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Abstract. In this study, Large-Eddy Simulation (LES) was employed to investigate the behavior of the flow in a turbulent
half-channel subjected to Coriolis force at different rates (rotation rates 0, 0.018, 0.054, 0.091). The results obtained
were compared to Direct Numerical Simulations (DNS) of the Poiseuille-Ekman flow for the same rotation rates. Two
subgrid-scale models were tested in the non-rotating case, and the Lagrangian-Averaged Scale-Invariant (LASI) method
was selected due to its superior proximity to the DNS results. The LES simulations followed the statistics behavior observed
in DNS, and confirmed a reduction in turbulence as the non-inertial Coriolis force increased. This finding was validated
through the analysis of turbulence kinetic energy, Reynolds shear stress and average velocity profiles compared to DNS
data.
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1. INTRODUCTION

Understanding and accurately modeling turbulence effects in flows remains a critical challenge for scientists and
engineers. This type of phenomenon plays an essential role in various natural processes, especially those present in the
atmosphere, from the transportation of pollutants to the operation of wind turbines. Among the computer models used
to simulate turbulent flows, Large-Eddy Simulation (LES) has emerged as a valuable tool, combining precision with
computational efficiency. This study aims to advance this knowledge by employing LES to evaluate the behavior of
turbulent rotating half-channel flows, which are crucial in atmospheric dynamics and engineering applications.

LES is an essential tool in aeronautical applications. It allows us to simulate the large scales of turbulent flows in
complex geometric configurations, such as those found in aircraft components (Moreau, 2019) and wind turbines (Yang
et al., 2014). It stands out in situations where the complete simulation of all turbulent scales proves unfeasible due to the
high computational demand of a very refined mesh (Romanelli et al., 2023). This facilitates the detailed investigation of
phenomena that were difficult to study experimentally. By employing the use of LES, it becomes feasible to predict noise
levels and optimize projects before their physical construction, thus showing the potential of LES to improve engineering
practices (Tyacke et al., 2017).

When modeling atmospheric flows, it is crucial to consider the presence of Coriolis effects, especially on significant
geophysical scales. Therefore, incorporating these forces into the computer simulation is necessary for an analysis of the
observed phenomena. We aim to broaden the understanding of these results, using LES as the main tool and comparing it
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with the results of previous research using Direct Numerical Simulation (DNS), which solves the Navier-Stokes equations
without having to use turbulence models, encompassing all the spatial and temporal scales of turbulence.

This article explores how LES is used to predict turbulent channels under the effect of non-inertial forces (Coriolis
Force), as present in the atmosphere due to the Earth’s rotation. The study is built on previous research (Mehdizadeh and
Oberlack, 2010) conducted with analytical and numerical methods using DNS, which revealed the sensitivity of turbulent
effects to rotation. This paper will be used as a starting point for our research, providing valuable information on the
dynamics of these flows using less computing power.

2. MATHEMATICAL FORMULATION

Figure 1. Domain geometry of a channel flow under Coriolis non-inertial force.

In this article, we will work with the hypothesis of a Newtonian, incompressible, three-dimensional fluid flow. The
governing equations of the problem that act over the domain described in Fig. 1 are the Navier-Stokes equations with the
presence of the Coriolis force (Mehdizadeh and Oberlack, 2010),
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where 𝑢𝑖 is the flow velocity in the direction 𝑥𝑖 , 𝑝 is pressure, 𝑅𝑒𝜏0 is the Reynolds number based on the friction velocity
in the simulation without rotation, 𝑅𝑜 𝑗 is the rotation number in the direction 𝑥 𝑗 and 𝜖𝑖 𝑗𝑘 is the unitary permutation tensor.
The Rotation and Reynolds numbers are defined, respectively, as
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2Ω 𝑗𝛿
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𝜈
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where 𝛿 is the half-channel height, Ω 𝑗 is the axis angular velocity, 𝜈 is the kinematic viscosity of the fluid and 𝑈𝜏0 is the
friction velocity in the case without rotation.

