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Abstract

The present work focuses on the investigation of the turbulent Reynolds number effect
on the characteristics of an open-channel flow with sediment transport, by employing
the micropolar model. The micropolar model is essentially a Eulerian non-Newtonian
model that has already been proven to correctly describe the secondary phase of turbulent
wall-bounded flows. The current under investigation geometry, open channel, comprises
an ideal candidate to further test the characteristics of the micropolar model as many
environmental flows contain a secondary phase. Such flows are of great engineering and
physics interest for applications such as sedimentation transport and debris flow. Direct
Numerical Simulations (DNSs) have been carried out on an open channel for three different
turbulent Reynolds numbers. The simulated results are compared against previous DNS
data of similar flows. The micropolar model is capable of describing the same problem but
in a Eulerian frame, thus significantly simplifying the computational cost and complexity.

Keywords: turbulence modeling; non-Newtonian flow; open-channel flow; micropolar model

1. Introduction

Sediment transport flow can be categorized as a complex flow due to its inherent
characteristics. This type of flow is commonly found in many environmental as well as
industrial processes. A typical example may be considered the river flow, which can many
times entail sediment transport of granular material. This example can be modeled as an
open-channel flow case where a secondary phase is present, which both alters the physics
of the flow and increases the modeling complexity.

The secondary phase of a flow, such as granular material, can affect the general hydro-
dynamics behavior, especially very close to the wall vicinity, when such wall boundaries
are present. When turbulence is also present this alteration may lead to turbulence enhance-
ment or attenuation. Many studies in the past decades, both numerical and experimental,
have attempted to shed more light into the dynamics of such systems. Many of the experi-
mental studies have explored the influence of the secondary phase in turbulence structure
formation, by varying the sediment particle size or the concentration [1-4].

Particles” degrees of freedom, inertia and spin gradient can be listed as additional
characteristics of the transported phase that play crucial roles in the turbulence structure
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dynamics. Numerical studies have tried to utilize turbulence models and Direct Numerical
Simulations to better capture the phenomena described above [5-9].

Most of the numerical studies that have investigated this type of two-phase flows
utilize Lagrangian methods. In addition, contradicting results have been published on
the subject. In a recent work by Sofiadis et al. [10], the case of a turbulent open channel
flow, including a secondary phase, has been studied for the first time by employing the
micropolar model. The micropolar model solves the constitutive set of equations for both
the carrier and the secondary phase in a Eulerian frame of reference. This method has been
proven to be much more computationally efficient than the respective Lagrangian methods,
producing accurate results and examining the turbulent structure behavior from a different
perspective [10-13]. In the present work, the Reynolds number effect is examined as Direct
Numerical Simulations are employed along with the micropolar model for the special case
of the turbulent open-channel flow with sediment transport.

2. Materials and Methods

The constitutive set of equations that has been solved via Direct Numerical Simulations
in the present study has been kept in alignment with previous DNS studies in turbulent
micropolar open-channel flows [10]. The set of equations includes the continuity and
micropolar linear and angular momentum equations, as originally described in the work of

Eringen [14].
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In Equations (1)-(3), t denotes time, w the angular velocity, and u, P the linear velocity
and pressure, respectively. A full derivation is given in the Appendix of Sofiadis and
Sarris [12]. Non-dimensionalization uses a characteristic length 6, with channel total height
h =29, characteristic velocity Uy, and reference density pg. The Reynolds number is defined
as Rey, = pUph/ (1 + k), or equivalently Re}, = pUp(2h) /(1 + k), where p; = p + « is the total
viscosity (1 molecular, k micropolar). The remaining non-dimensional parameters are: the
vortex viscosity parameter m = /(i + k), the dimensionless microinertia ] = j/8%, and the
spin gradient viscosity parameter N = k52 /. The values N = 8.3 x 10*andJ =1 x 10~° are
held constant throughout the study. Finally, the friction Reynolds number can be written as
Rer = uch/v, where the (1) subscript denotes values normalized to wall units.

The boundary conditions and geometry representation that have been utilized in the
present study can be seen in Table 1 and Figure 1, respectively.

Table 1. Velocity boundary conditions prescribed to the current computational domain.

Surface Boundary Condition
Top Plane Free-Slip
Bottom Plane No-Slip
Side Planes Periodic
Inlet Periodic
Outlet Periodic
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Figure 1. Schematic of the geometry that has been used in the present study, where h = 25.

