattern

of TKEs was similar to that was observed in Type (C) basin. The maximum

values of TKEs were observed in the HJ region which reached to 2.19 m2/s2. The

results showed that as the distance from the HJ was increased, the TKE magnitude

was found to be decreased and near the floor, these values were ranged between

0.94 m2/s2 to 0.31 m2/s2. However, above the central fluid region and at the

free surface, the TKEs were found between 0.94 to 1.25 m2/s2. As compared to

Type (B) and (C) basins, the overall TKE values were found to be less in Type

(D) basin. From the TKEs analysis of flood discharge, the results revealed that

out of the tested basins, the minimum amount TKEs were found in Type (C)

and (D) basins. The results further indicated that wedge-shaped baffle blocks are

improving the flow on the basins.
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4.5.3.2 Turbulent Kinetic Energies (TKEs) at Design Discharge

Fig. 4.28 (a) displays TKEs field in Type (A) basin at design discharge. The

pattern of TKEs at the design discharge was found to be different than that was

observed at the flood discharge. In Type (A) basin, two different TKEs regions

were noted. The first region was noted at the free surface and its depths was extend

up to the top surface of basin’s appurtenance, i.e., baffle and friction blocks, while

second region was noted near the floor which was found to be extended towards

the bottom of first region. The maximum amount of TKEs was observed at the

free surface in the first region and the maximum value of TKE reached to 4.51

m2/s2. Because of the highly turbulent flow, the first TKEs zone was found to

be travelled as the flow headed towards the downside of the basin, however, the

TKEs in this region were found to declined before the friction blocks. At design

discharge, near the floor and at the basin’s end, the TKE values were found to be

between 0.64 to 1.29 m2/s2. In comparison to the flood discharge, at the design

discharge, the TKEs values at the end of Type (A) basin was found to be less.

Fig. 4.28 (b) shows TKEs in Type (B) basin at design discharge. The patterns of

TKEs were found to be dissimilar than that were noticed at the flood discharge.

At the start of basin, the depth of TKEs was less which increased as the flow

moved toward the downside. At the basin’s end, the depth of TKEs reached

to the top surface of end sill. The maximum amount of TKEs was observed

within HJ region as noted in earlier at the flood discharge. However, at the

design discharge, the distance of higher TKEs fluid layers was less from the basin’s

floor. In addition, at the design discharge, the overall depth of higher TKEs

fluid layer also increased which indicated that more energy was travelled near the

bed. Furthermore, the results also showed small TKEs near the basin’s floor and

their values found between 0.65 to 1.30 m2/s2. In Type (B) basin the maximum

amount of TKE reached to 4.55m2/s2 and was found higher than that was noted at

flood discharge. At the basin’s end, the TKEs values were reached to 1.30 m2/s2.

Conclusively, at the design discharge, the TKEs were found higher near the rigid

floor which moved towards the downside of basin and caused scouring of riverbed.
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Figure 4.28: 2-D Illustration of turbulent kinetic energies in different basins
at design discharge of 24.30 m3/s/m, (a) Type (A), (b) Type (B), (c) Type (C)

and (d) Type (D)
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Fig. 4.28 (c) illustrates TKEs in Type (C) basin at design discharge of 24.30

m3/s/m. The results indicated a similar pattern of TKEs as noted at flood dis-

charge. However, the TKEs values were found to be higher at design discharge. In

addition, at the design discharge, the depth of higher TKE fluid layer was found

less than that was noted at flood discharge, while near the floor depth of small

TKEs fluid layer increased as can be seen in Fig. 4.28 (c). Furthermore, at the

design discharge, in the baffle blocks region, the TKEs zone was found to be de-

creased while after the baffle blocks a relatively higher depth of TKEs region was

noted as mentioned before. The overall magnitude of TKE in Type (C) basin was

increased at the design discharge for which the maximum value reached to 3.47

m2/s2 while at the basin’s end and in the friction blocks region the TKE values

were ranged between 0.50 to 0.99 m2/s2 Fig. 4.28 (d) shows TKEs patterns on

Type (D) basin at design discharge. The overall TKEs pattern was found dissimi-

lar to that were observed at flood discharge. In addition, as compared to Type (B)

and (C) basin, the results indicated different TKEs magnitude in Type (D) basin.

The maximum TKEs value were noted in the HJ region at different locations as

can be seen in Fig. 4.28 (d). Furthermore, at design discharge, the maximum

TKEs in Type (D) was found to less than Type (B) and (C) basins which reached

to 2.81 m2/s2 in the HJ region. On the basin’s end, the maximum TKEs values

were ranged between 0.40 to 0.80 m2/s2 which were less as compared to Type

(B) and (C) basins. In conclusion, based on the TKEs patterns in studied basin,

the results showed that Type (D) is producing less TKEs on the floor and at the

basin’s end.

4.6 Tail Water Rating Curves and Locations of

Hydraulic Jumps (HJs)

In the preceding sections 4.4 and 4.5, the results of hydraulic parameters for gated

and free flow discharge are analysed and discussed. However, the focus of this

section is to compare the predicted results with the prototype barrage data. In
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addition, the results of HJs locations for the studied discharges are also compared

to drawn comparison among the studied basins, i.e., Type (A), (B), (C), and (D).

It is important to mention that the present gated and free flow models are operated

Figure 4.29: Tail water rating curves of the studied basins at gated and free
flow discharges

on the hydraulic conditions of year 2010 flood. From Fig. 4.29, it can be seen that

the tail water levels are found within the maximum and minimum limits of HJ

requirements. However, the trends of trends followed the tail water levels of year

2010. In addition, from 7.22 m3/s/m to 18 m3/s/m discharges, the tail water levels

of the present models are found to be deviated because at present, these discharges

have not been investigated. Furthermore, at the investigated free flow discharges,

the tail water levels predicted in Type (A) basin are found be above than that are

observed in year 2010 and other models (presently studied). In conclusion, it can

be said, under the operation conditions, i.e., tail water, pond level, geometries,

gate openings, meshing and boundary conditions, all the basins have retained the

tail water levels within the thresh hold limit of HJ conditions.

Fig.4.30 shows comparison of HJ location within studied basins at gated and free

flow discharges. At the gated flows, the results indicated that Type (A) basin

is holding the HJ well above the downstream toe of the glacis. However, the

minimum distance of HJ from the glacis toe is found at in Type (D) basin which

reached to 4.5 m at 2.44 m3/s/m discharge. On the other hand, at the designed

and flood discharges, the locations of HJ in Type (c) and (D) basins are found to
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Figure 4.30: Comparison of hydraulic jump locations at gated and free flow
discharges for the studied basins

be noted above on the glacis. The maximum distances of HJ in Type (c) and (D)

basin is reached to 7.45 m and 6.81 m at 18 m3/s/m and 24.30 m3/s/m discharge,

respectively. In contrast, at 18 m3/s/m discharge, the minimum distance of HJ

from the glacis toe is found in Type (A) basin which reached to 5 m while at 24.30

m3/s/m discharge, the minimum distance of HJ from the glacis toe is found in

Type (B) basin. From the present results of HJ locations, it is found that at gated

flows, Type (A) and (B) basins are retaining the HJ well above than Type (C)

and (D) basin while at the free flows, a reverse phenomena is noticed. Therefore,

it can be said, the newly proposed Type (C) and (D) are keeping the HJ at the

downstream glacis while when after remodeling (Type (b) basin), the location of

HJs at the higher discharge are on the downside of downstream glacis.

The Table 4.10 shows the overall results of CHPs at the gated discharge. The

detailed discussions on these parameters have already be made in section 4.4.

Similarly, Table 4.11 shows overall values of different hydraulic parameters at the

flood and design discharges. It is important to mentioned here, some of parameters

values, i.e., hydraulic jump length (Lj), roller length of HJ (Lr), and relative energy

loss is not included in the Table, because at such higher discharges, these
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Table 4.10: Summarized results of Critical Hydraulic parameters (CHPs) in Type (A), (B), (C) and (D) basins at gated flows

Stilling

Basins

q

(m3/s/m)

V1

(m/s)

V2

(m/s)

y1

(m)

y2

(m)

y2/y1 Fr1 Fr2
Lj

(m)

Lr/d1 E (%)

Type (A)

2.44

8.79 0.41 0.29 3.53 12.17 5.53 0.10 9.70 33.45 19

Type (B) 8.54 1.42 0.28 3.13 13.88 5.55 0.26 5 17.86 19

Type (C) 9.10 1.15 0.28 3.63 12.80 5.28 0.19 9.50 33.93 18

Type (D) 9.16 1.20 0.26 3.61 11.18 5.74 0.20 9.30 35.77 19

Type (A)

4.88

9.13 0.70 0.54 4.36 8.00 4.00 0.11 11.50 21.30 8

Type (B) 9.36 2.65 0.52 3.95 7.60 4.15 0.43 7 13.46 14

Type (C) 10.00 1.81 0.54 4.39 8.13 4.36 0.28 10.70 19.81 19

Type (D) 9.47 1.81 0.53 3.61 8.30 4.46 0.30 10.50 19.81 26

Type (A)

7.22

9.19 1.03 0.85 4.95 5.82 3.12 0.15 12.90 15.20 3

Type (B) 9.61 2.07 0.96 4.90 5.55 3.46 0.30 13 16.29 4

Type (C) 9.41 2.21 0.86 4.90 5.70 3.26 0.32 12 14.20 4

Type (D) 9.47 2.27 0.85 4.97 5.85 3.30 0.33 12.10 14.50 3
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values are always found to be fluctuating and due to nature of highly turbulent

flow, the output values can not be taken with high precision. Therefore,only

velocities, flow depths, and Froude number values are simulated before the HJ

and at the basins’ end. However, the performance of the stilling basins at the

studied flood and design discharges is assessed by the scour models as presented

in Chapter 5.

Table 4.11: Summary of Hydraulic parameters in Type (A), (B), (C) and (D)
basins at flood and design discharges

Stilling
Basins

q
(m3/s/m)

V1

(m/s)
V2

(m/s)
y1

(m)
y2

(m)
y2/y1 Fr1 Fr2

Type (A)

18

7.2 3.2 2.5 6.9 2.7 1.5 0.3
Type (B) 7.3 3.0 2.6 6.3 2.4 1.4 0.4
Type (C) 7.0 2.7 2.6 6.9 2.6 1.3 0.3
Type (D) 6.8 2.5 2.6 6.9 2.6 1.4 0.3
Type (A)

24.30

8.0 3.8 2.9 7.4 2.5 1.5 0.4
Type (B) 8.6 4.1 3.0 6.2 2.1 1.6 0.5
Type (C) 7.7 3.2 3.0 7.2 2.4 1.4 0.4
Type (D) 7.6 3.0 3.0 7.1 2.4 1.4 0.4



Chapter 5

Flow Field, Local Scour and Bed

Retrogression

5.1 Background

After the hydraulic modelling of different parameters in the studied basins, it was

found that in Type (A), (C) and (D) basins the results of hydraulic parameters

were close, while dissimilar results were noted in Type (B) basin. Therefore, to

further assess the performance of investigated basins, scour models were developed

at designed and uncontrolled free conditions such as 24.30, and 18 m3/s/m unit

discharges, respectively. This chapter begins with the validation of scour models

of Type (B) basin with the probing data of year 2015. After validation, the

chapter discusses and compares the flow field, scour/retrogression patterns, and

longitudinal profiles of different stilling basins.

