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Abstract. There is a growing need for good management of water resources and alternatives for effluents treatment.
Given the fact, to improve the management of water bodies such as rivers, estuaries and coastal waters, it is necessary
to understand the mixing mechanisms present in such environments. Numerical simulations were conducted with
different levels of stratification to evaluate their effect on mixing and transport processes in a narrow rectangular
channel. The main flow characteristics, such as corner flow and the decrease of the maximum velocity level, were
affected by stratification. The same conditions and geometry were applied, also using Computational Fluid Dynamics
(CFD), assuming a shear stress distribution on the surface as boundary condition. It was verified the necessity to
define the stresses that act on the water surface, since they change the flow dynamics in the open channel. The main
phenomena inherent to the analyzed flow were well reproduced when compared to experimental data, showing the
potential of this tool to evaluate the conditions under different levels of stratification. Once calibrated, a CFD model is
useful to understand the effects of stratification on turbulent flow behaviour and it can contribute to study
environmental pollution in water bodies as well as to improve the performance of industrial processes in which
stratification is present.
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1. INTRODUCTION

The increasing urbanization of the cities, followed by the consequent increase in number of industries and the
population, are some factors that highlight the concern about the use of water, as well as the final destination of the
produced effluents. Therefore, new management policies for water bodies, such as rivers, estuaries and coastal waters,
have been implemented aiming a better use of these resources. In order to improve such management, scientists and
engineers have focused on understanding the mixing mechanisms present in these environments.

The transport and mixing mechanisms in turbulent flows are very complex. In many cases of practical importance,
such as estuarine flows (which can be considered narrow channels when subjected to aspect ratio (width to depth ratio)
smaller than 3), the situation can become even more complex due to stratification, which reduces the vertical mixing of
solutes. Some other phenomena can also affect directly the flow dynamics, like the corner flow (Siqueira, 2002).

In many situations where the channel flow is found, in nature or artificial project, the surface is free to the
atmosphere. Nezu and Rodi (1985) were one of the pioneers to measure secondary flows in open channels. They
verified that the secondary flows, induced by turbulence anisotropy due the wall effects, transfer momentum from the
surface to the bottom of the channel following the symmetry line, making the maximum velocity not located on the
surface but below it, featuring a phenomenon called the velocity-dip which is peculiar to narrow channels.

Speziale (1987) describes the corner flow like a phenomenon that occurs due to secondary flows with high
momentum that transports the fluid from the central region to the corners of the channel, causing distortion of the
longitudinal velocity contour.

The modeling of the surface have been a challenge to many researchers due to de presence of shear stress at this
region that affect directly the development of the velocity profile. The simplest approach to implement in a CFD model
is a symmetry plane condition that implies in a null stress in this region (Tang and Crossley, 2005). However, typically
in narrow channels, velocity gradients cannot be negligible due to the velocity dip presence. Thus, this work evaluate
the influence of the superficial stress on the flow dynamic, in order to ascertain the importance of a better definition of
the surface condition in open channels.
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Although there are many significant results about the effects of stratification on mixing and transport processes, the
topic is still not conclusive and new researches must be done. This work also investigates, using a Computational Fluid
Dynamic approach, the mixing and transport effects due to the increasing of stratification level in a narrow rectangular
channel flow with free surface.

1.1 Governing equations

Using the Reynolds decomposition over the instantaneous values from the governing flow equations, the following
continuity, momentum and solute transport equations written, respectively, in indicial notation are obtained in function
of averaged quantities:

Continuity equation:
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Where U; is the time averaged velocity in the x; direction, considering a incompressible and steady state flow.
Momentum equation:
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v is the molecular viscosity. The buoyancy effects are only taken into account by the last term in the right hand side of
momentum equation, which involves the reference density ( p,) and the gravitational acceleration (g;) in the (x;)

direction. U is the time-averaged velocity, i and j are the dummy index for indicial notation, representing the rectangular
directions (axial when index equals 1, transverse when equals 2, vertical when equals 3), where i is different than j.
Solute transport equation:
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is the time-averaged velocity in the x; direction, p is the time-averaged density, P is the static pressure and
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Where 7"is the molecular diffusivity, C is the mean solute concentration, u; and c are the fluctuating velocity and
solute concentration, respectively. Sc is a source term, which can represent, for instance, a release of solute into the
system or its decay due to a chemical reaction. Due to the decomposition process, unknown correlations between the

fluctuating velocities (u;u; ) and between velocity and concentration fluctuations (ui_c) appear in the momentum and

solute transport equations, respectively. Therefore, a turbulence model was necessary to be introduced.

The Baseline Reynolds Stress (BSL) was used to represent the closure problem of the governing flow equations
because, since the dynamics of the flow in a narrow channel suffers strong influence of the wall (Chaudhuri and Sahoo,
2018; Flores and Jimenez, 2006), a good definition of the outflow phenomena close to this region is required. The
application of such a model allows a flexible grid resolution near the wall. The main equations that represent the applied
turbulence model are described by Eq. (4) and Eg. (5).
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In these equations, the term G, represents the production of turbulence kinetic energy and G, represents the
generation of w. Ty and T, represent the effective diffusivity of k and w, respectively. Y, and Y, represent the
dissipation of k and w due to the turbulence. D, represents the cross-diffusion term and, finally, S, and S, are user-
defined source terms.
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The expression that describe the shear stresses are represented respectively by Eq. (6), where the first and second
indexes indicates the plan and the direction, respectively.

