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ABSTRACT

Three-dimensional turbulence modeling for free surface flows
Junying Qu, Ph. D.

Concordia University

In éngineering practice, some of the hydraulic structures encountered are used for
distribution or collection of flows, measurement of flow rates or regulation of flows. It is
very important to know the flow characteristics such as the mean flow pattern, the
Velocity distributions, and the pressure distribution in closed conduits or the water surface
profiles in open channels. These flow characteristics can be obtained using experimental

methods, exact theoretical methods or numerical methods.

Existing commercial codes have some limitations. For instance, the memory
réquirements and execution time are often excessive for solving hydraulic engineering
problems. The boundary conditions to be used are rigidly specified in the software. The
CFD software is also very expensive. It is beneficial to develop and validate a new
numerical model that can speedily solve the specific problems in hydraulic engineering as

mentioned earlier.

The present study develops and validates an efficient and accurate numerical turbulence
model to simulate common hydraulic problelﬁs. The three-dimensional governing
equations include the Reynolds-averaged Navier-Stokes (RANS) equations and the two—
equation turbulence models such as the k-w model and the k-& model. The Volume of

fluid (VOF) scheme is also incorporated to capture the free surface profiles in open



v
channel flows. For solving typical problems, the model developed presently needs much
shorter execution time and requires less memory than the commercial code. For instance,
to simulate open channel junction flows, the general-purpose commercial code

(FLUENT) program required 30 days on the PC to reach the solution. The present model

required about 4 days of execution time to solve the same problem.

To begin with, dividing and combining flows in rectangular closed conduits are
simulated, as these flows are simpler than their counterparts in opeh channel flows. These
" simulations are later extended fo two and three-dimensional flows that have free surfaces.
The simulation results provide pressure distributions in closed conduits and water surface
proﬁles in open channels besides velocity distributions and flow i)attems. The results also
yield zones of flow separations in expanding flows and stagnation zones in dividing and
combining flows. The predictions of the simulations are validated using existing test data.
Especially, for three-dimensional dividing flows in open channels, new test data are also
obtained for the present model validation. For the lateral weir ﬂows, the nonlinear partial
- least square method is used fo obtain the functional relationship among the principle weir

flow parameters.

| The free surface turbulence model is developed and validated using the experimental data
related to a number of flow situations encountered in hydraulic engineering practice.
Hence, it is an efﬁcieﬁt and useful tool to predict the flow characteristics of many such
hydraulic flow systems. Due to their lower time demand and lower cost, the properly
validated numerical models are preferred to experimental methods in predicting the

characteristics of flows in which the range of flow variables can vary widely.
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NOTATIONS AND ABBREVIATIONS

1. Common notations

¢ = Void fraction,;

F; = Froude number;

g = Acceleration due to gravity;
p = Pressure;

Q = Discharge;

Q: = Discharge ratio;

R = Hydraulic radius;

R, = Reynolds number;

t = Time;

u = Axial velocity (parallel to the horizontal conduit wall);
u, = Resultant friction velocity;

Ujor V= Average flow velocity;

XV

u; = Average flow velocity (j = 1, 2 in two dimension, orj = 1, 2, 3 in three dimensions);

xi = Cartesian coordinate (i=1, 2 in two dimension, or i=1, 2, 3 in three dimensions);

X, Y and Z = Coordinates at three dimensions;
y = Normal distance to the wall;
y. = Critical depth;

ve = End depth; -



©xvi
p = Density;
v = Kinematic viscosity.
4 = Dynamic viscosity;
v = Specific weight;
k = Turbulent kinetic energy;
o = Specific dissipation rate;

¢ = Dissipation rate;

2. Notations for the slot

B = Height of the main conduit;

Cq = Slot discharge coefficient;

D = Width (Span wise) of the main slot;
L = Width of the slot;

Q1, Q2, Q3 = Discharges in the upstream main conduit, downstream main conduit and

through the slot;

\4 = Vertical velocity;

V1, V2, V3= Mean axial velocities upstream of slot, downstream of slot and at the slot;
z = Distance in the span wise direction;

g = Discharges of the open channel upstream of the slot in unit width;



3. Notations for the free overfall
 Fe = Froude number at end section;

q = Discharges for linit width;

’Ue = Average horizontal velocity at the brink;
- 1= Average ﬂaw velocity (j - 1, 2 in two dimensions);
V= Vertical\ veloéity component;
x = Longitudinal distance;
X=xWe non-diinensional ’channel length in terms of y,;
x;= Cartesian coordinate (j = 1, 2 in two dimensions);
Y = y/y, non-dimensional flow depth in terms of y,;

y* = Local depth of the flow;

4. Notations for the side weir
a; = constants;
C; = Discharge coefficient;

C,, = discharge coefficient (De Marchi 1934);

D = Diameter of the circular channel or width of the rectangular channel,

f = dependent variables;
F; = Froude number upstream;

g; = polynomials;

xXvil
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L = Width of the side weir;
o= Discharge of side weir;
- gs = Discharge over the éide weir per unit length;
S'= Height of the weir crest;
V1 =Mean velocity upstream of the side weir;
x= Dis_tance from the beginning of the side weir;
y = Flow depth at the section x;
Y = Flow depth upstream,;

Mo = jet velocity parameters;

~ 5. Notations for dividing and combining flows

Ay, Az, A3 = Cross section area at sections 1 (upstream of the main channel), 2

(downstream of the main channel) and 3 (the branch channel), respectively;
B= Width of the main channel (conduit);

Cc = Contraction coefficient;

E,, E», E3= Total energy at sections 1, 2 and 3, respectively;

Fy = Froude number at upstream section of the main channel;

K> = Loss of energy from section 1 to section 2;

K3, = Loss of energy from section 3 to section 2;

K, = Loss of power from combining flows;



Xix
L= Width of the branch conduit;
PLDLDP3 = Presspre,at sections 1, 2 and 3, respectively;
01, O, O3 = Discharge at sections 1, 2 and 3, respectively;
Qp = Discharge of the branch channel;
Qaq = Discharge of the downstreém main channel;
Q. = Discharge .of the upstream main channel;
Qra = Main-channel upstream-to-downstream discharge ratio Q4/Qy;
V1, V2, V3 = Average flow Vclocity at sections L, 2 and 3, respectively;
u, v and w o= Velocity components in the X, Y and Z direction, respectively;

u*, v* and w* = Dimensionless velocity components in the X*, Y* and Z* directions,

respectively;
V =Mean velocity;

X*, Y* and Z* = Coordinates at three dimensions in dimensionless units;

-~ Yy = Flow depth in the branch channel,

Y4 = Flow depth in the downstream of the main channel;
Y, = Flow depth in the upstream of the main channel;

6 = Average Entry Angle.

6. Common abbreviations

1D - One-dimensional



2D - Two-dimensional

3D- Tl'aree;dimensional

CDS - Central difference scheme

CFD - Computation fluid dynamics

CV - Control volume

DCS - Deferred correction schglne

FVM - Finite volume Sme‘[hod

PISO - Pressure implicit splitting of operator

PLS - Partial least squares

QUICK - Quadratic upwind interpolation for convective kinematics
RANS - Reynolds averaged Navier-Stokes

SIMPLE - Simi-implicit method for pressure-linked equation
UDS - Upwind difference scheme

VOF - Volume of fluid

XX



CHAPTER 1

INTRODUCTION

1.1 GENERAL REMARKS

In engineering pracﬁce, some of fhe hydraulic structures encountered are used for
distﬁbution or collection of flows, measurement of flow rates or regu]ation of flows.
Dividin g and coinbining flows are usually seen in the design of open channels and closed
conduits in water and wastewater treatment plants, water distribution networks and
irrigation units. The free overfall is the siinplest flow-measuring device used in irrigation

* units. Lateral weirs are commonly used to regulate flows in open channels.

It is very important to know the flow characteristics such as the mean flow pattern, the
velocity distributions, as also the pressure distribution in closed conduits or the water
surface profiles in open channels. These flow characteristics can be obtained using
experimental methods and numerical methods. Earlier due to the limitations of the
computing hardware, only simple hydraulic problems were solved using numerical
methods. Due to the advances in computer hardware and computing techniques, more

complex problems in hydraulic engineering can be solved numerically.

Most flows in hydraulics are turbulent, highly unsteady and three-dimensional (3D). The
Navier-Stokes equations are part of the gpveming equations for turbulent flow.
Numerical methods are very important ways to investigate the flow characteristics of
turbulent flow. Turbulence modeling is frequently used now to solve hydraulic problems.
Computational fluid dynamics (CFD) deals with general procedure to solve fluid flow

. problems.



1. 2 LITERATURE REVIEW

1.2.1 Numerical models

Becailse Navier;stokes equations are high-order, nonlinear and multivariate, we cannot
: ’get the general solution. Usually, nulngrical solutions are sought for specific problems.
Mést flows encountered in engineering practice are turbulent. Because of the
complications in turbulent flows, a simplified turbulent model is developed and apﬁlied

to solve practical problems.

The most accurate numerical model is the direct numerical simulation (DNS) method in
which the Navier-stokes equations are solved for all scales of motions in a turbulent flow
field (Wilcox 2000). The results of the DNS contain very detailed information about the

flow. But it requires a huge storage of data. The DNS is too expensive to be employed.

The second most accurate numerical model is the large eddy simulation method, which
solves for the large-scale motions of the flow while modeling only the small scales of
motions. The storage demands for LES are less than those for DNS. But, LES still needs
high-efficiency computers. LES holds the promise as a future design tool, especially as

computers continue to increase in speed and memory.

The most kpopular turbulence model is the Reynolds averaged Navier-Stokes (RANS)
model. Based on the Boussinesq approximation, the two-equation models (k-¢ and 4w
models) are applied. Beyond the Boussinesq approximation, stress transport model is
used. Although stress transport model includes the anisotropic turbulence quantities, only

a few investigators (Lasher and Taulbee 1994, Sotiropoulos and Patel 1995) have used



this model in hydraulic engineering. Many researchers prefer to two-equation RANS

models.

For unsteady flows, the time dependent or unsteady Reynolds averaged Navier-Stokes
(URANS) equations should be considered. Here the averaging time is greater than the
characteristics timescale of turbulence and smaller than the characteristics period for the
time evolution of the mean properties (Deck et al 2002). For flows with large separation,
boundary layers are simulated based on RANS and separation zones are based on LES.
This hybrid technique denoted as detached eddy simuiation (DES) is proposed Spalart et
al. (1997). However, UANS and DES will be more commonly used in the future after

achieving higher computer hardware improvements.

1.2.2 Floor slots in closed conduits

The flow past a floor slot located in a closed rectangular conduit is found applications for
distributing flows in engineering practices. Mitchell (1890) used the ideal ﬂow theory to
study the behavior of slot flows. McNown and Hsu (1951) studied the slot discharge
coefficient using existing hydrodynamic models. Ramamurthy and Carballada (1979)
studied the characteristics of closed conduit flow past a siot fitted with a barrier.
Ramamurthy et al. (1994) experimentally invéstigated the flow characteristics of floor
slots in rectangular closed Qonduits and obtained experimental data related‘ to typical
velocity distributions in the closed condqit at séctions upstream and downstream of the
slot. However, the numerical study of the floor slots in closed conduits is not done uhtil

now.



1.2.3 Floor slots in open channels

A number of studies have been conducted to analyze the behavior of flow past a floor slot
in open channels. Chow (1959) presented a summary of the earlier studies related to flow
past a floor slot. Venkataraman (1977, 1978) studied the slot flow problem analytically
and experimentally and presented free surface profiles for various widths of the slot
located in rectangular open channels. Nassef et al. (1980) determined the coefficient of
discharge for the lateral outflow through‘ a rectangular slot. Ramamurthy and Satish
(1986) experimentally studied the effect of the ratio of slot width to flow depth on the slot
discharge and obtained the pressure and velocity distributions at different locations.
Recently, Mohapatra et al. (2001) presented a numerical study of open channel floor slot
flows based on inviscid flow assumption. Compared to the existing experimental data
(Ramamurthy and Satish 1986), they provided a good prediction of the pressure
distribution. However, the model was not able to predict the velocity distribution very

well.

1.2.4 Free overfali

The free overfall in a rectangular open channel serves as a discharge-measuring device.
Rouse (1’936) preéented the classical result that the end depth ratio (EDR) y./, = 0.715.
Rajaratnam and Muralidhar (1968) experimentally investigated the free overfall in
rectangular channels and provided the free surface profile, the distributions of velocity
and pressure in the upstream region of the brink depth. Hager (1983) and Marchi (1993)
obtained the surface profiles for the free overfall in a rectangular channel. Ferro (1999)
theoretically obtained the end-depth-discharge relationship for ﬂow‘ in rectangular,

triangular and trapezoidal channels. Khan and Steffler (1996) studied the flow



characteristics of free overfall in a rectangular open channel using the depth-averaged
momentum equation. Again, Mohapatra et al. (2001) presented a numerical study of free

overfall in open channels based on inviscid flow assumption.

For commonly used trapezoidal channels, the end depth-discharge relation has been
studied by oniy a very few investigators. In the discussion of a paper by Diskin (1961),
Replogle (1962) studied the end depth—discharge relation. Rajaratnam and Muralidhar
(1970) experimentally investigated the relatioﬁ between end depth and discharge rate in
trapezoidal channels for varying slopes. Keller and Fong (1989) firstly ’consider»ed the
end depth pressure force in the momentum equation. Recently, Ramamurthy et al. (2004)
and Zhai (2003) provided flow velocity, pressure head and surface profiles for free

overfall flows in trapezoidal channels.

1.2.5 Combining flows in closed conduits

Based on experimental data, various energy loss coefficients have been proposed for flow
past junctions of circular closed conduits (McNown 1954; Gardel 1957; Blaisdell and
Manson 1963; Ito and Imai 1973) aﬁd rectangular closed conduits (Ramamurthy and Zhu,
1997). Bajura’s (1971) concept of pressure recovery factor is usefﬁl in analyzing dividing
and combining flow problems of practical significance. Very recently, Huang et al.
(2002) simulated combining flows in open channels and validated the 3D numerical

model using the existing experimental data provided by Weber et al. (2001).

1.2.6 Dividing flows

Dividing flows are encountered often in environmental engiheering and hydraulic
engineering. Popp and Sallet (1983) used LDV to obtain the velocity field data for

dividing flows past rectangular tee junctions. Fu et al. (1992) studied the dividing flows
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in manifolds using the 4-¢ model and verified the predictions using test data in which
laser Doppler Anembmetry (LDA) was used. Ramamurthy and Zhu (1996) provided

éxperimental data for dividing flows in 90° junctions of rectangular closed conduits.

‘The first detailed experimental study of dividing flows in open channels was done by
‘Taylor (1944). Grace and Priest (1958) presented experimeatal results for the division of
flow at different width ratios of the branch channel orientation to the main channel. Law
and Reynolds (1966) investigated the problem of dividing flows using analytical and
experimental methods. Ramamurthy et al. (1990) obtained an expression for the
momentum transfer rate from the main to the branch channel. Hager (1984, 1992) studied
the energy-loss coefficient for branch channel flows. Neary and Odgaard (1993)
examined the effects of bed roughness on the three-dimensional structure of dividing
flows. For low Froude number flows, they presented detailed velocity-vector and
particle-trace plots in the initial part of the separatioﬂ zone. Their measurements indicated
no depth variations in the junction (Neary and Odgaard 1995). Neary et al. (1996)
-presented the numerical simulation of dividing flows under laminar flow conditions.
Also, Neary et al. (1999) numerically investigated the lateral-intake inflows using two-
equation turbulence model without considering the water surface effects. Hsu et al.
(2002) presented a depth-discharge relationship and energy-loss coefficient for dividing
flows in a narrow aspect ratio channel. Till now, experimentalrand numerical studies
related to 3D mean velocity components and water surface profiles for dividing flows in

open channels are not available.



1.2.7 Side weirs

Rectangular side weirs are used usually in irrigation and urban sewer systems for the
purpose of flow regulation. De Marchi (1934) firstly studied side weir problems and
defined the discharge coefficient C,, which is calledee Marchi’s coefficient. FQllowing
De Marchi’s idea, many investigators (Subramanya and Awasthy 1972, Nadesmoorthy
and Thomsbn 1972, Yu-Tech 1972, Ranga Raju et al. 1979, Hager 1987, Singh et al.
1994 and Borghei et al. 1999) provided empirical equations for C,. Ramamurthy and
Carballada (1980) obtaihed the new discharge coefficient for side weirs in rectangular
channels using a different way. Muslu (2001, 2002 and 2003) investigated the weir flow

characteristics.

However, only Uyumaz and Muslu (1985) and Ramamurthy et al. (1995) have presented

the theoretical and experimental study for flow over a side weir in circular channels.
1.3 RESEARCH OBJECTIVES

The primary objective of this study is to develop, validate and demonstrate an efficient
and accurate numerical turbulence model to simulate several common hydraulic
problems. The Reynolds-averaged Navier-Stokes (RANS) equations and the two—
~equation turbulence models are used in the development of the model. The Volume of
fluid (VOF) scheme is adopted to capture the free surface profiles in open channel flows.
The flow characteristics of these flows include the velocity distributions besides the
pressure distributions in conduits and the free surface profiles in open channel. These are
obtained using the present numerical methods. Specifically, the following topics are

studied in this thesis:



Numerical model for flow past a slot in a rectangular conduit (chapter 3): The 3D
two-equation k- turbulence model is applied to obtain the characteristics of flow past a
rectangular floor slot located in a rectangular closed conduit and the predictions are

validated using existing experimental data.

