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Abstract:-This paper proposes a numerical study of a turbulent flow around an inclined square obstacle in a 
channel. The objective of this work is to examine the effect of the obstacle inclination (θ) on the boundary layer 
separation. The two-dimensional unsteady Reynolds-averaged Navier-Stokes equations (2D-URANS) were 
solved by the finite volume method using the shear stress transport k- model ((SST-(k-ω)) for turbulence 
closure. Validation is carried out with available experimental data and large eddy simulation (LES) results of 
the no inclined case (θ=0∘). Six obstacle inclinations in the range 0∘ ≤θ≤45 ∘, for Reynolds number Re=3000, 
are examined. The results show that the Strouhal number (St) increases linearly until it reaches a maximum 
value (St = 0.145) for a critical angle (θ = 15°), then decreases below this value. 
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1 Introduction 
Turbulent flows around obstacles are considered as 
a fundamental problem of fluid mechanics and are 
widely encountered usually in industrial 
applications, including: aerodynamics, building 
design, and electronic devices.The study of the 
vortex structures generated by these flow 
configurations is required to explain their flow 
behavior. Different studies on this type of flow 
configuration are available in the scientific 
literature, [1], [2], [3], which have explained the 
mechanism of vortex generation and flow separation 
for a similar case of flow configurations.  

The prediction of turbulent behaviors of flow 
separation zones around obstacles is a main topic of 
industrial applications. While some studies, [4], 
clarify the discrepancy of eddy viscosity values 
between RANS and LES models. The present study 
validates the efficiency of the SST-(k-ω) model for 
similar configurations. 

Several experimental studies have been 
conducted to explain turbulence instabilities 
surrounding obstacles. Among them, the 
investigation of [5], carried out on unstable 
turbulence near a rectangular cylinder in channel 
flow using Laser Doppler Velocimetry (LDV). They 
measured time-averaged and phase-averaged 
statistics for cylinders of different height-to-width 
ratios (b/h). They revealed that the maximum 

intensity of disturbances is reached near the 
stagnation point downstream of the recirculation 
zone. 

Furthermore, [6], simulated by Large Eddy 
Simulation (LES) the vortex structures induced by 
turbulent flow around a confined square cylinder in 
a channel for a Reynolds number of 3000 and an 
obstruction ratio of 20%, and they examined the 
turbulent flow structure. They compared mean 
velocity profiles, turbulent fluctuations, Reynolds 
stresses, contours of turbulent fluctuations, and 
turbulence intensity with available experimental 
results. 

The Kármán vortex shedding was also obtained. 
The predicted results were consistent with the 
experimental data reported in [5]. The study [7] 
simulated by large eddy simulation (LES) three-
dimensional flow around unmoving bodies, focusing 
on a square cylinder (case A) and a wall-mounted 
cube (case B). For case A, the experimental results 
evidence an unsteady flow regime characterized by a 
periodic behavior. Instantaneous flow visualizations 
were used to investigate the flow dynamics; the flow 
conditions selected for their simulations are obtained 
from those proposed in [8]. 

The study [9] carried out an experiment to 
examine the flow field structure around three-
dimensional obstacles of different aspect ratios. 
They conclude that the flow structure around the 
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obstacle depends on aspect ratio, angle of attack, 
Reynolds number, and the type of boundary layer. 
The study [10] investigated a fully developed 
turbulent flow through a matrix of cubes using 
Large Eddy Simulation (LES) and Reynolds-
Averaged Navier-Stokes (RANS) approaches. A 
comparison of the predicted outcomes for mean flow 
and turbulence with relevant experimental data 
showed that the RANS approaches were able to 
reasonably predict the primary characteristics of the 
flow around a cube array. 

The experimental study conducted in [11] on 
flow around square and cylindrical obstacles yielded 
significant findings. The shape of the obstacle 
influences the flow structure. Square obstacles 
produce more important turbulent effects than 
cylindrical ones, and generate larger low-pressure 
regions, whereas cylindrical obstacles exhibit a more 
uniform pressure distribution. In addition, the lift 
force applied to a square obstacle is greater than that 
of a cylindrical obstacle, which may have valuable 
consequences for engineering design. The study [12] 
analyzed URANS simulations of flow around a 
square cylinder, comparing diverse RANS 
turbulence models. They obtain the best agreement 
with experimental data by the SST-(k−ω) model. 
They also investigated the impact of corner cut-offs 
on flow characteristics, revealing important 
modifications in the near-surface flow structure 
around the cylinder. 

A significant number of numerical and 
experimental studies have been conducted on flows 
in the region of obstacles. But a small number of 
studies have investigated the effect of obstacle 
inclination. Among them, [13] examined the laminar 
flow around an inclined square cylinder. They 
investigated the influence of the angle of incidence 
and Reynolds number on the forces applied to the 
obstacle. They identified the critical Reynolds 
number for vortex shedding and classified the 
observed flow patterns. 