5.2 Validation on Scour Models

Type (A) basin was made functional in year 1958 and continued till 2003. During

years 2005 to 2008, barrage’s basin was remodelled (Type (B)) as described in

148
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section. Even after the remodelling, probing data of years 2010 to 2014 revealed

damages and large scour pits on the barrage downstream.

As the investigated Type (B) basin is full scaled model of existing prototype bar-

rage, therefore, scour results downstream of Type (B) basin were focused for com-

parison with the field data. For validation, the probing data of year 2015 of bays

33, 34 and 55 were used. The data in hard form was digitized using Auto-CAD,

and approximate values of bed profiles were obtained from center line of the bays.

At present, different turbulent models were used to investigate the bed profiles

and their results were compared with the profiles of bays 33, 34 and 55 of the

prototype barrage. The present models were run for two different uncontrolled

free flows i.e., 24.30 and 18 m3/s/m.

For 24.30 m3/s/m. discharge, Fig. 5.1 illustrates comparison of bed profile of bay

33 with LES, Standard K-ϵ (hereafter, Std) and RNG K-ϵ models. The results

of modelled bed profiles were computed at Ts=500 s. Up to X=6 m after the

rigid floor, all the turbulence models showed a similar pattern of bed profiles

which agreed well with the field observation. However, upon comparison with K-ϵ

models, LES model overestimated bed profiles as the distance from end of rigid

floor was increased. Upon use of LES model, after X= 9 m from the rigid floor,

results showed that about 97 % of the sediment bed was eroded, while results of

both K-ϵ models agreed well with the field data as shown in Fig 5.1. In both K-ϵ

models, the sediment bed profiles showed identical trends, however, in comparison

to RNG k-ϵ model, the Std K-ϵ model showed higher bed scour on upstream side

while lesser values of scour were noticed on downstream side of the sediment bed.

Additionally, upon comparison of maximum scour depths with bay 33, present

models showed higher scour depths, for which the maximum errors reached 13.5%,

13.5% and 10 % in LES, RNG and Std K-ϵ models, respectively.

Fig 5.2 compares the bed profiles of bay 34 with the profiles downstream of Type

(B) basin. For the initial 15 m length of scoured bed, as compared to field data of

bay 34, the present models showed higher bed degradation. On the contrary, as
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compared to K-ϵ models, results of LES model showed higher deviation from the

observed field data.

Figure 5.1: Comparison of modelled scour profiles using different turbulence
schemes with bay 33 of Prototype

Figure 5.2: Comparison of modelled scour profiles using different turbulence
schemes with bay 34 of Prototype

Upon comparison of maximum scour depths with bay 34, the results revealed

higher scour in LES and RNG K-ϵ models, for which the maximum error reached

to 1.3%. On the contrary, as compared to the field data, Std K-ϵ model underes-

timated the maximum scour depth which showed 2% error.

Fig 5.3 compares the bed profiles of present models with bay 55. Similar to bay

33, as compared to the observed data of bay 55, present models overestimated the

bed profiles for the initial bed length up to X=15 m. However, after X=15 m, as
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Figure 5.3: Comparison of modelled scour profiles using different turbulence
schemes with bay 55 of Prototype

compared to LES model, RNG and Std K-ϵ models showed less deviations. On

the downstream side of scoured bed from X= 24 m to 30 m, bed profiles using Std

and RNG K-ϵ models were found to be matched with the results of bay 55.

The performance of present scour models is also assessed by Coefficient of deter-

mination (R2), and Nash-Sutcliffe Model Efficiency Coefficient (NSE). The model

performance is said to be perfect when the value reaches 1 while it is said to be

poor if the values reach to 0 and negative for R2 and NSE, respectively. The

simulated scour profiles were compared with bays 33, 34 and 55 of the prototype

barrage as shown in Figs. 5.4, 5.5, and 5.6, respectively. For bay 33, the models

showed close agreement for which the values of R2 reached 0.908, 0.909 and 0.953

in LES, RNG K-ϵ and Std K-ϵ models, respectively as show in Figs. 5.4 (a), 5.4

(b), and 5.4 (c), respectively. On the other hand, for bay 33, the NSEs reached to

0.423, 0.896, and 0.944 ES, RNG K-ϵ and Std K-ϵ models, respectively.

Upon comparison with bay 34, the predicted results of scour profiles were found

to be deviated for which 0.501, 0.60 and 0.545 values of R2 were noted in LES,

RNG K-ϵ and Std K-ϵ models, respectively, as shown in Figs. 5.5 (a), 5.5 (b), and

5.5 (c), respectively. In contrast, the NSEs values for bay 34 reached to -0.273,

0.396, and 0.322 in LES, RNG K-ϵ and Std K-ϵ models, respectively,

It can be noted that out of the used models, RNG K-ϵ was found to be better than

LES and Std K-ϵ models. However, as compared to bay 33, the models results
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(a)

(b)

(c)

Figure 5.4: Comparison of scour profile of Bay 33 with the numerical models,
(a) LES, (b) RNG k-ϵ, and (c) Std K-ϵ model
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(a)

(b)

(c)

Figure 5.5: Comparison of scour profile of Bay 34 with the numerical models,
(a) LES, (b) RNG k-ϵ and (c) Std K-ϵ model
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(a)

(b)

(c)

Figure 5.6: Comparison of scour profile of Bay 55 with the numerical models,
(a) LES, (b) RNG k-ϵ and (c) Std K-ϵ model



Flow Field, Local Scour and Bed Retrogression 155

(LES, RNG and Std K-ϵ) deviated from the observed profiles of bay 34.

Upon comparison with bay 55 indicated the R2 values reached 0.42, 0.81 and 0.71

in LES, RNG K-ϵ and Std K-ϵ models, respectively, as shown in Figs. 5.6 (a),

5.6 (b), and 5.6 (c), respectively. For bay 55, as compared to LES and Std K-ϵ

model, results of RNG K-ϵ model were found to be more accurate which agreed

well with the field data. Similarly, after analysing the profiles with NSEs, the

models predicted -0.799, 0.494, and 0.378 in LES, RNG K-ϵ and Std K-ϵ models,

respectively. The deviation of scour profile by LES can be due to: 1) the LES

model is mesh dependent which requires finer cell size in the turbulent flow zones

to capture the small scale fluctuations, i.e., turbulent eddies, and 2) within the

scour hole, strong vertexes are generated for which the model employed sub grid

turbulence model which captured small eddies in the scour hole and consequently

increased the scour depth and overall retrogression on the downside of sediment

bed. On the contrary, due to the limitation in computing the wake velocities in

the shear region, RNG K-ϵ model predicted less scour in the scour hole and on the

downward areas.

Conclusively, based on the results of scour profiles, it is believed that the present

models showed reasonable accuracy of scour profiles, especially for bay 33. Based

on the validation results, present models allowed to analysis the flow field, bed

shear stress and scour profiles downstream of Type (B) and other studied basins.

5.3 Flow Field

5.3.1 Velocity Distribution at Designed Discharge

At present, the effects of stilling basin appurtenances are focused on local scour

downstream of the barrage, therefore, flow field is described both for rigid and

scour bed. To describe the flow fields on different beds, velocity distribution and

bed shear stress are analyzed using LES, K-ϵ models. At Ts=500s (Finish time),
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2D and 3D plots of velocity and bed shear stress are drawn from the center line

of bay for 24.3 m3/s/m and 18 m3/s/m discharges.

Fig. 5.7 (a) shows velocity field in Type (A) basin using RNG K-ϵ model. Fig 5.7

(a), on fore side of HJ, flow is found to be highly turbulent. The flow pattern pro-

duced by the present models is found similar to prototype where at such discharge

(24.3 m3/s/m) high kinetic energies travel though the barrage. The maximum for-

ward and backward velocities were noticed at downstream glacis and in HJ which

reached to 9 m/s and -2.56 m/s, respectively. Fig 5.7 (a) also shows that due

to the contracted jet of upstream flow, high velocity flow travelled in lower fluid

depths while large fluid re-circulations were observed at the free surface. After

impacting with baffle block, high velocity fluid in lower fluid depths was deflected

to the middle fluid region which travelled to the end of rigid floor as can be seen

in Fig 5.7 (a). Between the two rows of baffle blocks, a considerable eddies and

re-circulations were also developed which created discontinuities in the turbulent

fluid layers near basin’s floor. After baffle blocks, due to abrupt decrease in veloc-

ity magnitude, the flow velocities near basin’s floor were declined. On downstream

side of Type (A) basin, the approaching high velocity fluid in central region was

deflected by friction blocks, while after the friction blocks, results also showed

small number of eddies near the basin’s floor which further reduced the velocities.

Using RNG K-ϵ model, the velocity field downstream of Type (A) basin is shown

in Fig 5.7. After rigid floor, the velocity field on scour bed showed two different

flow zones, i.e., slow moving zone near the scoured bed, high velocity zone from

central fluid region to free surface. Downstream of Type (A) basin, result indicated

forward velocity contours which eroded/retrogressed the sediment bed. At the

start of sediment bed, depth of slow moving and wake zone was less which increased

as flow moved towards downstream. It is important to mention that the slow

moving fluid near sediment bed was triggering erosion/bed retrogression which

further increased the bed retrogression as depth of wake and slow-moving zone

increased, as shown in Fig 5.7 (a). Upon use of RNG K-ϵ model, no fluid re-

circulations were observed on the scoured bed, therefore, only bed retrogression

was observed downstream of Type (A) basin.
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Using Std K-ϵ model, results showed different flow field downstream of Type (A)

basin which indicted low velocity contours on the fore side and within HJ as

shown in Fig 5.7 (b). However, as compared to RNG K-ϵ model, higher velocity

magnitude was noted in the HJ region near basin’s floor which was deflected by

baffle blocks toward central fluid region. Furthermore, this higher velocity travelled

towards downstream up to initial 15 m length of sediment bed. After comparing

the results with RNG K-ϵ model, Std K-ϵ model revealed higher change in the

initial 15 m length of sediment bed. However, from 15 m to the end of sediment

bed, the net height change using Std K-ϵ model was found less than RNG k-ϵ

model. Using Std k-ϵ model, a slow-moving fluid zone was also noted on the

scoured bed which showed the similar flow pattern as was noticed in RNG K-ϵ

model as shown in Fig 5.7 (b). Similar to RNG K-ϵ model, the results showed no

scour hole on the scoured bed, however, due to the forward velocity profile, results

showed only bed retrogression.

Upon use of LES model, results showed irregular distribution of velocity field on

Type (A) basin, and the flow pattern was found to be dissimilar as compared to

Std and RNG K-ϵ models as shown in Fig.5.7 (c). In HJ region, maximum velocity

field was found from basin’s floor to middle fluid region, while large eddies and

re-circulations were noticed at the free surface. As compared to RNG and Std

K-ϵ models, magnitude of reserve velocity vectors was found higher which reached

to 3.05 m/s. Additionally, in LES model, size of eddies and fluid re-circulations

were bigger than that were noticed in RNG K-ϵ and Std k-ϵ model. The larger

size of eddies was due to the nature and formulation of LES model. In addition to

the surface rollers, a small number of eddies and fluid circulations were also found

in between the two rows of baffle blocks. After impacting baffle blocks, flow was

deflected towards free surface which stopped rollers of the HJ. However, soon after

the baffle blocks, high velocity fluid was found to be striking at the basin’s floor

which gradually moved toward upper fluid layer as shown in Fig.5.7 (c).

