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FOR STUDYING MECHANISM OF SEDIMENT TRANSPORT IN RIVER FLOWS, open chan-
nel flow is a prototype. Flow has always three components of velocity for all types

of channel geometry and for a time independent uniform flow along streamwise or
main flow direction, all the components of velocity are functions of lateral and ver-
tical coordinates. The present study investigates the two dimensional distribution of
streamwise (or longitudinal) velocity starting from the Reynolds averaged Navier—
Stokes equation for a turbulent open channel flow which is steady and uniform along
the main flow direction. Secondary flows both along the vertically upward direction
and along the lateral direction are considered which are also taken as functions of lat-
eral and vertical coordinates. Inclusion of the secondary current brings the effect of
dip phenomenon in the model. The resulting second order partial differential equation
is solved numerically. The model is validated for all the cross-sectional, transverse and
centreline velocity distribution by comparing with existing relevant set of experimen-
tal data and also with an existing model. Comparison results show good agreement
with data as well as with the previous model proving the efficiency of the model. It is
found that the transverse velocity distribution depends on the formation of circular
vortex in the cross-sectional plane and becomes periodic as the number of circular
vortex increases for increasing aspect ratios.

Key words: velocity distribution, open channel flow, turbulent flow, RANS equa-
tions, secondary current, Finite Difference Method.
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1. Introduction

IN THE STUDY OF RIVER HYDRAULICS OR ANY FLUVIAL SYSTEM, understanding
the turbulent velocity distribution is one of the key components. Researchers
worked since decades to develop different models on velocity distribution in an
open channel flow considering different aspects of turbulence. But the fluctuating
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behavior of turbulence is so unforeseeable that it never allowed any model to be
universally acceptable. So the research on velocity in an open channel turbulent
flow can never come to an end.

Usually in open channel turbulent flows, velocity distribution means the ver-
tical distribution of streamwise time averaged velocity of the flow in the central
section of an open channel where the side-wall effects are negligible. Pioneer in
this field were VON KARMAN [1] and PRANDTL [2] whose law of wall is till now
applied in the study of turbulence. After that, numerous models have been devel-
oped by several researchers [3-12] incorporating different features of turbulence
in their models. All these models mainly focussed into one dimensional distri-
bution of longitudinal velocity. One of the important aspects of turbulence is
secondary current which is present in all kinds of flow irrespective of the channel
geometry [13] and it helps to understand the flow as well as the variation of bed
texture and bed topography. Several researches can be found in literature that
studied structure and mechanism of secondary flow in an open channel. WANG
and CHENG [14] investigated experimentally as well as analytically, the time-
mean characteristics of cellular secondary flow that is generated by longitudinal
bedforms. According to PRANDTL [2], two categories of secondary current can
be identified in fluid flow. The first kind or skew-induced streamwise vortcity is
originated from the mean flow and commonly treated by the researchers. The
second kind secondary current is generated by turbulence which is related to
the formation of sand ridges and is typical in straight and non-circular chan-
nels [15]. YANG et al. [16] studied in details the mechanism for initiation and
retention of Prandtl’s second kind secondary current. They revealed that sec-
ondary currents originate from the boundary region and the lateral variation of
streamwise velocity is the cause of generation. Recently DUDA et al. [17] have
experimentally observed the second kind secondary flow in a corner of a channel
of the square cross-section by using Stereo Particle Image Velocimetry. They
studied the generation and pattern of vortices for different Reynolds numbers.
For narrow open channels where the aspect ratio (ratio of channel width to flow
depth) is less then 5 [18], the influence of secondary current is prominent that
brings the maximum streamwise velocity below the free surface, a phenomenon
which is commonly known as the dip-phenomenon. The dip-phenomenon was
reported quite a long time ago for open channels and rivers [19-21] as well as
for laboratory tests [22, 23]. Guo and JULIEN [10, 24| and ABsI [11] devel-
oped a number of velocity models which are able to predict a dip-phenomenon.
KUNDU and GHOSHAL [12] developed a modified velocity model known as the
total-dip-modified-log-wake law which was fully analytical. Guo [25] revisited
smooth rectangular open channel flow in terms of the velocity dip-position, the
centreline and the cross-sectional velocity distributions. He derived the dip posi-
tion by Yang’s linear shear stress distribution and showed that centreline velocity
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distribution and cross-sectional velocity distribution can be described by Guo
and JULIEN’s MLW law |10, 26].

All the above mentioned models mostly focussed on one dimensional distri-
bution of longitudinal velocity in comparison to which two dimensional velocity
distribution studies are quite less. SARMA et. al. [4] developed a two dimen-
sional distribution formula for longitudinal velocity but the formula was not
able to address the dip-phenomenon. Lu [27] derived two dimensional veloc-
ity (longitidinal) expression for a steady uniform flow through open channels
which was applicable in Yangtze river though the expression needed modifi-
cation for application to rivers with narrow-deep cross-sections. BONAKDARI
et. al. [28] proposed vertical shear stress distribution along a centreline consid-
ering secondary current effects and from that, developed an analytical solution
for velocity with parabolic eddy viscosity. GUO [25] developed modified log wake
law for cross-sectional velocity distribution empirically. Though the model of
Guo [25] shows a dip effect, but effects of transverse and vertical components
of velocity are not included in this model. He compared his model for center-
line velocity distribution with the data of COLEMAN [6], LyN [29] and MUSTE
and PATEL [30] and for cross-sectional velocity distribution, with the data of
TOMINAGA et. al. [31] who measured the three dimensional turbulent structure
in straight open channels including both primary velocity and secondary cur-
rent. Recently, LU et. al. [32] have derived the longitudinal velocity distribution
formula analytically along vertical and transverse directions with the sidewall
effects starting from the Reynolds equation of a turbulent flow and validated
their model with both laboratory and channel data. Though the agreement was
satisfactory, but they excluded some terms (explained later) in the governing
equation without any proper explanation.