The results demonstrate that the angle of 
incidence strongly affects the location of the 
separation point and the wake structure. The study 
[14] has focused on analyzing turbulent flow around 
obstacles, examining how variations in obstacle 
geometry, particularly inclined edges, influence the 
flow behavior. Their work shows the significant 
influence of geometric parameters on turbulence and 
flow separation behaviors, providing useful 
information for engineering applications using fluid-
structure interactions. 

For this, a numerical study is performed on the 
influence of obstacle inclination. The effect of 
obstacle inclination is checked. Unsteady flow fields 

are found in good agreement with available 
experimental and numerical studies. 

The present study investigates numerically the 
influence of obstacle inclination on the wake 
dynamics. Simulations are performed using the two-
dimensional Unsteady Reynolds-Averaged Navier–
Stokes (2D-URANS) equations using SST-(k–ω) 
turbulence model. This model is validated with 
benchmark experimental data and computed values 
by Large Eddy Simulation (LES) of [6]. The results 
show that the unsteady flow fields are in good 
agreement with the literature, confirming the 
consistency of adopting this approach for the present 
flow configurations. 

 
The key contributions of this work are: 

1. We perform a numerical study of inclined 
obstacles at different angles (from 0° to 45°) 
using 2D-URANS simulations with SST-(k–ω) 
turbulence modeling. 

2. The methodology is validated with available 
experimental and numerical results, confirming 
the accuracy of velocity profiles and lift force 
evolution. 

3. The effect of inclination on different variables 
is deepened through mean axial velocity 
profiles, vorticity contours, pressure 
distributions, and Strouhal number variations. 

 

Paper organization: In Section 2, the governing 
equations, numerical procedure, and boundary 
conditions are presented. Section 3 discusses the 
results and compares them with previous work. In 
Section 4, we conclude the results of this work and 
present some perspectives and recommendations. 
 
 
2 Methodology 

 
2.1 Governing Equations 
One investigates an unsteady two-dimensional flow 
of water, assumed to be incompressible and 
isothermal with constant physical properties. The 
averaged equations of motion (2D-URANS) are 
deduced from the continuity (equation (1)) and 
momentum (equation (2)): 
 

  (1) 
 
 

  (2) 
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Three URANS turbulence models are tested for 
turbulence closure: two first-order models: the 
standard k–ε, [15] and SST-(k-ω), [16], [17], and the 
second-order Reynolds stress model. The k–ε model 
is based on the Prandtl–Kolmogorov eddy viscosity, 
which is quite accurate for high Reynolds numbers. 
While the SST-(k-ω) model, [16], [17], combines 
the k–ω model in the boundary layer and the k–ε 
model beyond the boundary layer. These two 
models require an additional cross-diffusion term in 
the dissipation rate equation. For first-order models, 
the Reynolds stresses are deduced from the 
Boussinesq equation as follows (Eq. (3)): 

 
 
The Reynolds stress model (RSM), [18], is a 

second-order turbulence model. It is based on 
transport equations for each Reynolds stress tensor 
component, coupled with the dissipation rate ε 
equation. 

 
2.2 Numerical Procedure 
The numerical prediction is performed by CFD 
software ANSYS FLUENT 14.0. The finite volume 
method, [19], requires a conservative formulation 
for all equations in terms of convection, diffusion, 
and source (Eq. (4)): 

 
 

where Φ is one of the dependent variables of this 
problem (U, V, k, and ω or ε), Γϕ and Sϕ correspond 
to the diffusion coefficient and source terms of each 
equation, respectively. 

 
Spatial discretization is performed on collocated 

meshes. For interpolation SECOND-ORDER 
scheme is used for the convection-diffusion terms of 
velocity components and turbulent quantities. The 
PRESTO scheme is implemented for pressure. The 
SIMPLE algorithm is applied for pressure-velocity 
coupling. 

 
2.2.1 Boundary Conditions 

Figure 1 depicts the coordinate system and 
geometry. Different boundary conditions are 
implemented to accurately define the flow field 
through the computational domain. Inlet conditions 
are based on inlet velocity Um=0.3 m/s, turbulent 
intensity 6% and hydraulic diameter (H). 

The geometrical and dynamical parameters 
include a rectangular channel of length L of 0.5 m 
and height H of 0.05 m, and the square obstacle of 
side length h of 0.01 m. Reynolds number, Re, is 

based on the obstacle side length h and the inlet 
velocity, Um is 3000. Different inclinations of the 
obstacle were tested, ranging from 0° to 45°. 