On the contrary, no such flow patterns were seen in RNG K-ϵ model while a similar

phenomenon was also found in Std K-ϵ models. In comparison to K-ϵ models, in

LES model, smaller number of eddies were found after the friction blocks. In the
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(a)

(b)

(c)

Figure 5.7: 2-D Illustration of velocity distribution downstream of Type (A)
basin at 24.30 m3/s/m, (a) RNG K-ϵ, (b) Std K-ϵ model, and (c) LES model

LES model, at the start of sediment bed, high velocity flow was found from middle

fluid region to free surface, while at end of sediment bed, these high velocity flow

moved towards scoured bed as shown in Fig.5.7 (c).

Overall, in LES model, depth of slow-moving flow near the scour bed was larger

than that was found in RNG and Std K-ϵ models. Due to the larger depth of slow-

moving fluid, the results showed higher retrogression in LES model. Conclusively,

in comparison to K-ϵ models, LES model produced higher velocity magnitude and

irregular flow pattern on rigid and scoured bed downstream of Type (A) basin.

Fig. 5.8 shows velocity field on Type (B) basin using RNG, Std K-ϵ and LES

turbulence models. Using RNG K-ϵ model, the concentrated supercritical jet was

found to be impinging on the floor as shown in Fig. 5.8 (a). Below the HJ, velocity
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field was distributed into three different zones. The first zone was started from

basin’s floor to the central fluid depth which showed higher velocity magnitude

that was ranged between 6 to 8 m/s, while second zone was initiated from central

region to lower part of HJ for which the results indicated moderate velocity values

those were ranged between 1 m/s to 3 m/s. However, third zone was the free

surface of HJ which displayed rollers and re-circulations. As compared to Type

(A) basin, due to absence of basin’s appurtenances, results showed higher velocity

on the entire length of Type (B) basin. However, in Type (B) basin, the free

surface profile on rigid and scour bed was found to be stable. In addition to the

above mentioned, at the end of Type (B) basin, the end sill deflected the higher

velocity flow towards the middle fluid region.

In Type (B) basin, at the start of sediment bed, high velocity flow was found

above the height of end sill. However, near the scoured bed, results showed wakes

zones and slow-moving flow which caused bed erosion, and this gradual process

developed a large scour hole just downstream of the end sill. Additionally, results

also indicated that as the depth of slow-moving flow was increased, the scour hole

and bed retrogression were also increased.

Fig. 5.8 (b) shows velocity distribution on Type (B) using Std K-ϵ model. Similar

to RNG K-ϵ model, in Std K-ϵ model, the results showed three different flow zones.

However, their patterns and intensity were found to be different in Std K-ϵ model.

Furthermore, in Std K-ϵ model, the depth and length of HJ rollers was also found

dissimilar than that were noticed in RNG K-ϵ model. Downstream of rigid floor,

the high velocity zone was fluctuating in Std K-ϵ model which travelled to the end

of scoured bed. Below the high velocity zone, a large wake zone and slow-moving

flow was noticed, which developed scour hole below the end sill. Additionally,

from the scour hole towards downstream, the depth of wake zone and slow-moving

flow also increased which caused bed retrogression on the downstream end.

Fig. 5.8 (c) shows velocity distribution on Type (B) basin using LES model. In

the LES model, velocity distribution and flow patterns were found to be different

than that were noticed in K-ϵ models. The results showed that highly turbulent
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flow was impinging on the basin’s floor which continued to travel at the end of

basin as shown in Fig. 5.8 (c). As compared to K-ϵ models, in the LES model,

flow depth on the rigid bed was mainly comprised of two fluid zones, i.e, bottom

zone, and upper zone. The bottom zone started from basin’s floor to the bottom of

surface rollers while the upper zone was found between rollers’ bottom and surface

rollers. The results also showed that the bottom zones were found to be highly

turbulent in which the velocity values were approximately above 6 m/s, while in

the upper zone velocity magnitude was below 1 m/s. In between these two zones,

the results indicated a thin fluid layer which was separating the bottom and upper

zones.

(a)

(b)

(c)

Figure 5.8: 2-D Illustration of velocity distribution downstream of Type (B)
basin at 24.30 m3/s/m, (a) RNG K-ϵ, (b) Std K-ϵ model, and (c) LES model

Fig. 5.8 (c), as the distance from HJ initial location was increased, the depths of

above mentioned two zones were found to be decreased, while the depth of thin
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fluid layer was gradually increased which traveled to the end of sediment bed. As

compared to K-ϵ models, free surface rollers in LES model traveled to the entire

basin’s length which created undulations on the free surface. Using LES model,

Fig. 5.8 (c) shows velocity distribution downstream of Type (B) basin. From

Fig. 5.8 (c), it can be seen that similar to the rigid bed, velocity distribution of

scoured bed was found scattered on the entire length of scoured bed. Moreover,

on scoured bed, the velocity distribution was mainly separated into two different

zones, i.e., high velocity zone from middle to free surface, and slow-moving zone

near the bed. The depth of slow-moving zone was found high near the rigid bed

which developed large scour hole and exposed the sediment bed when simulation

reached to finish time (Ts=500 s).

Additionally, at the location of scour hole, large re-circulation of flow was noticed.

After leaving the scour hole, depths of slow-moving zone were found to be decreased

while a considerable increase in the upper zone was noticed which later retrogressed

the bed. Upon use of LES turbulence model, flow pattern and velocity distribution

on the scour bed downstream of Type (B) basin was dissimilar than that was

observed in K-ϵ models.

Using RNG K-ϵ model, Fig. 5.9 (a) shows velocity distribution in Type (C) basin.

The maximum magnitude of velocity was observed in fore side of HJ which declined

as the flow moved towards downstream. The pattern of velocity distribution in

Type (C) basin was found to be different than that was observed in Type (A) and

(B) basin. In Type (C) basin, results indicated a stable free surface profile on

rigid bed which indicated that shortly the flow would achieve hydraulic stability,

however, at Ts= 500 s, no hydraulic stability was noticed in Type (C) basin.

In Type (C) basin, results indicated high velocity flow in between rows of baffle

blocks. However, after the baffle blocks, as compared to Type (A) basin, a large

wake zone was observed. The length and depth of wake zone was found to be

larger than that was noticed in Type (A) basin, and this zone traveled to end of

the rigid floor. Additionally, velocity in wake zone near the rigid floor was less than

1 m/s while higher velocity flow was found above the wake zone up to free surface

region. In Type (C) basin, a small wake region was also noticed after friction
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(a)

(b)

(c)

Figure 5.9: 2-D Illustration of velocity distribution downstream of Type (C)
basin at 24.30 m3/s/m, (a) RNG K-ϵ, (b) Std K-ϵ model, and (c) LES model

blocks. Like rigid bed, in comparison to Type (A) and (B) basins, a dissimilar

flow pattern was observed on scoured bed downstream of Type (C) basin. On

scoured bed, the lower region of high velocity flow was undulating while upper

region was found to be stable as shown in Fig. 5.9 (a). In Type (C) basin, at start

of the scoured bed, depth of wake zone was less which increased as the flow moved

towards downstream. The maximum depth of wake zone was noticed at the end

of scoured bed.

Fig. 5.9 (b) shows velocity distribution on Type (C) basin using Std K-ϵ model.

In comparison to RNG K-ϵ model, using Std K-ϵ, a different pattern of velocity

distribution was noted on Type (C) basin. In HJ region, the free surface was

undulating and the results showed a turbulent velocity field downstream of the
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rigid bed. After baffle blocks, the depth of wake zone was found to be less than

that was observed in RNG K-ϵ model. As compared to RNG K-ϵ model, upon

use of Std K-ϵ model, a different velocity distribution was observed on the scour

bed downstream of Type (C) basin as can be seen in Fig. 5.9 (b). On the scoured

bed, depths of high and slow-moving zones were also found different, therefore, as

compared to RNG K-ϵ, scour depth and retrogression phenomena was also found

to be different in Std K-ϵ models.

Fig. 5.9 (c) shows velocity distribution on Type (C) basin using LES turbulence

model. In LES model, an irregular distribution of velocity was noticed in all fluid

depths. The results showed highly turbulent flow in the central region while a

large fluctuating roller were observed at the free surface. After the baffle blocks,

wake zone was noticed near basin’s floor while results showed an undulating high

velocity zone which was ranged from upper layer of wake zone to the free surface.

Fig. 5.9 (c) also shows velocity distribution on scoured bed downstream of Type

(C) basin and results indicated two different zones i.e., slow-moving, and high

velocity zones on the sediment bed. The depth and pattern of slow-moving zones

was dissimilar to that was observed in K-ϵ models as shown in Fig. 5.9 (c).

Using RNG K-ϵ model, the velocity distribution in Type (D) basin is shown in

Fig. 5.10 (a). As Compared to Type (C) basin, the velocity distribution in Type

(D) was found to be dissimilar which showed large undulation on the free surface

in HJ region while after baffle blocks depth and length of wake zone was smaller

than that was observed in Type (C) basin. In Type (D) basin, the length of wake

zone near the floor was gradually declined up to end of rigid bed and started to

increase again on the scoured bed to end of sediment bed. After comparing with

Type (C) basin, in Type (D) basin, the free surface profiles on rigid and scoured

bed were wavy which created varying depths of high and slow velocity zones as

shown in Fig. 5.10 (a). On the scoured bed, maximum depths of slow-moving zone

were found at the end of sediment bed (X=30 m, from rigid floor). Fig. 5.10 (b)

shows velocity distribution on Type (D) basin using Std K-ϵ model. As compared

to RNG K-ϵ model, in Type (D) basin, a strong turbulent and fluctuating free

surface was noted in HJ region, while after the baffle blocks high velocity flow was
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(a)

(b)

(c)

Figure 5.10: 2-D Illustration of velocity distribution downstream of Type (D)
basin at 24.30 m3/s/m, (a) RNG K-ϵ, (b) Std K-ϵ model, and (c) LES model

found to be deflected towards basin floor which decreased the depth of wake zone.

As compared to RNG K-ϵ model, Std K-ϵ model showed that higher velocity flow

was travelling toward downstream of Type (D) basin. Upon use of Std K-ϵ model,

the free surface profile on scoured bed downstream of Type (D) basin was also

undulating which showed high velocity flow from middle zone to the free surface.

However, near the scoured bed, depth of wake zone and velocity distribution were

different than that were observed in Type (A), and (C) basins.

Fig. 5.10 (c) shows velocity distribution on Type (D) basin using LES turbulence

model. The results indicated a fluctuating free surface profiles within and after

the HJ region. After the HJ, the WSBB deflected the upcoming high velocity

flow towards free surface which travelled to the end of sediment. However, as the
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distance from baffle blocks increased the depths of high velocity zone was found

to become larger as can be seen in Fig. 5.10 (c). Upon use of LES model, as

compared to Type (C) basin, the free surface profiles in Type (D) basin were

found to be stable which showed large re-circulation in the HJ region, and depth

of wake zone after the baffle blocks was also found larger than that was observed

in Type (C) basin. In Type (D), using LES model, the results further indicated

irregular pattern of velocity distribution in all fluid depths. After the rigid bed,

the depths of wake zone on scoured bed showed different pattern which differed

from Type (C) basin.

5.3.2 Velocity Field at High Flood Discharge

Fig. 5.11 (a) shows horizontal velocity field in Type (A) basin at 18 m3/s/m

discharge using RNG K-ϵ model. The maximum velocity values were observed

at downstream glacis in the supercritical region as was noticed at 24.30 m3/s/m.