3D simulation of dividing flows in 90° rectangular closed conduits (chapter 4): The
3D k-w model based on RANS equations is used to find the mean flow characteristics of
dividing flows in 90° rectangular conduit junctions and the results are validated using

experimental data.

3D simulation of combining flows in 90° rectangular closed conduits (chapter 5):
For combining flows in 90° rectangular conduit junctions, the 3D k- model based on
RANS equations 1s used to find the mean flow characteristics and the results are validated

using test data.

2D simulation of flow past an open channel floor slot (chapter 6): The free surface
turbulence model is applied to obtain the flow characteristics and the predictions are

validated using previous experimental data.

2D VOFV model for numericai simulation of a free overfall (chapter 7): The VOF
(VOF) turbulence model is applied to obtain the flow parameters of free overfall in
rectangular channels. The predictions of the proposed numerical model are validated
using existing experimental data for both subcritical and supercritical flow conditions.
Base on thé path followed by a fluid particle leaving the brink, the equations for nappe

profiles in supercritical flows are obtained in terms of the end depth.



3D VOF model for simulation of a free overfall in trapezoidal channéls (chapter 8):
The VOF model is applied to obtain the flow characteristics of 3D open channel flows
involving free surfaces. The predictions of the proposed model are validated using

existing experimental data.

Experimental studies of dividing flows in open channels (chapter 9): Dividing flows
in open channels are commonly encountered in hydraulic engineering. These flows are
inherently 3D in character. In this study, experimeﬁtal results are obtained for flow
characteristics of dividing flow in a 90°, rectangular open-channel junction formed by
channels of equal width. Depth measurements were made using point gages while
velocity measurements were obtained using a 2D Dantec laser Doppler Anemometer
(LDA) over grids defined throughout the junction region. This study presents the details

of the experimental procedures and the flow characteristics.

3D modeling of dividing flows in open channels (chapter 10): The numerical model
for dividing flows in open channels is developed. The 3D k-w free surface turbulence
model is applied to determine the mean flow characteristics of dividing flows in 90°
rectangular open channel junctions. The predicted results are coinpared-with the present

experimental data.

Side weir flows (chapter 11): The multivariable nonlinear PLS method is adopted to
determine the accurate functional relationship between the weir discharge coefficient and
several of the weir flow parameters for flow past side weirs in rectangular channels and
circular channels. A very brief study related to thé sinﬁulation of flow past a side weir in a

rectangular channel is presented.
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CHAPTER 2

NUMERICAL METHODS

2.1 INTRODUCTION

For turbulent and \incompressible fluid ﬂows,.the governing equations including the
Reynolds-averaged Navier-Stokes (RANS) equations and the two-equation turbulence
model are presented in this chaptei'. The boundary conditions for the free surface model
and the wall function are described. Details of the numerical algorithm are shown in the

following sections.
2.2 RANS MODEL

In the Reynolds-averaged approaches to turbulence, all the unsteadiness is averaged out
assuming that the unsteadiness is regarded as part of turbulence. The Reynolds averaged

Navier-Stokes equation (RANS) is shown,

oy oy 0 0
s . p v v

—— LU . LA S 2vS .. —u .u. 2.1
ot SRS Ox, 6xl( ” i) @1

J

where p = pressure, ¢ = time, U; = velocity in x; direction, the subscript i=1, 2, 3 and
j=1,2,3.
o .. oy,

Also, the continuity equation is: Py =0 (2.2)

) ' X;
The two-equation models are the most popular turbulence models in the numerical
simulation of turbulent flows. The two-equation models are based on the Boussinesq
eddy-viscosity approximation, which assumes that the principal axes of the Reynolds

stress tensor 7; are coincident with those of the mean strain-rate tensor s; at all of the
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points in a turbulent flow. The coefficient of proportionality between 7 and s is the eddy

viscosity vr. The specific Reynolds stress tensor based on the Boussinesq assumption is:

T :,—u.'u'.szS..———sz—ké'.. ' (2.3)
In the two-equation models, both the k—¢ model and the k-® model are most widely used.

2. 2.1 Wilcox (1998) k- model:
Kinetic Eddy Viscosity: v, =k/® (2.4)

Turbulence kinetic energy:

a—k+U.%=riiaU"~,B*ka)+i (v+0'*vT)—a—k— (2.5)
ot Tox, 7 ox, 0x; ox;

Specific dissipation rate:
a—a-)—+U.Qg-)—:ozgz'i.%—[)’a)z+i (?+GVT)—(?£ (2.6)
ot 7 ox; k7 ox, ox, | ox

Closure coefficients and auxiliary relations:

13

1 1
a__E, ﬂ,:ﬂofﬂ’ ﬂ*:ﬂo*fﬂ*’ O':—2—, O'*_-z— (27)
9 1+70x Q,Q .8,
— R :————w’ 0): 2.8
Fo= 125 s =1 80x, * ’(ﬂo*a))3 28)
1 x, <0 v
.9 2k 1 ok bw
Z =J1+680 = 9K 00
Fo=toor T Tt >0 0 T o o @9
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e = p ok and 1=k /w (2.10)
d 8
1 oU, U, 1 oU, OU,
Q, =—(—%+~-—2), S, =—(—+—L) 2.11
Y2 0x; axl.) 2 o, ax,.) @11

2. 2.2 Standard k - £ model:
Kinetic Eddy Viscosity: v, =C ﬂk /e (2.12)

Turbulence kinetic energy:

U,
%+U.a—k=rija ’—e;+i (v+vT/ak)% (2.13)
ot ! 0x, ox, Ox, Ox
Dissipation rate:
2
%y %8 ¢ 2. 0 o £ L0 0y 1502 (2.14)
ot ! ox, k7 ox, k  Ox, ox
Closure coefficients and auxiliary relations:
C,~ 144, C,7192, C,70.09, 6,710, 0,713 (2.15)
w=e/(Ck) andl=C, k" /¢ C(2.16)

2.3 BOUNDARY CONDITIONS

2. 3. 1 Wall functions

At the wall boundary, the wall-function .approach proposed by Launder and Spalding

(1974) is used for the two-equation turbulence modeling. The universal logarithmic law
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~ of the wall with smooth surfaces that is applicable to the fully turbulent region outside the

viscous sublayer is expressed as

u L ey

u K 14

+C (2.17)

where, u = reSultant velocity parallel to thé wall at the first cell, u, = resultant friction
velocity, £=0.41, y =normal distance to the wall, v = Kinematic viscosity and C= 5.0
for smqoth surfaces. For rough surfaces, one has to consider the effects of roughness of
the wall surface and the constant C should be changed. For fully rough wall, Eq. (2.18)
must be considered,

ol 2 O 2.18)
u K k

7 . s
Here k; denotes the average height of surface roughness.

Eq. (2.19) should be considered while dealing with the k-w model (Wilcox 1994 and

2000, Neary et al. 1999).

w=8,% 2. 19)
v
where,
(Z()* ) k! <25 Lk
Sz = 1OSO : and k::uf 2
[ J k> 25 Y
k! '

The near wall values of turbulent kinetic energy k and the specific dissipation rate are

specified assuming local equilibrium of turbulence (Wilcox 2000):
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L urz o, . *‘ a4 k30* « 9
k_-——\/ﬁ, Sl (8:) o where ﬂo_l—a(; (2. 20)

It is noted that during the numerical simulation the grid cells next to the wall boundary

uJy

are constructed well within the turbulent region 30 < y* = <130 (Rameshwaran

and Naden 2003).

2. 3. 2 Free surface boundaries

For numerical simulations related to open channel flows, the free surface condition
should be considered. The free surface elevation can be assumed horizontal if the water
surface deformation is not large. This is the solid lid approximation. In most cases, it is
necessary to know the shape of the free surface. Many méthods have been used to find
the shape of a free surface. They can be simply classified into two major groups (Ferziger

and Peric, 2002).
Interface-Tracking Scheme

This method defines the free surface as a sharp interface. The motion of the free surface
has to be traced in the computation. Boundary-fitted grids are used, and they are
readjusted each time the free surface is moved. In order to get trace of a sharp interface,

very small time steps and grids should be used.

At the free surface, the boundary for the vertical velocity, however, is determined by

satistying the free-surface kinematic condition (in Cartesian coordinates), i.e.,

0 0 0
u‘zv=—i+ u . H +uy——H— (2.21)
ot ox oy :
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where u,, u,, and u, denote flow velocity in x-direction, y-direction, and z-direction,

respectively. H denotes the water depth, and t denotes time.

The pressure variable p is‘deﬁned as a deviation from the hydraulic pressure, that is,
P~ p," gl - | | @.22)
where py denotes the pressure of free surfaqe, and g denotes the specific gravity. This

scheme is applied in the numerical simulation of some flow cases (Meselhe and

Sotiropoulos 2000, Huang et al. 2002).
Interface-Capturing Scheme

This interface-capturing method does not define a sharp boundary. The computation is
performed on a fixed grid. The motions of the water surface are limited in the grid

geometry. The shape of the free surface is determined by cells that are partially filled.

The interface-capture method is éasier than the ‘ihterface-tracking method for
computation. One need not change the grid during the simulation, which saves lots of
times. The typical scheme in the interface-capture method is the volume of fluid (VOF)
scheme. This scheme is used by many researchers (Mohapatra et al. 2001, Chen et al.

2002 and Maronnier et al. 2003). Here, the VOF scheme is introduced.

For the VOF scheme, one has to introduce a new variable ¢, which is called the void
fraction. The void fraction ¢ is defined by the quantity ratio of water to air in a cell.
Generally, ¢ = 1 when the cell is filled fully by water and ¢ = 0 when the cell is filled
fully by air. The governing equation of ¢ is follow (Ferziger and Peric 2002):

oc %W, ¢)
+ =0
ot Ox,

(2.23)



16
Also ¢ must satisfy the condition
05 c¢=1 (2.24)

Therefore, for free surface problems, one has to solve the equation for the void fraction

besides the conservation equation for mass and momentum.

Alternatively, near the free surface boundary, one can treat both fluids as a single fluid,

whose properties vary in space according to the volume fraction of each phase, i.e.:

¢ = ¢ic + $,(1 7 ¢) : (2.25)

where ¢ = density, molecular viscosity and turbulence quantities. Subscripts 1 and 2

denote the two fluids (e.g. water and air).

For the velocity components near the free surface boundary, it is assumed that the
velocity of air is equal to the velocity of water. Far from the free surface boundary, the
velocity is equal to zero in the air. The pressure near the free surface boundary is

obtained using linear extrapolation method from the interior of the water domain.

2. 3. 3 Inlet boundaries

At the inflow boundary, the zero derivaﬁve condition is applied to velocity components
and turbulence parameters. In some cases, at inflow boundary, the uniform flow
condition for flow velocities ahd turbulence quantities is used simply. The pressure at the
inlet boundary is linearly extrapolated from the interior of the domain. The water surface

level can be specified or obtained using the liner extrapolation method.
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2. 3. 4 Outlet boundaries

The pressure is prescribed, and is usually set to zero. The flow related data for flow
velocities and turbulence quantities are obtained by using the linear extrapolation of
computed values in the two adjacent interior points that are just above the exit plane.

This boundary condition is also termed as the zero diffusion flux condition.

At the outlet boundary for open channel, the water surface level can be specified or

obtained using the liner extrapolation method.

2.4 NUMERICAL ALGORITHM

2. 4. 1 Finite volume methods

Finite volume method (FVM) is usually used in computational fluid dynamics. The
integral forms of those governing equations as mentioned earlier, are transformed onto
the computational domain and they are then discretized with the finite-volume method.
The computationél domain is subdivided into a finite number of small control volumes
(CVs) by grids. The computational node is usually assigned to the CV center. The
integral forms of those governing equations apply to each CV, as well as to the solution -
domairi as a whole. If one sums equations for all CVs, one can obtain the global
conservatidn equation, since the surface integral over inner CV faces cancel out. To
obtain an algebraic equation for each CV, the surface and volume integrals need be

approximated.

2. 4. 2. Discretization of the convective terms

Numerous forms of interpolation are available. Some are less efficient and some are less

stable in the course of iteration. It is very impoi*tant to choose a right interpolation
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scheme. Usually, first order or s¢cond order schemes are used. Higher-order schemes,
such as QUICK (Quadratic Upwind Interpolation for Convective Kinematics) and
second-érder upwind schemes, are ‘pos_sible options for high precision requirements. The
- upwind difference scheme (UDS) is the only approximation that unconditionally satisfies
the boundedness criterion (Ferziger :and Peric 2002)‘. It is howeVer a first order scheme,
numerically diffusive, and requires very fine grids to obtain accurate solutions. The
central difference scheme CDS is a second order scheme. It is more accurate, but it may
produce oscillatory solutions and the convergence rate is usually slower (Ferziger and
Peric 2002). The deferred correction scheme (DCS) combines the advantages of both
UDS and CDS. DCS utilizes the UDS in implicit method, and the difference between

UDS and CDS is calculated explicitly using values from the previous iteration.

UDs cDS UDS \ old
F,=F " +(F ™ —F, 7 )° _ (2.26)
Here F represents the convective term. DCS was also mentioned by Huang (2000).

2. 4. 3 Grid generation

For a regular geometry, it is simple to choose the grid. The grid lines follow the
coordinate directions. However, most flows in engineering practice involve complex
geometries’, which cannot be readily fitted with Cartesian grids. In order to apply such a
simple grid to solution domains with inclined or curved boundaries, the boundaries have
to be approximated to staircase-like steps. If this approach is used, it results in errors in
the solution. Boundary;ﬁtted-orthogonal grids and curvilinear coordinétes are most often
used to calculate flows in complex geometries (most commercial codes use such grids).

They can be structured, block-structured, or unstructured. The advantage of such grids is
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that they can be adapted td any geometry. Since the grid lines follow the boundaries, the
boundary conditions are easier to iinplement than with the stepWise approximaﬁon of the
curved bOuhdaries. In this study, a multiblock grid method is used, which is one type of
the boundary-fittedforthogonal grids. For the multiblock grid method, the complex

geometry is decomposed into several blocks. Each block is meshed with é power law
function, which generates a fine mesh in the vicinity of the boundary or in the flow
region where the flow changes rapidly. As mentioned in section 2.3.1, grids near the wall

boundary have to satisfy the requirement of the wall function.

2. 5DEVELOPMENT OF THE NUMERICAL MODEL

2.5.1 Discretization details

The momentum and turbulence closure equations can be typically written in general form
in Cartesian Coordinates (Figs. 2.1 and 2.2),
ov 0,0 0 (P O(y® 0 oD
p ) ) ) v M)
ot ox oy Oz Ox O0x

9 20 0 oD .
+ 5;[(‘/ + VT)(_éy_)] + a—z[(V + VT)(_é_Z_)]} =S

(2.27)

Here,

. 0 p

in y~-momentum equation, ® = u, S = - 5——

X

. ' 0 p

in v-momentum equation, ® = v,§ = — F
Y
Op

in w-momentum equation, ® = w,§ = — ——
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in k-equation, ® = £,S5 =17, a—’—- p ko
. X,

J

: : 0
in w-equation, ® = k,S = «a w—rij v._ Bo *
k ox
' £ ouU , g’
in s-equation, ® = k,8 = C_ | —7, L~ C, —
1 Y%7 ox 'k

in c-equation (Eq. 2.23), ® = ¢,8 = 0

The program employs a control-volume approach using a collocated grid. In the
collocated grid, all variables are stored at the center of the control volume. In the program

developed, only regular grid (cubic) is used. In brief, £ -® model is only presented. |
Unsteady terms (Discretization —continued)

1 1
Aply=—, Sp ly=—®" 2.28
P|U At PIU Af ( )

Convective terms (Deferred Correction Schemes)

min( #,,0)

East face (Figs. 2.1 and 2.2): 4, Ic = A
x

__ max( u,,0)

West face: 4, |. = <
x
North face: 4, |, = 211_‘%&1&9)_
y

max( v,,0)

South face: 4|, = - .
y
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Top face: AT|C = @(?Av—’—’ﬂ
z

Bottom face: ABIC = _Ea_’f%w
z

At central point P:

[~ min( u,,0) + max( u,,0)] [-min( v,,0)+ max( v,,0)]
Aple = +

; Ax Ay
N [— min( v,,0) + max( v,,0)]
Az

Sple= " {u, (1" ge)®, + ge“D;]— (max(u,,0)" P, + min(u,,0)" P )} Ax

+{u, [(1-gw)®, +gw-®, |- (max(u,,0) - P, +min(u,,0) - D,)}/Ax

— . [(1-gn)®, +gn-®y]-(max(v,,0)- @, +min(v,,0)- )} /Ay

+{v,[(1-gs)Dp + gs - Dy ]— (max(v,,0) - P, + min(v,,0)- O ,)} / Ay
+{v,[(1-g)®, +gt - D,]-(max(v,,0) - P, +min(v,,0)- )}/ Az
+ v, [(1-gb)D,+gb-®,]-(max(v,,0) - ®, +min(v,,0)- O ,)}/Az

in which
Ay A, Ay A, Ay Ay
ge = , &gn= , gt =
Axe Ayn Azt
Ay A, Ay A, A, Ay‘
gw = ’ gS = , =
Axw Ays Azb

Stress terms

Ay |s=—-(v +vy), Ay Az

! , Agls=—-(v+vy),-Ay-Az
w

Axe

Aglg=—-(v +v;), - Ax - Az

, A =—(v +v,), Ax-Az
Ays v ls=—( r) Ao
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Ay lg=—(v +vy), 'Ax’AJ"A—; , Aplg=-( +vy), -Ax-Ay

Apls™ Ay s T Ap s T Ag |5 T Ay s T Ay |5 T4 1)
S, 15=0

Source terms: (CDS)

For u-momentum S, |,=~(p, — p,,) Ay-Az

b Ay A,

For y-momentum S, [,~ ~(p,

Ay Ay

For w-momentum Splo” (0,7 b))

For k-equation S, |,= (P),, 4p lp=(f*®),
For w-equation S, |,= (& %P)p s Ap o= (f@)p
Add all term together

Ay |,= min(u,,0)-Ay-Az—(v +v,;), -Ay-Az—L
Axe

Ay |

w

=-—-max(u,,0)-Ay-Az—-(v+v;), Ay Az 1
. Axw

Ayl, = min(v,, 0)-Ax-Az—- (v +v;), Ax-Az

n

Ayn

Ag|, :_max(vs,O)-Ax-Az~(v+vT)s-Ax-Az—l—
, Ays

Azt
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(2.29)
(2.30)
(2.31)

(2.32)
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. o 1
A, = mln(WpO)'AJ"Ax'“(VJFVT)t'AX'AJ’E (2.33)
) Z
Ayl = —max( w,,0)-Ay-Ax— (v +v,), -Ax-AyZI—b— | (2.34)
. |
Ay Aply T Ap ot Ap s T dplo (2.35)
Sp=S8ply +Splc+Spls+Splo 2.36)

2. 5. 2 Pressure-correction methods (SIMPLE method)

In order to solve the RANS equations and obtain the variables u, v, w and p, the semi-

implicit method for pressure-linked equation (SIMPLE) algorithm is employed.

