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Abstract - The flow field and turbulent characteristics in the vicinity of water intakes are numerically modeled by using the Darcy-

Forchheimer porous media approach coupled with LES. Two types of barriers used at hydropower plants were analyzed, namely the 

rectangular and Oppermann profiles, having clear bar spacing of b=20 mm and b=10 mm, respectively. For both profiles, simulations 

were run under two different angles of α=30° and α=45°. The comparison between the experimental and CFD results revealed acceptable 

error ranges (<10%) for both velocity and turbulent kinetic energy, yielding reliable prediction accuracies of the Darcy-Forchheimer 

model. Also, treating the water intakes as a porous medium led to a significant reduction in the computational cost and time. 
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1. Introduction 
Hydropower plants (HPPs) can block or delay the passage of downstream migrating fish, leading to a reduction in fish 

populations worldwide. Particularly, run-of-river type HPPs present a significant risk to downstream migration, leading to 
delays, injuries, and fatalities during turbine passage [1,2]. Accordingly, to protect fish species as well as to prevent the 

passage of debris and driftwood toward the hydro-machinery, either conventional trash racks having rectangular bars or 

hydro-dynamically designed bar profiles are applied at the water intake structures of downstream passage facilities. 
Within the scope of this study, a specific type of physical barrier, the streamlined Oppermann fine screen, is numerically 

investigated. Head losses are reduced through improved hydraulic conditions around this Oppermann screen, which is 

implemented in various small and medium-scale hydropower facilities [3]. These screens are characterized by several key 
advantages, including effective fish protection achieved through narrow bar spacing, a rounded leading edge, and a smooth 

bar surface, as well as a hydraulically optimized design, enhanced hydropower efficiency, reduced overall weight, and 

efficient cleaning and manufacturing [4]. The numerically modeled 3D solid profile of the screen and the corresponding bar 

details are shown in Figure 1. As illustrated, the thickness of the leading and trailing edges are 6 mm and 1.5 mm, 
respectively, providing a streamlined bar shape. Also, the clear bar spacing is 10 mm, making it a fine screen, and the total 

bar depth is 83 mm. 
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Fig. 1: (a) 3D solid model of the Oppermann profile, (b) bar details in mm. 

 

The water intakes that are used at HPPs should be installed horizontally angled to the streamwise flow direction in 

order to provide a barrier effect leading to optimal fish guidance [5]. In recent years, the flow fields around the angled 
racks have been extensively investigated through various experimental studies [6,7,8,9,10], where both rectangular and 

hydrodynamic bar profiles were tested under different rack angles. Contrarily, CFD studies focusing on the flow fields 

in the vicinity of angled water intakes have been relatively limited in the existing literature. For instance, the studies by 
[11] and [12] involved numerical investigations of angled racks with various bar profiles, performed under different 

turbulence models. However, in these CFD studies, the angled racks were modeled using the actual bar geometries, 

resulting in a substantial total cell count within the solution domain. This is primarily due to the requirement for finer 

mesh resolutions near the rack structure. To address this numerical limitation, the present study employs a porous media 
approach using the Darcy-Forchheimer model to simulate the flow through angled water intakes, thereby aiming to 

reduce the computational cost and time. Thus, the flow fields and turbulent quantities around the water intake structures 

are investigated, and the corresponding prediction accuracy and applicability of the Darcy-Forchheimer model are tested. 
 

2. Experimental Reference Case for CFD Validation 
The CFD validation for the Darcy-Forchheimer model was conducted using the experimental data provided by [13], 

in which both a conventional rectangular trash rack and the Oppermann fine screen were tested in a 2-m wide and 30-m 

long recirculating laboratory flume. Accordingly, a constant flow depth of 0.6 m and a discharge value of 225 L/s were 

maintained in the system, resulting in an approach Froude number of 0.206 for all cases. Throughout the experiments, 
the clear bar spacing of b=10 mm and b=20 mm was used for the Oppermann and rectangular bar profiles, respectively. 

Two different horizontal angles, α=30°, and α=45° were tested for both profiles. The overall parameters for the 

experimental study of [13] for both rectangular and Oppermann profiles are summarized in Table 1, where identical 
hydraulic conditions are simulated in this present study. 
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Table 1. Summary of the experimental conditions of [13] used in the CFD model. 

