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The developing turbulent flow in an open channel is a complex three-dimensional
flow influenced by the secondary currents and free surface effects and is,
therefore, not amenable to analytical solution. This paper aims to study the impact
of three key hydraulic parameters (relative roughness, the Froude number and the

Reynolds number) on the establishment length using computational fluid dynamic
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(CFD) analysis. CFD analysis is based on the use of the ANSYS-CFX commercial
code. The CFD strategy of modelling is validated against experimental velocity
in a cross-section and a good agreement is achieved. A
dimensionless length is suggested for predicting the length of the developing flow
zone for rectangular open channel. A linear relationship has also been developed
for assessing the establishment length.
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Nomenclature

g gravitational acceleration (m/s?)
Le establishment length (m)

H flow depth (m)

P pressure (Pa)
Use shear velocity (m/s)
U flow velocity (m/s)
Umax maximum velocity (m/s)
y width (m)
z height (m)

z vertical elevation (m)

¢ channel roughness (m)

0 boundary layer thickness (m)

p density of fluid (kg/m?3)
v kinematic viscosity (m?/s)
ujuj Reynolds stress tensor (Pa)
F Froude number

R Reynolds number

lec non dimensional index

Z+= ﬁ

1. Introduction

Turbulent flows in ducts and open channels are often encountered
in engineering. The most basic requirement for the experimental and
numerical study of fully developed three-dimensional open channel
flows is the knowledge of the channel length necessary for its
establishment. Indeed, in open channels, the velocity gradients in the
entrance and near the channel bed are high due to the growing
boundary layer (see Fig. 1).

The boundary layer thickness (8) increases with distance from the
entrance of the channel. After a certain distance (establishment
length, Le), the boundary layer reaches the free surface where after
the velocity profile remains invariant. Information about this
establishment length is required for any experimental study and
numerical modelling of free surface flows. Beyond this distance, the
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flow is fully developed. The turbulent structure of open channel flows
in the developed zone can be divided into two sub-regions, (Nezu and
Nakagawa 1993; Cebeci 2004): inner region (8;): z/h<0.2 and outer
region (8,): 0.2<z/h<1.0.
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Viscous sublayer

! Le IFuIly developed flow

Fig. 1. Boundary layer and fully developed open channel flow.

Most experimental facilities for open channel flows are cited as
being sufficiently long, yet no formal definition or documentary
evidence of the fully developed condition is widely accepted.
Determination of the establishment length (Le) under different
hydraulic and geometric conditions is of vital importance in open
channels as meaningful flow studies must be carried out in the
developed flow zone. The establishment length or development length
in an open channel has been studied in many ways over the years.
While considerable amount of information is available regarding the
development of flow in a circular pipe, there is limited information
available in this respect for open channels to enable one to decide the
length required for the establishment of fully developed turbulent flow
in channels.

Nikuradse (1933) compared the mean velocity profiles at
successive stream-wise lengths and concluded that the fully
developed zone in a pipe was achieved in his experiments at a
distance of fifty times the diameter from the entrance. Wang and Tullis
(1974) reported similar results for the developing turbulent flow in a
pipe. Since the hydraulic radius of a circular pipe is equal to one fourth
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of its diameter, the length required for establishment of the fully
developed flow in an open channel can be taken as 200 times the
hydraulic radius (or the depth of flow in a wide channel) using the
above criterion. This length appears to be rather large in the context of
lengths of the existing flumes in different laboratories.

Flow in a rectangular channel is characterized by the presence of
corners and the free surface. Thus, the flow structure in any
developing turbulent flow in channels is different from that in circular
pipes. The secondary currents are induced mainly due to the
inequality of the normal turbulent stresses at different locations in the
cross-sectional plane (Perkins 1970). These secondary currents affect
the primary mean flow field and cause the maximum velocity to occur
below the free surface (dip phenomenon). It is important to investigate
their influence in the developing flow region of a channel. The
developing flow is a complex three-dimensional flow influenced by the
secondary currents and free surface effects. CFD modelling can,
probably, be used to analyze data in the developing flow region of a
rectangular open channel for different flow conditions and wall
roughnesses.