The Prediction Step
When solving the momentum equation, one assumes that the pressure field P° from the
previous iteration is known. Velocity field U is then predicted by solving the momentum

equation, which can also be expressed as:
* 1 %*
UiP+:4—Z ALUiL +7—SiP +——=—=0 (2.37)

‘where the third term is the source term from the unsteady, convective and stress terms in
momentum equations, and the fourth term is the original source term from the pressure

gradient in the momentum equations.
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The Correction Step
At this point, the velocity field with the given pressure field does not satisfy the
continuity. Pressure and velocity need to be corrected to satisfy both continuity and

momentum equations:

*%

an — O . ’ ’

ox, (2.38)
U,+—)>) AU, +—S§S,+— =0

iP AP Z L™ iL AP iP AP aXi (239)

By substituting Eq. (2.37) from Eq. (2.39), one gets the corrected velocity, written as:

1 %

U,=U_~ y af | (2.40)
where p’is the pressure correction, defined by

p=p*-p’ (2.41)
and the corresponding velocity correction can be introduced similarly

U'=U**-U,* : ' ‘ (2.42)

By substituting Eq. (2.40) into Eq. (2.38), one gets the corrected pressure, written as:

%

1 8°p' p' 1 &’p'  Ou, O
€+18]Z+ 8]Z=_(u},+vp
Ap Ox= A, Oy Ay Oz Ox Oy

owy,
+ 2.43
Oz ) ( )
The final discretized pressure-correction equation is written as:

A p AN D AL D s+ AL D+ AL D AR P AT D' = Sp (2.44)
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o 1 ' o1 pi 1

W|S—AxAx u ? AS IS_ v AB ,B— w
-Axw- Ap Ay-Ays- 4, Az -Azb- A,

. 1 o1 ) 1

— A=, A
Ax-Axe- A" ?V'S Ay-Ayn- AY rlr Az-Azt- A}
A ls=—(Ay ly +4g | + 45 |s + Ay [y +45 |5 + 47 |7)

I 1 1 ‘
SE lg= @, —u* )b ——(v¥, = )b (w*, —w*,)
dy dz
Using the SIP method, the p’ is obtained. Then, one can correct u, v and w by Eq. (2.40)

and get u**, v** w** and p* as following,

*% * 1 ap'
Up,=U, —:{7—5)(:_ (2.45)
P i

pr=p’+p' (2.46)

2. 5. 3 Solution convergence and grid sensitivity

In this study, steady flows are simulated using iteration methods. The iteration
convergence is required to determine the numerical accuracy. Generally, the iteration
convergence error is defined as the deference between the exact and the iterative
solutions of the discretized equations. In fact, the difference between successive iterates
is usually used as a measure of the error in the converged solution (Wilcox 2000).
Therefore, the convergence criterion is defined to determine when to stop the process. In

this study, the errorof the relative residual for the iteration process is controlled at 0.1%.

A good grid is very important to reduce the discretization errors. For each simulation

case, one has to check the grid sensitivity or grid independence. The most common way
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to demonstrate grid sensitivity is to refine a grid with twice or half as many grid points
for computation. However, the grid size is limited by some other factors such as the wall

function. In order to satisfy the wall function, one has to ensure the first grid near the wall

uy

boundary in the log-low layer (30 < y* = <130) as mentioned in section 2.3.1. That
v

is to say, for a flow with the mean water velocity U = 1.0 m/s, the size of the first grid y

near the wall boundary is approximately 0.6 mm <y < 2.6 mm.

In this study, the grid independence is checked based on the convergence criterion for the
region outside the wall boundary condition. Generally speaking, the discretization errors
are large for a coarse grid. The grid chosen is also considered the other researchers for the

similar simulation cases such as Huang et al. (2002).

For ins,ta‘nce, the grid independence was checked for the simulation of dividing flows in
closed conduits (chapter 4). The grid chosen is listed in table 4.1. If one choose half of
the grid point listed in table 4.1, the error of the relative residual for the iteration process
is greater than 0.8%, which is much more than the required convergence criterion (0.1%).
The difference for the value of pressure and velocity between these two computations is
around 5%. If one choose half of the grid point listed in table 4.1 only in Y and Z
direction, the error of the relative residﬁal for the iteration process is greater than 0.6%.
The difference for the value of pressure and velocity compared to the grids (table 4.1) is
around 3%. If one chooses double of the grid listed in table 4.1, the error of the relative
residual for the iteration process is greater than 0.05% and the difference for the value of

pressure and velocity between these two computations is around 0.5%.
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2. 5. 4 Solution procedures
The solutions procedures are summarized as following:

1) Set flow parameters and choose models

2) Generate grids.

3) Set boundary conditions and initial conditions

4) Calculate the free surface for open channel flows.

5) Calculate velocities.

6) Calculate pressures.

7) Calculate turbulent quantities.

8) Repeat steps 4-7 until convergence is reached.
2.6 DEVELOPED PROGRAMS

The program developed in this study includes the free surface model and the two-
equation turbulence models. The physical source code is develdped using C++ language
and compiled under Visual C++ platform. It can be applied to laminar flows, turbulent

flows in unsteady or steady states.

At first, the program was developed for 2D case based on the simple example program
provided by Ferziger and Peric (2002). Then, the developed 2D program was used to
simulate combining flows and dividing flows in closed conduits and validated with the

existing experimental data.

At the second step, the program was upgraded from 2D to 3D. The numerical algorithm

is mentioned in the earlier part of this chapter. The program has included the k- model
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and k — & model. The developed 3D program was used to simulate floor slot flows,
combining flows and dividing flows in closed conduits and validated the 3D program

with the existing experimental data.

Based on the developed 3D program for closed conduit boundaries, the VOF scheme was
added in the program for free surface boundaries. The free ;$urface model is validated
using the experimental data from Weber (2001). Then the program is used to simulate

dividing flows in open channels.

Right now, many types of commercial software are used in the computation fluid
dynamics (CFD) area, such as FLUENT and PHOENICS. FLUENT is widely used in
engineering practice. The details of FLUENT can be obtained from the help file of

FLUENT or the website www.fluent.com. The program developed in this study is

compared with the result obtained from FLUENT. In most cases, they are in good
agreement. However, FLUENT is used for general purposes (good for hydraulics, fluid
mechanics, chemical engineering, environmental engineering etc.). It includes
applications to a large number of flow configurations (hydraulic applicationvs, fluid
mechanics applications such as subsonic, »supersonric and hypel‘sonic flows, two-phase
flows including cavitation, contaminant transport, mass transfer, heat transfer, pollution
reactive gas flows, etc.). There are only a few boundary conditions available in FLUENT.
Those boundary conditions are not satisfied for all the flow cases. For instance, for free
surface flow, there is no boundary condition that can be used for the inlet boundary if the

flow discharge is known and the free surface is unknown at the inlet.

The present study has developed the 3D free surface turbulence model for a specific class

of hydraulic problems (regulating, controlling and measuring ‘incompressible flows). As



29

such it is more efficient, less memory and execution time. It also supports more flexible

boundary conditions.

For instance, the numerical study of combining flows in open channel was used to
compared between using the present program and FLUENT. At the same grid geometry,
same flow configurations and the same computer, it took arophd 30 days using FLUENT

and it took 4 days using the present developed program.

However, by the time limit, the program developed in this study cannot simulate the flow
problems with the multiple free surfaces in the present form. FLUENT can simulate the
multiple free surfaces very well. Therefore, in this study, FLUENT is used to simulate
only the problems with the multiple free surfaces as in the case of the free overfall and
the lateral weirs. All the other simulations are based on the model developed in the

present study.
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CHAPTER 3
NUMERICAL MODEL FOR FLOW PAST A SLOT IN A

RECTANGULAR CONDUIT

3. 1 INTRODUCTION

The flow past a lateral slot of length L (Fig. 3.1) located in the wall of a closed
rectangular conduit of depth B finds aﬁplications in the design of equipment used for
distributing flow in engineering practice (Benefield et al. 1984). Mitchell (1890) used the
ideal flow theory to study the behavior of slot flow. Existing hydrodynamic models relate
the slot discharge coefficient C; with parameters such as L/B, the slot discharge Q, the
total energy E (E = V*2g + ply), the jet angle and the ratio of the flow velocity (Vi)

upstream of the slot to the flow velocity (V;) downstream of the slot (McNown and Hsu

1951). Hence, the slot discharge coefficient can be expressed as C; = Q/(LB@ ).
Ramamurthy and Carballada (1979) studied the characteristics of closed conduit flow
past a slot fitted with a barrier. Based on the concept of the pressure recovery factor
(Bajura 1971), several practical dividing flow models have been developed to
| characterize many aspects of flows through lateral outlets in open channels (Ramamurthy
and Satish 1988). Experimental data related to typical velocity distributions in the closed

conduit at sections upstream and downstream of the slot are presented by Ramamurthy et

al. (1994).

In this chapter, the present model developed is applied to flow past a slot in a closed

rectangular conduit. The 3D two-equation k- turbulence model is adopted for the
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numerical simulation. The results of the simulation are validated using the experimental

~data (Ramamurthy et al. 1994).

3.2 BOUNDARY CONDITIONS

At the conduit boundary, the standard wall-function is used (chapter 2). At the inlet,
known flow velocities and turbulent quantities for a uniform flow are prescribed and
pressures are linearly extrapolated from the interior of the domain. At the outlet
boundaries, the zero diffusion flux condition is used for velocities and turbunlent‘
quantities. At the slot outlet, the pressure is set to zero at the corner “b” (Fig. 3.1) and the
rest is obtained by extrapolation method. At the outlet of the main channel, the pressure is

obtained by extrapolation method while the discharge is fixed.
3.3 EXPERIMENTAL DATA

For flow past a floor slot in a rectangular conduit, Ramamurthy and Zhu (1994) used a
closed recténgular Plexiglas conduit 41.3mm x 91.5mm in cross section. It was nearly 4
m long upstream of the slot to provide a fully developed flow in the approach section.
The downstream edge “c” (Fig. 3.1) of the slot was sharp. It was beveled to a very small
angle to let the jet emerge freely. For the fixed value of conduit height B = 91.5mm, the
geometry of the slots used yielded L/B =0.11, 0.78, and 1.0. The Dantec Laser Doppler
anemometry (LDA) unit permitted the measurements of the velocities in thé test section.
Very clos’ely spaced 1.5 mm diameter wall taps were used to measure the pressure. The
experimental data related to velocity and pressure were collected along the central line of
the conduits, as the flow waé assumed to be two-dimensional. However, this assumption

of two dimensionality of the flow was partly verified by taking velocity profiles at
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additional span wise locations (Ramamurthy et al. 1994). Details of the experimental data

are available in a related publication (Zhu, 1995).

3.4 RESULTS

Three meshes SM1 to SM3 are generated for 3 different L/B ratios (table 3.1). The flow
domain is meshed with a power law function, which generates a fine mesh in the vicinity
of the conduit boundary. The grid cells next to the wall boundary are constructed well
within the log layer region. By specifying inlet and outlet conditions, the solution
procedure is continued until convergence is achieved. To this end, the error reduction in

successive steps has to be at least three order-of-magnitude.

In the present study, both the 2D and 3D models were developed. This 2D model ié able
to predict the velocity data of the experiments (Zhu 1995) reasonably well. However, it
under predicts the pressure loss along the blength of the conduit. Consequently, the
available test data are compared énly with the 3D simulation. It should be noted that the
3D simulation includes the frictional losses occurring at all the four sides of the conduit.
As such, it agrees better with the experimental data. Although test data are available for
three 4slot width ratios, for brevity, only data for two typical width ratios (/B = 1.0 and

L/B=0.11) are used for validation.

3. 4. 1 Pressure distribution near the slot

Fig. 3.2 compares the computed pressure distribution for Q; = Q3/Q;=0.65 and L/B= 1.0
with the test data (Ramamurthy et al. 1994). Clearly, both the co.mputed and the
experimental pressure data indicate that the model faithfully captures the acceleration

along “ab” and the deceleration along “cd” and the existence of a separation zone in the



33

expanding ﬂow region downstream of the slot section. Unfortunately, the experimental
pressure data was not available for the region spanning the slot (Ins‘ert of Fig. 3.2). The
downstream end “c¢” of the slot is considered to be the stagnation point in the
computational model. In the theoretical model, the stagnation point occurs at a point
slightly downstream of “c” (Michell 1890). The stagnation pressure at “c” (Insert of Fig.
3.2) recorded by the present model is close to the stagnation pressure computed on the

basis of the approach flow conditions in the experiment.

‘Fig. 3.3 shows the comparison between the computed data and test data for the
distribution of pressure when Q, = 0.10 and L/B=0.11. Because the slot is very narrow in

this case, the test data is less plentiful (insert Fig. 3.3) in the slot section “bc” (Fig. 3.1).

3. 4.2 Profiles of velocities

Fig. 3.4 shows the comparison of the computed and experimentally determined axial and
vertical velocity profiles for the slot ratio L/B = 1.0 and the discharge ratio Q; = 0.65. Fig.
3.4a, and Fig. 3.4d to Fig. 3.41 refer to the velocity distribution along the conduit central

line (z/D = 0.5). Test data validate the numerical model predictions.

- For the conditions shown in Fig.l3.4, both Q, and L/B are large. Hence, at the region
“cd” on the wall opposite to the slot, the existence of the flow reversal in the expanding
flow is clearly discernible in the axial velocity profiles (Figs. 3.4h to 3.4/). According to
the experimental kdata, a very small reversal of flow occurs also at the point “c”. This is
not observed in the computed data for the axial velocity (u), since “c” is the designated
stagnation point in the simulation. In reality, as stated earlier, the stagnation point in real
flows is at a location slightly downstream of “c”. The downstream slot corner “c” is

located at X/L = 1.
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Further, the axial velocity distribution for span wise locations of z/D = 0.5, z/D = 0.35
and z/D = 0.65 are also shown (Figs 3.4a, 3.4b and 3.4¢) at location “b” (Fig. 3.1). The

close agreement among the 3 profiles indicates that the approach flow conditions for the

test were nearly two-dimensional.

The vertical velocity (v) increases from the location “b” to the location “c” and gets
reduced in the section downstream of the slot (X/L = 1). This aspect of the flow ié seen in
both the experimental and the computed data except af location X/L = 0.98 (Fig. 3.41).
This disagreement between the model prediction and the test data for the vertical velocity
at X/L = 0.98 is again attributed to the fact that the stagnation point is slightly
downstream of ¢ in real flows. Fig. 3.5 shows the comparison between the computed
velocity profile and experimental velocity profiles for Q; = 0.10 and L/B = 0.11 and the

agreement is good.
3.5 CONCLUSIONS

For flow pasta Slot in rectangular closed conduit, the present 3D two-equation turbulence
model can reproduce the flow characteristics including flow separation. In particular, the
model predictions agree well with the experimental data related to measured pressure and
velocity components. The location of the stagnation point occurs just downstream of slot

as predicted by the theoretical analysis (Michell 1890).
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CHAPTER 4
3D SIMULATION OF DIVIDING FLOWS IN 90° RECTANGULAR

CLOSED CONDUITS
4.1 INTRODUCTION

Dividing flows in closed condﬁits (Fig. 4.1) are encountered often in environmental
engineering and hydrauiic engineering, while dealing with water and wastewater
 treatment plants, water distribution networks and irrigation systems. There are many
variables that influence the performance of these systems. In the past, the study of
dividing ﬂows has been restricted to physical models, one-dimensional theoretical
analysis or one-dimensional numerical solutions. Several studies (McNown 1954; Gardel
1957; Blaisdell and Manson 1963; Bajura 1971; Ito and Imai 1973) have provided the
various energy loss coefficients for flow past junctions of circular closed conduits. Popp
and Sallet (1983) used LDV to obtain the velocity field data for dividing flow past a
rectangular tee junction for which the area ratio L/B = 1 (Fig. 4.1); Fu et al. (1992)
studied the flows in manifolds using the k- model and verified the predictions using data
of tests in which laser Doppler Anemoinetry (LDA) was used. Ramamurthy and Zhu |
(1996) provided experimental data for dividing flows in 90° junctions of rectangular
closed conduits. Neary and Odgaard (1993)’ examined the effects of bed roughness on the
3D structure of a dividing flow. Neary et al. (1996) presented the numerical simulation of
dividing flows undér laminar flow conditions. Also, Neary et al. (1999) numerically
investigated the lateral-intake inflows with rough wall using two-equation turbulence

model without considering the water surface effects.
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In this chapter, the present model developed is used to obtain the flow characteristics for
dividing flows in 90° rectangular conduit junctions. These characteristics include the
energy loss coefficients, pressure profiles, velocity profiles and the mean flow pattern.