From the aforementioned literature review it can be observed that previous
studies mostly were associated with one dimensional distribution of the stream-
wise velocity component that depends on the vertical coordinate only. Very few
researchers studied two dimensional distribution of streamwise velocity, but ei-
ther not including influence of secondary current resulting into dip-phenomenon
or not taking into account the transverse and vertical components of velocity
or neglecting some relevant terms from the governing equation. Literature lacks
in a generalized model that originates from traditional mass and momentum
equations and studies the streamwise velocity considering velocity components
in all three directions that are functions of lateral and vertical coordinates. So
the present study devotes to develop a model starting from the Reynolds aver-
aged Navier—Stokes (RANS) equation for streamwise velocity for a steady and
uniform flow along the main flow direction and which includes the effect of both
transverse and vertical velocities resulting into a solution containing the dip-
phenomenon, all the velocity components being functions of lateral and vertical
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coordinates. This work can be considered as an extension of LU et al. [32] work
who started from RANS equation, but not considering few important terms, may
be for the sake of providing an analytical solution. The present work considers
those terms and provides a numerical solution to the problem.

In brief, the main objectives of the present study are (i) to investigate the
two dimensional longitudinal velocity distribution in a steady turbulent flow
uniform along the main flow direction, through straight open channels starting
from RANS equation with all three velocity components; (ii) to apply a numerical
method for solving the partial differential equation arising in such flows; (iii) to
validate the obtained solution with relevant experimental data containing the dip
phenomenon; and (iv) to demonstrate the solution with other existing model to
investigate transverse velocity distributions.

2. Derivation of the 2D velocity distribution model

We consider a steady, uniform (along longitudinal direction) turbulent flow
through a straight rectangular open channel with the width 2B and the energy
slope S. In the three dimensional cartesian co-ordinate system, x, y and z indicate
the main flow, lateral and vertical directions respectively as shown in Fig. 1 and
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Fia. 1. Schematic diagram of the two dimensional velocity distributions along vertical (z)
(figure in the top) and transverse (y) (figure in the bottom) directions.
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the origin O is considered at the bottom of the center line. Let u(y, z), v(y, z) and
w(y, z) denote the mean flow velocities along streamwise (or longitudinal), lateral
(or transverse) and vertical directions respectively. Then the mass conservation
and z-directional momentum equations are expressed after taking the Reynolds
averaging (RANS equation) as

ov Ow
(2.1) TR

ou ou Pu 0% 0, — 0, —
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where g, = gsinf = ¢S (say) denotes the component of a gravitational force
along the main flow direction, 6 is the channel slope, v denotes fluid kinematic
viscosity, u’, v" and w’" denote turbulent fluctuating components of corresponding
velocities and overbars denote the time averaging. Equation (2.2) can be further
expressed as
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where p is fluid density, 7,9 and 7,9

are expressed as follows

are components of total shear stresses which
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Here Tx”y and Tgy are viscous shear stresses and 7., and 7., are Reynolds shear
stresses. In open-channel flows, viscous shear stresses are dominant in the thin
viscous sublayer and above this layer, in the main flow region, Reynolds shear
stresses dominate. Therefore Eqs. (2.4) and (2.5) are approximated by ignoring
the viscous terms and then using the Boussinesq hypothesis 3] and the uniform

flow condition, we can write
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where v, and v, are eddy viscosities along lateral and vertical directions respec-
tively. Substituting Eqs. (2.6) and (2.7) into Eq. (2.3), the governing equation
for 2D flow is expressed as

0 ou 0 ou ou ou

Secondary current of Prandtl’s second kind is generated by the non-uniformities
of the flow near the walls induced by the anisotropic turbulence [33]. These sec-
ondary currents of the second kind are weak and have magnitude of the maximum
velocity less than 5% of the mean streamwise flow velocity [34]. PRANDTL [35]
postulated that the distribution of longitudinal mean velocity in a cross-sectional
plane changes due to the presence of secondary flows. Therefore the flow with
effects of secondary current can be assumed as a flow with the primary flow
superimposed with the weak secondary flow and is a result of perturbation to
the primary flow due to the existence of secondary currents [36]. As a result Lu
et. al. [32] considered v(y, z) /u(y, z) and w(y, z) /u(y, z) to be of small order and
neglected the last two product terms in the LHS of Eq. (2.8) assuming linear
stability. But since the cross-sectional distribution of primary mean flow velocity
is subjected to change with the presence and structure of secondary velocities v
and w [14], these terms must be taken into account and therefore in this study
we consider Eq. (2.8) as the governing equation for 2D velocity distribution.

The eddy viscosity v, along vertical direction is modeled by the parabolic
profile after assuming the linear law of fluid shear stress and the logarithmic law
of streamwise mean velocity u as [37, 38|

(29) Vy = RUxpz (1 - Z)a

where « is the von Karman coefficient, u., = /7p/p is the local bed shear ve-
locity i.e. the shear velocity along lateral /transverse direction in which 7, is the
bed shear stress and H is the flow depth. TOMINAGA et al. [31] experimentally
showed that in narrow open channels, free surface and bottom vortices/eddies
exist and they transfer low momentum water from side walls to the central sec-
tion of open channels that causes the dip-phenomena. Later YANG et al. [9] and
GUoO [25] modeled the secondary current effect in the Reynolds shear stress dis-
tribution using the combination of two shear stresses 7, and 7 where 7 is the
‘apparent’ shear stress at the free surface. It acts like a shear stress but it signifies
the momentum transfer by secondary current near the free surface only. GUo [25]
showed after analyzing data of TOMINAGA et al. [31] that dip-phenomenon oc-
curs due to the presence of longitudinal water surface eddies which increase the
maximum velocity through the wake function and for narrow open channels, the
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wake function [3] is scaled by another shear velocity u. as proposed by GUO [25]
and along the center line, the modified log-wake (MLW)-law is finally scaled by
Usp + Us1 [25]. Since the distribution of mean streamwise velocity also changes
with lateral direction, wu., + us; cannot be used for scaling the velocity u(y, z).
WANG and CHENG [36] suggested that if u.(= 1/ghS) denotes the average shear
velocity at the central section, then at different sections of channel, u,; changes
along the lateral direction as

1/2
(2.10) e [1 +0.18cos<7;?;>] .