However, at 18 m3/s/m discharge, large fluid re-circulation was observed in HJ

region at the free surface. In addition, as compared to 24.30 m3/s/m discharge, a

stable free surface was noticed at 18 m3/s/m discharge, and the central fluid layers

were also found to be unchanging. After the first row of baffle blocks, as compared

to designed discharge, at 18 m3/s/m flow, large wake region was observed which

indicated more turbulence. Downstream of Type (A) basin, at 18 m3/s/m flow,

depth of high velocity field reduced which decayed before the end of sediment bed.

On the retrogressed bed, the depth of slow-moving fluid was also less than that was

observed at designed discharge, therefore, results showed less bed retrogression at

18 m3/s/m discharge.

Fig. 5.11 (c) shows velocity contour downstream of Type (A) basin using LES

model. The velocity fields on rigid and scoured bed showed an irregular pattern.

The velocity patterns were found different than that were observed at the designed

discharge (24.30 m3/s/m). The depth of supercritical fluid at the impingement

point in the HJ region was also found higher than that was observed in designed

discharge. However, as compared to designed discharge, the free surface on rigid
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Figure 5.11: 2-D Illustration of velocity distribution downstream of Type (A)
basin at 18 m3/s/m, (a) RNG K-ϵ, (b) Std K-ϵ model, and (c) LES model

and scoured bed was found to be stable, due to which the lower fluid depth was

also found un-fluctuating. Additionally, at 18 m3/s/m discharge, the depth of

wake zones and slow-moving fluid on the retrogressed bed was also less, due to

which less change in bed retrogression was witnessed.

Fig. 5.12 (a) illustrates velocity field downstream of Type (B) basin using RNG

K-ϵ model at 18 m3/s/m discharge. As compared to designed discharge, the re-

sults showed different pattern of velocity at 18 m3/s/m discharge, which indicated

smaller region of fluid re-circulation on the free surface of HJ. After downstream

glacis, the supercritical flow was found to be impinging on the basin’s floor which
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reached to the end of rigid bed and deflected by end sill towards the central fluid.

At the rigid bed, the flow depths showed three different velocity zones, i.e., higher

velocity zones from floor to central fluid depth, intermittent velocity zones, and

lower velocity zone near the free surface. Out of the three zones, the depth of

higher velocity zone was found equivalent to the rest of two zones. The velocity

contours further showed that as the flow moved towards the downstream end, the

depths of high velocity and intermittent zones were found to be increased. Con-

versely, the depth of upper fluid zones with lower velocity contours was found to

be decreased. The maximum velocity on the basin floor was reached 6.5 m/s.

Additionally, at the end of basin’s, end sill deflected the higher and intermittent

velocity regions towards upper fluid region which were found to be decayed af-

ter 12 m from the end sill. On the scoured bed, just downstream of end rigid,

a large fluid re-circulation and wake zones were observed which developed scour

hole, however, the net length and depth of wake zone was less than that was no-

ticed at designed discharge. After the scour hole, depth of slow-moving zone on

the retrogressed bed was also found less as compared to designed discharge, due

to that less retrogression of bed was noticed at 18 m3/s/m discharge.

Fig. 5.12 (b) show velocity contour in Type (B) basin using Std K-ϵ model. The

overall pattern of velocity profile on rigid and scoured bed was found similar to

RNG K-ϵ model. However, in Std K-ϵ model, length of roller in HJ region was

found less as compared to RNG K-ϵ model. Similarly, after the rigid bed, the

higher and intermittent velocity zones travelled longer distance on the scoured

bed, and due to that length of scour hole and maximum scour depth in Std K-ϵ

model was found higher than RNG K-ϵ model.

Fig. 5.12 (c) shows velocity field in Type (B) basin using LES model at 18 m3/s/m

discharge. The overall pattern of velocity field was found similar to that was

observed at designed discharge. However, the velocity field at the free surface were

found different at 18 m3/s/m discharge and compared to 24.30 m3/s/m discharge,

large fluid re-circulation was observed in HJ region at 18 m3/s/m discharge. As

compared to 24.30 m3/s/m discharge, depth of high velocity zone at the floor was

also found higher at 18 m3/s/m discharge. Additionally, at 18 m3/s/m discharge,



Flow Field, Local Scour and Bed Retrogression 168

(a)

(b)

(c)

Figure 5.12: 2-D Illustration of velocity distribution downstream of Type (B)
basin at 18 m3/s/m, (a) RNG K-ϵ, (b) Std K-ϵ model, and (c) LES model

the intensity of fluid re-circulation and depth of wake zone on the scoured bed were

found less that were noticed at the designed discharge. Due to the less depth of

wake zone of the scour depth, the overall length and depth of scour hole was also

reduced. Furthermore, after the scour hole, a forward velocity profile was noticed

downstream of Type (B) basin, as can be seen in Fig. 5.12 (c).

Fig.5.13 (a) shows velocity field in Type (C) basin using RNG K-ϵ model at 18

m3/s/m discharge. The velocity pattern in Type (C) basin was found dissimilar to

that were observed in Type (A) and (B) basins. The results showed higher fluid re-

circulation in the roller region of HJ which indicated a stable HJ in Type (C) basin.
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The results further indicated that after impacting with WSBB, the supercritical

flow was directed towards free surface. In Type (C) basin, the results also showed

a free stable surface on rigid and scour bed. Additionally, depth of high velocity

zone in Type (C) basin was less than that was observed in Type (A) basin, and

its distance from the basin floor was found larger. After the WSBB, a large wake

zone region was noticed which further reduced the magnitude of velocities near

the basin’s floor. However, in Type (A) basin, strong current near the basin’s

floor were observed. Downstream of Type (C) basin, the velocity contours further

indicated a larger depth of slow-moving zone near the retrogressed, however, the

overall retrogression was found less than that was noticed in Type (A) basin.

Furthermore, as compared to designed discharge, the pattern of velocity in Type

(C) basin was found dissimilar at 18 m3/s/m discharge.

Fig. 5.13 (b) shows velocity field in Type (C) basin using Std K-ϵ model at 18

m3/s/m discharge. The patterns of velocity field on rigid and scour bed were found

similar to RNG K-ϵ model. However, the depths of slow-moving zone in the scour

bed were found less than that was observed in RNG K-ϵmodel. Additionally, using

Std K-ϵmodel, as compared to Type (A) basin, velocity after the WSBB was found

dissimilar which showed large wake region and decayed the velocity earlier on rigid

bed. Additionally, as compared to designed discharge, the middle fluid depths were

found to be stable at 18 m3/s/m discharge as can be seen in Fig.5.13 (b). Overall,

due to a smaller depth of slow-moving zone, the retrogression of sediment bed

downstream of Type (C) basin was found less than that was observed in RNG K-ϵ

model.

Fig. 5.13 (c) shows velocity field in Type (C) basin using LES model at 18 m3/s/m

discharge. As compared to RNG and Std K-ϵ model, in LES model the velocity

distribution was found irregular on the retrogressed bed, while as compared to the

designed discharge a quite regular velocity field was noticed on rigid floor of Type

(C) basin. After the WSBB, similar to RNG and Std K-ϵ models, large wake zone

was developed which declined the velocity magnitude.
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On the contrary, using LES model at the designed discharge, the depth of wake

zone after the baffle region was found be less. Similarly, at 18 m3/s/m discharge,

downstream of Type (C) basin, the slow-moving flow on retrogressed bed was

dissimilar to that was noticed at designed discharge. Hence, using LES model,

at 18 m3/s/m discharge, the net change in the sediment downstream of Type (C)

basin was less than that was noticed at designed discharge. However, as compared

to Std K-ϵ model, upon use of LES model, the results showed higher net change in

the sediment bed. Furthermore, as compared to Type (A) basin, the velocity field

on rigid and retrogressed was found to be regular which indicated higher velocity

at the free surface.

Fig. 5.14 (a) shows velocity field at 18 m3/s/m discharge downstream of Type (D)

basin using RNG K-ϵ model. On the rigid bed, the overall velocity field at floor

and free surface was similar to that was noticed in Type (C) basin. However, in

the HJ region, strong rollers were noticed. After the baffle blocks, large wake and

fluid re-circulation were noticed which ended at the start of friction blocks. As

compared to Type (C) basin, the depth of wake zone after the baffle was found

less in Type (D) basin. For the central fluid depths, the results showed identical

velocity profiles as was noticed in Type (C) basin. Downstream of Type (D) basin,

the depths of wake and slow-moving fluid was found to be increased as the flow

moved towards the end of sediment bed. Therefore, higher bed retrogression was

noticed downstream of Type (D) basin, however, in comparison to Type (A) basin,

the net change in the bed was found less.

Fig. 5.14 (b) shows velocity field in Type (D) basin at 18 m3/s/m discharge using

Std K-ϵ model. The pattern of velocity field on rigid and retrogressed bed was

found identical to that was observed in RNG K-ϵ mode. However, overall velocity

values in the different zones, i.e., near the flow, at free surface and after the baffle

blokes were different than RNG K-ϵ model. Therefore, as compared to RNG K-ϵ

model, upon use of Std K-ϵ model, net change in the sediment bed downstream of

Type (D) basin was found to be less. On the contrary, as compared to Type (C)

basin, upon use of Std K-ϵ model, the net change in sediment was higher in Type

(D) basin.
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Figure 5.13: 2-D Illustration of velocity distribution downstream of Type (C)
basin at 18 m3/s/m, (a) RNG K-ϵ, (b) Std K-ϵ model, and (c) LES model

Fig. 5.14 (c) displays velocity field at 18 m3/s/m discharge in Type (D) basin

using LES model. In comparison to Type (C) basin, length of roller region in the

HJ was found be less in Type (D) basin, and overall depth of high velocity zone

after the baffle block region was also found less than that was observed in Type

(C) basin. However, upon use of LES model, after the baffle block region, the

depth of wake zone near floor was found high in Type (D) basin as can be seen in

Fig. 5.14 (c).

On the other hand, on the retrogressed bed, the pattern of slow-moving flow was

found dissimilar while net depth of slow-moving flow on retrogressed bed was high.
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Figure 5.14: 2-D Illustration of velocity distribution downstream of Type (D)
basin at 18 m3/s/m, (a) RNG K-ϵ, (b) Std K-ϵ model, and (c) LES model

However, the magnitude of velocity in the slow-moving zone was less than that

was observed in Type (C) basin. As compared to designed discharge, downstream

of Type (D) basin, the velocity magnitude on rigid and retrogressed bed was found

to less at 18 m3/s/m discharge. Therefore, at 18 m3/s/m discharge, using LES

model, the overall net change in the sediment downstream Type (D) basin as found

less than designed discharge.

5.3.3 Bed Shear Stress on Sediment Beds at Designed Dis-

charge

Another parameter that influences local scour is the shear stress on sediment

bed which is calculated by wall function for three dimensional turbulent flow.
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Figure 5.15: Shear stress distribution downstream of Type (A) basin at de-
signed discharge, (a) RNG K-ϵ, (b) Std K-ϵ model, and (c) LES model

Therefore, the contours of bed shear stress on sediment bed downstream of the

investigated basins are drawn for designed (24.30 m3/s/m) and flood discharges (18

m3/s/m) to illustrate shear stress on different locations of scoured and retrogressed

beds.

Fig. 5.15 shows the shear stress contours downstream of Type (A) basin using

RNG K-ϵ, Std K-ϵ, and LES turbulence models. From Fig. 5.15 (a), using RNG

K-ϵ model, the maximum magnitude of shear stress downstream of Type (A) basin

was found on left side of the sediment bed which indicated maximum scour depth

in that region, while in Std K-ϵ model, the maximum shear stress contours were

noticed on the right as shown in Fig. 5.15 (b). On the contrary, upon use of LES

turbulence model, the maximum shear stress was found in the central region of

sediment bed as shown in Fig. 5.15 (c).