The results are validated using experimental data of Ramamurthy and Zhu (1996).
4.2 EXPERIMENTAL DATA

The experimental data for dividing flows in 90° closed conduit junctions are presented by
Reimamurthy and Zhu (1996) involving a range of area ratios and discharge ratios. Their
test conduits consisted of a main conduit 6.3m long and a branch conduit 1.25 m long.
The inner dimensions of the main conduit were 91.5 mm x 41.2 mm. The flow depth in
the main conduit and the branch conduit were the same. For the rectangular branch
conduits, three different cross sections were used to get the area ratios L/B of 1.0, 0.77,
and 0.22. Here, L and B, respectively, denote the widths of the branch and main conduits
(Fig. 4.1). The Dantec Laser Doppler Anemometry (LDA) unit was used to measure
velocities in the test section. Very closely spaced 1.5 mm diameter wall taps were used to

measure the wall pressure (Ramamurthy and Zhu 1996).

The experimental data related to mean velocities and pressure were mainly collected
along the central line of the conduits, as the flow was assumed to be 2D in the test
program (Ramamurthy and Zhu 1996). Details of the experimental data are available in

related publicatioris (Zhu 1995).

4.3 BOUNDARY CONDITIONS

For the main conduit, at the inlet, known flow velocities and turbulent quantities at zero

gradient condition are prescribed. At the outlet of the main conduit, the pressure is
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specified as zero. Further, for mean flow velocities and turbulence quantities, the zero-
gradient along the conduit flow direction is applied. At the outlet of the branch conduit,
the flow parameters are obtained using the extrapolation method. At the conduit

bouhdary, the standard wall-function is used as mentioned in chapter 2.
4.4 SOLUTION PROCEDURES

Body fitted coordinates are used in the Cartesian frame. Mesh SM1 is generated for the
chosen area ratio L/B = 0.77 (Table 4.1). The flow domain is meshed with a power law
function, which generates a fine mesh in the vicinity of the conduit boundary. The grid

cells adjacent to the boundary region are constructed within the fully turbulent region.

The solution procedure is continued until convergence is achieved. To this end, the error

reduction in successive steps has to be at least three order-of-magnitude.

4.5 RESULTS AND DISCUSSIONS

The model developed presently also includes the 2D version of the numerical simulation.
The 2D model is able to predict the velocity data of the experiments (Ramamurthy and
Zhu 1996) reasonably well. However, it slightly under predicts the pressure loss along the
length of the conduit. Consequently, the available test data are compared with the 3D
model. ;l“he 3D sin;ulation includes the frictional losses occurring at all sides of the
conduits. As such, it agrees better with the experimental data, where frictional losses do
occur on all sides of the conduits. Although test data are available for three area ratios,

for brevity, only the data for one typical area ratio (L/B =0.77) are used for validation.
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4. 5. 1 Energy loss coefficients

The coefficients K;; and K;3 denoting the loss of energy from section 1 to 2 and from

section 1 to 3, reépectively, (Fig. 4.1) are presented below. Thus,

2 ‘ 2 2 g :
Elz—!l_*_ L’ E’2:£_2__+ L} E3 :-p_3+K3_ (41)
rg 28 pg 28 rg 2g
E.— E E .~ E
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Here, p = density of water and g = acceleration due to gravity. The total energy, pressure,
discharge, and velocity of flow are, respectively, £, p, Q, and V. Suffixes 1, 2, and 3 refer

to sections 1, 2, and 3 in Fig. 4.1.

For validation, test data (Ramamurthy and Zhu 1996) reléted to L/B =0.77 are used. The
agreement between predicted data and test data is similar for other L/B ratios. For the
rectangular conduit (L/B = 0.77), Figs. 4.2a and 4.2b show the variation of the energy
loss coefficients K;, and K3 with Q; = Q3/Q;. They indicate that the predicted values of

K1, and K3 agree with the experiment data (Ramamurthy and Zhu 1996).

4. 5. 2 Pressure distributions

As stated earlier, the test data (Ramamurthy and Zhu 1996) were mainly obtained along
the central line of the conduits, as the flow was assumed to be 2D in the test program.
Figs. 4.3 to 4.5 present the comparison of test data with the predicted data for dividing

conduit flows (L/B = 0.77 and Q. =0.57).

The measured wall pressure profiles along the main conduit and the branch conduit agree

reasonably well with the predicted wall pressure profiles (Fig. 4.3a and 4.3b). Due to the
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acceleration of the flow entering the lateral, the pressure along the near wall ab (Fig. 4.1)
of the main conduit drops drastically at the corner b. Along the main conduit wall, the
stagnation pressure near the corner % of the near wall decreases to the value of the ‘
pressure along the far wall /m in a short distance An (Fig. 4.3a). In general, the
simulation also faithfully predicts the pressures along the walls of the branch conduit
(Fig. 4.3b). The recovery of pressure in the branch is slightly lower than the measured
pressure (Fig. 4.3b). The predicted and the expeﬁlnental wall pressure data agree well for

other area ratios and discharge ratios.

4. 5. 3 Velocity profiles

Fig. 4.4a indicates that the simulation can predict the profiles of the velocity components
u and v reasonable well in the main conduit. Outside the junction section, the v-
component is relatively weak compared to the u-component. Again in Fig. 4.4b, there is a
reasonable agreement between the predicted ar;d experimental values of the velocity
components in the branch including thé existence of reverse flow. However, the
simulation indicates a reverse flow in the branch up to Y/B = 3.5, while the test data

(Ramamurthy and Zhu 1996) shows a reverse flow only up to Y/B =2.5.

4. 5. 4 Mean flow patterns

Flow separation occurs when there is an abrupt change in the wall alignment away from
the direction of the flow as at point b or when the flow encounters the adverse pressure
gradient due to flow expansion as in the main conduit region /m, downstream of the
junction (Fig. 4.5). The shape of the simulated zone of separation compares qualitatively

with the separation zone of the experiment data (Ramamurthy and Zhu 1996). The
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simulation clearly predicts the very low velocities along the far wall region /m of the

main conduit. The reattachment appears to be somewhat longer in the simulation.
4. 6 CONCLUSIONS

The present turbulence model faithfully reproduces the mean flow characteristics of
dividing flows of 90° junctions of rectangular closed conduits. These characteristics
include the energy loss coefficients, pressure profiles, velocity profiles and the mean flow
patterns. The zone of flow separation predicted by the model qualitatively agrees with the

experimental data.
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CHAPTER 5
3D SIMULATION OF COMBINING FLOWS IN 90° RECTANGULAR

CLOSED CONDUITS
5.1 INTRODUCTION

Combining flows are encountered often in environmental engineering and hydraulic
engineering, while dealing with water and wastewater treatment plants and irrigation
systems. There are many variables that influence the performance of these systems.
Therefore, it is very important to know the characteristics of combining flows (Fig. 5.1)
i closed conduits. In the past, the study of combining flows has been restricted to
physical models, one-dimensional theoretical analysis or one-dimensional numerical
solutions. Based on experimental data, various energy loss coefficients have been
proposed for flow past junctions of circular closed conduits (McNown 1954; Gardel
1957; Blaisdell and Manson 1963; Ito and Imai 1973) and rectangular closed conduits
(Ramamurthy and Zhu, 1997). Bajura’s (1971) concept of pressure recovery factor is
useful in analyzing dividing and combining flow problems of practical signiﬁcénce. Very
recently, Weber et al. (2001) preformed an extensive experimental study of 90° open
channel junction flows for the purpose of providing comprehensive data needed for

numerical code validation (Huang et al. 2002).

In this chapter, the present model developed is applied to combining flows in a 90°
rectangular conduit junctions. The energy loss coefficients and the mean flow pattern in

terms of the contraction coefficients and the mean entry angle of the branch flow into the
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main were obtained for combining flows in rectangular closed conduits. The results were

validated using experimental data of Ramamurthy and Zhu (1997).
5.2 EXPERIMENTAL DATA

The experimental data for combining‘ﬂows in 90° closed conduit junctions are presented
by Ramamurthy and Zhu (1997) involving a range of area ratios and discharge ratios.
Their test conduit consisted of a main conduit 6.3 m long and a side conduit 1.25 m long.
The mner dimensions of the main rectangular conduit were 91.5 mm x 41.2 mm. For the
rectangular branch conduits, three different cross sections were used to get the area ratios
L/B of 1.0, 0.77, and 0.22. Here, L and B respectively denote the widths of the branch
and main conduits (Fig. 5.1). The Dantec Laser Doppler Anemometry (LDA) unit was
‘used to measure velocities in the test sg:ction. Very closely spaced 1.5 mm diameter wall

taps were used to measure the wall pressure (Ramamurthy and Zhu 1997 and Zhu 1995).

The experimental data related to velocities and pressures were collected along the central
line of the conduits, as the flow was assumed to be two-dimensional. Details of the

experimental data are available in a related publication (Zhu 1995).
5.3 BOUNDARY CONDITIONS

At the conduit boundary, the standard wall-function is used. At the inlet, known flow
velocities and turbulent quantities for fully developed conduit flow are prescribed. At the
outlet, the pressure is fixed as zero and the zero-gradient along the conduit flow direction

is applied for flow velocities and turbulence quantities.



43
5.4 SOLUTION PROCEDURES

Body fitted coordinates are used in the Cartesian frame. The origin “s” (Fig. 5.1) is
chosentobex=0,y=0and z=0. Here,z=0 coincicied with the plane of symmetry of
the conduit. Three meshes SM1 to SM3 are generated for different L/B ratios (Table 1).
In table 1, Xupst;ealn denotes the main conduit length upstream of “6” (x =0, y = B) shown
in Fig.( 1. Xgownstream denotes the main conduit length downstream of “e” (x = L, y = B).
Y main conduit d€nOtes the main conduit width “bs”. Xpranch denotes the branch conduit width
“be”. Yoranch denotes the branch conduit length upstream of “b”. The number of the grid
in the Z direction is 12 (Table 5.1). For grid generation, the multi-block} procedure is
applied. Huang et al. (2002) present an excellent description of the general procédure to
use the multi-block algorithm. The flow domain is meshed with a power law function. A
very fine mesh is generated very near the conduit boundary. The grid cells adjacent to the

waﬂl boundary region are constructed within the fully turbulent region.

By specifying inlet and outlet conditions, the solution procedure is continued until
convergence is achieved for all of the flow variables. To this end, the convergence (etror
reduction) in successive steps has to be at least three order-of-magnitudes. The results of
numerical modeling were also checked for grid independence, while keeping the first grid

cells within the fully turbulent region.
5.5 RESULTS AND DISCUSSIONS

The model developed presently also includes the 2D version of the numerical simulation.
The 2D model is able to predict the velocity data of the experiments (Ramamurthy and

Zhu 1997) reasonably well. However, the 2D simulation under predicts the pressure loss
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along the length of the conduit. Consequently, the available test data are compared only
with the 3D model. The 3D simulation includes the frictional losses occurring at all the
four sides of the conduits. As such, it agrees better with the experimental data, where
frictional losses do occur on all the four sides of the conduits. The 2D simulation (not

shown) in fact slightly under estimates the frictional losses.
5. 5.1 Energy loss coefficients

The coefficients K;; and K3, denoting the loss of energy from section 1 to 2 and from

section 3 to 2 respectively (Fig. 5.1), are presented below,

2 2 2
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where, p = density of water and g = acceleration due to gravity. The total energy,
pressure, discharge, and velocity of flow are, respectively, E, p, O, and V. Suffixes 1, 2,
and 3 refer to sections 1, 2, and 3 in Fig. 5.1. The procedure to obtain the energy loss
through extrapolation -of pressure profiles is described in an early publication

(Ramamurthy and Zhu, 1997).

For validation, test data (Ramamurthy and Zhu, 1997) related to L/B =0.22,0.77 and 1.0
are used (Figs. 5.2, 5.3 and 5.4). The agreement between predicted data and test data is
reasonable. For the rectangular conduit (L/B = '0.22), Figs. 5.2a and 5.2b show the
variation of the energy loss coefficients K;, and K3, with Q; = Q3/Q,. They indicate that
the predicted values of K, and K3, agree with the experiment data. Even the data for

circular pipes related to junctions (Ito and Imai, 1973) has a qualitative agreement with
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the predicted value of K1, and K3, (Figs. 5.4a and 5.4b). For circular pipes, the area ratios

of the branch to the main conduit are used in place of L/B in Fig. 5.4.

5. 5. 2 Mean flow patterns

Figs. 5.5, 5.6 and 5.7 respectiveiy present the comparison of pressure head data plots for
combining conduit flows for various area ratios and discharge ratios. In all cases, the
measured wall pressure profiles along the main conduit agree well with the predicted wall

pressure profiles.

In fig. 5.5 for L/B = 0.22 and Q3/Q; = 0.50, the confluence of the branch flow and the
main flow leads to an increase in the pressure near the upstream junction corner “5” (Fig.
5.5a). The stagnation point is very close to this corner. The large drop in the pressure that |
occurs across section “be” (Fig. 5.5a) can be attributed to the increasing cufvature of the
strearﬁlines from “b” to “e” (Fig. 5.8) of the branch flow that enters the main conduit.
Downstream of section “e”, the wall pressure variation is negligible (Fig. 5.5a) in the
separation zone (Fig. 5.8), where velocities are very small. The simulation also capturés
the merging of the two wall pressure profiles along the main conduit in the region “Ami”
and “ef” (Fig. 5.5a). The predictions of pressure profiles are in general very close to the
test pressure data along the branch conduit walls “cb” and “de” (Fig. 5.5b). Similar

_observations can be made for the two other cases (Figs. 5.6 and 5.7).

For brevity, the flow patterns of the predicted data are compared with the tested data only
for L/B = 0.22 and Q3/Q2 = 0.50 (Fig. 5.8). At corner “e” of the junction (Fig. 5.8b), the
flow separates while entering the main conduit to form a separation region bounded by

“ek” in the section downstream of the junction.
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The lines “ek” and“b!” in the contracting section were determined by calculating the
streamline boundaries for the main and branch flows assuming the flow to Bé two-
dimensional. However, in the expanding region, the flow rapidly becomes three-
dimensional. As such, the dash lines shown in Fig. 5.8 denote only the approximate
streamline locations. The predicted flow pattern (F 1g 5.8b) qualitatively agrees well with
the experimental flow pattern (Fig. 5.8a) in rterms of the contraction coefficients and the

width of the separation zone.

For further validation of the model, the velocities for L/B =‘O.22 and Q3/Q; = 0.50
derived from the simulation ‘are also compared with the test data (Fig. 5.9). The predicted
distributions of the velocity components u and v agree very well with the measured
velocity data at various sections of X/L. Near X/L = 12, the velocity component v is quite

small.

5. 5. 3 The expansion loss and contraction coefficient C.

Most of the energy loss due to mixing occurs in the expanding section downstream of the
section “m” in Fig. 1. The value of expansion loss K, and C, can be computed from Eq.
(5.3) below,

%)Ku + &

2 2

(Y
Kp:(l_ Ky :(E“"l) ‘ (5.3)

where, K, also denotes the loss of power (Ramamurthy and Zhu, 1997) in combining
flows (Fig. 5. 1). Table 5.2 lists the experimental data and the numerical results related to

the contraction coefficient C.. The agreement between the two is reasonable.
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5. 5. 4 Momentum transfer and average entry angle &

The momentum transferred by the branch to the main was determined by three
independeht methods (Ramamurthy and Zhu 1997). Table 5.2 shows the exit angle &
(Fig. 5.1) obtained from the experiments and from the numerical model. The result shows |
that the numerical data has a good agreement with the experimental data. For sﬁmll As/A;
and large Q3/Q; values, the branch conduit essentially enters the main conduit as a jet ata
large value of 8 at the entry section “eb” (Fig. 5.8). While entering the main conduit, the
lateral flow along the wall “de” separates at “e”, runs parallel to the wall “de” for a short
distance, and turns later. The lateral conduit flow along wall “ch” separates ahead of

corner “b”, bends to the right and enters the main at an angyle (Fig. 5.8).
5. 6 CONCLUSIONS

The present 3D two-equation tufbulence model faithfully reproduces the mean flow
characteristics of combining flows for 90° junctions of rectangular closed conduits. The
numerical results agree well with the experimental data related to pressure and velocity
fields. The zone of flow separation predicted by the model qualitatively agrees with the

experimental data.
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CHAPTER 6

SIMULATION OF FLOW PAST AN OPEN CHANNEL FLOOR SLOT

6. 1 INTRODUCTION

- Floor outlets or bottom racksr are frequently used to divert flow from one stream to
another stream (Fig. 6.1). Applications of floor slots also include their use as horizontal
trash-racks in hydro power plants and curb outlets in streets (Brune et al. 1975 and
Venkataraman 1977). An understanding of the flow behavior OVér bottom or floor outlets
is very important for the properb design and performance of flow diversion works. A
number of studies have been conducted to analye the behavior of flow in such outlets,
which form part of a drainage system. Venkataraman (1977, 1978) studied- the slot flow
problem analytically and experimentally. For the slot flow, he obtained an expression for
the angle of the diverted jet and the ratio of the upstream and downstream water depths.
He also presented free surface profiles for various widths of the slot located in a 0.3 m
wide rectangular channel. Nasser et al. (1980) determined the coefficient of discharge for
the lateral outflow through a rectangular slot. Ramamurthy and Satish (1986)
experimentally studied the effect of the ratio of slot width to flow depth on the slot
discharge, and measured the pressure énd velocity distributions at different locations.