U

Here it can be observed from Eq. (2.10) that the change of u,, along lateral
direction is due to the presence of the cosine term on the right side of this equa-
tion and therefore the spatially averaged shear velocity u, along the transverse
direction can be defined as [36]

B 1 N Ty 1/2
(2.11) Uy = 35 Use {1 +0.18 COS<H>:| dy
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= / [14 0.18 cos(nt)]"/2 dt
Ar/2 ' ’
0

where Ar = % is the aspect ratio. Since U, gives the average value, therefore
it is more reasonable to use u, for scaling the velocity components. Therefore
using Eq. (2.11), the eddy viscosity along the vertical direction is expressed as

_ z
(2.12) v, = /-i)\u*z<1 - H>’

where A = Ar/[2 fOAT/Z[l + 0.18 cos(nt)]'/2 dt] is a constant. It is to be noted
that when bed effects are absent, the integrand on the right side of Eq. (2.11),
is simply 1 and one gets U, = @y = \/ghS.

As such no general empirical model exists in literature for the eddy viscosity
model along the lateral direction. It is general practice in river engineering to ap-
proximate it by its average value and such a model was proposed by IKEDA [39).
Following [18, 39|, in the absence of bed roughness or bed elevation, v, along the

lateral direction is approximated by the depth-averaged eddy viscosity as
K

(2.13) vy = G,

where u, is the spatially averaged shear velocity in the transverse direction which
is already defined.



182 S. MOHAN et al.

(a)

free-surface
vortex

Secondary o
current O Velocity dip

osition
H p bottom
vortex
o

Smooth bed surface ~ Rough bed surface

Fia. 2. Schematic pattern of secondary current. (a) In narrow open channel according
to [44]; (b) In wide open channel with alternate smooth and rough bed strips [45].

The structure of secondary currents occuring in narrow and wide open chan-
nels are different (see Fig. 2). In narrow open channels, due to the sidewall effects,
free surface vortex and bottom vortex are generated and for wide open channels,
free surface vortex gradually disappears. The dip-phenomenon occurs due to the
presence of the free surface vortex [25]. In the free surface vortex, the secondary
flow velocity w(y, z) is acting along the vertically downward direction at the cen-
terline and along vertically upward direction near the sidewall. Therefore such
flow velocity can be modeled from [14] as

(2.14) w(Y, 2) = —Wiqy Sin (7‘(’;{) cos (ﬂé),

where w4, is the maximum flow velocity of w. Substituting Eq. (2.14) into
Eq. (2.1) and integrating, the lateral secondary flow velocity is obtained as [14]

(2.15) (Y, 2) = Wiy COS <7r2> sin <w;’[> .

Finally, substituting Eq. (2.13) and Egs. (2.12)—(2.15) into Eq. (2.8) and
using the following dimensionless variables

~ Z ~ Y - U ~
2.16 = — == = — =
( ) “ H’ Y H’ “ Uy v

v w
— and w=—
U Ux
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the governing equation is rewritten as

0% 0% _ou ou GgSH
(2.17) 8"2—’_6)\2(1_5)8%«2_( ) a~+[6>\(1 22)— ( ) ]82+ —— = 0.

*

The distribution of primary mean flow velocity u(y, z) in the yz cross-sectional
plane is governed by Eq. (2.17). Here secondary velocities v and w are given in
Egs. (2.14) and (2.15), respectively. It can be observed that the governing equa-
tion is an elliptic partial differential equation. To find the solution of Eq. (2.17),
apart from boundary conditions, some more conditions are required which are
conditions at dip position, at centerline and at a wall. All the conditions can be
written together as

(2.18) (@, 2)| 5 =j7a, Wy, 2)|;y = s,
(2.19) g;z_zd =0,

(2.20) gg 7=0 =0,

and

(2.21) W7 2) |5 gy = s

where U, (= ug/us) denotes the primary mean flow velocity at bottom (it is
generally taken as zero or very small), us(= us/u), denotes the primary mean
flow velocity at free surface, z; = z4/H is the dimensionless height of velocity
dip-position from channel bed, %, = 1, /4, is the mean sidewall flow velocity.
In Eq. (2.21), modulus sign is given to indicate the both sidewall positions from
centreline. Equation (2.17) along with the conditions Eqgs. (2.18)-(2.21) is solved
numerically using the finite difference approximation. As this method is well
established and is quite often used to solve ordinary /partial differential equation,
it is not described in the main text of the manuscript. It has been given in the
appendix for those readers who are not familiar with this method.