Fig. 5.16 shows bed shear stress downstream of Type (B) basin using different

turbulence models. Figs. 5.16 (a) and (b), the maximum magnitude of bed shear

stress was noticed on the downside of scoured hole and within the scoured hole
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Figure 5.16: Shear stress distribution downstream of Type (B) basin at de-
signed discharge, (a) RNG K-ϵ, (b) Std K-ϵ model, and (c) LES model

using RNG and Std K-ϵ models, respectively. However, upon use of LES model,

at Ts=500 s, it can be said that the maximum bed shear stress was on the exposed

regions of sediment bed such as downstream of rigid bed and the end of sediment

bed as shown in Fig. 5.16 (c)

Fig. 5.17 shows shear stress contours downstream of Type (C) basins. Fig. 5.17

(a), upon use of RNG K-ϵ model, results indicated maximum magnitude of shear

stress on right side of sediment while using Std K-ϵ model, the maximum shear

stress was noticed on the left side of sediment bed as shown in Fig. 5.17 (b). The

results further indicated that the shear stress pattern downstream on Type (C)

basin was entirely different than that was seen in Type (A) and (B) basins.

It is important to mention that the overall regions under high shear stress on right

and left sides of sediment bed downstream of Type (C) basin were found to be

less than that were observed in Type (A), and (B) basins as shown in Figs. 5.17

(a) and (b). On the other hand, using LES model, the maximum shear stress

downstream of Type (C) basin was noticed on right side of sediment bed from

X=10 to 18 m from the end of rigid bed, while at the end of sediment bed, as
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compared to Type (A) basin, less shear stress was noticed downstream of Type

(C) basin as shown in Fig. 5.17 (c).

(a) (b)

(c)

Figure 5.17: Shear stress distribution downstream of Type-C basin at designed
discharge, (a) RNG K-ϵ, (b) Std K-ϵ model, and (c) LES model

Fig. 5.18 shows shear stress contours downstream of Type (D) basin. From Figs.

5.18 (a) and (b), the pattern of shear stress contours on scoured bed downstream

of Type (D) basin was found similar to Type (A) basin using RNG and Std K-ϵ

models, respectively. However, the area under shear stress was found to be less

than that was noticed in Type (A) basin.

On the contrary, using LES model, a scattered distribution of shear stress was

observed on scoured bed downstream of Type (D) basin which showed deviation

from the shear stress pattern of Type (A) basin. However, using LES model, the

shear stress pattern downstream of Type (D) basin was found similar to that was

observed on Type (C) basin as shown in Fig. 5.17 (c).

Conclusively, the distribution of shear stress downstream of studied stilling basins

were found dissimilar. In Type (A), (B), (C), and (D) basins, the minimum and

maximum magnitude of bed shear stress was noticed in RNG K-ϵ and LES model,
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Figure 5.18: Shear stress distribution downstream of Type-D basin at de-
signed discharge, (a) RNG K-ϵ, (b) Std K-ϵ model, and (c) LES model

respectively. The stilling basin with wedge-shaped baffle blocks i.e., Type (C) and

(D) showed different shear stress patterns using RNG and Std K-ϵ models, while

identical trends were noticed in LES model. At the simulation end (Ts=500 s), as

compared to Type (A) basin, the total area under shear stress was found less in

Type (C) and (D) basins.

5.3.4 Bed Shear Stress on Sediment Beds at High Flood

Discharge

Fig. 5.19 (a) shows bed shear stress at 18 m3/s/m discharge downstream of Type

(A) basin using RNG K-ϵ model. As compared to designed discharge, at 18

m3/s/m discharge, different pattern of bed shear stress was noticed which in-

dicated a uniform distribution of shear stress from X=10 to 30 m. However, at

the end of sediment (from X=25 to 28 m), bed shear stress on right side of bed

was found to be higher than rest of the locations, as can be seen in Fig. 5.19

(a). On the contrary, using Std K-ϵ model, different patterns of shear stress were
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Figure 5.19: Shear stress distribution downstream of Type (A) basin at Flood
discharge, (a) RNG k-ϵ, (b) Std K-ϵ model, and (c) LES model

noticed which indicated maximum shear zone on right side of the retrogressed bed

as shown in Fig. 5.19 (b). Fig. 5.19 (c) indicated bed shear stress downstream

of Type (A) basin using LES model. As compared to RNG and Std K-ϵ models,

non-uniform distribution of bed shear stress was noticed on the retrogressed bed.

However, maximum bed shear stress was noticed from X= 10 to 18 m, from the

rigid bed as can be seen from Fig. 5.19 (c).

Fig. 5.20 (a) shows bed shear stress on the scoured bed downstream of Type (B)

basin using RNG K-ϵ model at 18 m3/s/m discharge. It can be seen from Fig.

5.20 (a) that the maximum bed shear stress was occurred in scour hole and at end

of the sediment bed. After the scour hole, from X=20 to 30 m, the distribution of

bed shear stress was found to uniform. As compared to designed discharge, upon

use of RNG K-ϵ model, the bed shear stress downstream of Type (B) basin was

found dissimilar. At the designed discharge, the maximum bed shear stress was

found at the downstream end of scour hole.

Fig. 5.20 (b) shows bed shear stress profile downstream of Type (B) basin using

Std K-ϵ model. The pattern of shear stress distribution in the scour hole and at
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end of the sediment was found dissimilar to that was observed in RNG K-ϵ model.

In the scour hole, the maximum shear stress was observed at the upstream end

of scour hole, while a non-uniform distribution of shear stress was found on the

downstream end. On the other hand, after the scour hole, the maximum shear

stress was noticed on the left side of sediment bed (from X= 22 to 30 m), as can

be seen in Fig. 5.20 (b).

Fig. 5.20 (c) shows shear stress distribution downstream of Type (B) basin using

LES model. As compared to RNG and Std K-ϵ models, a non-uniform shear stress

distribution was found on the scoured bed, in which the maximum net change in

the bed was noticed at the end of sediment bed, as can be seen in Fig. 5.20 (c).

In addition, the results revealed high bed shear stress on the left side of scour

hole. On the contrary, at the designed discharge, maximum bed shear stress was

noticed in scour hole and at the end of sediment bed (from, X=25 to 30 m) and as

a result complete bed was exposed, while no such results were found at 18 m3/s/m

discharge.

(a) (b)

(c)

Figure 5.20: Shear stress distribution downstream of Type (B) basin at Flood
discharge, (a) RNG k-ϵ, (b) Std K-ϵ model, and (c) LES model
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Fig. 5.21 shows distribution of bed shear stress downstream of Type (C) basin

using RNG K-ϵ, Std K-ϵ and LES models at 18 m3/s/m discharge. Fig. 5.21 (a)

shows that upon use of RNG k-ϵ model, a uniform distribution of shear stress was

developed on the retrogressed bed. The maximum shear stress was found from

X=18 m to 30 m. As compared to designed discharge, the pattern of shear stress

was found be regular at 18 m3/s/m discharge. However, compared to Type (A)

basin, at 18 m3/s/m discharge, less area of bed was affected by high shear stress.

Fig. 5.21 (b) shows bed shear stress on retrogressed bed of Type (C) basin using

Std K-ϵ model. In Std K-ϵ model, less area of sediment bed was found under high

shear stress, due to that reason net change/retrogression in the bed was found less.

The maximum shear stress was noticed from X=9 m to 18 m in the center-line of

bay. At 18 m3/s/m discharge, the pattern of shear stress using Std K-ϵ model was

also different than that was noticed at the designed discharge.

Fig. 5.21 (c) indicated bed shear stress downstream of Type (C) basin using LES

model. As compared to RNG and Std K-ϵ models, irregular distribution of shear

stress was noticed in the retrogressed of Type (C) basin. Upon of LES model,

the shear stress pattern was also differed to that was observed in Type (A) basin.

As compared to designed flow, at 18 m3/s/m discharge, the net shear stress was

found less on the retrogressed bed of Type (C) basin, thereby, less net change in

the sediment was occurred.

Fig. 5.22 shows bed shear stress downstream of Type (D) basin using RNG K-

ϵ, Std K-ϵ, and LES models at 18 m3/s/m discharge. Fig. 5.22 (a), upon use

of RNG K-ϵ models, the results indicated different pattern of shear stress on

retrogressed of Type (D) basin. As compared to Type (C) basin, more shear

stress was noticed on eroded bed downstream of Type (D) basin. Additionally,

downstream of Type (D) basin, net area under high shear stress was also found

larger than that was noticed in Type (C) basin. Therefore, higher change in the

sediment was observed downstream of Type (D) basin. However, upon use RNG

K-ϵ model, the magnitude of shear stress at 18 3/s/m discharge was found to be

less than that was seen at designed discharge. On the other hand, as compared
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Figure 5.21: Shear stress distribution downstream of Type (C) basin at Flood
discharge, (a) RNG k-ϵ, (b) Std K-ϵ model, and (c) LES model

to Type (A) basin, less shear stress was noticed on retrogressed of Type (D) basin

which indicated less net change in sediment bed.

Similar to RNG K-ϵ model, the overall bed shear stress downstream of Type (D)

basin was found be higher than Type (C) basin, as can be seen in Fig. 5.22 (b).

However, the shear pattern was found different which indicated maximum shear

stress on the left side of sediment bed from X= 20 m to 30 m.

Fig. 5.22 (c) indicates shear stress downstream of Type (D) basin using LES

model at 18 3/s/m discharge. The distribution of shear stress was non-uniform

which resembled with the results of Type (C) basin. Upon use of LES model, the

pattern of shear stress downstream of Type (D) was found dissimilar to Type (A)

and (C) basin, however, the maximum shear stress magnitude was found equivalent

to that was noticed din Type (C) basin.
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Figure 5.22: Shear stress distribution downstream of Type (D) basin at Flood
discharge, (a) RNG k-ϵ, (b) Std K-ϵ model, and (c) LES model

5.4 Local Scour and Bed Retrogression

5.4.1 Scour and Retrogression Pattern at Designed Dis-

charge

Fig. 5.23 shows three dimensional (3-D) illustration of scoured bed downstream

of Type (A) basin using different turbulence models. The 3-D plots are drawn

at finish time of Ts=500 s. Fig. 5.23 (a) indicates scoured bed downstream of

Type (A) basin using RNG K-ϵ model. The results showed that maximum bed

was retrogressed at the end of sediment for which maximum scour depth reached

2.44 m. Near rigid bed, bed retrogression was found to be less, however, as the

distance from the rigid bed was increased the bed retrogression was increased and

the results showed that about 51 % bed was retrogressed at X=30 m (from the rigid

bed). From the plot, it can be seen that no scour hole developed on downstream

of the Type (A) basin, however, the results showed only bed retrogression.
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Similar to RNG K-ϵ model, upon use of Std K-ϵ model, the result showed only

bed retrogress downstream of Type (A) basin as shown in Fig. 5.23 (b) However,

as compared to RNG K-ϵ model, the pattern of bed retrogression was found to be

different in Std K-ϵ model. In Std k-ϵ model, the maximum scour depth down-

stream of Type (A) basin was found at the end of sediment bed which reached to

2.71 m.

Fig. 5.23 (c) illustrates scour and bed retrogression downstream of Type (A) basin

using LES model. In LES model, bed retrogression pattern was found different

than RNG K-ϵ and Std K-ϵ models. However, the overall net height change in

LES model was found higher which reached 3.11 m (65%) at the end of sediment

bed.