Chow (1959) provides a summary of the earlier studies related to flow past a floor slot.

Recently, Mohapatra et al. (2001) presented an interesting study of open channel floor
slot flow using numerical simulation. They used Young’s volume of fluid (Y-VOF)

surface-tracking technique to predict the pressure and velocity distributions and validate
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the model using the existing experimental data (Ramamurthy and Satish 1986). It
provided a good prediction of the pressure distribution. However, the model based on the

inviscid flow was not able to predict the experimental velocity distribution very well.

In this chapter, the RANS equations are applied to flow past a floor slot in a rectangular
open channel. The 2D two-equation k¢ turbulence model is adopted for the numerical
simulation. The fractional volﬁme of fluid (VOF) method is used, which is an efficient
method for treating the complicated free-surface problem. The results of simulation are
validated using the experimental data (Ramamurthy and Satish 1986 and Venkataraman

1977) pertaining to surface profiles, velocities and pressure heads.
6.2 EXPERIMENTAL DATA

For flow past a 2D floor slof, Ramamurthy and Satish (1986) used a rectangular channel
that was 25.4 cm wide and 12 m long. It was made of polished sta%nless steel plates.
Transverse rectangular slots fixed in the channel were obtained from machined Plexiglas
inserts. A gradual channel transition along with screens at the channel entrance ensured
stable and smooth flow in the approach section. The discharge through the slot and the
main channel were measured by previously calibrated standard V-notches. The velocity
and pressure distributions across the channel section were recorded at r¢gular intervals. A
3 mm diameter Pilot tube was used to obtain the total head and a screwdriver static probe
with a flattened end section was used to get the static pressure head. The experimental
data related to velocity and pressure head were collected along the central line of the
channels, as the flow was assumed to be two-dimensional. Details of the experimental

data are available in a related publication (Satish, 1986). As stated earlier, Venkataraman
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(1978) experimentally obtained the water surface profile for flow past a floor slot located

in a 0.3 m wide smooth open channel.
6.3 TURBULENCE MODEL

The proposed model solves the standard 2D Reynolds averaged continuity and Navier-
Stokes equations for turbulent unsteady flow based on the two-equation 4—¢ model. The
control volume technique is used to convert the governing equations to algebraic
equations that can be solved numerically. It employs the collocated-grid approach. The

pressure-velocity coupling is achieved using the PISO algorithm (Issa, 1986).
6.4 BOUNDARY CONDITIONS

At the wall boundary, the standard wall-function is used. At the inlet (Fig. 6.2), known
flow velocities and turbulent quantities are prescribed. The outlet HI far downstream
from the slot section BO and the outlet TF of the slot (Fig. 6.2) are defined as pressure
boundaries. This allows the water to flow out freely. All the air boundaries are defined as
pressure boundaries with zero pressure head. For the free surface boundary, the VOF

scheme is used as mentioned in Chapter 2.
6.5 SOLUTION PROCEDURE

The computational domain is shown in Fig. 6.2. The channel upstream of thé slot AB is
3.0 m long in the x - direction. The channel downstream of the slot QH is 1.2m long. The
channel bed, ABQH (Fig. 6.2) is located at a height of 0.08m above the bottom of the
computational domain. Hénce, ST = GF = 0.08 m. The slot width L is set equal to
0.0192m, 0.04m, 0.05 Sni and 0.074m. Body fitted coordinates are used in the Cartesian

frame. Four meshes SM1 to SM4 are generated for various slot widths (tablé 6.1). The
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flow domain is meshed with a power law function that generates a fine mesh in the
vicinity of the channel boundary. The grid cells next to the boundary are constructed well
within the turbulent region. Flow parameters for different computational cases are also
shown in table 6.1. The flow mode is supercritical. Through the time-dependent
simulation, the water flows on the open channel and constitutes the free surface between

air and water for the speéiﬁed inlet and outlet conditions.
6. 6 RESULTS

6. 6. 1 Pressure and axial velocity distribution near the slot

Fig. 6.3 compares the computed pressure and axial velocity distributions for the slot
width L= 0.0192 m with the test data (Ramamurthy and Satish, 1986). The locations of
stations (STNs) 1 to 5 are shown in Fig. 6.1. The deviation of the pressure head from the
hydrostatic distribution (Fig. 6.3) is caused by the streamline curvature. For the sections
upstream of the slot, the predicted vertical pressure head distribution is similar to the
experimental pressures heads at stations 1 to 3 upstream of the slot (Fig. 6.3). The
simulated pressure head at stations 4 and 5 downstream of the slot also follow the general
trend of the measured pressure head except in the regions very close to the wall. The
simulated axial velocity profiles at all the stations agree very well with the measured
value (Fig. 6.3). The acceleration of the flow and the resulting reduction in the thickness
‘of the boundary layer just ahead of the slot are well captured by both the test data and the

simulation (STNs 2 to 3, Fig. 6.3).
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6. 6. 2 Surface profile

Fig. 6.4 shows the comparison of the computed and experimentally determined surface
profiles for various slot widths. For the slot width L = 0.0192m (Fig. 6.4a), the predicted
surface profile compares well with the surface profile detenniﬂed experimentally by
Satish (1986). Figs. 6.4b, 6.4c and 6.4d compare the simulated surface profiles with the
surface profile measured by Venkataraman (1978) on the basis of a large number of
experiments. He used three slot widths (L = 0.040m, 0.055m and O.7401h). The
comparison is very good. As egpected, for the supercritical flow present in his test, the
water surface decreases with the discharge per unit width in the section downstream of

the slot.

6.7 CONCLUSIONS

The 2D two-equation k—¢ turbulence model with the VOF method simulates faithfully the
flow past a floor slot in a rectangular open channel. The existing experimental data
validates the predictions of the numerical model. The data include water surface profile
besides distribution of pressure head and axial velocity. The predicted water depth along
the open channel can provide guidance for the design of the wall height in diversion
works related to drainage systems and power channels used in hydroelectric

development.
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CHAPTER 7
VOF MODEL FOR A FREE OVERFALL IN RECTANGULAR

CHANNELS

7. 1 INTRODUCTION

Solutions to open channel flow problems can be obtained on the basis of theoretical
analysis or the analysis of experimental data. Theoretical analysis can lead to exact
solutions or approximate solutions that meet the needs of practicing engineers. The recent
trend is to seek solutions to open channel flow problems with the help of numerical
simulation. To this end, one can use the fractional volume of fluid (VOF) method to
simulate two- dimensional flow problems involving a free surface. In the present note,
the free overfall in a rectangular open channel is chosen to apply the VOF procedure. The
simulation predicts the surface profile and the distributions of the velocity and the

pressure head at the end section and at sections upstream of the end section.

The free overfall in a rectangular open channel serves as a discharge-measuring device
(Fig. 7.1). A large number of theoretical and experimental studies have been carried out
to know its characteristics. Rouse (1936) presented the classical result that the end depth
ratio (EDR) yo. = 0.715, where y, denotes the end depth and y. dénotes the critical
depth. Replogle (1962) has conducted some exploratory tests to find the flow
characteristics of an overfall at the end of é rectangular channel. Rajaratnam and
Muralidhar (1968) investigated the free overfall in rectangular channels and provided the

experimental relations for EDR at various channel slopes. They also determined the free
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surface profile, the distributions of velocity and pressure in the ﬁpstream region of the

brink depth.

Hager (1983) used the extended energy and momentum equations to obtain the surface
proﬁles for the free overfall in a rectangular channel. Marchi (1993) got an expression for
the free surface proﬁlé upstream of the brink depth and the lower profile of the nappe
downstream of the brink depth. Ferro. (1999) theoretically obtained the end-depth-

discharge relationship for flow in rectangular, triangular and trapezoidal channels.

Khan and Steffler (1996) used the depth-averaged momentum equation to determine the
flow characteristics of the free overfall in a rectangular open channel. Their procedure
based on the finite element method yielded a very good representation of the water
surface profiles for the flow over an overfall. They assumed a linear distribution of the
axial velocity. Recently, Mohapatra et al. (2001) presented an interesting study of the free
overfall using numerical simulation. They used Young’s volume of fluid (Y-VOF)
surface-tracking technique to predict the flow characteristics. It provided a good
prediction of the pressure distribution. As they used the inviscid flow relations and the

free-slip boundary condition, some errors were present in the simulated velocity profiles.

In this chapter, the RANS equations are applied to solve the free overfall problem in a
rectangular open channel. The 2D two-equation k¢ turbulence model is adopted for the
numerical simulation. The fractional volume of fluid (VOF) method is an efficient
method for treating the complicated free-surface problem. The results of simulation are
validated using the experimental data (Rajératnam and Muralidhar 1968; Rouse 1936)

pertaining to surface profiles, velocities and pressure heads. The predicted surface
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profiles also agree well with the theoretical results (Hager 1983; Marchi 1993) and the

simulated results (Khan and Steftler 1996).

7.2 TURBULENCE MODEL

The proposed model solves the standard equations for turbulent unsteady flow based on
the two-equation k-¢ model. The control volume technique is used to convert the
governing equations to algebraic‘equations that can be solved numerically. If employs the
collocated-grid approach. The pressure-velocity coupling is achieved using the PISO

algorithm (Issa, 1986).
7.3 BOUNDARY CONDITIONS

At the wall boundary, the standard wall-funcﬁon (Chapter 2) is used. At the inlet BA
(Fig. 7.1), known flow velocities and turbulent quantities are prescribed. Here, the
uniform flow condition for the horizontal velocity is provided. The outlet HG and JG
downstream from the end depth (Fig. 7.1) are defined as pressure boundaries. This allows
the water to flow out freely. All the air boundaries are deﬁned as pressure boundaries
with zero pressure. For the free surface boundary, the VOF model is used as mentioned in

chapter 2.
7.4 SOLUTION PROCEDURE

The computational domain is shown in Fig. 7.1. The channel BC upstream of the end
depth CD is 6.0 m long in the x - direction. The channel JG downstream of the end depth
DC is 1.0 m long. The step CJ is 0.2 m high. Body fitted coordinates are used in the
Cartesian frame. The flow domain is meshed with a power law function that generates a

fine mesh in the vicinity of the channel boundary. The grid cells next to the boundary are
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constructed well within the turbulent region. Table 7.1 provides additional details related

to the grid used.

Flow parameters for different computational cases are also shown in table 7.2. Through
the time-dependent simulation, the water flows on the open channel and constitutes the

free surface between air and water for the specified inlet and outlet conditions.
7.5 DISCUSSION OF RESULTS

7. 5.1 Supercritical flows

7.5.1. 1 Velocity and pressure head distribution near the end depth

Figure 7.2 shows the predicted distribution of velocity and pressure head in the vicinity
of the brink for the supercritical approach flow in a rectangular channel (case 2A in table
7.2). Due to the difficulties associated with accurate measurements in supercritical

approach flows, the available experimental data for supercritical flows are very limited.

Figure 7.2a shows the simulated axial velocity distribution agrees well with the test data
(Rajaratneim and Muralidhar 1968), although the vertical velocity distribution and the
pressure head distribution data at the brink are not in very good agreement with the test

results (Figs. 7.2a and 7.2b).

7. 5.1. 2 Surface profiles

For supercritical approach flows, Fig. 7.3 shows the non-dimensional water surface
profile y/y. as a function of the channel length x/y.. The simulated surface profiles ADF
and CE agree very well with the experimental profiles (Rajarafnam and Muralidﬁar
1968), and the theoretical profiles (Hager 1983; Marchi 1993). Hager (1983) and Marchi

(1993) provided the equatidn for the lower nappe profile CE. Since the horizontal
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velocity u remains almost unchanged after the flow crosses the brink, the vertical distance
between the upper profile DF and lower profile CE will be equal to the end depth ratio

Ve/Ve. AS suéh, the equation to the upper profile DF is also known.

One can obtain the nappe profiles DF and CE in terms of the end depth y.. Using particle

dynamics, one can obtain Egs. 7.1 and 7.2 to denote the lower and upper nappe profiles.
~-Y =aX * + bX (7.1)
—~Y =aX *+bX +1 (7.2)
Here, Y = y/y,, X = x/y.. Based on the path followed by a fluid particle leaving the poiﬁt C

e

—, where F, =

e &Y.

(Fig. 7.1), one can show that a = and U, = average

horizontal velocity at the brink. The fitted curves for the simulated nappe profiles

1
indicated that the coefficient b is very close to a. Hence, a = b = Y Fig. 7.4

e

shows that the profiles based on Eqs. 7.1 and 7.2, agree well with the simulated profiles.

7. 5. 2 Subcritical flows

7. 5.2. 1 Velocity and pressure head distribution near the end depth

| For subcritical approach flow in a rectangular channel (case 1A in table 2), the predicted
distributions of the axial velocity component u and the vertical velocity component v near
the end depth are shown in Fig. 7.5. In Fig. 7.5, the velocity component u and v are
plotted against the non-dimensional flow depth above the channel bed y/v*. Here y* = the
loceﬂ depth of the flow and y* = y, at the brink. The results of the simulation are in very

good agreement with the experimental data (Rajaratnam and Muralidhar 1968). Figures
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7.5b, ¢ and d show the distribution of the axial velocity component u for various sections
upstream of the brink. The axial velocities are slightly higher in the lower regions at the
brink (Fig. 7.5a). For x/y. 0 -2.23, it is seen that the streamlines curvature increases and
this is reflected in the development of the v component of the flow (Figs. 7.5d to 7.5a) as

x/y. varies from 0 to -2.23.

Figure 7.6 shows the distribution of the non-dimensional vertical pressure head p/yy* at
various sections close to the brink with y/y*.  In Fig. 7.6, the pressure distribution
. obtained by the present simulation is compared with the experimental data of Rajaratnam
and Muralidhar (1968). With the development of the streamline curvature beyond x/, = -
2.23, the hydrostatic distribution of the pressure head (Fig. 7.6d) gradually changes over
to the lens-like distribution at the brink (x/, = 0). The predicted distribution of the
pressure head at the brink agrees well with the test data (Rajaratnam and Muralidhar

1968).

7. 5. 2. 2 Surface profiles

Figure 7.7 shows the non-dimensional flow depth y4. as a function of the non-
dimensional distance x/y, for subcritical approach flows. In Fig. 7.7, the surface profile
obtained by the present simulation is compared with the theoretical profiles obtained by
Hager (1983) and Marchi (1993). This ﬁgﬁre also includes the experimental profiles
determined by Rajaratnam and Muralidhar (1968), Rouse (1936), and the simulated
surface profiles obtained by Khan and Steffler (1996). All these are found to agree very

well with the present simulated profiles.

For a free overfall in a rectangular channel, for all subcritical approach flows, the surface

profiles upstream AD of the brink collapse to a single curve (Fig. 7.7). Further, the upper
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and lower nappe profiles collapse respectively to single‘ curves DF and CE (Fig. 7.7).
Lastly, the lower nappe profiles downstream of the brink also 6ollaps¢ to a single non-
dimensional curve CE (Fig. 7.7). The vertical distance between the curves DF and CE is
essentially equal to the end depth ratio. Fig. 7.7 also shows the critical depth occurs when
x/y. is close to — 4. This is in agreement with the experimental results of Kandaswamy

and Rouse (1957).

7.6 CONCLUSIONS

The 2D two-equation k-¢ turbulence model together with the VOF tracking technique
faithfully simulates the characteristics of flow pastﬁa free overfall in a rectangular open
channel. The free overfall flow in a rectangular open channel serves as a good exainple of
a 2D open channel flow problem for simulation. The predictions of the VOF based
numerical model are validated using the existing experimental and theoretical results
related to water surface profiles and distributions of the pressure head and velocity

components.