3. Results

The set of Equations (1)—(3), has been implemented in the finite volume open-source
software, OpenFoam-V10.0. By modifying a solver of this software, the equations have
been solved on appropriate meshes using Direct Numerical Simulations.

In order to examine the effect of Reynolds number on the flow characteristics, both Rey,
and the vortex viscosity parameter (m) have been varied. The vortex viscosity parameter
tunes essentially the “strength” of the secondary phase of the flow. Results have been
post-processed and two main variables have been examined and presented in this work. In
Figure 2, the normalized mean velocity profile has been plotted for various vortex viscosity
parameter values and for three different Re}, values and compared against data of Komori
et al. [15]. The variables have been normalized with the respective variables in wall units,
following the usual procedure. In Figure 3, the root mean square (rms) normalized velocity
profiles are presented once again for various vortex viscosity parameter and Re}, values.
For this initial presentation of the current work, the streamwise velocity has been chosen
to provide a first insight into the flow characteristics. In both figures, the streamwise
coordinate has been plotted along the wall-normal direction, as the other two directions of
the flow are periodic.
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Figure 2. Normalized mean velocity profiles of the present hydrodynamic and micropolar cases
(m = 0.0-0.9), for three different Re},: 6600, 11,200 and 27,700 and compared against data of Komori
et al. [15].
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Figure 3. Normalized u;ms velocity profiles of the present hydrodynamic and micropolar cases
(m = 0.0-0.9), for three different Rey},: 6600, 11,200 and 27,700 and compared against data of Komori
etal. [15].

4. Discussion

In a previous study on the turbulent open-channel flow, conducted by the author [10],
a single Reynolds number value had been examined. In that study just the vortex viscosity
parameter (m) had been varied. This variation revealed marginal differences among the
various micropolar cases. On the other hand, the comparison against the unladen case was
very interesting and provided further insight into an ongoing debate in this field. More
specifically, the study of Sofiadis et al. [10] confirmed the suggestions of Yu et al. [16] that
the velocity distribution of the particulate flow presents mixed behavior compared to the
unladen one. The velocity values of the particulate flow exceed the respective unladen ones
in the inner region, while they collapse to lower values in the outer region. This observation
has been attributed by the authors to the particles’ trend of being accelerated by turbulent
structures in the near-wall region.

Results of the present study reveal a consistent trend among the cases with a secondary
phase as Rey, is varied. By closer examining Figure 2, it is clear that in all cases Re}, increment
leads to lower normalized mean velocity values. This behavior corresponds to turbulence
intensification and follows the trend of the unladen case. Interestingly, when the variation
in Re}, has been examined for the closed channel case (no-slip BC on both walls), the higher
vortex viscosity cases did not follow this trend [11]. The no-slip boundary condition seems
to have a strong effect and alter near-wall turbulence structure dynamics in contrast with
the slip boundary condition that is assigned to the channel top wall in the present case. The
effect of boundary conditions for the micropolar model should be further investigated by
varying the parameters for both the linear and angular velocity.

The mean rms velocity profiles that are presented in Figure 3 also show a consistent
trend among the cases examined here. For both the hydrodynamic (m = 0) and the laden
cases, the peaks of mean rms velocity profiles shift closer to the wall as Rey, increases. This
is a further clear indication of near-wall turbulence intensification without exception for all
cases. Furthermore, the value of the peak seems also to increase along with Rey, consistently,
with small deviations. The same observations have been made for this parameter also in
the closed channel case.

https:/ /doi.org/10.3390/ eesp2026044023
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5. Conclusions

The goal of this work was to better understand how the Reynolds number shapes the
dynamics of turbulent open-channel flow when a granular phase is present. Using DNS
together with the micropolar model in OpenFOAM, we tested three different bulk Reynolds
numbers, 6600, 11,200, and 27,700, while also varying the vortex viscosity parameter (m) to
control the intensity of the secondary phase. By examining the mean velocity profiles and
streamwise velocity fluctuations, it became clear that both parameters leave a noticeable
imprint on the flow, especially near the wall. In particular, higher Re intensifies near-
wall turbulence, while increasing m effectively modulates granular secondary effects.
Additional comparisons against the closed channel case revealed interesting differences
which require further investigation of the boundary conditions’ influence. These results
confirm the micropolar model’s ability to capture Re-dependent granular interactions
accurately. Finally, the micropolar model handled the complexity of the current problem
in a mathematically elegant and computationally efficient way, confirming its value as a
computationally tractable framework for sediment transport problems.
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