Water Intake Type 𝑄 (L/s) 𝑉 (m/s) 𝑦1 (m)  𝑦2 (m)  𝐵 (m) 𝑏 (mm) 𝛼 (-)  𝐹𝑟1 (-)  

Oppermann 225 0.5 0.6 0.6 2 10 30°, 45° 0.206 

Rectangular 225 0.5 0.6 0.6 2 20 30°, 45° 0.206 

* Q = discharge, V = approach flow velocity, 𝑦1 = upstream flow depth,  𝑦2 = downstream flow depth, 𝐵 = channel width, 

 𝑏 = clear bar spacing, 𝛼 = angle of the water intake, and 𝐹𝑟1  = approach Froude number. 

 

The instantaneous local velocities in all directions were measured at 60 and 90 different points for the rectangular and 

the Oppermann profiles, respectively. The measurement data were collected by a 10 Hz Acoustic Doppler Velocimetry 
(ADV) probe with a sampling duration of 30 seconds, with an accuracy of ±1%. 

 

From the 3D ADV measurements, the resultant velocity, 𝑉𝑟𝑒𝑠, can be calculated from: 

 

𝑉𝑟𝑒𝑠 = √𝑢2 + 𝑣2 + 𝑤2 (1) 

 

 where 𝑢, 𝑣, and 𝑤 refer to the velocity components in x, y, and z directions, respectively. The turbulent kinetic energy 

is used as an indicator of the turbulence level, which is defined as: 

𝑘 =
1

2
(𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅ ̅) (2) 

 where k is the turbulent kinetic energy per unit mass, and u', v', and w' are the fluctuating velocity components in the 

streamwise, spanwise, and vertical directions, respectively. 

 

3. CFD Modeling 
The numerical modeling was performed in FLOW-3D, which is a commercially available computational fluid dynamics 

(CFD) software that employs the finite volume method (FVM) throughout the simulations [14]. Accordingly, the flow 

through the rectangular trash rack and the Oppermann fine screen was numerically modeled with a porous media approach 

rather than running simulations based on the actual bar geometries. The corresponding numerical results were then compared 
with the experimental data of [13] in accordance with the flow fields and turbulent quantities. 

For the treatment of turbulence, the Large Eddy Simulation (LES) turbulence model was applied in the CFD models 

where the large-scale structures in the computational domain are resolved directly [15], and the sub-grid scale structures are 
modeled [16]: 

 

τij = −2𝑣𝑡S̅𝑖𝑗  (3) 
 

 

S̅𝑖𝑗 =
1

2
(

∂u̅𝑖

∂𝑥𝑗
+

∂u̅𝑗

∂𝑥𝑖
) 

(4) 
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where τij is the anisotropic stress tensor, S̅𝑖𝑗 refers to the resolved rate of strain, 𝑣𝑡 denotes the turbulent viscosity, 

u̅𝑖 is the resolved velocity field, and 𝑥 shows the Cartesian direction. 

 
3.1. Darcy-Forchheimer Model 

According to the Darcy-Forchheimer porous media model, the pressure drop due to a porous region can be defined by 

the following semi-empirical relation:  

 

−∇𝑝 = 𝐴|𝑢𝐷|𝜇
(1 − 𝜙)2

𝜙3
+ B|𝑢𝐷|2𝜌

(1 − 𝜙)

𝜙3
 

(5) 

 

 

where 𝛻𝑝 refers to the pressure drop, 𝐴 and 𝐵 denote the Forchheimer drag coefficients, 𝑢𝐷 represents the Darcian 

velocity, 𝜇 is the dynamic viscosity, 𝜌 is the fluid density, and 𝜙 is the porosity. Typically, depending on the type of 
porous medium, the drag coefficients A and B are determined experimentally [17]. Considering the experimental data 

of [13], corresponding Forchheimer drag coefficients for rectangular and Oppermann profiles have been calculated from 

Eqn. (5). Table 2 summarizes the drag coefficients as well as the porosity values for α=30° and α=45° cases that are 
applied in the numerical model. 

 
Table 2. Forchheimer drag coefficients and porosity values used in the CFD model of [13]. 

Screen Profile 

Drag Coefficient 𝐴 (1/m) Drag Coefficient, 𝐵 (-) Porosity, 𝜙 (-) 

𝛼 = 30° 𝛼 = 45°   𝛼 = 30° 𝛼 = 45° 𝛼 = 30° 𝛼 = 45° 

Oppermann  -52796.8 -56203.1 0.251 0.269 0.625 0.625 

Rectangular  -57906.2 -59609.3 0.298 0.307 0.796 0.796 

 * 𝛼 = angle of the water intake. 