Tij = puil; ©)
2. METHODOLOGY

2.1 Solution parameters

The software used was the CFX® version 16.0, a commercial software commonly used for fluid dynamics
simulation. The geometry and the inlet conditions used in the simulation were based on Siqueira (2002) experimental
studies, who evaluates the effects of stratification on the transport and mixing processes in narrow rectangular channels.
The experimentally evaluated channel consists of two rectangular ducts that, when developing the flow profile, enter the
main channel, where the transport and distribution processes will occur. The stratification levels were varied as the
concentration of the aqueous salt solution of the lower inlet duct.

At first, the channel inlet was numerically modeled in order to develop a velocity profile to be inserted as inlet
condition in the main channel. The same velocity profile was applied to the two main channel inlets. It consists in a
rectangular duct and its dimension of length, width and height are 2.5 m, 0.05 m and 0.1 m, respectively. Tab. 1
presents the conditions applied to this simulation.

Table 1. Conditions applied to the inlet rectangular duct simulation.

Default Domain Turbulence model BSL Reynolds Stress
Inlet Velocity = 0.25 m/s
Boundary Outlet Null relative pressure
conditions Wall No slip condition
Symmetry Null velocity gradient
Solver control Timgscale factor 0.1
Residual target le-5

Nezu and Nakagawa (1993) and Cruz et al. (2019) presented the main phenomena inherent to the flow dynamics in a
narrow rectangular duct. Satisfactory results in the outlet section were obtained with respect to the distorted longitudinal
contours due to the presence of the secondary currents coming from the turbulence anisotropy, allowing its use as
contour condition at the entrance of the main channel, where the transport processes and mixing of solutes.
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a) Inlet section of the main channel. b) Outlet section of the main channel.

Figure 1. Inlet and outlet sections of the main channel presenting the layout of the mesh used in the main channel
simulations.
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The modeling of the main channel was done making the geometry with the same dimensions used in the
experimental bench. The values attributed to the length, width and height of the water volume are 9.5m, 0.05m and
0.1m, respectively. A 0.08m high weir, calculated based on Delmee (2003), was used to the channel outlet to keep the
fluid level constant throughout the entire channel. A computational mesh with 3.8e+6 elements was generated based on
the more refined grid close to the surface. Fig. 1 illustrates the mesh applied to the present study.

At the domain setup, the baseline turbulence model (BSL) was used because it was observed a better behaviour of
the flow next to the wall and most accurate corner flow effects generated by the secondary currents. The production and
dissipation of turbulence kinetic energy were assumed based in the average of the data presented by Siqueira (2002) and
the CFX default (because it takes into account the gradient of solute concentration), respectively. The stratification level
(DDi) was represented by the specific mass difference between the water with solute and the pure water. The surface
was considered, at first, like a wall with free slip condition, according to many researchers. After, the shear stress
expressions was applied to this region to verify their influence on the flow dynamics.

By means of the experimental data available by Siqueira (2002) of the tensions located near the surface region in the
dimensionless longitudinal position xi/Dh=48, expressions were made to be used as boundary condition for this region.
First, a regression was performed that best represented the values of the efforts in the transverse direction. Then, such a
polynomial was assigned to a logarithmic longitudinal distribution, starting from the main channel inlet to the data
acquisition section. Finally, assuming that, from this section, the flow would be fully developed, the transverse
distribution was taken as constant until reaching the outlet.

Using the conditions cited, it was performed two main modeling: a non-stratified flow (DDi = 0 kg/m3) and a
stratified case, with stratification level equal to 5 kg/m?, keeping others boundaries conditions constant. All the sections
analyzed were localized at 6.4 m from the inlet and the variables of position (transverse and vertical) and velocity (in
longitudinal direction) was dimensionless based on the total height (H), total width (B) and average velocity (U),
respectively. For each case, it was simulated with free slip condition at the surface and, after, with de shear stress
expressions obtained for comparison purpose. The Tab. 2 presents the conditions applied to the main channel
simulation.

Table 2. Conditions applied to the main channel simulation.