2.1 Filtered Navier-Stokes Equations

The LES code used in this study is based on the model described by Freire and Chamecki (2021) and Bou-Zeid et al.
(2005) for the atmospheric boundary layer. This model incorporates a sub-grid scale (SGS) approach to capture the effects
of small turbulence scales that are not explicitly resolved in the simulation. The mathematical formulation of the problem
is presented below.

Decomposing the simulation velocity into resolved and subgrid scale components, we have:

𝑢𝑖 = 𝑢𝑖 +𝑢𝑖 ′′, (4)

where 𝑢𝑖 is the filtered part of the velocity that was numerically solved by the mesh of our computational domain, and
𝑢𝑖

′′ is the residual part, i.e., unresolved (also called Subgrid Scale, or SGS). The filtered velocity field 𝑢𝑖 represents the
motion of large-scale vortices. It should be noted here that despite being analogous to Reynolds decomposition, generally
the residual filtered is not zero, i.e.,:

𝑢′′
𝑖
≠ 0. (5)
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The scales of the domain are defined by a low-pass filter in the spectrum domain to the exact solution (Sagaut, 2005).
The generalized operation of a filter applied over a space-time variable 𝑈 (x, 𝑡) is a convolution product described in the
physical space as:

𝑈̄ (x, 𝑡) =
∫ +∞

−∞

∫ +∞

−∞
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where the integration is done over the entire flow domain, and the filter function satisfies the conditions:

• conservation of constants
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• linearity
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Therefore, applying the filtering operator to the Navier-Stokes equations (1), we obtain the following filtered equations:
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The nonlinear term 𝑢𝑖𝑢 𝑗 is decomposed as:

𝑢𝑖𝑢 𝑗 = 𝑢𝑖𝑢 𝑗 + 𝜏𝑅𝑖 𝑗 , (8)

where 𝜏𝑅
𝑖 𝑗

is the residual stress tensor that carries the effects of smaller scales (filtered) on the resolved scales 𝑢𝑖 . In other

words, the effects of 𝑢𝑖 ′′ on 𝑢𝑖 . Also, defining the residual turbulence kinetic energy as 𝑒𝑅 =
1
2
𝜏𝑅𝑖𝑖 , we can write

𝑢𝑖𝑢 𝑗 = 𝜏𝑖 𝑗 +
2
3
𝑒𝑅𝛿𝑖 𝑗 +𝑢𝑖𝑢 𝑗 , (9)

where 𝜏𝑖 𝑗 represents the anisotropic component of the residual stress tensor (or the deviatoric part), also known as the
subgrid-scale (SGS) stress tensor:

𝜏𝑖 𝑗 = 𝜏𝑅𝑖 𝑗 −
2
3
𝑒𝑅𝛿𝑖 𝑗 . (10)

The fundamental equations governing turbulent flow in LES are the incompressible filtered Navier-Stokes equations.
These equations describe the dynamics of the resolved scale flow, incorporating the effects of subgrid-scale stresses:
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(11)

where 𝑢̃𝑖 are the filtered velocity components, 𝑝∗ = 𝑝 + 2
3
𝜌𝑒𝑅 is the filtered modified pressure and 𝐹𝑖 is the external body

force. The SGS models are described next.
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2.2 The Lagrangian-averaged Scale-invariant Model

In the work by Bou-Zeid et al. (2005), a scale-invariant dynamic SGS model was proposed and tested, which is based
on Lagrangian time averaging. This approach was applied to LES simulations operating at high Reynolds numbers on both
homogeneous and heterogeneous rough surfaces, and is an extension of Smagorinsky’s Lagrangian dynamic model, in
which measurements are accumulated over time following the flow path of the resolved velocity field. In the present study,
this model will be compared to the Scale-Dependent method, which introduces a scale dependency in the Smagorinsky
coefficient through an additional test filtering operation at a new coarser scale, determining how the coefficient varies as a
function of the mesh scale.