3. Validation of the model

In this section, we have validated our obtained numerical solution using the
finite difference numerical scheme with the existing analytical and numerical
solutions as well as experimental data under some specific conditions. To obtain
the numerical solution of a problem, discretization of computational domain is
an important aspect as the accuracy of the numerical solution depends on the
grid size. The best way to obtain the grid converged solution is by plotting the
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solution with more and more number of grid sizes until one finds that there is no
significant difference in the solutions. For that purpose, in the present work, the
computational domain is divided into N number of equally spaced grid points

with the grid size Ay = ]\fi’l in g-direction and M number of equally spaced grid
points with the grid size AZ = Afjl in zZ-direction. L, and L. are the lengths

of the domain in y and Z directions, respectively. More detailed explanation is
given in appendix.
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Fia. 3. Sensitivity of cross-sectional velocity distribution for different grid size
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lines with cross symbol show the benchmark solution corresponding to 200 grid points each
for M and N.
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To obtain the converged solution over different grid sizes, we have plotted
cross-sectional, vertical and transverse velocity profiles in Figs. 3 and 4 respec-
tively for different number of grid points. In case of the cross-sectional velocity,
we have considered different grids sized in both the directions. In Fig. 3, the
cross-sectional solutions are plotted for four different choices of grid sizes. From
the plots in Fig. 3, it can be observed that if one considers grid points greater
than 180 in both directions, the grid converged solution is obtained. Here, the
solution with 200 grid points in both directions is considered as the benchmark
solution and plotted together with other grid point solutions in Fig. 3 to show the
convergence. It is found that after a minimum number grid point of 180 in both
directions, the solution becomes less sensitive and does not increase significantly.
Similarly in Fig. 4, the vertical and transverse variations with different grid sizes
are plotted. From the figures it can be observed that after 200 grid points vertical
velocity converges and after 120 grid points the transverse velocity converges.
This analysis shows the stability of the numerical solutions.

3.1. Cross-sectional velocity distribution

To test the validity of the proposed numerical solution of Eq. (2.17), exper-
imental data of TOMINAGA et. al. [31] has been used. They measured the 3D
turbulent structure with hot-film anemometers in three straight open channels,
including a rectangular flume 12.5 m long and 40 cm x 40 cm cross-section. The
bed-wall was made with an iron plate and painted for smoothness and a sidewall
was made up with glass materials. The fully developed, uniform turbulent flow



186 S. MOHAN et al.

was established at the test section 7.5 m downstream from the entrance of a chan-
nel by adjusting the bed slope and the movable weir at the channel end. In this
group of experiments, the channel width 2B was kept fixed and the flow depth
H was changed. Three flow depth cases were considered with depths H = 5 cm,
10.15 cm and 19.90 cm. In this experiment, the maximum value of secondary
current is about 1.5% of the maximum value of the streamwise mean flow ve-
locity Umqe. The results include the measured data for the primary mean flow
velocity, secondary currents and turbulence intensities. Other experimental con-
ditions are given in Table 1. In Fig. 5, primary mean velocity distribution along
the yz cross-sectional plane is plotted corresponding to three different cases. In
the left column of the figure, the cross-sectional mean velocity for the left half
cross-section is plotted from the experimental data of Tominaga et. al. [31] and
the calculated cross-sectional mean velocity from the numerical solution for the
right half cross-section are plotted in the right column. In the computed solu-
tion, the value of the local bed shear velocity wu,, is calculated from Eq. (2.10)
and values of other parameters are taken from experiments of [31]. It can be
observed from Fig. 5 that the proposed solution provides good agreement with
the experimental measurements.

Table 1. Experimental conditions and values of parameters for experiment of [31].

Cases Flow depth Aspect ratio Bed shear velocity Maximum velocity g Uy
| H [cm] Ar Usp [cm/s] Umae [cm/s] [cm/s] [cm/s]
S1 5.00 8.00 2.14 46.31 5.96 14.16
S2 10.15 3.94 1.17 23.50 8.07 11.96
S3 19.90 2.01 1.64 24.36 4.36 9.96

3.2. Transverse velocity distribution

Similarly, the validity of the numerical solution of Eq. (2.17) to predict the
velocity distribution along the transverse direction at different vertical heights is
also tested. Experimental data of SARMA et. al. [4] for rectangular open channel
is considered here. In [4] they studied the velocity distribution in rectangular
open channels dividing the cross-sectional region into four parts. The exper-
iments were conducted in a straight, horizontal rectangular flume of smooth
walls with length 15.25 m, width 61 cm, and height 30 cm. The experiments
were conducted in two stages. The first stage of experiments were carried out
in 61 cm wide flume and in the second phase, experiments were carried out in
a 30.5 cm wide flume covering the range of the aspect ratio Ar from 1 to 8 in
both the stages. The channel bed was kept very nearly horizontal. They assumed
a parabolic type profile for region 1 which is the inner region of bed and outer
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region of sidewall. The parabolic profile assumed by them can be put as

2
Umazx — U Y
3.1 S —Kell-2%),
(3:-1) T < B)

where K, is the coefficient in the law for the outer region of the sidewall very
close to the bed obtained as 2.4, B is the width of half channel. Figure 6 shows the
validity of the proposed model in predicting the transverse velocity distribution
with the experimental data of [4] for the aspect ratios Ar = 2 and 8 for narrow
and wide open channels, respectively. The model [4] i.e. Eq. (3.1) is also plotted
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in the figure to compare with the proposed model. In Fig. 6a, the dimensionless
transverse velocity u/us is plotted as a function of y/H for the aspect ratio 2
and z/H = 0.1. The values of parameters are taken as u, = 22, u,, = 5.7, B =
15.25 cm, Upae = 22.9 m/s, zz = 0.59. The parameters are crucial for accurately
predicting the position of the velocity dip and needs appropriate calculation;
[40] compared all available models of dip-position in literature and proposed
a new model using the concept of entropy theory. For the comparison analysis
in this study, the model of [40] is chosen as it gives accurate prediction and
minimum errors. The formula is expressed as

_ 1 ‘
(3.2) 2= 05+ 57 [l + (el — 1){1 — e 007TATN Py

Present study 1 26
24t 8 Measured 9
————— Sharma et al.(1983)