Turbulence model BSL Reynolds Stress
Default Domain Turbulent Schmidt Number 0.9
Kinematic Diffusivity 1.35e-5 cm?/s
Superior inlet Developed velocity profile
Salty water mass fraction = 0
Inferior inlet Developed velocity profile
Boundary Salty water mass fraction = 1
conditions Outlet Null relative pressure
Surface Free slip condition or Shear Stress expressions
Wall No slip condition
Symmetry Null velocity gradient
Solver control Timgscale factor 0.1
Residual target le-5

3. RESULTS
3.1 Shear stress expressions

The superficial shear stress expressions applied in the top boundary condition to the non-stratified case
(DDi=0kg/m?) are presented on Eq. (7) and Eq. (8) in function of transverse (x2) and longitudinal (x1) positions.
Dh represents the hydraulic diameter and it is calculated by the ratio between four times the transversal section area
and the wet perimeter.
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Similarly, the superficial shear stress expressions used in the top boundary condition to the stratified case (for
DDi=5kg/m?3) are represented by the Eq. (9) and Eg. (10).
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3.2 Shear stress effects on flow dynamics

Fig. 2 shows the velocity profile for the non-stratified case. In Fig. 2b, it can be observed that the free slip condition
applied to the surface changed the velocity contours when compared to the experimental data of Siqueira (2002)
represented in Fig. 2a. In the absence of stresses in this region, there is a smaller distortion effect in the contours
governed by the secondary currents, carrying lower momentum to the central region of the channel. On the other hand,
Fig. 2c shows that the longitudinal velocity profile is best represented, since the shear stresses on the surface are
defined. It can also be observed the better accuracy of the occurrence of velocity dip, where the maximum velocity level
in the flow is below the surface level, in z/H = 0.6, or 60% of the height of the water slide. There is little influence of
surface tensions in the lower channel region, remaining typical distortions from the corner flow.
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(Siqueira, 2002).

Figure 2. Main velocity in the longitudinal direction for the non-stratified flow case at the section x/Dh=48 and density
difference DDi=0kg/m?.

As seen in Fig. 3, the lower vortices are bounded by the bottom of the channel, while the upper vortices are much
more intense and extend to the surface. When approaching the water surface, the secondary currents transfer momentum
from the region near the wall to the center of the channel. Then, when reaching the central limit, they are redirected
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towards the symmetry line, maintaining the recirculation, which is the main factor causing the velocity dip
phenomenon. One can also verify the strong influence of the secondary currents on the main velocity contours, where
there is a more intense distortion of the contours in the region where the corner flow occurs.

The secondary flow were better represented when the shear stress expressions were applied. As illustrated in the Fig.
3c, the corner flow intensity had more accuracy when compared to experimental (Fig. 3a), while the simulation with
free slip condition (Fig. 3b) overestimated the intensity of the occurrence of the phenomenon, culminating in a greater
distortion of the velocity contours.
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Figure 3. Secondary flow in the longitudinal direction for the stratified flow case at the section x/Dh = 48 and density
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Figure 4. Main velocity in the longitudinal direction for the stratified flow case at the section x/Dh=48 and density

For the stratified case (Fig. 4), typical characteristics of this kind of flow can be seen, such as the decrease in
velocity dip intensity, which happened in about 80% of the total height. The event occurs because in this channel
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section, the secondary downward movement in the central position (which is responsible for the formation of velocity
dip) is still in development. This means that the stratification delays the development of the profiles due to reduction of
vertical mixing, by the action of the buoyancy forces originated by the concentration gradients. It is possible to reaffirm
a better definition of flow patterns when modeling is performed with definition of shear stress profile in the surface, as
illustrated in the Fig. 4c. In the absence of this effort (Fig. 4b), near surface, low momentum is carried to the central
region of the section. Consequently, the desired deformation of the velocity contour was not obtained.

Fig. 5 illustrates secondary flow, given the increase in stratification level. It is possible to notice a greater intensity
of the transfer of momentum in the inferior region of the channel, when compared to the flow in the absence of a
density difference (Fig. 3). Such phenomenon is mainly responsible for the decrease in the velocity dip effect. A greater
secondary flow accuracy is also verified in the simulation with shear stress condition, as presented in the Fig. 5¢, when
compared to the experimental results (Fig. 5a).
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Figure 5. Secondary flow in the longitudinal direction for the stratified flow case at the section x/Dh=48 and density
difference DDi=5kg/ms.
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Figure 6. Density distribution at the section x/Dh = 48 and density difference DDi = 5kg/m3.
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Fig. 6 presents a strong influence of the secondary flow on the density gradient distribution. It can be observed that,
where the secondary flow has greater magnitude, due to the presence of the corner flow (mainly next to the wall), the
mixing processes are more intense. It can also be observed that when shear stresses are inserted in the surface (Fig. 6c),
the density distribution contours are better defined in the superior region of the channel when compared to the
experimental one (Fig. 6b), since there is a greater momentum transfer directed from surface to simmetry line.
Consequently, a higher mixing gradient occurs when compared to the case where surface effects are neglected (Fig. 6c).

4. CONCLUSIONS

The main flow characteristics for the non-stratified flow simulation such as corner flow and velocity dip, was well
represented and permit to comprehend the phenomena which directly affect the dynamic of the transport and mixing
processes in rectangular channels. It was observed that the addition of stratification level is straightly related to the
decrease of velocity dip. Besides, it is relevant to note the importance to consider the shear stress on free surface, since
in this region the velocity gradients cannot be considered null. The insertion of the expressions representing the shear
stresses on the surface provided a better accuracy with respect to the main phenomena present in open channel
rectangular channels. The comprehension of the studied mechanisms is a step for the development of better
management tools of hydric resources, reducing the impact of effluent release in water bodies such as estuaries and
increasing the industrial processes efficiency.
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