In the present study, the experimental data obtained by Tominaga
et al. (1989) were processed to validate CFD modelling strategy and,
then, the validated numerical approach was used to study the length
of flow establishment in open channels as a function of wall
roughness (the same roughness value is considered for both the side
walls and channel bed) and relevant flow parameters.

2. Establishment length in open channel

The studies (either numerical or experimental) on the flow should
be made only in the fully developed zone. Indeed, upstream of this
zone, the parameters in the vicinity of the entrance are under the
influence of a boundary condition that is rather uncertain. The choice
of a short channel length induces the risk of the test section not being
in the developed zone. However, the choice of a very large length
increases the experimental cost or enhances the computing time in
numerical studies. Several studies have been carried out in the past
on the prediction of the establishment length. From these studies, the
establishment length Le in an open channel is seen to vary from 50h
to about 150h. Here, h is the depth of flow in the channel. Table 1
recapitulates the results obtained from the previous studies.

Table 1. Summary of selected studies for prediction of the
establishment length value.

Reference Type of channel Le

Grass (1971) Smooth & rough 130h
Dean (1978) Smooth 55h
Nezu and Rodi (1985) Smooth 60h-90h
Cordaso et al. (1989) Smooth 69h-108h
Graf (1991) Rough 140h
Ranga Raju et al. (2000)  Smooth & rough 50h-100h
Zanoun et al. (2003) Smooth 115h
Lien et al. (2004) Smooth 130h

These previous investigations, however, do not allow quantitative
and precise evaluation of the establishment length. Indeed, in these
studies, the main parameter studied was the hydraulic radius (or the
flow depth). There are some other parameters such as velocity,
channel width, and channel roughness which too affect the
establishment length. However, these were not considered in the
above-mentioned studies. Kirkgoz and Ardichoglu (1997) have, from
their experimental data in a smooth channel, found that the
dimensionless length of the developing flow region (Le/h) is related to
the Reynolds number (R) and Froude number (F) as follows
(R/F<500000):

Le _76-00001R @
h F

The measured velocity profiles of 12 tests of their investigation
showed that the length of the boundary layer development varies
between 50h to 70h. There is no clearly defined criterion for flow
establishment length in channels. One could possibly define the
length of establishment, Le, as the distance beyond which: (1) a
characteristic boundary layer thickness like the displacement or
momentum thickness becomes constant, or (2) the mean velocity

profile along the center line of the channel remains the same, or (3)
the mean velocity profile along the whole of the cross section remains
the same. There is evidence to suggest that the lengths obtained
using these different criteria are not the same. In order to take into
account, the wall effect on the velocity field in the cross section, this
study is based on criteria (3) to determine the establishment length.

3. Methodology
3.1. CFD modelling strategy

The present numerical study makes use of the Ansys - CFX
software package for solving three-dimensional fundamental flow
equations and the package enables one to calculate the velocity fields
in any cross section.

3.1.1. Governing fluid flow equations
Two key equations for the fluid motion in an open channel are: (i)

the law of conservation of mass for an incompressible fluid in Eulerian
form,

Ny @
OX;

and (ii) the Reynolds’ time-averaged Navier-Stokes equations for an
incompressible turbulent fluid flow

wawh>m21m+aﬁw_wJ )

ot . gox p x| ox

where Xj’s, represent the coordinate axes, Ujs are the mean

velocities in the x (stream-wise), y (lateral) and z (vertical) directions,
Z is the vertical elevation, p is the pressure, p is the fluid density, and

m are the components of the Reynolds stress tensor.

3.1.2. Turbulence closure

Since most of the practical engineering flows are large Reynolds
number flows, the simulation of turbulence is of great importance in
order to obtain accurate numerical results. Before Egs. 2-3 can be
solved, a turbulence model must be introduced for determining the

Reynolds stresses (uiuj ) appearing in the momentum equations, Eq.