Based on the path followed by a fluid particle leaving the brink, the equations for the
nappe profiles in supercritical flows are obtained in terms of the end depth ye. The
predicted water surface profiles for the overfall can provide guidance for the design of the

wall heights in irrigation systems.
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CHAPTER 8
SIMULATION OF A FREE OVERFALL IN TRAPEZOIDAL

CHANNELS

8. 1 INTRODUCTION

The free overfall in an open channel serves as a discharge-measuring device in irrigation
systems. For the commonly used trapezoidal channel, the end depth-discharge relation
has been studied by only a very few investigators. In the discussion of a paper by Diskin
(1961), Replogle (1962) provided significant insight to the study of the end depth-
discharge relation. For varying slopes, based on a comprehensive experimental program,
Rajaratnam and Muralidhar (1970) experimentally determined the relation between end
depth and discharge rate in a trapezoidal channel. - In the analysis of the end depth
problem of trapezoidal channels, Keller and Fong (1989) were the first to include the
contribution of the end depth pressure force in the momentum equation and validate the
results with the test data. They used the widely accepted end depth related pressure head
data of Replogle (1962). Baséd on a statistical analysis of empirical data, Gupta ct. al
(1993) provided a calibration curve relating Q and y, in trapezoidal channels. Litsa and
Evangelos (1995) presented a quadratic relation between y, and y, that was simple in
form and useful in practice. Khan and Steffler (1996) used the vertically averaged
continuity equation and moment equations to obtain the characteristics of flow past
rectangular free overfalls and sharp-crest weirs. Their results agreed well with the test
data. Recently, Ramamurthy et al. (2004) and Zhai (2003) provide& flow velocity,

pressure head and surface profiles for a free overfall flow in a trapezoidal channel.
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In this chapter, the 3D two-equation i-¢ turbulence model is adopted for the numerical
simulation of the free overfall problem in a trapezoidal open channel. The fractional
volume of fluid (VOF) method is used to capture the free surface. The results of
simulation are validated using experimental data (Rajaratnam and Muralidhar 1970, Zhai

2003) pertaining to surface profiles, velocities and pressure heads.
8.2 TURBULENCE MODEL

The proposed model solves the standard 3D Reynolds averaged continuity and Navier-
S_tokes equations for turbulent unsteady flow based on the two-equation k-¢ model. The
contibl volume technique is used to discretize the governing equations that can be solved
numerically. It employs the collocated-grid approach. PISO method is used for pressure

and velocity coupling calculation.
8.3 BOUNDARY CONDITIONS

At the wall boundary, the wall-function approach proposed in chapter 2 is used. At the
inlet, known flow velocities and turbulent quantities are prescribed. Here, the uniform
flow condition for the horizontal velocity is provided. The outlet far downstream from the
end depth is defined as pressure boundaries. This allows the water to flow out freely. All
the air boﬁndaries are defined as pressure boundaries with zero pressure. For the free

surface boundary, the VOF model is used (chapter 2).
8.4 SOLUTION PROCEDURE

The computational domain is shown in Fig. 8.1. The channel BC upstream of the end
depth CD is 6.0 m long in the x - direction. The channel JG downstream of the end depth

DC is 1.0 m long. The step CJ is 0.2 m high. Body fitted coordinates are used in the
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Cartesian frame. The flow domain is meshed with a power law function that generates a
fine mesh in the vicinity of the channel boundary. The grid cells next to the bbundary are
constructed well within the turbulent region (Fig. 8.2). Through the time-dependent
simulation, the water flows on the open channel and constitutes the free surface between

air and water for the specified inlet and outlet conditions.

8. 5 DISCUSSION OF RESULTS

8. 5.1 Velocity and pressure head distribution near the end depth section

Figs. 8.35 to 8.3c show the experimental (Zhai, 2003) and the predicted distributions of
the axial velocity in the plane of channel symmetry at 3 sections (x/y.=-0.15,-0.61 and
- 1.23) upstream of brink. The flow is supercritical at sections J, I and H (Fig. 8.3). Here,
the non-dimensional axial velocity (u/uc) is plotted against the non-dimensional flow
depth (3/y.) above the channel bed. The predicted and experimental velocity distributions
clearly capture the acceleration of the flow in the region upstream of the brink. The

results of the simulation are in good agréement with the experimental data (Zhai, 2003).

Figs. 8.4a to 8.4d show the predicted(distributions of the axial velocity at the end depth
sections A, B, C and D (Fig. 8.4). The results of the simulation are in very good
agreement with the experimental data (Zhai, 2003). Fig. 4a also includes the test data of
Rajaratnam and Muralidhar (1970). They too follow the predicted trend of the velocity
distribution. Figs. 8.4a to 8.4d also indicate that the velocity does not change very much
in the lateral direction. However, in the vertical direction, the velocity near the channel

bed increases due to the increased curvature of the streamlines near the bed.
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Figs. 8.4e and 8.4h show the distribution of the non-dimensional vertical preésure head
)64 y;) at various sections A, B, C and D (Fig. 8.4) close to the brink with y/y.. In Figs.
8.4e and 8.4h, the pressure distribution obtained by the present simulation is compared
with the experimental data (Zhai, 2003). The pressure distribution in the vertical

direction at locations at A, B and C appear to be nearly identical.

8. 5. 2 Surface profiles

Fig. 8.5 shows the non-dimensional flow depth y/y, as a function of the non-dimensional
distance x/y, for the subcritical approach flow. In Fig. 8.5, the surface profile obtained by
the present simulation is compared with the experimental profiles determined by
Rajaratnam and Muralidhar (1970) and Zhai (2003). All these profiles are found to agree
very well with the present simulated profile. Fig. 8.5 also shows that the critical depth
occurs when x/y, is close to — 4. For the free overfall in rectangle channels, the
experimental results of Kandaswamy and Rouse (1957) indicated that the critical depth

occurs when x/, is close to — 4.
8. 6 CONCLUSIONS

The 3D two-equation k-¢ turbulence model together with the VOF method simulates
faithfully the characteristics of flow past a free overfall in a trapezoidal open channel.
The predictions of the numerical model agree well with the existing expen'mental results
related to water surface profiles and distributions of the pressure head and velocity

components.
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CHAPTER 9
EXPERIMENTAL INVESTIGATIONS OF DIVIDING FLOWS IN

OPEN CHANNELS

9.1 INTRODUCTION

In hydraulic engineering and environmental engineering, one commonly comes across
branching channel flows. Some of the distinctive characteristics of a dividing flow in an
open-channel are illustrated in Fig. 9.1. They include a zone of separation immediately
near the entrance of the branch channel, a contracted flow region in the branch channel, a
stagnation point near the downstream corner of the junction, and a possible region of |
flow separation at the far sidewall of downstream of the junction in the main channel due

to flow expansion.

There are a great number of experitnental and analytical studies dealing with dividing
flows. The first detailed experimental study of dividing flows in an open channel was
done by Taylor (1944). He proposed a graphical solution, which included a trial and error
procedure. Grace and Priest (1958) presented experimental results for the division of flow
at different width ratios of the branch channel orientation to the main channel. They also
classified the division of flow into two regimes with and withodt the appearance of local
standing waves near the branch. The regime without waves corresponded to the case
where the Frnude numbers were relatively small. The regime with the waves
corresponded to the free over-fall conditions at sections downstream of the junction.
Milne-Thomson (1949), Tanaka (1957) and Murotta (1958) have solved the problem of

branch channels analytically using conformal transformation based on the assumption of
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flow depth being constant in all the channels. Law and Reynolds (1966) investigated the
problem of dividing flows using analytical and experimental methods. Hager (1984)
proposed a’simpliﬁed model for evaluating the energy loss coefficient for flow through
branches heglecting variation of velocity at the entrance to the branch. Existing results
(Krishnappa and Seetharamiah 1963, Law 1965, Sridharan 1966, Ramamurthy and Satish
1988) indicate that the flow condition at the entrance to the branch is generally not
submerged when the Froude number F; in the branch is greater than a threshold value (0.3
or 0.35). Ramamurthy et al. (1990) obtained an expression for the momentum transfer
rate from the main to the branch channel. Hager (1992) derived an expression for the
energy-loss coefficient for branch channel flows. He assumed critical flow at the
contracted section and expressed the branch discharge coefficient as a function of F, and
Qud. Neary and Odgaard (1993) examined the effects of bed roughness on the three-
dimensional structure of dividing flows. For low Froude number flows, they presented
detailed velocity-vector and pafticle-trace plots in the initial part of the separation zone.
Their measurements indicated no depth variations in the junction (Neary and Odgaard
1995). Further, Neary et al. (1999) numerically investigafed the lateral-intake inflows
using three dirﬁensional two-equation turbulence models without considering the water

surface effects.

Weber et al. (2001) preformed an extensive experimental study of combining flows in a
90° open channel for the purpose of providing a comprehensive data set comprising three
velocity components, turbulence stresses and water surface mappings. Recently,

assuming the velocities to be nearly uniform, Hsu et al. (2002) presented a depth-
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discharge relationship and energy-loss coefficient for a subcritical, equal-width, right-

angled dividing flow over a horizontal bed in a narrow aspect ratio channel.

Till now, the experimental data related to three-dimensional mean velocity components
and water surface profiles for dividing flows in open channels are not available. The
primary objective of the present experimental study is to obtain these flow characteristics
of dividing flows in a 90°, sharp-edged, rectangular open-channel junction formed by
channels of equal width. Thé data set presented in this study is composed of water

surface mapping, 3D velocity in the vicinity of the channel junction region.
9.2 EXPERIMENTAL DETAILS

The experiments are performed in a 90° dividing flow channels (Fig. 9.2). The main
channel is 6.198 m long. The branch channel is 2.794 m long. The main channel and the
branch channel are 0.305 m high and 0.610 m wide. They are made of 12.7 mm Plexiglas
plates and rest on a steel frame. The branch channel is positioned at the distance of 2.794
m from the channel entrance (Fig. 9.2). The angle of the branch is 90°. The channel beds
are horizontal. The flow enters the main channel after passing through the transition
section that contains screens and honeycombs. This ensures properly developed flow
with low turbulence in the flume. At the end of the main channel and branch channel,

control gates are placed to regulate the flow depth.

The discharge from the main flume or the branch channel is measured using standard V-
notches. The maximum error in the discharge measurement is estimated to be 3%. The
point gage used to measure the water surface in the channels can record depths to the

nearest 0.lmm. The laser Doppler Anemometry (LDA) unit is used to measure the mean
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velocity components of the flow fields. The error of velocity measurement is estimated to
be 1%. The water surface profile for a given flow condition is completely and

| continuously mapped in one day.

The coordinates system used to record data is shown in Fig. 9.2. All distances are non-
dimensionalized by the channel width, B = 0.610 m. The non-dimensionalized
coordinates are X*, Y* and Z* for X/B, Y/B and Z/B, respectively. All measurements are
made with reference to the floor of the upstream lower corner O of the branch channel
where X* = Y* = Z* =0 (Fig. 9.3). The velocity components in the X, Y and Z direction
are defined as u, v and w, respectively. The velocities u*, v*, w* are non-

2 1 .
dimensionalized by the critical velocity V.= (—ﬁ) 3 at the upstream of the main channel,
&

where Q, denotes the discharges of the upstream main channel.

Measurements are always made only after steady conditions are attained. The measuring

locations are shown in Fig. 9.3. Test conditions ensure the Reynolds number of the flow
VR . - . ,

Re = — 1s generally high for both the main and the branch channels. Here R, V and v
1%

denote hydraulic radius, mean velocity and kinematic viscosity, respectively.

The discharges of downstream main channel and branch channel flows are denoted as Qq
and Qv, respectively. The discharge ratio Qr denotes the ratio of Qp to Qu (Table 9.1). For
brevity, only data for some Q. and selected locations are shown in the discussion of

results.
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9.3 EXPERIMENTAL RESULTS

9. 3. 1 Velocity component v*

Fig. 9.4 shows contour plots for the velocity component v* near the water surface (Z* =
0.27) for Qr = ().838 in the junction region. In this sketeh, the narrow area of return flow
near the entrance to the branch denotes the separation zone that envelopes the
recirculating flow. For Q, = 0.838, the largest velocities of v* occur just downstream of
the branch near Y* = -1.0 (Fig. 9.4), where the maximum flow contraction occurs. In fact
the largest velocities of v* appear to occur just downstream of the branch near Y* = -1.0
for all the 5 discharge ratios tested. Downstream of Y* = -0.1.0 for Q, = 0.838, the
separation zone begins to shrink. Further, the separation region ends at Y* close to —2.3
for Q; = 0.838 and Z* = 0.27. From the experimental result, it is also observed that the
recirculation region becomes smaller near the channel bottom corresponding to the lower

values of Z* (Fig. 9.5a and 5b).

For the section at Y* =-1.0, Figs. 9.5a and 5b show the contour plot of the v* component
for Q; = 0.149 and 0.838 respectively. Here, the view shown is for an observer looking
towards the positive Y* direction. The increase in the width of the separation with
decreased values Q, is clearly seen in these sketches. It is found that for the different flow
conditions, the separation zone increases both in width and length as the discharge ratios

decrease.

For combining flows in rectangular channels, at a fixed discharge ratio, it was noted
(Weber et al 2000, Ramamurthy and Zhu 1997) that higher angles of entry of the lateral

flow into the main channel resulted in the larger separation zones. In the present case of
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the dividing flows, the mean exit angle of the streamlines for flow entering the branch,
increases with an increase in Z* (surface streamlines) compared to the exit ahgles of the
streamlines located at the lower Z* (bottom streamlines). Further, for a fixed Z*, the exit

angle of the flow decreases when the discharge ratio Q; increases.

9. 3. 2 Vector field u*-v*

Fig. 9.6 shows the plots for the vectors resulting from the velocity component u*and v*
at Z* = 0.270 and Z* = 0.033 for Q, = 0.838 in the junction region. As mentioned earlier,
the wider and longer separation zone occurs at higher Z* value (Figs. 9.6a and 6b).

Further, when Q; decreases, the width of separation zone increases (Figs. 9.5a and 5b).

A second separation zone (Fig. 9.1) may occur in the section of the main channel
downstream of the junction because of flow expansion in this region. The width and
length of the separation zone increase when Q; increases. When Q; is very small, the
separation zone wouldn’t exist. As before, the separation zone near the surface layers is
wider (Figs. 9.6a and 6b) than the separation zone near the channel bottom. The
stagnation zone (Fig. 9.1) occurs at the downstream corner of the junction. The highest

velocity u* occurs at the upstream corner of the junction.

9. 3. 3 Secondary flows

Secondary flows are very important in three-dimensional experimental investigation of
open channel flows. Fig. 9.7 shows vector plots of u*-w* defining in the X*-Z* plane at
various locations Y* = -0.29 to Y* = -2.5, for Q; = 0.838 in the branch channel. The
existence of a strong secondary current in the contracting region is clearly seen in Fig.

9.7a. The spiral motion in the anti-clockwise direction gets weakened as the flow moves
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downstream. Still, the flow appears to have not recovered even at Y* = -2.5 since the u*
is considerable. As one would expect, in the recirculation zone, the secondary flow is
quite weak as shown by the short vectors in this zone. It is also observed that the
'secondary flow occurs even in the main channel as shown in the v*-w* vector plot of Fig.

9.8. The strongest spiral motion occurs near the downstream corner of the junction.

The main objective of the study was to know the details of the characteristics of dividing
flows in the junction region. However, to get the true picture of the secondary flow,
which is important, the length of the main channel and the branch channel downstream of
the junction should be much longer. In the present case, the length of the branch channel

was of the order of 5B and hence is considerable to be short.

9. 3. 4 Water surface profiles

The water surface profile is shown for Q, = 0.409 and Q,=0.838 in Fig. 9.9. It shows that
the flow depth in the main channel is higher than the flow depth in the branch channel.
The lowest flow depth occurs at the contracted zone in the branch channel. Further
downstream of this zone, the flow depth increases as the width of the separation zone
decreases. As the speeds of the curved streamlines separating from the upstream corner h
(Fig. 9.1) are very high, the corresponding flow depths are relatively smaller near h than

the depth of the approaching main flow.

For a low value of Q; = 0.409, Fig. 9.9a shows that the flow depth at the stagnation zone
around b (Fig. 9.1) is higher than the depths at other regions in the junction. However, for

a higher value of Q, = 0.838, the recirculation zone existed in the far wall region of the
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main channel just downstream of the junction (Fig. 9.6). Consequently, the flow depth in

- this region rst (Fig. 9.1) is slightly higher (= 2%) than the depth at the stagnation zone.

For all flow ponditions, generally the flow depth Y4 in the main channel downstream of
the junction was higher than the flow depth Y, in the approaching flow. Also, both the.
flow depths Y, and Y4 were higher than the flow depth Yy in the branch channel. The
flow depth ratio Y/Y4 and Y/Y4 decrease while the discharge ratio Q; increases. In Fig.
9.10, the experimental values of Y,/Yq are plotted against the values of Y,/Yq4 predicted
by the theoretical relation (Eq. 9.1) suggested by Hsu et al. (2002). The agreeinent

appears to be reasonable.

3 2
Y 1 Y 1
= ""1 _F — ——— —— 2:
(YJ [+2 d](n]*z@-gr)”d ’ -1

9.4 CONCLUSIONS

The three mean velocity components and the water surface profiles for dividing flows in
a 90°, sharp-edged, rectangular open-channel junction formed by channels of equal width
open channels is obtained. The width and length of the separation zone in the branch
channel decrease when the discharge ratio Q, increases. The separation zone is smaller
near the channel bottom corresponding to the lower values of Z* than the separation zone
near kthe surface (higher values of Z*). The mean exit angle of the streamlines for flow
entering the branch, increases with an increase in Z* (surface streamlines) compared to
the mean exit angle of the streamlines located at the lower Z* (bottom streamlines).
Further, for a fixed Z*, the exit angle of the flow decreases when the discharge ratio Q;

increases. The largest velocities of v* appear to occur just downstream of the branch near
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Y* = -1.0 for all the 5 discharge ratios tested, where the maximum flow contraction

occurs.