3.2. Model Setup and Meshing 

Figure 2 shows the three-dimensional CFD model of the experimental setup by [13], where the x, y, and z axes 

denote the spanwise, streamwise, and vertical directions, respectively. Accordingly, the porous region is oriented at a 
30° angle relative to the main flow direction, representing the water intake structures. Corresponding instantaneous 3D 

velocities were numerically measured at probe points located 0.1 m upstream and 0.2 m downstream of the porous 

medium. As an initial condition, a flow depth of 0.6 m was defined in the entire solution domain, which is coupled with 
a velocity boundary condition at the inlet. For the sidewalls and the channel bottom, the symmetry and wall boundary 

conditions were applied, respectively. At the outlet, the pressure boundary condition was employed along with a given 

flow depth of 0.6 m., and the atmospheric pressure was satisfied at the free surface. Lastly, the initial time step was 
defined as 0.001 seconds, and the following time steps were dynamically computed by the software based on the stability 

criterion. 
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Fig. 2: Three-dimensional CFD model for 30° angled case showing the porous medium (blue), measurement points (yellow), and 

boundary conditions where V = velocity, P = specified pressure, and S = symmetry. The dimensions of the solution domain are given. 
 

 A mesh sensitivity analysis was performed considering both resultant velocity and turbulent kinetic energy errors 
between the experimental data of [13] and the CFD results for the Oppermann fine screen (Table 3). It can be seen that, for 

both tested angles, the relative errors of 𝑉𝑟𝑒𝑠 and 𝑘 parameters remain almost the same after the mesh size of 0.02 meters, 

resulting in a mesh-independent solution.  

           
Table 3. Mesh sensitivity analysis based on the mean absolute percentage error (MAPE) values at 90 data points for the Oppermann 

fine screen with bar spacing of 𝑏=10 mm. 

Mesh size (m) 𝛼 = 30° 𝛼 = 45° 

𝑉𝑟𝑒𝑠  (m/s) 𝑘 (𝑚2/𝑠2) 𝑉𝑟𝑒𝑠  (m/s) 𝑘 (𝑚2/𝑠2) 

0.05 MAPE=7.8 % MAPE=13.8 % MAPE=10.8 % MAPE=15.0 % 

0.04 MAPE=7.2 % MAPE=10.8 % MAPE=10.5 % MAPE=11.6 % 

0.03 MAPE=5.3 % MAPE=8.4 % MAPE=9.3 % MAPE=8.5 % 

0.02 MAPE=𝟒. 𝟔 % MAPE=𝟒. 𝟎 % MAPE=𝟗. 𝟏 % MAPE=𝟒. 𝟒 % 

0.01 MAPE=4.5 % MAPE=3.9 % MAPE=9.1 % MAPE=4.3 % 
* 𝛼 = angle of the water intake, 𝑉𝑟𝑒𝑠  = resultant velocity, and 𝑘 = turbulent kinetic energy. 

 Based on the mesh sensitivity analysis, for the meshing of the solution domain, at the channel bed, a uniform wall-

normal grid spacing of 0.02 meters was applied in the x and z-directions. However, the wall-normal grid spacing in the y-
direction was gradually refined toward the porous region. Accordingly, a grid size of 0.005 m was employed in the first cell 

perpendicular to the porous zone. For all simulations, a structured rectangular mesh was used, yielding a total cell count of 

0.42x106 within the entire computational domain. 
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4. Results and Discussion 

 The mean absolute percentage error (MAPE) is a statistical metric to determine the prediction accuracy of a model 

and it is calculated from the following expression: 

𝑀𝐴𝑃𝐸 (%) =  
1

𝑛
 ∑ |

𝐴𝑐𝑡𝑢𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 − 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑉𝑎𝑙𝑢𝑒

𝐴𝑐𝑡𝑢𝑎𝑙 Value
| 𝑥 100  (6) 

where 𝑛 refers to the total number of measurement points. To this end, the mean absolute percentage error (MAPE) values 
between the experimental data of [13] and the CFD model results were obtained for two parameters: (i) the local resultant 

velocity, 𝑉𝑟𝑒𝑠 , and (ii) the turbulent kinetic energy, 𝑘. Table 4 summarizes the corresponding values of the percentage errors 

for both Oppermann and rectangular profiles with respect to 30° and 45° angled cases. The results revealed that, for both 
angles, the MAPE values for the Oppermann profile are lower than the rectangular profile, especially for the turbulent kinetic 

energy. Considering both parameters, the best case having the lowest percentage error was found as the 30° angled 

Oppermann profile. However, for all cases, the MAPE values do not exceed the maximum acceptable limit of around 10%. 