(a) (b)

(c)

Figure 5.23: 3-D representation of scoured bed below Type (A) basin at
designed discharge, (a) RNG k-ϵ, (b) Std K-ϵ model, and (c) LES model

Fig. 5.24 shows 3-D illustration of scoured bed downstream of Type (B) basin

using different turbulence models. Upon use of RNG K-ϵ model, results showed a

large scour hole after the rigid bed as shown in Fig. 5.24 (a). The length of scour

hole was 14 m and its maximum depth reached to 3.57 m. After the scour hole,

the sediment bed continued to retrogress and was completely exposed at the end
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Figure 5.24: 3-D representation of scoured bed below Type (B) basin at
designed discharge, (a) RNG k-ϵ, (b) Std K-ϵ model, and (c) LES model

sediment packed as shown in Fig. 5.24 (a). The total net height change in scour

hole and end of the sediment bed was reached to 75% and 100%, respectively.

Fig.5.24 (b) shows scour and retrogression pattern downstream of Type (B) basin

using Std K-ϵ model. In Std K-ϵ model, the pattern of scour and retrogression was

found to be different than that was seen in RNG K-ϵ model. The overall length

of depth of scour hole was also found to be larger than RNG K-ϵ model. Upon

use of Std K-ϵ model, the maximum net height change in scour hole and at the

sediment end was reached to 76% and 100%, respectively. In Std K-ϵ model, after

the scour hole, the bed was retrogress at higher rate of net height change than

RNG K-ϵ model. The shape of scour hole and pattern of bed retrogression using

Std K-ϵ model was also found to be different than RNG K-ϵ model.

Fig. 5.24 (c) illustrates 3-D pattern of scour and bed retrogression downstream

of Type (B) basin using LES model. In LES model, at Ts=500 s, the 65% of the

sediment length was exposed. At Ts= 380 s, a large scour hole of 15 m was formed

downstream of rigid bed which continued to eroded as the simulation proceeded

to the end time. At Ts=500 s, the sediment bed from scour hole was found to be
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fully exposed as shown in Fig. 5.24 (c), and the similar pattern was also observed

after the scour hole. Fig. 5.25 shows the scour and retrogression pattern in Type

(C) basin using different turbulence models. The results showed bed retrogression

in all the turbulence models, however, the retrogression patterns were found to

be different in various models. The maximum bed was retrogressed in RNG K-ϵ

model, in which the maximum net change in bed was reached to 67% as shown

in Fig. 5.25 (a). However, in LES and Std K-ϵ models, the maximum net change

was noticed 58% and 66% respectively, as can be seen in Fig. 5.25 (b), and (c),

respectively. The results further showed the pattern of scoured bed in LES model

was found to be different then RNG and Std K-ϵ models. Additionally, in Type

(C) basin was no scour hole was noticed on the entire length of sediment bed.

Fig. 5.26 shows the scoured bed downstream of Type (D) basin using different

turbulence models. The pattern of scour in Type (D) basin was found similar to

that was noticed in Type (C) basin. At finished time, the sediment bed down-

stream of Type (D) basin showed bed ripple which continued to the end of basin,

and the pattern was found similar to that was noticed in Type (C) basin. Out

of the tested turbulence models, the maximum change in sediment bed was no-

ticed in LES model which reached to 68%. However, maximum net change in

height of sediment in RNG K-ϵ and Std K-ϵ models were reached to 65% and 55%,

respectively, as can be seen in Fig. 5.26 (a), and (b), respectively.

In conclusion, at the designed discharge, the results of scour and bed retrogression

indicated that the maximum bed retrogression downstream of Type (A) basin

was reached to 65% in LES model and the similar results were noticed in Type

(B) basin. However, downstream of Type (B) basin, the bed was found to be

completely exposed just near the rigid floor and at the end of sediment bed. On

the other hand, in Type (C) and (D) basins, the maximum net change of sediment

bed at the designed discharge was reached 67% and 68% in RNG K-ϵ and LES

model, respectively.
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(a) (b)

(c)

Figure 5.25: 3-D representation of scoured bed below Type (C) basin at
designed discharge, (a) RNG k-ϵ, (b) Std K-ϵ model, and (c) LES model

(a) (b)

(c)

Figure 5.26: 3-D representation of scoured bed below Type (D) basin at
designed discharge (a) RNG k-ϵ, (b) Std K-ϵ model, and (c) LES model
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5.4.2 Scour and Retrogression Pattern at High Flood Dis-

charge

Fig. 5.27 shows bed retrogression downstream of Type (A) basin at 18 m3/s/m

discharge. Using RNG K-ϵmodel, the maximum bed was retrogressed at the end of

sediment bed for which the maximum scour depth reached 2.87 m as can be seen in

Fig. 5.27 (a). As compared to the designed discharge, 14 % higher maximum depth

was observed at 18 m3/s/m discharge. However, the pattern of bed retrogression

was found to be identical as witnessed at the designed discharge. At 18 m3/s/m

discharge, using RNG K-ϵ model, the net change in bed downstream of Type

(A) basin was reached 58%. On the contrary, at 18 m3/s/m discharge, using

Std K-ϵ model, different pattern was noticed downstream of Type (A) basin. The

maximum net change of bed was noticed at the centre-line of bay which reached to

47% as shown in Fig. 5.27 (b). Fig. 5.27 (c) shows bed retrogression downstream

of Type (A) basin using LES. As compared to K-ϵ models, the retrogression in

LES model was found to be dissimilar. After comparing with designed discharge,

at 18 m3/s/m, the maximum change in the bed reached 40% which was 25% less

than the designed discharge. However, at both the investigated discharges, upon

use of LES model, the patterns of bed retrogression were found to be identical.

Fig. 5.28 displays scour pattern downstream of Type (B) basin at 18 m3/s/m

discharge. Fig. 5.28 (a) Upon use of RNG K-ϵ model, a large scour hole was

developed downstream of rigid in which the maximum scour depth reached 2.93

m which was about 6% less than was noticed at the designed discharge. After the

scour hole, the bed was found to be retrogressed up to the end of sediment bed.

The net change in the sediment downstream of Type (B) basin was 84%. On the

other hand, at the designed discharge, the complete bed was found to exposed.

Fig. 5.28 (b) shows scoured bed downstream of Type (B) basin using Std K-

ϵ model at 18 m3/s/m discharge. The overall patterns of scour hole and bed

retrogression were found different than that was observed at designed discharge.

At designed discharge, the downstream end of scour hole was collapsed while at

18 m3/s/m discharge, the scour hole remained visible. After the scour hole, the
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(a) (b)

(c)

Figure 5.27: 3-D representation of scoured bed below Type (A) basin at 18
m3/s/m, (a) RNG k-ϵ, (b) Std K-ϵ model, and (c) LES model

sediment continued to be eroded. At 18 m3/s/m discharge, the maximum scour

depth in scour hole and at the end of sediment was reached to 2.87 m and 4.25

m, respectively, which indicated that 89% of the bed was scoured. As compared

to RNG and the Std K-ϵ model showed higher net change in the sediment bed

downstream of Type (B) basin.

Using LES model, the pattern of scour hole and bed retrogression on downstream

of Type (B) basin was found to be different than that was observed in RNG

and Std K-ϵ models, as shown in Fig. 5.27 (c). The results further showed that

downstream end of scour hole was also eroded and the maximum scour depth in

scour hole was reached 3.57 m. The scour depth in LES model was about 22%

and 24% higher as compared to RNG and Std K-ϵ models, respectively. However,

in LES model, the net change of sediment bed downstream of Type (B) basin was

found equivalent to the prediction of Std K-ϵ model.

Fig. 5.29 shows scour and bed retrogression downstream of Type (C) basin using

different turbulence models. Using RNG K-ϵ model, the pattern of bed retro-

gression downstream of Type (C) basin was found to be changed than that were
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(a) (b)

(c)

Figure 5.28: 3-D representation of scoured bed below Type (B) basin at 18
m3/s/m, (a) RNG k-ϵ, (b) Std K-ϵ model, and (c) LES model

noticed in Type (A) and (B) basins as shown in Fig. 5.29 (a). The results showed

ripple and wavy bed surface which continued to the end of sediment bed. The net

change in the sediment end downstream of Type (C) basin was reached 2.30 m

which was about 20% less than Type (A) basin. Similarly, upon use of Std K-ϵ

model, overall net change in the sediment downstream of Type (C) basin was 11%

than Type (A) basin. However, the retrogressed pattern was dissimilar to that was

witnessed downstream Type (A) basin as shown in Fig. 5.29 (b). However, upon

use of LES model, the maximum net change downstream Type (C) basin reached

2 m which was 5% higher than Type (A) basin. After using LES, the pattern of

retrogressed bed downstream of Type (C) basin was different than RNG and Std

K-ϵ models as shown in Fig. 5.29 (c).

Fig. 5.30 shows bed retrogression downstream of Type (D) basin with different

turbulence models at discharge. From Fig. 5.30 (a), using RNG K-ϵ model, the

bed retrogression was found to be different than observed in Type (A) and (C)

basins. In RNG K-ϵ model, the net change in the sediment bed was found to

52% which was 3% less than the designed discharge. At 18 m3/s/m discharge, the
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(a) (b)

(c)

Figure 5.29: 3-D representation of scoured bed below Type (C) basin at 18
m3/s/m, (a) RNG k-ϵ, (b) Std K-ϵ model, and (c) LES model

pattern of bed retrogression was found to be uniform as the flow moved towards

the downstream end of sediment bed.

Fig. 5.30 (b) shows bed retrogression using Std K-ϵ model, and the maximum

change in the sediment bed reached 2.12 m which was 8% less as compared to RNG

K-ϵ model. As compared to RNG K-ϵ model, in Std K-ϵ mode, the retrogression

pattern on the upstream of sediment was found to be dissimilar, however, on

downstream side, a similar pattern was noticed as can be seen in Fig. 5.30 (b).

Additionally, the pattern of bed retrogression at 18 m3/s/m discharge was also

found different than that was observed at the designed discharge.

Upon use of LES model, the maximum change in the sediment bed downstream

of Type (D) basin was reached 2 m, which was 11% and 1% less than K-ϵ models.

In LES model, the pattern of bed retrogression on downstream of the sediment

bed was found identical to Type (C) basin, however, at the upstream, a different

pattern of bed retrogression was noticed, as shown in Fig. 5.30 (c). Additionally,

using LES model, at 18 m3/s/m discharge, the pattern of retrogressed bed down-

stream of Type (D) was found similar to that was noticed at designed discharge.
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(a) (b)

(c)

Figure 5.30: 3-D representation of scoured bed below Type (D) basin at 18
m3/s/m, (a) RNG k-ϵ, (b) Std K-ϵ model, and (c) LES model

Conclusively, at 18 m3/s/m discharge, the scour and bed retrogression downstream

of studied stilling basins were found less than the designed discharge. The max-

imum change in sediment bed was found downstream of Type (B) basin which

reached 89% in Std K-ϵ model, while the minimum net change was noticed down-

stream of Type (C) basin which was ranged between 42% to 48% using different

turbulence models. Therefore, based on the results, it can be said, the stilling basin

with WSBB produced less bed retrogression at the investigated flood discharge.