3. The software provides various turbulence models. Stovin et al.
(2002) have shown the influence of the turbulence model on the ability
to represent the complexity of turbulent flows. Bonakdari (2006) and
Bonakdari and Zinatizadeh (2011) have shown that the isotropic
models are unable to represent the 3-D behavior of the velocity fields
in narrow channels. Therefore, the anisotropic Reynolds Stress Model
(RSM) has been used.

3.1.3. Boundary conditions

Boundary conditions around the solution domain are required in
order to determine the solution of the governing fluid flow equations.
The common boundary conditions in the open channel flow problems
are:

(1) The water level at the inlet boundary needs to be given and this
should be consistent with the mean velocity of flow in the channel.

(2) At the outlet, pressure is specified at the center of the cell face,
while Cartesian velocity components and turbulence quantities are
extrapolated from the interior of the cell using a second-order
extrapolation.

(3) The interaction between the fluid and boundary walls is of great
importance in the turbulent flows. Due to the strong velocity gradients
occurring near the walls, a large amount of turbulence is generated
there. This turbulence plays a very important role in several physical
phenomena such as heat exchange and reattachment of the
separated regions. For the present analysis, the wall function
approach outlined by Launder and Spalding (1974) was used. This, in
effect, means that the boundary conditions are not specified right at
the wall but at a point, outside the viscous sub-layer, where the
logarithmic law of the wall prevails.

(4) Assuming that the atmosphere exerts no shear and no inertia,
equality of forces on the two sides of the interface is enforced. The
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free surface location is determined by the Volume of Fluid (VOF)
method (Hirt and Nicholas 1981) which has been incorporated into the
solution of the Reynolds’ time-averaged Navier-Stokes equations in
order to take into account the free surface effects on the Reynolds
stresses and, thus, velocity distribution in the cross section. In the
commercial package Ansys-CFX, the water flow and some of the air
flow above the water are solved simultaneously. The governing fluid
flow equations for air and water are expressed in a single form but
with different physical properties. A second order implicit scheme is
used to discretise the governing equations i.e., the continuity
equation, the momentum equations, and the turbulence model.

3.1.4. Computational meshes

To design a computational mesh suitably spaced for the solution
domain described previously, different structured meshes with various
cell concentrations were tested (Bonakdari, 2006). A prismatic mesh
with rectangular base is used because such a mesh can be
conveniently generated for the geometry of the channel; it also gives
the highest accuracy (Bonakdari, 2012). The cell density should be
increased in the flow regions with large gradients in velocity and free
surface profiles (Akoz et al., 2009). Relatively finer local meshes in the
vertical direction were used particularly near the channel bed in the
water zone so that the first mesh point remained within the viscosity-

affected wall region for z+(= ez )<30, where high-gradient velocity
14

profiles occur. The mesh density is decreased in the air zone. In the
water phase, this grid is composed of cells with rectangular sections
with its smaller side in the vertical direction so as to correspond with a
higher gradient of flow characteristics in this direction; in the air phase,
stepping away from the water surface, compression decreases
linearly. A value of 10-6 has been employed as the convergence
criterion at each time step for the sum of each of the normalized
residuals over the whole fluid domain for all the governing fluid flow
equations and also the mass residuals. The maximum number of
iterations was equal to 30000. However, if the convergence criterion is
reached for all the residuals, the simulation was stopped before
reaching 30000 iterations.

3.2. Experimental data

The experimental results obtained from the study of Tominaga et
al. (1989) were used in the present study. The bed of the channel was
a painted iron plate and the side-walls were of glass. The
experimental study was carried out in smooth and rough rectangular
open channels. In rough cases, the roughness elements were glass
beads with 12 mm diameter and they were densely attached to the
wall. The results were obtained in a channel with 12.5 m length, and a
square cross section (0.40 m x 0.40 m). The experiments were
performed with the Reynolds number equal to 1.9x104 and Froude
number equal to 0.19 for a depth of flow equal to 0.10 m and the
mean velocity equal to 0.187 m/s. Velocity measurements were
performed using a hot-film anemometer. Velocities were measured at
the mid-section at about 100 locations. In this case, the flow width to
depth ratio is smaller than 5. In such hydraulic contexts, the maximum
velocity is below the free surface (dip phenomenon) unlike the usual
accepted situation for river flows (Stearns 1883, Nezu and Nakagawa
1993).