A separation zone may also occur in the main channel downstream of the junction,
because of the flow expansion. The width and length of this separation zone increase with
the increase in the discharge ratio Qr. The secondary flow (spiral motion in the anti-
clockwise direction) in the branch channel is considerable in the contracted flow region.
For subcritical flows, the depth Y4 is always higher than Y, The depths Y, and Y4 are
always higher than Yy,. The depth ratios Y/ Y4 and Yv/Yq4 decréase when the discharge
ratio Q; increases. The lowest flow depth occurs in the region of flow contraction in the

branch channel.
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CHAPTER 10

3D MODELING OF DIVIDING FLOWS IN OPEN-CHANNELS

10. 1 INTRODUCTION

Dividing flows are commonly encountered in hydraulic engineering and environmental
engineering. There are a great number of earlier experimental and analytical studies
~dealing with dividing flows (Taylor 1944, Grace and Pri¢st 1958, Milne-Thomson 1949,
Tanaka 1957, Murotta 1958 and Ramamuﬂhy and Satish 1988). For dividing flows in
open channels, Taylor (1944) proposed a graphical solution based on detailed test
program. This included a trial and error procedure. Law and Reynolds (1966)
investigated the problem of dividing flows using analytical and experimental methods.
Ramamurthy et al. (1990) obtained an expression for the momentum transfer rate from
the main to the branch channel. Hager (1984, 1992) provided a simple procedure to find
the energy loss coefficient for flow through open channel branches. Neary and Odgaard
(1993) examined the effects of bed roughness on the 3D structure of dividing flows at a
 fixed flow depth. Neary et al. (1996) presented the numerical simulation of dividing
flows under laminar flow conditions. Also, Neary et al. (1999) numerically investigated
the lateral-intake inflows using the two-equation turbulence model without considering
the water surface effects. Hsu et al (2002) presented depth-discharge relationships and
energy-loss coefficients for subcritical flows in a T-junction. The channel bed was
horizontal and the channel was narrow. Recently, Huang et al. (2002) provided a

comprehensive numerical study of combining flows in open-channel junctions using the
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3D turbulence model. This numerical model was validated by expérimental data (Weber

et al. 2001).

In this chapter, the developed 3D free surface turbulence model is used to study the
characteristics of dividing flows in open channels. The numerical model is compared

with the present experimental data.
10. 2 NUMERICAL ALGORITHM

The developed model soives the standard equations for turbulent flow based on the two-
| equation k- model. The computational domaiﬁ is shown in Fig. 10.1. The width B of the
channel is equal to 0.610 m and the height H of channel is equal to 0.305 m. To apply the
ﬁniform inlet flow condition to begin with, the length of main channel upstream of the
junction is extended to 6.1 m (= 10B). However, the length of the main channel
downstream of junction and the length of the branch channel are 2.44 m (= 4B) since the
main interest is to study the junction flow characteristics. This configuration corresponds
to the channel length in the experimental setup. Normally, it is desirable to have a much

longer channel than 4B in the experimental setup.

The multibléck algorithm is developed for grid generation and computation. The flow
domain is meshed with a power law function that generates a fine mesh in the vicinity of
the channel boundary (Fig. 10.2). The grid cells next to the boundary are constructed well

within the turbulent region.

10. 3 BOUNDARY CONDITIONS

At the free surface, the volume of fluid (VOF) scheme is used, which is introduced in

chapter 2. At the wall boundary, the standard wall-function is used (chapter 2). At the
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inlet, the gradients of Velocity quantities, turbulent quantities and void fractions in the
axial direction are prescribed as zero. The total flow rate Q, is known. Hence, assuming
an initial depth at the inlet yields the initial inlet mean velocity. As calculation
progresses, both the depth and the velocity at the inlet get altered. At thé end of each
iteration, only the new ‘mean velocity at the inlet is adjusted to providé the same flow rate
Q.. The pressure heads at the inlet are obtained using linear extrapolation methods from
the interior of the solution domain. At the start of calculations, hydrostatic pressure
distribution is assumed in the solution domain. At the outlets of the main channel and the
branch channel, the water surfaces are prescribed (given data based on the rating curves
of the two channel outlet controls). The velocities and turbulent quantities at both outlets
are obtained using the linear extrapolation method from the interior of the solution
domain. At the end of each iteration, the new mean velocities at the two outlets are
adjusted to ensure the prescribed flow rates Qg in the main and Q in the branch. All the
air boundaries are defined as zero pressure boundaries. The pressure heads at both two
outlets are obtained using linear extrapolation methods from the interior of the solution

domain.
10. 4 RESULTS AND DISCUSSIONS

The coordinate system (Fig. 10.1) is the same as the one stated in chapter 9. For brevity,
only the experimental data for Q, = 0.838 (chapter 9) is considered for comparing the

predicted results with the test data.
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10.4. 1 Velocity component v*

Fig. 10.3 shows the agreement between the experimental data and the model predictions
for the contour plots of the velocity component v* near the water surface (Z* = 0.270) in
“the junction region. In the numerical results (Fig. 10.3b), the separation zone is obtained
in the brénch channel. The maximum flow contraction occurs near Y* = -1.0 in the
branch (Figs. 10.3a and 10.3b). Further, both in the model prediction and in the test data,
the recirculation region becomes smailer near the bottom corresponding to lower values

of Z* (not shown).

The variation of v* at Y* = -1.0 in the branch channel is shown in Figs. 10.4a and 10.4b.
The view shown is for an observer looking towards the positive Y* direction. The

agreements between the experimental result and the numerical result are reasonable.

10. 4. 2 Vector field u*-v*

Fig. 10.5 shows vector plots for the velocity component u*-v* at Z* = 0.270 in the
junction region. It shows that there are two separation zones in the junction region. One
occurs in the branch channel and the reattachment point is close to Y* = -2.0 for the
region close to the water surface. The other separation zone caused by the flow expansion
is in the main channel downstream of the junction. The stagnation zone occurs near the
downstream corner of the junction. As one would expect, the highest velocity u* occurs
at the upstream comner of the junction. The predicated results and the test data are in good

agreement (Fig. 10.5).

For a more quantitative comparison, test data and predicted data for the velocity

component v* at a few locations in the branch channel are shown in Fig. 10.6. The
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agreement between the two is reasonable. In the branch, for X* = -0.098 at the location
Y* =-0.29 (Fig. 10.6a) and Y* = -1.0 (Fig. 10.6b), the values of v* are positive. This
indicates that these points are in the flow separation zone. However, for X* = -0.098 and
Y* = -1.62 (Fig. 10.6¢), v* is negative near the channel bottom and positive near the
water surface (high Z*). This shows :that the separation zone is wider at the top as
mentioned before. For X*=-0.787 at Y* =-1.0 denoting the 1ﬁa;(i1nu1n contracting zone
(Fig. 10.6b), v* is higher than the value v* at an upstream section Y* = -0.29 (Fig. 10.6a)

and Y* = -1.62 (Fig. 10.6¢).

For sections X* = 0.0 and X* = -1.70 in the main channel, Fig. 10.7 shows the
comparison of u* based on test data and predicted data. At the section X* = (0.0, u* is
quite high at the location Y* = 0.098, which is near thc upstream corner of the junction.
The positive value of u* at Y* = 0.787 and X* = -1.7 (Fig. 10.7b) again indicates that

there is a separation zone in the main channel.

10. 4. 3 Secondary flows

Figs. 10.8 and 10.9 show the comparison of the secondary flows at Y* = -0.29 and -0.73
fespectively. They show that the two-equation turbulence model can capture the
secondary flow. However,y the vortex size of the secondary flow in the prediction is
smaller than the vortex size in the experiment. Huang et al. (2002) remarks rightly that
higher order turbulence models are needed to capture the secoﬁdary flow characteristics

more faithfully.
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10. 4. 4 Water surface profiles

Figs. 10.10a and 10.10b display the water surface profiles in the junction region. The
water surface decreases in the branch channel compared to the main channel. There is
very a sharp drop of the water surface at the upstream comér ofﬂﬁe junction (Fig.
10.10b). This is also observed during the test (Fig. 10.10a). The flow depth at the
downstream comer of the junction denoting the stagnation point is higher than the other
neighboring regions (Fig. 10.10b). Since Q; = 0.838, the axial velocity u* is reduced
considerably as the flow cross the junction. This results in a large separation zone in the
main channel. Hence, the variation of the flow depth in this region is very small (Fig.
10.10a). The maximum difference between the prediéted results and the test data related
to the flow depths in the junction region is less than 5%. The overall agreement of the

water surface profiles is reasonable (Fig. 10.11).

10. 5 CONCLUSIONS

For dividing flows in 90° rectangular open-channel junctions, the 3D two-equation
turbulence model faithfully reproduces the mean flow characteristics such as velocity
proﬁles, water surface profiles and mean flow patterns. In particular, the separation zone
near the entrance to the branch channel and the separation zone in the main channel
downstream of the junction are also predicted by the model and the predictions
qualitatively agree with experimental data. The predicted reattachment length on the
branch wall of the separated flow is close to the test results. The overall validation of the
model is reasonable. Since numerical modeling is relatively less expensive, a well-

validated model can be used to predicted flow behavior in field situations encountered.
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CHAPTER 11

SIDE WEIR FLOWS

11.1 GENERAL REMARKS

This chapter presents two studies related to side weirs that one used for flow control. Side
weir flows are truly 3D free surface flows. The weir flow characteristics depend on a
large number of géometric and hydrodynamic variables. Solutions to such problems can
be obtained based on numerical methods or partial least-squares (PLS) methods besides

experimental methods.

Rectangular side weirs (Fig. 11.1) are used extensively by hydraulic engineers in
irrigation and urban sewer systems for the purpose of flow regulation and diversion. In
the past, the lateral weir flow problem has been studied experimentally or theoretically.
Assuming the total energy along the side weir to be constant, De Marchi (1934) obtained

the following equation for a side weir located in a rectangular channel

d 2 |
g, = 7Qj= 2C,\28 (r-5)" (L1

in which, O, = discharge of side weir, x = the distance from the beginning of the side
weir, g, = the discharge over the side weir per unit length, g = specific gravity
acceleration, S = the height of the weir crest and y = flow depth at the section x, C,, =
discharge coefficient known as the De Marchi coefficient. In terms of main

dimensionless parameters (De Marchi 1934), C,, can be expressed as follows,

C :f(Fl

m ) (11.2)

H

e

L
"D
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in which, F; denotes the Froude number upstream of the side weir and F| = \/—_?— , Y1
g1

= the flow depth upstream of the side weir in the open channel, V; = the mean velocity in

the upstream of the side weir, L = width of the side weir and D = the channel width.

F; is considered as the only flow parameter for weir flow (Subramanya and Awasthy
1972, Nadesamoorthy and Thomson 1972, Yu-Tech 1972, Ranga Raju et al. 1979, Hager
1987). The additional parameters L/D and S/Y; were included in the weir flow analysis

by Ramamurthy and Carballada (1980). They also presented a different version of Froude

V,

Ve, —s)

more than that of L/D and provided the (empirical) linear dependence of C,, on F; and

number F, = . Singh et al. (1994) consideréd the influence of S/Y; to be

S/Y1. Borghei et al. (1999) presented an empirical equation relating C,, with F;, S/Y; and
L/D. Muslu (2001) obtained the weir flow characteristics including the variation of the

flow depths along the span of the weir.

Using De Marchi’s equation, one has to generally go through complicated steps to
calculate the discharge of the side weir after obtaining C, (Subramanya and Awasthy

1972). In most of the earlier studies, De Marchi’s equation was the starting point.

For flow over a sharp-crested side weir in circular channels, Uyumaz and Muslu (1985)

have presented the theoretical and experimental study. According to them,

Q,=C,L\2g (Y, - s)*? (11.3)

- Dimensional analysis indicates the following relationship,

L
Cd_f(Fl’B7 ) (114)

e
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in which D = diameter of the circular channel.

Ramamurthy et al. (1995) provided a theoretical expression to relate the mean weir

discharge  coefficient ~C; with the jet velocity  parameter o

J and L/D for rectangular side weirs located on the s1de of

( @\/ZgD D

circular channels.
11.2 PLS METHOD FOR SID‘E WEIR FLOWS

At first, PLS approximation (Wold 1966) is a powerful technique for process modeling
and multivariate statistical process control. In particular, the nonlinear PLS method is
widely used for dealing with a dependent variable and several independent variables that
have a highly nonlinear correlation (Lakshminaraynan et al. 1997 and Malthouse et al.
1997). However, this method has received less attention in hydraulic engineering
practice. In this section, the multivariable non-linear PLS method is used to determine the

discharge coefficient of side weirs in terms of the various weir flow variables.

11. 2. 1 Theoretical consideration

In general, the relation among variables pertaining to experiments is non-linear. The
dependent variable could be related to many independent variables. In the following
section, the multivariable nonlinear PLS method is described briefly. One assumes the

dependent variable fto be a function of several independent variables x; (i=1, ..., n),

= (%50, | (11.5)
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In order to express the relationship between f'and x;, fitting polynomials can be used to

relate f ' with the other variables as follows.
f=8(x) g, () g, (x)=]] &) (11.6)
i=1

in which, g,(x;) is a high degree polynomial equation (Eq. 11.7),

m

g = a, ta,x, +ai2xi2 +ota, X :Zaijxij (11.7)
j=0

wm i

Here, a;; is a constant (j =0, ..., m). Thus,

n

f=H(i a,x; (11.8)

i=1
Assuming that s samples are obtained in the experiment, if one uses f; to represent the
experimental value corresponding to X, with x;; free of error, the sum of the square

errors are defined by

5= (/- 1) (11.9)
k=1
Here, k denotes the sample numberand k=1, ..., s.

By the least-square method, one obtains the partial derivatives with respect to the a;.

Thus, fori=1,...,n,j=0,1,...,mandk=1,...,s,

0 [Z (f—fk)z}=o (11.10)

aaij k=

‘Eq. 11.10 can be reduced to the following form.
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[(f £ Lf} 0 (AL1D)

k=1 ij

Considering Egs. 11.6 and 11.7, one can get,

aa H gl H g,x/ (j =1 n) (11.12)

l#t t#t

After Eq. 11.12 is substituted into Eq. 11.11, Eq. 11.11 becomes,

5

> (= £XIT g2y | =0 (11.13)

Using Eqgs. 11.6 and 11.7 in Eq. 11.13 and simplifying Eq. 11.13. Eq. 11.14 is obtained,

(ol T 0w/ | = | AT 83X a, %)/

£t k it PEJ A

a, = ; (11.14)

> (T 0

i#t k

k=1
wheret=1,...,n;3=0,1, ..., m.

Solving Eq. 11.14 iteratively, the constants @ ; can be obtained. Hence, the relationship

among the variables is established.

11. 2. 2 Applications

In this chapter, the mean discharge coefficient C; of side weir flows in a rectangular open

channel and in a circular open channel is defined as follows
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0,=C,LJ2g (¥, —s5)*"? (11.15)

Knowing C,, the weir discharge can be directly obtained. From Eqs. 11.2 ans 11.4,

).

.:<’°:

considering the channel width or the circular diameter D, C, = f (£}, % ,
The objective is to determine the dependence of C; on the three other variables Fy, S/Y
and L/D using the nonlinear PLS method. Generally, the higher accuracy is obtained with
the higher degree of polynomials for each independent variable. One has to analyze the
importance for each independent variable and use many trials until the square error is
reduced to a specified value (Gerald and Wheatley 1994). In this section, the flow is
’considered to be subcritical and L/D < 1. In this range of L/D, C, is weakly dependent on
L/B. However, Cy is strongly influenced by F; and S/Y,;. After a few trials, the second-
degree polynomial function is chosen for L/D, and the fourth degree polynomial

functions are chosen for F; and S/Y;. Thus,

_o L), [5).
C, —gl[Dj gz(mj g(7) (11.16)

in which,

, 2

' L L L

.gl(_D—):aIO +011(Bj+a12[5) (11.17)
5 =a, ta £+a £2+a ~§3+a §~4 (11.18)

&> Y, 20 21 Y, 2 Y, 23 Y, 24 Y, :

g3(F1)= ay, + a31(Fl)+ a32(F1)2 + a33(F1)3 + a34(F1)4 (11.19)

where @4, 41,15,y Ay oy s Ay Uy Gy, A1, Oy, Aoy and Ay, are constants.
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Case 1: Side weirs in rectangular open channels
The experimental data for side weirs in rectangular open channels are obtained from
Carballada (1979) as all details of the experimental data are available. A program is

developed to compute these constants. After computations, one obtains,

o 2
C, = {1.0+0.33(£j—o.105 (ij }
D D
3 4
«11.0+0.034] 10491 2] +0.421[ 2 (11.20)
7 7 7

x[0.348 +0.022 ()~ 0.203 (7, +0.303 (7.} - 0.168 (F,)']

The computed discharge Q. is based on Eqgs. 11.15 and 11.20 using the corresponding
experimental values of Fy, S/Y, and‘L/D (Carballada 1979). The correlation between Quwe
and the measured discharge Qum (Carballada 1979) is shown in Fig. 11.2. The maximum
difference between the predicted results and the test date is less than 10%. The details
(F4, S/Y; and L/D) of the original data for other investigators were not available. Using
the corresponding experimental values of Fy, S/Y; and L/D (Carballada 1979), the
computed discharges based on the empirical equations for C, proposed by other
investigators against the measured discharge Qu,m (Carballada 1979) are also shown in
Fig. 112 Singh et al. (1994) and Borghei et al. (1999) provided the (empirical) linear
dependence of C,, on F; and S/Y,. This may have resulted in the overestimation of the
measure discharge in some cases (Fig. 11.2). It may also be noted that the flow is close to
critical and is generally undulatory at very high Froude numbers and this may be the
course for the slight data scatter under this condition. The predicted discharge Qy. based
on the present equations (Egs. 11.15 and 11.20) is in good agreement with the

experimental data Q. (Carballada 1979). It would be beneficial to obtain the original
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weir flow data of all previous studies and apply the nonlinear PLS method to improve the

discharge prediction.