5.4.3 Longitudinal Bed Profiles at Designed Discharge

Using different turbulence models, at 24.30 m3/s/m discharge, Figs. 5.31, 5.32,

and 5.33 show the longitudinal profiles of scoured bed downstream of Type (A),

(B), (C), and (D) basins, respectively. At the finish time of T=500 s, the profiles

were drawn from the center-line of the models.

Using RNG K-ϵ model, Fig. 5.31 shows longitudinal bed profiles downstream of

Type (A), (B), (C), and (D) basin. In Type (A), (C), and (D) basins, the sediment
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was found to be retrogressed, which continued until the end of simulations.

At the end of sediment bed, the net change in the beds was reached to 51%, 67%

and 63% in Type (A), (C), and (D) basins, respectively as shown in Fig. 5.31. On

the contrary, in Type (B) basin, a large scour hole was noticed just downstream

of end sill which continued to be extended up to T=500 s. At the finished time,

maximum depth of scour hole was reached 3.57 m (75%). After the scour hole,

the bed continued to retrogress, and the at T= 500s, the entire sediment bed was

found to bed eroded as shown in Fig. 5.31.

Fig. 5.32 shows longitudinal bed profiles in Type (A), (B), (C), and (D) basins

using Std K-ϵ model. As compared to RNG K-ϵ model, the overall net height

change of beds in Std K-ϵ model was found to be less in all the tested stilling basin.

However, out of the investigated basins, Type (A) basin showed less bed scour and

retrogression. At the end of simulation, the total change in bed downstream of

Type (A), (C), and (D) basins was reached to 54 %, 58 %, and 55 %, respectively.

On the other hand, in Type (B) basin, the pattern on scour hole and bed retro-

gression was found different to that was observed in RNG K-ϵ model. From the

rigid bed to X=8 m, the overall, 76 % of sediment bed was eroded while a the end

of the sediment bed, the sediment bed was completely exposed as can be seen in

Fig. 5.32

Fig. 5.33 indicates longitudinal scour profiles downstream of different stilling

basins using LES model. In Type (A), (C), and (D) basins, the sediment bed

was found to be retrogressed which increased as the simulation time approached

to T= 500 s. However, at the start of sediment bed up to X=20 m, the bed ret-

rogression in Type (A) basin was found to less than Type (C), and (D) basins.

However, after X=20 m, the retrogression Type (C) basin was found less than

Type (A), and (D) basins. The maximum net height change in the sediment was

noticed at the end of sediment beds (X=30 m, from the rigid floor).

At the end of simulations, the total change in bed downstream of Type (A), (C),

and (D) basins was reached to 65 %, 65 %, and 68 %, respectively. On the contrary,
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Figure 5.31: Longitudinal scour profiles at 24.30 m3/s/m discharge using
RNG K-ϵ model

Figure 5.32: Longitudinal scour profiles at 24.30 m3/s/m discharge using Std
K-ϵ model

in Type (B) basin, at the start of simulation, a large scour hole was noticed below

the rigid bed, and after the scour hole, the bed continued to retrogress which was

completed eroded when the simulation reached to finish time (Ts= 500 s) as shown

in Fig. 5.33.
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Figure 5.33: Longitudinal scour profiles at 24.30 m3/s/m discharge using LES
model

5.4.4 Longitudinal Bed Profiles at High Flood Discharge

Figs. 5.34, 5.35, and 5.36 show longitudinal bed profiles at 18 m3/s/m discharge

downstream of Type (A), (B), (C) and (D) basins. Out of the studied basins,

the maximum scour was noticed in Type (B) basin, in which the maximum scour

depths were reached 2.92 m and 4.04 m in the scour hole and at the sediment end,

respectively, as can be seen in Fig. 5.34. However, as compared to the designed

discharge, the bed was found to be less scoured in Type (B) basin. Out of the

investigated basins, Upon use of RNG K-ϵ model, the minimum change in the

sediment bed was observed downstream of Type (C) basin. The maximum scour

depth downstream of Type (C) basin was reached 2.29 m at end of sediment bed

as shown in Fig. 5.34.

Fig. 5.35 indicates scour and bed retrogression downstream of different stilling

basins using Std K-ϵ model. Similar to RNG K-ϵ model, the maximum scour

depth was observed downstream of Type (B) basin which reached to 4.25 m at the

end of sediment bed (At, X=30 m). However, in the scour hole, the scour depth

was reached 2.87 m. Similarly, at 18 m3/s/m discharge, the minimum change in

the sediment bed was noticed downstream of Type (C) basin which reached 1.99 m.
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Figure 5.34: Longitudinal scour profiles at 18 m3/s/m discharge using RNG
k-ϵ model

Figure 5.35: Longitudinal scour profiles at 18 m3/s/m discharge using Std k-ϵ
model

As compared to RNG K-ϵ model, using Std K-ϵ mode, the sediment downstream of

Type (C) basin was found to be less retrogressed as shown in Fig. 5.35. However,

on the other hand, upon use of Std K-ϵ model, the scour depth downstream of

Type (B) basin was increased than that was observed in RNG K-ϵ model.

Fig. 5.36 shows longitudinal bed profiles downstream of studied basins at 18

m3/s/m discharge using LES model. As compared to K-ϵ models, the patterns of
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Figure 5.36: Longitudinal scour profiles at 18 m3/s/m discharge using LES
model

scour and bed retrogression downstream of investigated basins were found to be

different in LES model. As noticed in RNG K-ϵ and Std K-ϵ model, the results

showed that the maximum bed was retrogressed downstream of Type (B) basin

which reached 4 m at end of sediment bed while in the scour hole the maximum

scour depth reached 3.57 m. However, upon use of LES model, the overall change

on the bed downstream of Type (A) was found to be same as noticed in Type (C)

and (D) basin.

Table 5.1: Maximum scour depths at different Y-sections downstream of stud-
ied basins at designed discharge

Stilling

Basins

RNG K-ϵ

model

Std K-ϵ

model

LES

model

y
4

y
2

3y
4

y
4

y
2

3y
4

y
4

y
2

3y
4

Type (A) 69% 51% 64% 57% 54% 49% 69% 65% 65%

Type (B) 100% 100% 97% 100% 97% 95% 100% 100% 100%

Type (C) 60% 67% 69% 53% 58% 58% 65% 65% 68%

Type (D) 63% 65% 64% 53% 55% 56% 70% 68% 66%
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Table 5.2: Maximum scour depths at different Y-sections downstream of stud-
ied basins at flood discharge

Stilling

Basins

RNG K-ϵ

model

Std K-ϵ

model

LES

model

y
4

y
2

3y
4

y
4

y
2

3y
4

y
4

y
2

3y
4

Type (A) 60% 58% 54% 49% 47% 42% 43% 40% 42%

Type (B) 87% 85% 82% 87% 89% 87% 84% 85% 76%

Type (C) 46% 48% 48% 37% 42% 41% 46% 44% 45%

Type (D) 51% 53% 52% 44% 44% 43% 44% 43% 45%

Above Tables 5.1, and 5.2 show the overall net change in the sediment beds down-

stream of the investigated basins. It can be seen from Table 5.1 that at the de-

signed discharge, the maximum scour and bed retrogression occurred downstream

of Type (B) basin, whereas, the results of scour and bed profiles in Type (A), (C)

and (D) basins were found to be close. On the other hands, similar to designed

discharge at the flood discharge, the maximum net change in the sediment bed

was found downstream of Type (B) basin, whereas, the minimum change in the

sediment was noticed downstream of Type (C) basin as can be seen in Table 5.2.

In Conclusion, it can be said that at the flood discharge, Type (C) and (D) basin

showed less bed retrogression. On the contrary, at the flood discharge, Type (B)

basin showed higher scour and bed retrogression.

5.5 Economic Analysis

For the investigated stilling basin, i.e., Type (A), (B), (C) and (D) a tentative

economic analysis is performed based on current market schedule rates. The anal-

ysis is carried out for the baffle blocks region where new energy dissipators (as

shown in Fig.3.9) are installed to check their hydraulic efficiency and effects on

the riverbed for different gated and free flow discharges.
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After the hydraulic and scour analysis, the results showed that Type (B) basin

is producing higher velocity and turbulent kinetic energies at the basin’s end. In

addition, at the design flow, the employed sediment packed bed is found to be

explored while a flood discharge about 84 % of the sediment eroded. Thereby, in

view of the scour analysis downstream of Type (B), this basin is excluded from

the cost analysis, and at present, the comparison is performed among Type (A),

(C) and (D) basins.

To perform the economic analysis, the cost of unit baffle block is computed for

which a lump-sum rate of 4000 psi concrete under water is utilized. The overall

external sizes of the baffle blocks are same while due to the change in the internal

geometry, the overall volume of the studied baffle blocks are found to be dissim-

ilar. This increase in the volume resulted in the material cost being used for the

construction of WSBB. The comparison of cost has depicted that the cost of baf-

fle blocks in Type (C) and (D) basin increase up to 10.20 %, 19 %, respectively.

Therefore, it is important to mention that this minimal increase in cost does not

bear much impact in overall cost of the barrage construction as the cost of these

appurtenances is much less. In addition from the analysis of cost, it is concluded

that for hydraulic structures, i.e., barrages, spillways and dams, hydraulic stability

and stilling basin performance are the dominating parameters than the cost.



Chapter 6

Conclusions & Recommendations

6.1 General

This study developed FLOW-3D hydraulic and scour models to investigate differ-

ent stilling basins of river diversion barrage. Before the development of numerical

models, the most critical parameters for the hydraulic investigations were identified

using statistical methods i.e., frequency analysis, relative importance index and

relative percentage score. For the hydraulic models, free surface profiles, sequent

depths, roller lengths, hydraulic jump efficiency, velocity profiles, and turbulent

kinetic energy were the main investigated parameters. The results from the 4th

chapter confirmed by suitability of WSBB downstream of river diversion barrage.

The result further revealed that the stilling basin with chute blocks and end sill

(Type (B)) was dissipating less energy. On the contrary, to understand the scour

and retrogression behaviours downstream of studied stilling basins, velocity field,

shear stress and 3-D scour contours, and longitudinal bed profiles were assessed.

From chapter 5, the results of scour and bed retrogression showed that downstream

of remodeled basin (Type (B)), the sediment bed was exposed up to 100% and

89% at designed and flood discharge, respectively. Furthermore,the results of bed

retrogression profiles downstream of wedge-shaped baffle block basins (Type (C)

& (D)) revealed that up to 18 m3/s/m discharge, these basins performed better

198
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than rest of the investigated basins (Type (A) & (B)). This chapter presents the

conclusions drawn from the results of hydraulic and scour modelling. The chapter

also provides significance and implications of the present study, and lay out future

recommendations.

6.2 Conclusions

1. Frequency analysis, relative importance index (RII) and relative percentage

score revealed that velocity, initial Froude number, free surface profile, shape

of stilling basin, turbulent kinetic energy and tail water were the most critical

parameters which were focused on the previous hydraulic studies. Hence,

the above-mentioned hydraulic parameters are also studied for the present

hydraulic models.

2. FLOW-3D numerical models produced acceptable results of designed, flood

and gated discharges. The numerical models showed a little overestimation

of modelled discharges for which the maximum and minimum errors reached

14% and -3%, respectively. Hence, it is believed that FLOW-3D is an ef-

fective and efficient 3-D numerical code for the measurement of discharge

downstream of river diversion barrages. It is also believed that RNG K-ϵ

turbulence model has shown better performance in measuring the volume

flow rates on the studied stilling basins.

3. The free surface profiles revealed that at the investigated flows, the initial

locations of the hydraulic jumps were established on the downstream glacis

which further indicated no sweeping of hydraulic jump on the basin’s floor.