3.3. Methodology to assess the impact of the relative roughness,
Reynolds number and Froude numbers

Dimensional analysis is a powerful tool for deriving the
dimensionless relationships among the variables governing any fluid
flow. The variables that affect the establishment length Le are the
mean velocity in the stream-wise direction (U), depth of flow in the
channel (h), channel roughness (¢ ), mass density () and kinematic
viscosity (v ) of the fluid, and gravitational acceleration (g). The
dimensional analysis yields the following functional relation:

Le/h=f({/h, ——

Jon

Leh=f(</h, F, R)

u_th, ()
14

®)

To study the effect of variations of the relative roughness, Reynolds
number, and Froude number, it is necessary to vary one while
keeping the other dimensionless numbers constant.

4. Results
4.1. Experimental validation of the CFD modelling strategy based
on experimental data

The validity of the proposed model was evaluated by the
experimental results of Tominaga et al. (1989). For the simulated
case, the average water depth is h = 0.1 m and the bulk mean velocity
at the entrance is equal to 0.187 m/s corresponding to the mean
velocity measured experimentally by Tominaga et al. (1989). This
channel is narrow with aspect ratio (width/depth) less than 5.
Therefore, the secondary currents move the fluid with relatively high
stream-wise momentum towards the central portion of the channel
and cause the observed depression of the maximum velocity below
the free surface called the dip phenomenon (Nezu and Nakagawa,
1993). Computational Fluid Dynamics (CFD) modelling was able to
simulate the iso-velocity field in the whole of the cross section. Figure
2 illustrates the comparison between the experimental data and
numerical results. In order to quantitatively compare the performance
of the numerical model in the entire cross section with the measured
results, two indicators, relative error (Rerr) and root-mean-square
error (RMSE) were used and which are as follows:

Upmo -U
Rerr = 7mtj s (6)
exp
RMSE = izn: Ymo ~Ver ’ 0
“\n

1 Uexp
where, n is the total point measurements in the cross section, Uy,
the estimated velocity according to the numerical modelling and U gy

the measured velocity. The values of Rerr = 3 % and RMSE = 4.5 %
obtained showed good agreement between the modelled and
experimental data. CFD results show the dip phenomenon centered in
the middle of the main channel at 70% of the water level from the bed.

2 UlUmax

\ - : ‘ | yvh
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(a) Experimental (b) Numerical

Fig. 2. Comparison of the experimental results of Tominaga et al.
(1989) with the numerical results.

4.2. Establishment length

Fig. 3 shows the distribution of velocity for four different sections
located at various distances from the inlet. In this example, it was
observed and concluded that the flow can be treated as fully
developed beyond the distance of 6.5 m from the entrance. This
means that for these data, the length of boundary layer, i.e., the
establishment length is 6.5 m. It represents 65 times the water depth.

Use of a structured mesh provides an identical positioning of the
mesh nodes from one section to another. For this feature, the velocity
distribution at all points of the successive sections were compared.
For the estimation of the establishment length, an indicator of variation
was proposed. This is based on the comparison of the velocity values
at the corresponding points of the mesh grid in the two consecutive
sections as follows:

Srt-upf

i,jsection

T ®)

Iec(n,n +1):
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where, n and n+1 are the numbers of sections and the summation is
performed for any differences between the values of all points Pij of
the two sections. The longitudinal development of the mean flow
velocity was investigated by calculating this indicator as a function of
the distance from the entrance of the channel. This indicator was
found to decrease with increase in the distance. The establishment
length was defined as the distance from the entrance of the channel
where the variation of this indicator values for the two consecutive
sections remained within 0.5%.
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Fig. 3. Distribution of velocity (U/Umax) at various sections near the
entrance of the channel.