Case 2: Side weirs in circular open channels
The experimental data for side weirs in circular open channels are obtained from the
studies of Zhu (1995). As described in case 1, after computations, the following results

are obtained,

2
c, = {1.0—0.191(£j+0.284 (—L«] }
D D
S sY s s )
x[1.0+0.871| = |-4.070| = | +2.969| > | +3.204| = (11.21)
Y, Y, Y, Y,

x [0.4241 —0.124 (F,)+ 0.922 (F,) —1.463 (F,} + 0.709,(1«1)4]

The computed discharge Quc is based‘ on Egs. 11.15 and 11.21. Fig. 11.3 displays the
correlation between the measured discharge Qwm (Zhu 1995) and Qy.. The computed
discharges based on the empirical equations of C; proposed by Uyumaz and Mushu
(1985), and Ramamurthy et al. (1995) against the measured discharge Qum (Zhu 1995)
are also shown in Fig. 11.3. The computed discharges using Eq. 11.21 are in good

agreement with the experimental data (Zhu 1995).

11. 2. 3 Conclusions

The functional relations between the discharge coefficient C; and the weir flow
paramefers F1,S/Y; and L/D in a rectangular open channel and in a circular open channel
are obtained on the basis of the multivariable nonlinear partial least-square (PLS)
method. For subcritical approach flows and L/D < 1, this relationship can be used to

predict the weir discharge. The mean discharge coefficient C; defined in Eq. 15 directly
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yields the weir discharge for side weirs in rcctahgular and circular channels. The
predicted results for the side weir discharge are in good agreement with the experimental
results. Co;nparcd to the previous study, the calculation procedures for the discharge of
the side weirs are simplified. The nonlinear PLS method can also be applied to many

other cases characterized by a large number of variables.
11.3 NUMERICAL STUDY OF SIDE WEIR FLOWS

In this section, the flow past a side weir in a rectangular channel is simulated using the
3D free surface turbulence model. The numerical results are compared with the

experimental data (Subramanya and Awasthy 1972).

11. 3. 1 Solution procedureé

The plan view of the computational domain is shown in Fig. 11.4. The channel is 9 m
long in x-direction (TP = 9.0 m) and 0.1 m high in z-direction. The width of the channel
D is 0.248 m in y-direction (MT = PN = 0.248 m). The length of side weir L is 0.0996 m
(AE = 0.0996 m). The height of the weir crest S is 0.0 m. The channel bed is horizontal.
The side weir (AE) is situated at a distance of 6.0 m from the inflow section (MA = 6.0
m). To compare the predicted data with the experimental data (Subramanya and Awasthy

1972), this weir geometry is chosen.

The k- turbulence model is used to simulate the mean flow characteristics and the VOF
method is used to capture the free surface. More details of this model are mentioned in
chapter 2. For the inflow boundary, the uniform longitudinal velocity and a fixed flow
depth are uscd. For the outlet boundaries at the downstream of the channel and at the side

weir section, the assumed pressure is zero. The flow domain is meshed with a power law



88

function that generates a fine mesh in the vicinity of the channel boundary or near the
side weir region. The grid in y-direction is 24. The grid in z-direction is 14. The grid in x

direction is 200 totally. The grid details near the weir region are shown in Fig. 11.5.

11. 3. 2 Discussion of results

Little information about the water surface profiles and velocity distributions is available.
Only, Subramanya and Awasthy (1972) have pl‘ovided some test results that can be used
to validate the model. Even, in this case, all the details related flow conditions were not
available. Hence, only part of the test results presented are used for comparison with the
predicted data. Speciﬁcally, for the inlet boundary, the discharge is 5.556 //s. the inflow
depth is 0.04 m. these values are chosen for the simulation to match the experimental

_conditions (Subramanya and Awasthy 1972).

Figs. 11.6a, 11.6b and 11.6c show the non-dimensional flow depth z/Hy as a function of
the non-dimensional distance y/D at three cross sections near the weir outlet region. Here
Hp = 0.035 m and D denotes the channel width. Figs. 11.6d and 11.6e show the non-
dimensional flow depth z/Hy versus the non-dimensional distance x/L at two sections
near the weir outlet region. Here L denotes the length of the side weir. In Fig. 11.6, the
surface profile obtained by the present simulation is’ éompared with the experimental
profiles determined by Subramanya and Awasthy (1972) and the agreement is reasonable.
One should notejthat the flow depth in the test was extremely small (0.035 m) and the
Froude numbér was close to critical for the approach flow, which results in undular flow.
As such, the measurement of the flow depth in tests is difficult under such conditions.
The three dimensionality of the weir flow (Fig. 11.6) is clearly discernable. The point S

in Fig. 11.6¢ just downstream of the weir edge E (Fig. 11. 4b) is in the stagnation zone.
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* Fig. 11.7 shows that the stagnation zone corresponding to the high flow depths occurs

just downstream of the weir edge E (Fig 11. 4b).

Fig. 11.8 shows the predicted distributions of the velocity component u/u, (axial) and
v/up (lateral) in z direction near the weir outlet. Here ug = 0.748 m/s. No test results are
available for comparison with the predicted data for the specific flow conditions
considered above. For this particular flow condition (discharge Q; = 0.11), the lateral
velocity component (v) is close to zero at X/L = 2.0. This tends to indicate that the flow is
recovering quickly in the channél section downstream of the weir. However, when the
weir discharge is large, cofresponding to large values of Q,, the expansion of the flow in
the section downstream of the weir will be considerable. This leads to a large
recirculation zone. Hence, the flow recover occurs in the relatively long distance

downstream of the weir.

11. 3. 3 Conclusions
The 3D free surface model predicts the surfaces profiles reasonable well. The simulation
captures the flow characteristics such as the location of the stagnation zone near the

downstream edge of the weir.
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CHAPTER 12

CONCLUSIONS AND SCOPES FOR FURTHER STUDIES

12. 1 CONCLUSIONS

12. 1.1 The numerical model

An efficient and accurate turbulence model is developed. It can solve the 3D free surface
turbulent flow problems. The model 1s developed for a number of flow configurations
and validated using the existing or newly tested data. As such, the model is considered to
be very reliable. Unlike commercial code, addressed to solve all types of CFD problems
- encountered in engineering principles, the present model is focused on serving the
specific hydraulic engineering problems. Hence, the program developed is efficient from
a point view of memory and time required for program execution. Unlike the
experimental procedures, with less effort the well-validated numerical model can be used
to casily obtain the flow characteristics of those flows including velocity distributions,

pressure head distribution in conduits and free surface profiles in open channels.

1. Flow past a slot in a rectangular closed conduit: The model developed faithfully
reproduces the flow characteristics such as the flow separation and the distributions of
pressure and velocity. In particular, the location of the stagnation point occurs just

downstream of slot, as predicted by the theoretical analysis.

2. Dividing flows in rectangular closed conduits: The model yields the mean flow
characteristics of dividing flows at 90° junctions of rectangular closed conduits. These
characteristics include the energy loss coefficients, pressure profiles, velocity profiles and

the mean flow patterns including the recirculation zone.
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3. Combining flows in rectangular closed conduits: The model faithfully predicts the‘
mean flow characteristics of combining flows for 90° junctions of rectangular closed
conduits. The predicted results agree well with the existing experimental data related to
pressure and velocity fields. Further, the zone of flow separation predicted by the model

qualitatively agrees with the experimental data.

4. Dividing flows in open channels: For dividing flows in 90° rectangular open-channel
junctions, the model provides the velocity profiles, the water surface profiles and the
mean flow patterns. The separation zone in the branch channel and the separation zone in
the main channel downstream of the junction are predicted by the model. The predictions
qualitatively agree with the experimental data. The model is validated using the present

experimental data.

12. 1. 2 Use of FLUENT

1. Flow past an open channel floor slot: For flow past a floor slot in a rectangular open
channel, the results of the model prediction agree well with the existing test data. The
results include water surface profile besides distribution of pressure head and axial
velocity. The predicted water depth along the open channel provides guidance for the
design of bthe wall height in diversion works related to drainage systems and power

channels.

2. The free overfall: For a free overfall in a rectangular open channel, the numerical
model is used to obtain the water surface profiles and distributions of the pressure head
and velocity components. The results predicted agree well with the existing experimental

and theoretical results.
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The theoretical equations for the nappe profiles in supercritical flows are obtained in

terms of the end depth y.. The theoretical predictions agree well with the test data.

3. Free overfall in trapezoidal channels: The model provides the water surface profiles
and the distributions of the pressure head and velocity components for 3D flow past a
free overfall in a trapezoidal open channel. The predictions of the model agree well with

the existing experimental results.

12. 1. 3 Experimental results

For dividing subcritical flows in a 90° rectangular open-channel junction, the
experimental studies provide the three mean velocity components and the water surface
profiles in the junction region. The width and length of the separation zone in the branch
channel decrease when the discharge ratio Q; increases. The observed separation zone is
smaller near the channel bottom corresponding to the lower values of Z* than the
separation zone near the surface (higher values of Z*). For a fixed Z*, the exit angle of
the flow decreases when Q, increases. The width and length of the separation zone in the
main channel due to flow expansion increase with the increase in Q. The depth ratios

Y./Yqand Yy/Yq decrease when Q; increases.

12. 1. 4 Side weir flows

The multivariable nonlinear partial least-square (PLS) method provides the accurate
functional relations between the mean discharge coefficient C; and the weir flow
parameters Fi, S/Y; and L/D in a rectangular open channel and in a circular open channel.
For subcritical approach ﬂdws and L/D < 1, this relationship precisely predicts the weir

discharge. C; directly yields the weir discharge for side weir flows. This procedure is
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simpler than the earlier procedures to compute the weir discharge based on C,. The

predicted results are in good agreement with the experimental data.

The predicted results of the flow characteristics of the side weir in a rectangular channel
agree with the available experimental data. The side weir flow is truly 3D free surface

flow.
12.2 SCOPES FOR FURTHER STUDIES

1. Models developed may be extended to other hydraulic engineering practice like

curvilinear flows, supercritical flows, jet flows and wake flows.

2. The model may be extended to open channel flows with multiple free surfaces.
Advanced turbulence models may be developed to get the various turbulence

characteristics.

3. The length of the branch channel and the length of the downstream of the main
channel should be extended longer to obtain better characteristics for secondary

flows. The turbulence characteristics may be measured.

4. It would be beneficial to obtain the original rectangular and circular lateral weir
flow data of all previous studies and apply the nonlinear PLS method to improve

the discharge prediction.
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APPENDIX 2

THE DESCRIPTION OF THE DEVELOPED PROGRAM

GENERAL MARKS

The developed program includes the three-dimensional free surface turbulence model.

C++ programming language is used under Microsoft visual studio C++.
The governing equations are as following:

Continuity equation.

Navier-Stokes equations for laminar flows

RANS equations for turbulence models

Governing equation for k- model (Wilcox 2000)

Governing equation for £ — ¢ model (Wilcox 2000)

Governing equation for VOF model (Ferziger, J. H. and Peric M. 2002)
It can be applied to laminar flows, turbulent flows in unsteady or steady states.

For turbulent flow, the program provides 1. k- model, 2 k£ — ¢ model, 3 stress-transport

model and 4. LES model (3 and 4 are partly completed and not yet validated.)

For the pressure-velocity coupling calculation, the SIMPLE method is used. Chapter 2

provides the details.
THE HISTORY OF THE DEVELOPED PROGRAM

Step 1. At first, the program was developed for 2D case based on the simple example

program (2300 lines) provided by Ferziger and Peric (2002). I translated the program
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(Ferziger and Peric 2002) from Fortran language to the more efficient C++ language
(1200 lines). I also changed some sections of the numerical algorithm during the
translation. Then I tested the modified program and verified this program yielded the

same results as the original program (Ferziger and Peric 2002) for a straight duct flow.

Step 2. Based on the developed 2D program, I simulated more complex flows such as the
slot flows in closed conduits (2D), combining flows and dividing flows in closed conduits

(2D) and validated using existing experimental data.

Step 3. I upgraded the validated 2D program to 3D. I simulated the slot flows in closed |
conduits, combining flows and dividing flows in closed conduits and validated using

existing experimental data.

Step 4. Based on the developed 3D program, I blended the VOF model to the program
for 3D free surface flows. I validated the free surface model using the experimental data
from Weber (2001) in IOWA University. For brevity, the validation details are not shown

in the thesis.

Then I validated the program by the present experimental data for dividing flows in open

channels (included in the thesis).

THE STRUCTURE OF THE PROGRAM

The main program:

chsMain.cpp: the main program control the whole computing procedures. (363 lines)
The header files:

chsMain.h: define the general variables, subroutines, functions. (160 lines)
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chsAnalysis.h: define funptions for the result analysis. (744 lines)

chsBasie.h: define the basic subroutines (deﬁnéd arrays, etc.). (697 lines)

chsBC.hi define functions for the boundary conditions and initial conditions.(331 lines)
chsFiles.h: define func?tions for data input and output (save results). (438 lines)
chsGrid.h: define functions for the grid generation in power law ratios. (294 lines)
chsPressure.h: define functions for the‘ pressure calculation. (638 lines)

chsSurface.h: define functions for the free surface calculations including VOF

model.(1020 lines)

chsTurb.h: define functions for turbulence quantities calculations including k£ — ¢ model,
k- model, stress transport model and LES model (the stress transport model is not

already).(1244 lines)
chsVelocity.h: define functions for the velocity component calculations. (458 lines)

The program has 6367 lines totally for dividing flows in open channels.
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Fig. A.1 The flow chart of the developed program
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APPENDIX 3 FIGURES
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Fig. 2.2 A typical CV and the notation used for a Cartesian 3-D grid
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z
0 X
-
Q1 > B y L QZ >
V4 |<__>| Vz
a b %A
Qs, V3

Fig. 3.1 Flow past a slot

111

E-N
(=]

Pressure (cm)

o

-20

B Experimental Data (ﬁamamurhty

et al. 1994)
— Simulation

Pressure Distributio

n

XL

5

Fig. 3.2 Pressure distribution along the wall a-b-c-d (L/B=1.0, Q3/Q:=0.65)

Insert: Expended view in the region —1<X/L<2

80 —n _
@ Experimental Data Pressure Djstribution
_ (Ramamurhty et al. 1994)
g | Numerical Data
°
(7]
g
e = 80
20 & 60
s Mg
‘:Is’ 20
7] 0
045 20
2 -1 0 1 XL 2
20 | r 1 |
-200 -150 -100 -50 0 X/L

50

Fig. 3.3 Pressure distribution along the wall a-b-c-d (L/B=0.11, Q3/Q;=0.10)
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Fig. 11.2 Measured discharge versus computed discharge for a side weir in a
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Table 3.1. Summary of grid cells
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Number of grid cells
No. | Width(m) | B(m) | L/B
X upstream X downstream X Slot Y Z
SM1 0.0413 0.0915 | 1.00 200 100 30 20 30
SM2 | 0.0413 0.0915 | 0.78 200 100 24 20 30
SM3 | 0.0413 0.0915 | 0.11 200 100 12 | 20 30
Table 4.1. Summary of grid cells
Number of grid cells
No.|B(m) [L(m)| L/B | Z (m) ¥
X upstream X downstream| X branch ma?n Y branch Z
conduit
SM1/0.0915(0.0705/ 0.77 |0.0412| 120 100 16 20 12




Table 5.1. Summary of grid cells
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Number of grid cells
No. | B(m) [L(m)|L/B| Z (m)
Y .
Xupstream X downstream| X branch malln Y branch Z
conduit
|SML | 0.0915 0.0915/1.00(0.0412| 120 80 24 24 70 12
SM2| 0.0915 |0.0705{0.77{0.0412| 120 80 16 24 70 12
SM3| 0.0915 |0.0204/0.22|0.0412 120 80 8 24 70 12

Table 5.2. Contraction Coefficient C. and Average Entry Angle 6 for Momentum
Transfer for combining conduit flow (L/B = 0.22 and Q3/Q,=0.50)

Experimental

Parameter Numerical Data Remarks
Data
Ce 0.41 0.40 Eq. (8) of Ramamurthy and Zhu (1997)
o 82.6 84.9 Ramamurthy and Zhu (1997)

Table 6.1. Grid cells and flow parameters

Mesh S?ot Discglarge Initial Flow Fr Number of grid cells

No. \IYl((llntl)l q (m/s.m) ge(%tll)l Number| wpstream | X downstream| X stot za:i:
SM1 [0.0192| 0.1378 0.0766 2.075 120 100 8 30
SM2 |0.0400| 0.0832 0.0850 1.072 120 100 16 30
SM3 [0.0550| 0.0850 0.0850 1.096 120 100 20 30
SM4 {0.0740| 0.0848 0.0850 1.092 120 100 24 30




Table 7.1. Geometric parameters and grid cells
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Number of grid cells
Mesh SlOp X BC X 1G Y BM Y CJ
No. | (S) | m) { (m) | (m) | (m) | Xgc | Xig |Yem| Yo
SM1 0 6 1.0 | 055 0.2 240 100 40 50
SM2 |0.0288; 6 1.0 | 043 0.2 240 100 36 50
Table 7.2. Flow parameters for simulation |
Case D1sc;1arge Mesh No. Critical depth | Brink depth | End depth ratio |
No. g (m’/s.m) ye(m) Ve (M) Ve/ Ve
LA 0.143 SM1 0.128 0.091 0.715
2A 0.145 SM2 0.129 0.065 0.504
2B 0.286 SM1 0.203 0.131 0.645
2C 1.330 SM1 0.565 0.291 0.515
2D 1.200 SM1 0.572 0.151 0.286
Table 9.1 Experimental flow conditions
Qu(m’/s) Q (m/s) Q Ve (m/s)
0.047 0.007 0.149 0.914
0.046 0.014 0.308 0.906
0.046 0.019 0.409 0.907
0.047 0.032 0.672 0.910
0.046 0.038 0.838 0.903
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