Present study
O Measured
Y3 P Sharma et al.(1983) | 1

1 1 1 1
0 0.2 0.4 0.6 0.8 1

YH

Fia. 6. Comparison of calculated transverse velocity distribution in rectangular open
channel with the experimental data and model of [4]: (a) Ar = 2; (b) Ar = 8.

where L = 0.724. Similarly, in Fig. 6b, the dimensionless transverse velocity
u/us is plotted as a function of y/H for the aspect ratio 8 and z/H = 0.04. The
values of parameters are taken as u, = 23.2, u,, = 0.7, B = 30.5 cm, Upmaz =
22.9 m/s, zg = 1. From the figures it can be observed that the proposed model
can predict the transverse velocity distribution at different vertical heights for
both narrow and wide rectangular open channels. Also that in case of a narrow
channel, both the models give good agreement through out the channel cross-
section; whereas for a wide open channel, present study slightly deviates from
both the experimental data and the empirical model of [4] near the vertical side-
wall. This deviation can be explained as follows: in natural channels or wide
open channels, the flow structure is three dimensional. Therefore the existence
and the structures of the cellular secondary velocities play significant role on
the distribution of transverse velocities. Generally the second kind of cellular
secondary current appears as counter rotating paired cells and occurs period-
ically along the transverse direction with an approximate period of twice the
height /depth of the flow H as shown in Fig. 2 [14, 16, 41|. In case of narrow
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Fi1ag. 7. Variation of transverse velocity with secondary circulations for different aspect ratios
and alternate bottom surfaces. Left column represents the transverse velocity distribution
and right column represents the circular secondary currents in half cross-sectional plane for

different aspect ratios.

channels where Ar = 2 or B = H only one pair of counter rotating circular cells
exist and as a consequence, the periodicity does not occur. Therefore in Fig. 6a
the proposed solution matches exactly. On the other hand, in case of a wide



190 S. MOHAN et al.

open channel where Ar = 8 or B = 4H, four pairs of cellular secondary cells ex-
ist and the transverse velocity profile becomes periodic. In our present study we
have included the existence of the circular secondary currents to make the model
more appropriate and realistic by considering most appropriate models of sec-
ondary velocities proposed by [14] as trigonometric functions. As a consequence
the numerical results slightly deviates from the experimental data near the wall
boundary. In case of the model of [4], the deviation disappears as they considered
only a parabolic type empirical model for transverse velocity distribution where
a periodicity effect is not present. Apart from this, the result also deviates due
to the existence of the corner bottom vortex near the side wall region.

To discuss the variation of primary velocity along the transverse direction and
deviation of the proposed model near the vertical wall region Fig. 7 is plotted.
In the figure, the transverse velocities are plotted in the left column and the
cross-sectional velocity vectors from Egs. (2.14) and (2.15) in the right column
for four different choices of aspect ratios 2, 4, 6 and 8. The values of other
parameters are taken from the experiments of [4] and z/H = 0.1. In all the
plots of Fig. 7, the value of y is taken from zero to half of the width B of the
channel. From the figure it can be observed that as an aspect ratio increases, the
transverse velocity changes and behaves like a periodic function. From Fig. 7a,
it can be seen that when the aspect ratio is 2, then B = H and there exists
only one circular vortex in the half cross-sectional plane (since the total width
of pair of counter rotating circular vortex is 2B). Apart from that, single upflow
and downflow zones exist; and maximum and minimum transverse velocities
correspond to downflow and upflow zones respectively. The result of Ar = 2 is
consistent with the experimental observations of [4] and [14]. As the aspect ratio
increases to 4, then B = 2H and thus one pair of circular vortex occurs in the half
cross-sectional plane as observed in Fig. 7 that corresponds to one upflow and
two downflow zones. As a result, the transverse velocity attains one minimum
and two maximum values. In a similar manner, with the increase of the aspect
ratio the distribution of primary velocity along the transverse direction becomes
periodic. These findings are new and are consistent with the experiments of [14].

3.3. Centreline velocity distribution

To find the velocity distribution along vertical direction at the center line,
the value y = 0 is taken. Experimental data of COLEMAN [5] has been used to
validate the numerical solution at the central sections of narrow open channel
flow. Coleman did experiments in a flume which was 356 mm wide and 15 m
long. During the experiments, the energy slope S was kept to be 0.002 except
the last three test cases where S was 0.0022. The flow depth was nearly constant
and about 1.71 m. The temperature were in between 19.5 and 25.3°C. Among
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40 test cases, test cases 1, 21 and 32 were performed in clear water flow and for
validation of the model these runs have been considered. In all test cases / RUNS
the aspect ratio is maintained as Ar = 2. The computed horizontal velocity from
Eq. (2.17) is plotted in Fig. 8 and the values of the parameters are mentioned
inside the figures. Here the bed velocity g, Us (= ux,local shear velocity) and
other values of parameters are considered from the experimental data. From the
figure it can be seen that the proposed model can predict the vertical distribution

of mean streamwise velocity well.

1 1
09k Measured 0.9 Measured
Present study Present study
0.8 0.8
07 Run 1 o7l Run 21
0.6 06 u,=18
Uy =24 Uu=17.9
% 0.5 Ue=17 % 0.5 2,=0.722
| 24=0.71 | H=16.9 cm
0.4 H=17.2 cm 0.4
0.3 03[
0.2 0.2
0.1 0.1
0 . . . . . 0 . . . . .
0 5 10 15 20 25 30 5 10 15 20 25 30
w/u, w/u,
1
0.9 Measured
Present study
0.8
0.7 Run 32
0.6
= s u,=21
« u,=16
0.4 24=0.792
H=17.3 cm
0.3
0.2
0.1
0 . . . . .
0 5 10 15 20 25 30
/U

Fi1Gg. 8. Comparison of centreline velocity distribution with experimental data of
COLEMAN [6].