A few considerations must be taken into account regarding the use of this models in this work. Although we’re using
a relatively low Reynolds number (𝑅𝑒𝜏0 = 180), and turbulence may be less intense, it still plays a significant role in the
flow. As will be demonstrated in the results section, this model accurately predicts the behavior of the turbulent flow,
making it suitable for the Reynolds number used here.

2.2.1 Smagorinsky-Lilly Model

The most popular model for SGS is based on eddy-viscosity and mixing length theory. The Smagorinsky-Lilly SGS
model gives us an approximation for the SGS stress tensor as:

𝜏SMAG
𝑖 𝑗 = −2𝜈𝑇𝑆𝑖 𝑗 = −2(𝑐𝑠Δ)2 |𝑆 |𝑆𝑖 𝑗 , (12)

where 𝜈𝑇 is the eddy viscosity, 𝑐𝑠 is the Smagorinsky coefficient, Δ is the filter width scale, 𝑆𝑖 𝑗 = 1
2

(
𝜕𝑢𝑖
𝜕𝑥 𝑗

+ 𝜕𝑢 𝑗

𝜕𝑥𝑖

)
is the

strain rate tensor of the resolved velocity field, and |𝑆 | =
√︃

2𝑆𝑖 𝑗𝑆𝑖 𝑗 is the magnitude of the strain rate.

2.2.2 Dynamic Model and Scale dependence factor

As described in Germano et al. (1991), the Dynamic Model uses the smallest resolved scales to calculate the model
coefficient throughout the simulation. It is based on the SGS stress relation, using Germano’s identity to relate the subgrid
stresses at different scales:

𝐿𝑖 𝑗 = 𝑇𝑖 𝑗 − 𝜏̂𝑖 𝑗 , where 𝐿𝑖 𝑗 = ̂̃𝑢𝑖 𝑢̃ 𝑗 −̂̃𝑢𝑖̂̃𝑢 𝑗 , and 𝑇𝑖 𝑗 = 𝑢𝑖𝑢 𝑗 −̂̃𝑢𝑖̂̃𝑢 𝑗 , (13)

where 𝐿𝑖 𝑗 is the tensor defined from the intermediate scales between Δ and 𝛼Δ, 𝑇𝑖 𝑗 is the subgrid stresses in the test filter
Δ̂ = 𝛼Δ = 2Δ. The Fig. 2 illustrates the identity.

LES Resolved SGS

Figure 2. Sketch of the turbulence energy spectrum showing the wavenumbers corresponding to the filter scales Δ and the
test-filter scale 𝛼Δ. The vertical lines represent the action of the spectrally sharp cutoff filter.

Applying the Smagorinsky model to work out the deviatoric parts of the subgrid stresses on the Δ and Δ̂ scales:

𝜏̂𝑖 𝑗 = −2(𝑐𝑠,ΔΔ)2 �|𝑆 |𝑆𝑖 𝑗 , 𝑇𝑖 𝑗 = −2(𝑐
𝑠,Δ̂

Δ̂)2 |̂̃𝑆 |̂̃𝑆𝑖 𝑗 (14)

The resulting expression of Germano’s identity produces an error 𝜖𝑖 𝑗 = 𝐿𝑖 𝑗 − (𝑇𝑖 𝑗 − 𝜏̂𝑖 𝑗 ) due to the Smagorinsky model:

𝜖𝑖 𝑗 = 𝐿𝑖 𝑗 −2(𝑐𝑠,ΔΔ)2
(�|𝑆 |𝑆𝑖 𝑗 − (𝛼𝛽)2 |̂̃𝑆 |̂̃𝑆𝑖 𝑗 ) = 𝐿𝑖 𝑗 − 𝑐2

𝑠,Δ𝑀𝑖 𝑗 (15)
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were 𝛽 =
𝑐
𝑠,Δ̂

𝑐𝑠,Δ
is the scale dependence and 𝑀𝑖 𝑗 = 2Δ2

(�|𝑆 |𝑆𝑖 𝑗 − (𝛼𝛽)2 |̂̃𝑆 |̂̃𝑆𝑖 𝑗 ) . In the case where 𝛽 = 1 or 𝑐𝑠,𝛼Δ = 𝑐𝑠,Δ,

the model exhibits scale invariance, known as LASI model (Lagrangian-Averaged Scale-Invariant model). Otherwise, it
reflects scale dependence, referred to as LASD (Lagrangian-Averaged Scale-Dependent model).