As reported in [11] and [12], the so-called range is consistent with the literature research. Thus, it can be concluded that the 
Darcy-Forchheimer model applied as a porous media approach might provide a strong prediction accuracy of flow fields and 

turbulent quantities for water intakes. The CFD results further indicated that, for all simulations, modeling the water intakes 

as a porous region substantially decreased the total number of cells, which in turn resulted in a significant reduction in both 

computational cost and time. 

Table 4. Mean absolute percentage error (MAPE) values between the experimental data of [13] and Darcy-Forchheimer model results. 

For validation, 60 and 90 data points were used for rectangular and Oppermann profiles, respectively. Turbulence model=LES. 

Parameter 
Oppermann Profile (𝑏=10 mm) Rectangular Profile (𝑏=20 mm) 

𝛼 = 30° 𝛼 = 45° 𝛼 = 30° 𝛼 = 45° 

𝑉𝑟𝑒𝑠  (m/s) 4.6 % 9.1 % 5.6 % 10.7 % 

𝑘 (m2/s2) 4.0 % 4.4 % 8.7 % 8.5 % 

* 𝛼 = angle of the water intake, 𝑏 = clear bar spacing, 𝑉𝑟𝑒𝑠  = resultant velocity, and 𝑘 = turbulent kinetic energy. 

 Figure 3 and Figure 4 compare the experimental and numerical turbulent kinetic energy (TKE) values on the x-z 

vertical plane for the downstream of the Oppermann and rectangular profiles, respectively, where both figures are plotted 
for α= 30°. Here, the experimental contour plots (Figures 3a and 4a) show the results of the original bar geometries, whereas 

the CFD contour plots (Figures 3b and 4b) represent the results of the Darcy-Forchheimer porous media approach. It can be 

inferred that, for both Oppermann and rectangular profiles, the spatial distribution patterns of TKE that were obtained 
numerically are quite similar to the experimental patterns. This result indicates a well-established CFD model where the 

water intake is modeled as a porous medium, yielding a strong agreement between the experimental and CFD results. 

Moreover, this result might also be attributed to the fact that the Darcy-Forchheimer model is coupled with the LES in this 

present study. Compared to the Reynolds-Averaged Navier-Stokes (RANS) models, the LES turbulence model was reported 
to capture the vortical structures at a higher resolution within a 3D flow domain [18, 19, 20], pointing out the strong 

turbulence prediction accuracy of the Darcy-Forchheimer model. 
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Fig. 3: Downstream TKE contours on the x-z vertical plane for the Oppermann screen: (a) experimental data of Koczula (2016) and (b) 

CFD model data with Darcy-Forchheimer porous media approach. 𝛼 = 30°, 𝑏 =10 mm, 𝑈0 = 0.5 m/s, 𝐹𝑟1 = 0.206. 

 

 

Fig. 4: Downstream TKE contours on the x-z vertical plane for the rectangular trash rack: (a) experimental data of Koczula (2016) and 

(b) CFD model data with Darcy-Forchheimer porous media approach. 𝛼 = 30°, 𝑏 =20 mm, 𝑈0 = 0.5 m/s, 𝐹𝑟1 = 0.206. 

 

5. Conclusion 
The flow field and turbulent quantities were predicted by employing the Darcy-Forchheimer model while modeling the 

water intakes as a porous medium. Numerical simulations were carried out for both rectangular and Oppermann profiles 

under two different horizontal angles. The LES was applied for the treatment of turbulence in the CFD model, and the 

corresponding numerical results were compared with the experimental data, revealing an acceptable level of prediction errors 
for all cases. It was concluded that the Darcy-Forchheimer porous media model coupled with LES can be applicable in 

modeling the water intakes with high prediction accuracies. Finally, this porous media model can be implemented with 

coarser mesh sizes, leading to a notable reduction in the computational cost and time. 
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