Similarly, to test the velocity distribution along the vertical direction at the
center line in a wide open channel, experimental data of VANONI [42] is consid-
ered. VANONI [42]| performed experiments in two series. The experiments were
done in a flume which is 0.8446 meter wide and 18.288 meter long with an ad-
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justable bed slope. For validation purpose, test cases 1, 18 and 20 have been
chosen. In all the test cases the aspect ratio varies from 5 to 11.90 and the
maximum velocity appears at the free surface. The computed velocity from Eq.
(5.17) is plotted in Fig. 9. Here also the values of parameters are given inside
the figures. From the comparison results it can be concluded that the proposed
model can predict the vertical velocity distribution in wide open channels well.

1 ; 1
09k Measured 0.9k Measured
Present study Present study
08 08
07 Runl 07t Run 18
~ u,=1
06  @y=20 osl =10
_ 1,=9.90
= U, =11.90 e 51
S 05F 3z _q Zos5F  z=1.0
" 137 : h H=16.9 cm
04+ =14.7 cm 04+
03f 03r
02 02l
01rf 01l
0 : 0
0 5 10 15 20 25 0 5 10 15 20 25
/Uy w/u,
1
0.9 Measured
Present study
0.8
07 Run 20
0.6 Uy =14
= u,=10.60
- 05 Z.=1.0
04 H=7.1cm
0.3
0.2
0.1
o . . . .
0 5 10 15 20 25

/Uy

Fia. 9. Comparison of centreline velocity distribution with experimental data of VANONT [42].

Apart from the experimental data of COLEMAN [5] and VANONI [42], the
present problem is also validated with the experimental data of WANG and
QIAN [43] at the center line. WANG and QIAN [43] performed a series of ex-
periments in a 30 cm wide, 40 cm high and 20 m long recirculating, tilting
flume. For a vertical velocity profile, 4 clear water experiments, namely CW1,
CW2, CW3 and CW4 were measured at center line. The computed velocity in
the vertical direction is plotted in Fig. 10 with the experimental data of WANG
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1 1
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F1G. 10. Comparison of centreline velocity distribution with experimental data of WANG
and QIAN [43].

and QIAN [43] for three data sets CW1, CW2 and CW4. The values of required
parameters are mentioned within the figure. It is clear from Fig. 10 that the
result agrees very well with the experimental data.

4. Conclusions

The following conclusions can be drawn from the present study:

(i) Starting from the z-component of the widely known Reynolds Averaged
Navier Stokes (RANS) equation, the present study derives the two dimen-
sional distribution of streamwise velocity in a turbulent flow in which the
flow is considered steady and uniform along main (streamwise/longitu-
dinal) direction. Different expressions for eddy viscosity for vertical and
lateral (transverse) directions have been considered. Also secondary flow
along these two directions has been taken into account where these are the
functions of lateral and vertical coordinates.
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(i)

(iii)

(iv)

The proposed model for streamwise velocity distribution that comes by
solving a second order partial differential equation, is capable of describing
the dip-phenomenon i.e. the occurrence of maximum velocity below the
free surface which is mainly observed in narrow open channels.

From the proposed model, all the cross-sectional, transverse and centreline
vertical velocity distributions have been compared with existing experi-
mental data for validation purpose. Quite a good agreement is observed
everywhere proving the justification of the model in determining two di-
mensional streamwise velocity in open channels.

It is established that when the aspect ratio increases, the proposed model
gives good estimation of the transverse velocity and can also predict the pe-
riodic nature of it for wide open channels. Further it is found that for wide
open channels with counter rotating circular secondary currents, transverse
velocity decreases near the upflow zones and increases near the downflow
zones.

This work has a good scope for further extension. The governing equation
can be taken for an unsteady and nonuniform flow that are not considered here.

Apart
make

from that, the model can include effect of sediment presence that will
it applicable for sediment-laden flow.

5. Appendix

5.1. Numerical solution of the problem

In

this section, the numerical solution of the problem using finite difference

approximation is discussed. The governing equation (Eq. (2.17)) to be solved
can be written as follows:

0% 0% Ot ot

A —-B—-—+C—=+4+D=0
o e Ve TV YT
A=6M3(1— 3),
6 Winax oy -
B=—
P cos(mZ) sin(7g),
~ 6 wma.’]] . ~ ~
C=6A(1-22)+ P sin(mZz) cos(my),
_ 6gSH

D

~2 .
KUz
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It can be seen from Eq. (5.1) that the governing equation is an elliptical partial
differential equation with variable coefficients. The computational domain is di-
vided into N number of equally spaced grid points with the grid size Ay = Ly

N-1
in g-direction and M number of equally spaced grid points with the grid size
AZ = Mle in z-direction. L, and L. are the lengths of the domain in y and 2

directions, respectively and the coordinates of the grid points are g; = g1 + iAy
and Z; = Z; + jAZ in § and Z directions, respectively. We discretize Eq. (5.1)
at (7, j)-th grid point using the standard second order finite difference schemes.
Finally, it can be written as:

Uit1,j — 2Uij + Ui,

Aj?