4.3. Impact of the relative roughness, Reynolds and Froude
numbers on the establishment length

Eq. (5) shows that the establishment length may be a function of
the roughness of the walls (the same roughness value is used for the
side wall and channel bed), Reynolds number, and Froude number. In
the following section, the influence of these three variables on the
length of establishment will be presented.

4.3.1. Influence of the roughness

The changes in roughness of wall produce considerably higher
secondary currents than the smooth wall (Demuren and Rodi 1984).
Fig. 4 shows the distribution of velocity at different distances from the
lateral wall for smooth as well as rough walls. The value of y = 0.20 m
presents the centerline of cross section. The surface velocity defect
(i.e., the difference between the maximum velocity and the surface
velocity) near the wall is larger in case of the rough wall compared
with that for the smooth wall. Near the rough wall, higher turbulent
stresses are generated in contrast to the region over the smooth wall.
Therefore, fairly strong gradients of velocity and stresses exist. The
flow in the boundary layer is, probably, affected by the development of
the turbulent structure produced by the roughness elements.

In general, the roughness slowed the velocity gradient and slightly
changed the velocity profiles close to the bed and wall. As the
roughness increases, the friction at the wall surface also increases.
This increase affects the boundary layer, mainly in the viscous sub-
layer and near the walls. The components of the velocity and
Reynolds stresses in the outer region (z/h=0.2) should be affected
very little by the roughness (Hinze 1975). Figure 5 indicates the
influence of increasing roughness on the velocity field in the
developed flow. The effect of roughness on the velocity field remains
confined to the region near the wall. However, the average velocity in
the outer layer is affected only marginally.

Variation of the velocity gradient with the variation of roughness
showed to be more significant near the wall and free water surface. It
might be attributed to the rate of dissipation of turbulent kinetic
energy.
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Fig. 4. Variation of velocity at different distances from the lateral wall.
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Fig. 5. Velocity fields (U/Una) for different roughness in the developed
flow (x = 6.5 m).

4.3.2. Influence of the Froude number

As per Eqg. 5, the establishment length is likely to be affected by
the Froude number. Therefore, the effect of the Froude number is
investigated keeping the Reynolds number constant (Eq.5) for the
various roughness values. The results indicated that the Froude
number has negligible influence on the establishment length. This
result is in conformity with the findings of the investigations carried out
by Ranga Raju et al. (2000).

4.3.3. Influence of the Reynolds number

Figure 6 presents the dimensionless establishment length as a
function of the Reynolds number for different wall roughnesses and for
a constant Froude number (= 0.19). As can be seen from Fig. 6, the
establishment length increases with a decrease in roughnesses for a
specified Reynolds number. Figure 6 also shows that an increase in
the Reynolds number causes a decrease in the establishment length.
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Fig. 6. Variation of Le/h with the Reynolds number for different values
of relative roughness (F constant).

Present results, Fig. 6, are almost similar to those given by
Kirkgoz and Ardichoglu (1997), Eq.(1), for smooth channels. In the
rough conditions, however, one may accept a linear relationship
between the dimensionless length of the flow developing zone and the
Reynolds number which is as follows:

Le _ aR/F+b
h

9)

Table 2 shows the evaluated values for the parameters
determining the establishment length.

Table 2. Values for the parameters a and b for Eq.(9).

Relative roughness ax10® B
£1h=0 -4.8 67.7
¢1h=0.01 -75 70.7
£1h=0.02 -6.8 67.5
¢1h=0.03 -3.8 60
¢1h=0.04 5.7 63.9
¢1h=0.05 -5.5 75.6

5. Conclusions

The entrance length for the fully developed turbulent flow in an
open channel was investigated numerically. The establishment length
was determined by comparing the modelled velocity fields at
successive sections that was substantially different in the establishing
zone when compared with the corresponding threshold velocity field of
the developed flow zone. The results obtained in the study proved that
the effect of the Froude number on the establishment length is
negligible. The establishment length was found to decrease with
increase in the channel roughness. The dimensionless establishment
length showed a linear relationship with the Reynolds number and can
be computed using Eq.(9) for which a and b are dependent on the
relative roughness, Table 2.
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