However, in comparison to Type (B), (C) and (D) basins, in Type (A) basin,

the initial locations of hydraulic jumps occurred up on the downstream glacis.

4. As compared to Type (A) and (B) basins, at the studied gated flows, wedge-

shaped baffle block basins ((Type (C) and (D)) produced lesser lengths of

hydraulic jumps. Therefore, it is concluded that the proposed new basins
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i.e., Type (C) and (D), for river diversion barrages are efficiently containing

the hydraulic jumps between downstream glacis and baffle blocks’ regions.

5. At the studied gated flows, i.e., 2.44 m3/s/m, 4.88 m3/s/m, and 7.22 m3/s/m,

the results of free surface profiles, roller lengths, sequent depth agreed well

with the previous relevant studied. Thereby, it can be concluded that the de-

veloped numerical models using volume of fluid (VOF) technique are promis-

ing to study the hydraulics of different stilling basins.

6. At the lower discharge, i.e., 2.44 m3/s/m, the relative energy loss within the

hydraulic jumps was identical in the studied basins, whereas, upon increase

of flow, in comparison to Type (A) and (B) basins, wedge-shaped baffle

blocks basins (Type (C) and (D)) revealed higher energy loss within the

hydraulic jumps.

7. The vertical velocity profiles revealed that due to absence of baffle blocks,

the maximum magnitude of velocity was striking at the floor of remodelled

basin (Type (B)), and it was further increased as the flow increased, whereas,

upon increase of flow, the velocity near the floor of wedge-shaped baffle block

basins (Type (C) and (D)) was observed to be decreased. Additionally, up

to 4.88 m3/s/m discharge, the minimum velocity values at basins’ end was

noticed in wedge-shaped baffle blocks basins (Type (C) and (D)), whereas,

at 7.22 m3/s/m discharge, in comparison to Type (A) basin, 10% increase of

velocity magnitude was observed Type (C) and (D) basins. On comparison,

the results revealed that the maximum velocities at the basin’s floor and at

the basin’s end were developed in Type (B) basin. Based on the results of

velocity profiles, it can be concluded the use of chute blocks and sills (Type

(B)) downstream of the river diversion barrage are generating higher velocity

in the basin and thereby dissipating less energy.

8. The study also revealed that as the WSBB produced larger wake zones and

controlled fluid reattachment, thereby, as compared to Type (A) and (B)

basins, minimum turbulent kinetic energy and turbulent intensity were no-

ticed at the floors of Type (C) and (D) basins. Therefore, it is believed that at
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the studied discharges, the newly proposed energy dissipating arrangements

such as Type (C) and (D) have improved the hydraulic behavior downstream

of the studied barrage than the traditional (Type (A)) and existing basins

(Type (B)).

9. The validation results of scour profiles downstream of Type (B) have indi-

cated that the present FLOW-3D scour models are well agreeing with the

field data for which the values of R2 reached 0.908, 0.909 and 0.953 in LES,

RNG K-ϵ and Standard K-ϵ models, respectively. On comparison of scour

profiles with three sets of field data, it is concluded that the scour models

with RNG K-ϵ turbulence model are more promising than LES and Standard

K-ϵ model.

10. At the designed discharge, the flow fields have revealed a forward velocity

profile on the scoured and retrogressed beds of Type (A), Type (C) and

Type (D) basins, whereas large fluid re-circulation are noticed near the rigid

of Type (B) basin which develops large scour hole, and later the complete

bed is exposed. Therefore, it is believed that due to the absence of baffle

and friction blocks, the Type (B) basin is generating higher scour and bed

retrogression on its downstream. At the designed discharge, the maximum

net change in the sediment beds downstream of Type (A), Type (C) and (D)

basins reaches 65%, 68% and 67%, respectively. Furthermore, as the scour

phenomena is found to be very complex in nature and results are diverse as

the turbulence models are changed, therefore, it is concluded that for the

barrages up to the designed discharge of 24.30 m3/s/m, the new proposed

wedge-shaped baffle blocks basins i.e., Type (C) and (D) are capable to save

the basin against scouring.

11. At the flood discharge of 18 m3/s/m, as compared to the designed discharge,

the results showed different patterns of scour and bed retrogression down-

stream of the studied basins. The maximum net change in the bed was

noticed downstream of Type (B) basin which indicated 89% loss of sediment

bed, whereas the minimum net change in the sediment bed was noticed
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downstream of Type (C) and (D) basins which reached 37% and 44%, re-

spectively. Therefore, based on the results of scour profiles, it is confirmed

that the proposed Type (C) and (D) basins are suitable for barrages up to

the 18 m3/s/m discharge, and they are found more efficient than the Type

(A) and Type (B) basins.

In conclusion, it is believed that the existing remodelled basin (Type (B)) of the

studied barrage is generating higher velocity and turbulent kinetic energies on

the rigid and erodible beds. On the contrary, the newly proposed basin with

combination of WSBB and impact USBR baffle improved the hydraulic jump

and flow characteristics on the rigid and erodible beds. It is further concluded

that FLOW-3D is an effective tool to predict the hydraulic and sour behavior

downstream of river diversion barrages as the validation results agree with field

observations.

6.3 Research Significance and Implications

Since the last thirty years, all around the world, the use of numerical modelling in

hydraulic and scour investigations of spillways, sluice gates and low head hydraulic

structures has become prevalent. However, the use of such modelling tools is found

very limited in Pakistan and for the development of irrigation and power projects,

traditional physical modelling is employed.

Since the last decade, based on the limited hydraulic and scour investigations,

many of the barrages in the plain area of Pakistan are remodelled and rehabilitated.

Almost the old stilling basins of the barrage in Pakistan are the modified form of

USBR Type-III basin (Type (A)) and since the results of FLOW-3D models with

different turbulence schemes have shown that the impact baffle blocks used in

USBR basins are causing flow reattachment and produce less wake region while

the use of WSBB increases the wake region and energy dissipation, therefore,

the results of wedge-shape baffle block basin’s (Type (C) and (D)) ensured their
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suitability downstream of lower head hydraulic structures, i.e., sluice gate, barrage,

and canal head regulators. The results of present FLOW-3D numerical models

also revealed that Type (B) is less efficient for the dissipation of flow energy which

produce higher local scour.

The present results of numerical models also provide confidence to the hydraulic

engineer that a little change in the input of FLOW-3D models, i.e., discharge, ge-

ometry, gate opening, turbulence models, sediment transport rate equations, and

hydraulic parameters can offer necessary outputs in a very limited time frame,

which is found to be very expensive and time consuming in physical modelling.

Therefore, for the future intervention in the hydraulic structures, the results of

present models will help Civil and Hydraulic engineers to assess different energy

dissipation arrangements within the stilling basins and will provide suitable alter-

native solutions.

6.4 Recommendations

1. Based on the results of scour and bed retrogression, the study recommends

that before the remodelling of any hydraulic structure, the hydraulic engi-

neers and practitioner may investigate the critical hydraulic parameters i.e.,

velocity, initial Froude number, free surface profile, shape of stilling basin

and its appurtenances, turbulent kinetic energy and tail water. Additionally,

it is further recommended that geometric design of the stilling basins’ must

be tested after employing the erodible bed downstream of the investigated

basins.

2. The study recommends investigating hydraulic jump and flow behavior with

discharges higher than 7.22 m3/s/m using other turbulence models.

3. Presently, the geometry of investigated WSBB is fixed, therefore, the study

recommends examining the WSBB downstream of river diversion barrages

with other vertex and cutback angles.



Conclusions & Recommendations 204

4. Presently, a single bay of studied barrage is modelled to investigate the effects

of different stilling basins on flow characteristic and local scour. However,

it is suggested to employing two bays, and their effects may be tested for

hydraulic and local scour.

5. For scour modelling, the study recommends employing other transport rate

equation i.e., Nielsen Equation, and Meyer, Peter, and Müller Equation.

6. It is also recommended that for a particular discharge, the effects of barrages’

stilling basins may be investigated by employing multiple gates, and there

hydraulic and local scour effects may also be assessed.
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[164] J. F. Macián-Pérez, R. Garćıa-Bartual, B. Huber, A. Bayon, and F. J. Vallés-

Morán, “Analysis of the flow in a typified usbr ii stilling basin through a



Bibliography 224

numerical and physical modeling approach,” Water, vol. 12, no. 1, p. 227,

2020.

[165] N. Viti, D. Valero, and C. Gualtieri, “Numerical simulation of hydraulic

jumps. part 2: Recent results and future outlook,” Water, vol. 11, no. 1,

p. 28, 2018.
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Table 1: Strongly desired features of three dimensional (3-D) numerical codes and their comparison

FEATURE FLOW3D[86][164] FLUENT [157] [156] PHOENICS [154] Open FOAM [99][106]
Solution
technique

FVM,
co-located grid

FVM,
Co-located grid

FVM,
staggered grid

FVM,
staggered grid

Dimensions 2D, 3D 2D, 3D 2D, 3D 2D, 3D
Mesh
type

Structured,
multi-block Structured Structured Structured

Cell limit Hardware limited
150,000

(Hardware limit
reached first)

Hardware limited Hardware limited

Geometry and
mesh generation

GUI,
command language

Menu driven.
(keyboard)

GUI, PHOENICS
Input Language

Open FOAM
toolbox

Flexibility of
boundary conditions

Very Very Very Very

Reynolds
number (Re) (Low and high Re) (Low and high Re)

Laminar
and turbulent (Low and high Re)

Turbulence
models

K-ϵ, ASM,
RSM, DSM, Reynolds

flux model

K-ϵ,
RSM,
RNG

K-ϵ, K-l, constant
eddy viscosity, RSM

(Not available with BFCs)

K-ϵ, ASM,
RSM, DSM, Reynolds

flux model
Particle
tracking

Transport model,
multi-phase, scalar Lagrangian

Separate module
GENTRA Lagrangian

Multi-phase Yes No Yes Yes
Multi-species Yes Yes Yes Yes
Multi-zone
regions multi-block ‘Blocking off’ cells ‘Blocking off’ cells

Yes
Split meshing

Solution
monitoring

Yes
(Graphical

and numerical)

Yes
(Graphical

and numerical)

Yes
(Graphical

and numerical)

Yes
(Graphical

and numerical)
Post-processing All features All features All features All features

User
friendliness Excellent

Unfriendly,
but manuals are good

Excellent
good to get started

Excellent
good to get started
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FIGURE 1: Time rate change of discharge at 2.44 m3/s/m, (a) Type (A), (b)

Type (B), (c) Type (C), and (d) Type (D) basins

FIGURE 2: Time rate change of discharge at 4.88 m3/s/m, (a) Type (A), (b)

Type (B), (c) Type (C), and (d) Type (D) basins

FIGURE 3: Time rate change of discharge at 7.22 m3/s/m, (a) Type (A), (b)

Type (B), (c) Type (C), and (d) Type (D) basins
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(a) (b)

(c) (d)

Figure 1: Time rate change of discharge at 2.44 m3/s/m, (a) Type (A), (b) Type (B), (c) Type (C), and (d) Type (D) basins
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(a) (b)

(c) (d)

Figure 2: Time rate change of discharge at 4.88 m3/s/m, (a) Type (A), (b) Type (B), (c) Type (C), and (d) Type (D) basins
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(a) (b)

(c) (d)

Figure 3: Time rate change of discharge at 7.22 m3/s/m, (a) Type (A), (b) Type (B), (c) Type (C), and (d) Type (D) basins
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