To minimize the error 𝜖𝑖 𝑗 in the sense of least squares minimization of ⟨𝑒𝑖 𝑗𝑒𝑖 𝑗⟩ an approximation for the coefficient of
is used:

𝑐2
𝑠,Δ =

⟨𝐿𝑖 𝑗𝑀𝑖 𝑗⟩
⟨𝑀𝑖 𝑗𝑀𝑖 𝑗⟩

, (16)

where ⟨ ⟩ represents averaging.

2.2.3 Lagrangian Average

The dynamic Smagorinsky coefficient is obtained along fluid trajectories, instead of a fixed spatial average. It is
calculated by minimizing the weighted temporal average along the 𝑒𝑖 𝑗𝑒𝑖 𝑗 error trajectories:

𝐸 =

∫ 𝑡

−∞
𝑒𝑖 𝑗 [z (𝑡′) , 𝑡′] 𝑒𝑖 𝑗 [z (𝑡′) , 𝑡′]𝑊 (𝑡 − 𝑡′) 𝑑𝑡′, (17)

where z(𝑡′) is the previous position of the fluid particle and 𝑊 (𝜏) is the weight function. Thus, by differentiating with
respect to 𝑐2

𝑠,Δ
and setting it equal to zero:

𝑐2
𝑠,Δ =

J𝐿𝑀

J𝑀𝑀

, where J𝐴𝐵 =

∫ 𝑡

−∞
𝐴𝑖 𝑗𝐵𝑖 𝑗 [z (𝑡′) , 𝑡′]𝑊 (𝑡 − 𝑡′) 𝑑𝑡. (18)

The LASD model was validated in DNS simulations of high-Reynolds boundary layer flows over rough walls (Bou-Zeid
et al., 2005), showing good dissipation characteristics when compared to other SGS models, such as the Smagorinsky-Lilly
model with a wall-damping function (super dissipative) and the scale-invariant dynamic model (subdissipative). However,
for the low-Reynolds case in this study, the LASI model provided better results, as it will be shown later.

2.3 Boundary Conditions and Initialization

LES simulations were initialized with velocity data obtained from a previous high-Reynolds number simulation of the
same domain, in order to avoid relaminarization of the flow. Boundary conditions are periodic in the horizontal directions.
Due to the vertically staggered grid, the bottom boundary condition correspond to zero vertical velocity at the wall and
𝑢+ = 𝑦+ for the horizontal velocity components, which are located at the center of the first grid point (inside the viscous
sublayer). At the top boundary, zero vertical velocity and zero vertical gradient of horizontal velocities are employed.

3. NUMERICAL RESULTS

The LES simulation domain represents a half-channel with 𝑅𝑒𝜏0 = 180, subjected to a range of Coriolis forces. The
simulation parameters for the LES simulations are detailed in Table1, and the specifications of the domain for each case,
DNS and LES, for all the Coriolis forces, are represented in Table 2.

3.1 Validation of the SGS Model

To validate the subgrid model that was used in the LES code, a non-rotational case was simulated for the LASI and
LASD cases, so the better model could be selected for the final results. Figures 3 – 5 show the results compared to the
DNS, and the use of LASI SGS model can be justified by the proximity of its results to the DNS data, as can be noticed
by the velocity profile and turbulence kinetic energy (TKE) results. We hypothesize that the need for a second filter in
the LASD model, which in theory should also be in the inertial scales of the flow, may be affected by the low-Reynolds
number used here.
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Figure 5. Turbulent shear stresses and turbulent kinetic energy for different SGS models at 𝑅𝑒𝜏0 = 180

3.2 Final LES Simulation Results

The final results are presented in Figures 6 – 9, and they show the expected behavior of change in flow statistics with
the increase of Coriolis force, as described by Mehdizadeh and Oberlack (2010) using DNS.