Uij+1 = 2Uij + Uij—1
A
+Aij N

(5.6)

Ui jp1 — Uij—1

2AzZ

Uit1,j — Ui—1,j

“ BT oay Tl

+ Di,j =0,

where ¢ and j represent the ith and jth grid points in 4 and z directions, respec-
tively and ; ; is the numerical value of @(7, Z) at the point (7,j). The equation
Eq. (5.6) can be rearranged as:

Ai]’ Cij - 1 Bij " 1 Aij -
: 5 T oas ) Wij— ~ = U1, — 2| 7= 5 | Wij
(5:7) <A22 QAZ)U gt (Ay2 * 2Ay)“ Ld (Ay2 T azz)

1 Bi;\ - Aij | Cij \-
! <Ag2 B 2Ag>“’“’j i (Az? T oaz )ttt =P

fori=2,3,....,N—1land j=2,3,...,M — 1,

where

A;j = 6Az;(1 - ),
o 6 Wmaz ~ . -
W= cos(mZ;) sin(my;),

6
Ci; = 6X(1 —2%j) + 2 Wmaz sin(7Z;) cos(mg;),
Y

6gSH
Dz‘,j = 7/{112 .

The boundary conditions given by Egs. (2.18)-(2.21) can be discretized as,

(5.8) i1 = e, Ty =a@s fori=1,2,...,N,
Ui 1 — U k—1

(5.9) 97z

=0 fore=1,2,...,N,
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where k is the grid point at Z = Zj.

—Sftld‘ + 4'&27j — ng’j

(5.10) 507 =0 forj=1,2,....M
and

(5.11) Un,j = Uy forj=1,2,...,M,
respectively.

To avoid the computational difficulty, we transform the double index notation
by a single index notation, n =i+ (j — 1)N. Therefore, the discretized equation
Eq. (5.7), using the single index notation can be written as follows:

(512) 01 Up—N + 2lp—1 + a3l + 4lpy1 + aslny N = —Dy

forn=N+2,N+3,....,2N~1,2N+2,...,3N—1,3N +2,..., (M —2)N —1,
(M —-2)N+2,...,(M—1)N — 1, where

A, G, 1 B,
“= <A22 _2A2>’ 2= (Ag? +2Ag>’
1 A, 1 B,
w=2(gz58) = (a7 o)
Qs = (A,%Q + 2A2)

The boundary conditions given by Egs. (5.8)—(5.11) transformed to

n=1u, forn=12,..., N,

n=us forn=(M-1)N+1,(M—-1)N+2,...,MN,

=41
Il

(5.13)

=41
|

(5.14)  UpsN —Up—n =0 forn=1i+ (k—1)N, wherei=1,2,..., N,

(5.15)  — By + 4lipyy — Gipnga =0
forn=1,1+N,1+2N,...,1+ (M —1)N,

(5.16) @, =1, forn=N,2N,...,MN,

respectively. Finally, we have an algebraic system of equations with M N number
of unknowns 1, U, U3, - . ., Uprsn, defined by

(5.17) PoarnsxunyUnnx1) = Qunx1),
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where

(5.18) P =

100.
010.
ooo. . . .1 . .
000. . 0-34 —1
000.0[1 00[2043044 (6753
000..0[1.. 0420430440 0 . Qp
000. 0O 0 1 0 0 O
000. 0 0 0-341
000. 0 0 0 as ag ag
000.
000.

U1 Ug

U9 Ug,

UN Ug,
ANt 0
UN 42 —Dy,

: and @ = :
UaN -1 —Dy

UsN Uy
U2N+1 0
U2N+2 —Dn,
UMN-1 Us

UMN Us

So, one can easily get the solution by solving Eq. (5.17).

References

..00
..00
.00

.00
.00
..00

.00

.10
.01

..00
.00

1. T. voN KARMAN, Mechanische Ahnlichkeit und Turbulenz, Nachrichten von der Gesell-
schaft der Wissenschaften zu Gottingen: Mathematisch-physische Klasse, 58-76, 1930.

2. L. PRANDTL, Recent results of turbulence research, Technical Memorandum 720, National
Advisory Committee for Aeronautics, 1932.



198

S. MOHAN et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

D.E. CoLks, The law of the wake in the turbulent boundary layer, Journal of Fluid
Mechanics, 1, 191-226, 1956.

K.V.N. SArRMA, P. LAKSHMINARAYANA, N.S.L. Rao, Velocity distribution in smooth
rectangular open channels, Journal of Hydraulic Engineering, 109, 270289, 1983.

N.L. CoLEMAN, Velocity profiles with suspended sediment, Journal of Hydraulic Research,
19, 3, 211-229, 1981.

N.L. CoLEMAN, Effects of suspended sediment on the open-channel velocity distribution,
Water Resources Research, 22, 10, 1377-1384, 1986.

J. Guo, Turbulent velocity profile in clear water and sediment-laden flows, PhD Thesis,
Colorado State University, Fort Collins, CO., 1998.

K.V.N. SarmaA, B.V.R. Prasap, A.K. SArRMA, Detailed study of binary law for open
channels, Journal of Hydraulic Engineering, 126, 3, 210-214, 2000.

S.Q. Yang, S.K. TaN, S.Y. LM, Velocity distribution and dip-phenomenon in smooth
uniform open channel flows, Journal of Hydraulic Engineering, 130, 12, 1179-1186, 2004.

J. Guo, P.Y. JULIEN, Application of the modified log-wake law in open-channels, Journal
of Applied Fluid Mechanics, 1, 2, 17-23, 2008.

R. ABsi, An ordinary differential equation for velocity distribution and dip-phenomenon
in open channel flows, Journal of Hydraulic Research, 49, 1, 82-89, 2011.

S. Kunpu, K. GHOSHAL, An analytical model for wvelocity distribution and dip-
phenomenon in uniform open channel flows, International Journal of Fluid Mechanics
Research, 39, 5, 381-395, 2012.

S.Q. YaNG, Influence of sediment and secondary currents on velocity, Water Management,
162, WM5, 299-307, 2009.