Figure 6 shows the mean streamwise horizontal velocity profiles, where LES results closely match the DNS data,
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Mean pressure gradient force (𝐹𝑖 = ⟨(1/𝜌) (𝑑𝑝/𝑑𝑥),0,0⟩) ⟨𝑈𝜏0
2/𝛿,0,0⟩

Simulation time step (Δ𝑡) 0.0002𝛿/𝑈𝜏0
Number of simulation time steps (𝑁𝑡 ) 200 000

Table 1. Simulation parameters for LES (𝛿 = 1 and 𝑈𝜏0 = 1).

especially near the wall. However, discrepancies are observed further from the wall, particularly at the non-rotation case.
This deviation is attributed to the limitations in capturing finer turbulence scales due to the coarser grid resolution in LES
compared to DNS.

Figures 7 presents the root-mean-square (RMS) of velocity fluctuations. LES captures the qualitative trends observed in
DNS, such as the reduction in turbulence intensity with increasing rotation. However, the quantitative agreement diminishes
with increasing distance from the wall, particularly in the spanwise and vertical direction, where LES underpredicts the
fluctuations.

Model 𝑅𝑜2
(rad)

Grid resolution
(𝑛𝑥1 ×𝑛𝑥2 ×𝑛𝑥3 )

Computational domain
(𝑥1 × 𝑥2 × 𝑥3) Flow state

DNS

0 128 x 129 x 128 4𝜋×2×2𝜋

Turbulent0.018 128 x 129 x 384 4𝜋×2×6𝜋
0.054 128 x 129 x 512 4𝜋×2×8𝜋
0.091 128 x 129 x 384 4𝜋×2×6𝜋

LES

0

64 x 64 x 64 2𝜋×1×2𝜋 Turbulent0.018
0.054
0.091

Table 2. Domain specifications for all simulations at 𝑅𝑒𝜏0 = 180.

We found that even small rotation rates have a significant impact on the physical characteristics of the channel flow,
such as the average velocity, generating relevant transverse flows. In addition, a decrease in turbulence was noticed with
increasing rotation rate, leading to a transition from a turbulent state to an almost laminar state in some conditions described
by Mehdizadeh and Oberlack (2010). This is due to the instability in the turbulent shear stress, resulting in the formation
of elongated patterns similar to rotating vortices.

This study suggests that while LES with LASI model is effective in predicting near-wall dynamics, improvements in
subgrid-scale modeling or grid resolution are necessary for better accuracy in the outer flow regions.

4. CONCLUSION

This research indicates that the LES is a robust tool to investigate the impact of rotation on the turbulent flow, in a much
lower computational cost compared to the DNS. Our study indicates that increasing Coriolis force leads to a significant
reduction in TKE. The qualitative agreement with DNS validates the LES approach for simulating rotating turbulent
flows, although quantitative differences highlight areas for further refinement, specially in subgrid-scale modeling and grid
resolution far away from the wall.

We intend to analyze in more depth how the interaction between turbulence, Coriolis forces, and flows in turbulent
channels influence global dynamics. With this, we hope to contribute to a better understanding of turbulent processes in
physical systems and, consequently, to the validation of more accurate and effective models of fluid behavior on various
temporal and spatial scales.
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Figure 8. Turbulent shear stresses and turbulent kinetic energy for different rotation numbers (𝑅𝑜2) at 𝑅𝑒𝜏0 = 180
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Figure 9. Mean velocities in the streamwise (𝑈) and the spanwise (𝑊) directions for different rotation numbers (𝑅𝑜2) at
𝑅𝑒𝜏0 = 180
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