7Z.Q. WANG, N.S. CHENG, Time-mean structure of secondary flows in open channel with
longitudinal bedforms, Advances in Water Resources, 29, 11, 1634-1649, 2006.

M. CorLoMBINI, Turbulence-driven secondary flows and formation of sand ridges, Journal
of Fluid Mechanics, 254, 701-719, 1993.

S.Q. Yang, S.K. TaN, X.K. WANG, Mechanism of secondary currents in open channel
flows, Journal of Geophysical Research, 117, F04014, 2012.

D. DaNIEL Dupa, J. BEM, V. YANOVYCH, P. PavLICEK, V. URUBA, Secondary flow of
second kind in a short channel observed by piv, European Journal of Mechanics B Fluids,
79, 444-453, 2020.

I. NEzu, A. ToMINAGA, H. NaAKAGAWA, Field measurements of secondary currents in
straight rivers, Journal of Hydraulic Engineering, 119, 5, 598-614, 1993.

J.B. Francis, On the cause of the maximum velocity of water flowing in open channels
being below the surface, Transactions of the American Society of Civil Engineers, 7, 1,
109-113, 1878.

F.P. STEARNS, On the current-meter: together with a reason why the maximum velocity of
water flowing in open channel is below the surface, Transactions of the American Society
of Civil Engineers, 12, 1, 301-338, 1883.

C. MURPHY, Accuracy of stream measurements, Water Supply and Irrigation Paper, 95,
111-112, 1904.



NUMERICAL STUDY ON TWO DIMENSIONAL DISTRIBUTION. . . 199

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

C.H. KEULEGAN, Laws of turbulence flow in open channels, Journal of Research of the
National Bureau of Standards, 21, 707-741, 1938.

I. NEzu, H. NakAaGawa, Cellular secondary currents in straight conduit, Journal of Hy-
draulic Engineering, 110, 173-193, 1984.

J. Guo, P.Y. JULIEN, Turbulent velocity profiles in sediment-laden flows, Journal of
Hydraulic Research, 39, 1, 11-23, 2001.

J. Guo, Modified log-wake-law for smooth rectangular open channel flow, Journal of Hy-
draulic Research, 52, 1, 121-128, 2013.

J. Guo, P.Y. JULIEN, Modified log-wake law in smooth rectangular open-channels, [in:]
Advances in Hydraulics and Water engineering, I & II, World Scientific, 2002, 87-99.

J.Y. Lu, Study on flow velocity distribution of in the yangtze yangtze river riverflow,
Journal of Yangtze River Scientific Research Institute, 1, 40-49, 1990.

H. BoNAKDARI, F. LARRARTE, L. LASSABATERE, C. JOANNIS, Turbulent velocity profile
in fully-developed open channel flows, Environmental Fluid Mechanics, 8, 1-17, 2008.

D.A. Lyn, A similarity approach to open-channel sediment laden flows, Journal of Fluid
Mechanics, 193, 1, 1-26, 1988.

M. MusTE, V.C. PATEL, Velocity profiles for particles and liquid in open-channel flow
with suspended sediment, Journal of Hydraulic Engineering, 123, 9, 742-751, 1997.

A. TomiNacA, 1. NEzU, K. Ezaki, H. NAKAGAWA, Three-dimensional turbulent struc-
ture in straight open channel flows, Journal of Hydraulic Research, 27, 1, 149-173, 1989.

J. Lu, Y. Zuou, Y. Zuu, J. Xia, L. WEI, Improved formulae of velocity distributions
along the vertical and transverse directions in natural rivers with the sidewall effect, En-
vironmental Fluid Mechanics, 18, 11, 2018.

L. PRANDTL, Essentials of Fluid Mechanics, London and Glasgow, Blackie & Son Ltd,
1952.

I. Nezu, H. Nakacawa, Turbulence in Open-Channel Flows, TAHR Monograph,
Balkema, Rotterdam, The Netherlands, 1993.

L. PRANDTL, Uber die ausgebildete turbulenz, [in:] 2e Internationaler Kongress der Tech-
nischen Mechanik, Verhandlung, Fiiessli, Ziirich, 1926.

7.Q. WaNaG, N.S. CHENG, Secondary flows over artificial bed strip, Advances in Water
Resources, 28, 5, 441-450, 2005.

W.H. GRrAF, Hydraulics of Sediment Transport, McGraw-Hill, New York, USA, 1971.

S.Q. YANG, Turbulent transfer mechanism in sediment-laden flow, Journal of Geophysical
Research, 112, F01005, 2007.

S. IKEDA, Self forced straight channels in sandy beds, Journal of the Hydraulic Division,
107, 4, 389-406, 1981.

S. KuNDU, Prediction of velocity-dip-position at the central section of open channels using
entropy theory, Journal of Applied Fluid Mechanics, 10, 1, 221-229, 2017.

S. Kunpu, K. GHOSHAL, Effects of secondary current and stratification on suspension
concentration in an open channel flow, Environmental Fluid Mechanics, 14, 2014.



200 S. MOHAN et al.

42. V.A. VANONI, Ezperiments on the transportation of suspended sediment by water, PhD
Thesis, California Institute of Technology, Pasadina, California, 1940.

43. X. WaNG, N. QiaN, Turbulence characteristics of sediment-laden flows, Journal of Hy-
draulic Engineering, 115, 6, 781-799, 1989.

44. 1. NEzu, W. Rob1, Ezperimental study on secondary currents in open channel flow, [in:|
21th TAHR Congress, 115-119, TAHR, Melbourne, 1985.

45. S. Kunbpu, Theoretical study on velocity and suspension concentration in turbulent flow,
PhD Thesis, Indian Institute of Technology Kharagpur, West Bengal, India, 2015.

Received July 13, 2020; revised version February 10, 2021.
Published online April 29, 2021.