 

 
Fig. 1: Flow configuration 
Source: created by the authors 

 
2.2.2  Grid Arrangement and Time Step  

Structured and non-uniform grids are generated with 
refinement surrounding a square obstacle. Figure 2 
depicts the computational domain and grid 
configuration. Furthermore, thinning meshes are 
implemented near each wall to compute accurately 
gradients of all variables in particularly within the 
viscous sub-layer. 

 

 
(a) 

 
(b) 

Fig. 2: Typical grid arrangement and 
computational domain (a) θ = 0° (b) θ = 45° 
Source: created by the authors 

 
We are examining different grids in order to 

choose the most appropriate one. A typical grid test 
is illustrated in Figure 3. However, the comparison 
to the experimental data of [5], and LES of [6], the 
third grid (mesh 2) offers an accurate numerical 
axial velocity prediction. Therefore, this grid is 
selected because it gives a good agreement and 
saves computational time. 

Due to the slow oscillation of these flow 
configurations, a first-order method is used for all 
temporal interpolations with small time increments 
to achieve high accuracy. 

Moreover, for a given time step of 0.005 s, the 
current number is equal to one for each inclination. 
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Fig. 3: Grid test (θ=0°) 
Source: created by the authors 
 

The validation was achieved with available 
experimental data in [5], and numerical results in 
[6]. This validation was performed for a no-inclined 
obstacle (θ=0°). The present results showed that the 
SST-(k-ω) first-order model accurately predicts the 
mean velocity profiles along the centerline (Figure 
4) with the best precision compared to the other 
models (standard k-ε and RSM).An error analysis of 
longitudinal velocity is presented in Table 1, as an 
example. The error is computed following equation 
(5): 

Pr exp

exp

100esent

r

U U

U


                                    

(5) 
 
- The SST-(k–ω) model shows excellent accuracy 
along the centerline, with errors even in the 
recirculation zone. 

- The RSM gives acceptable results, but is found 
slightly less accurate. 
- The k–ε standard gives a significant deviation, 
confirming that it is not very suitable for this type of 
flow configuration. Furthermore, [20] demonstrated 
that the SST-(k-ω) model is more appropriate for 
problems generating vortex-induced vibrations. This 
result also confirms the efficiency of the SST-(k−ω) 
model for these types of flow configuration. 
 

Table 1. Error analysis of longitudinal velocity 
 
x/h 

εr % 
 k-ε RSM  SST- (k-ω) 

1 80 20 3 
2 44.4 6.7 2.2 
3 30.8 3.1 1.5 
4 26.7 2.7 1.3 
5 25 2.5 1.3 
6 15.7 2.4 1.2 
7 15.3 2.4 1.2 

Source: created by the authors 

 

A further validation is conducted for θ=0° 
throughout the mean velocity components (U/Um 
(Figure 5) and V/Um (Figure 6)) along several 
cross-sections x/h = 1, 3.5, 6, and8.5). 

Due to the symmetry with respect to the y-axis 
of the flow configuration, only half of the profiles 
are presented. The present results (in blue color) 
show an excellent agreement with available 
experimental data of [5], (in black color), and Large 
eddy simulation (LES) computed results of [6] (in 
grey color). 

 

 
Fig. 4: Mean longitudinal velocity profile along the 
centerline (θ=0°) 
Source: created by the authors 

 

 
Fig. 5: Profiles of mean longitudinal velocity U/Um 
for θ=0° at x/h=1;3.5 ;6 and 8.5 
Source: created by the authors 

 

 
Fig. 6: Mean perpendicular velocity profiles V/Um 
for θ=0° at: x/h= 1;3.5 ;6 and 8.5 
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Source: created by the authors 

3 Results and Discussions 
 

3.1 Axial Velocity Profiles versus 

Inclination 
Figure 7 represents the axial velocity profiles at 
x/h=30 downstream of the obstacle for different 
angles of inclination. In the case of no inclined 
obstacle (θ=0°), the flow is fully developed. 
Velocity profiles exhibit a flattened shape, 
characterizing a fully developed 2D channel flow. 
At θ = 10°, a small asymmetry induces a moderate 
deformation of the profile. At θ = 15°, the profile is 
very deformed due to the asymmetric recirculation 
zones. For θ=22.5°, the deformation reduces and the 
profile is close to that obtained at θ=10°. For θ=30°, 
the velocity distribution is like to that of the case 
where the obstacle is not inclined (θ = 0°). Finally, 
at θ=45°, the profile becomes quasi-parabolic, 
characterizing a more stable flow. 

Moreover, Figure 7 also illustrates the axial 
velocity profile for x/h=30, downstream of the 
obstacle, evidencing a notable development of the 
turbulent flow behavior for different obstacle 
inclinations. 
 

 
Fig. 7: Axial velocity profile for different inclination 
angles at x/h =30 
Source: created by the authors 
 
3.2 Contours Analysis of Vorticity 

Distribution 
In Figure 8, qualitative analysis of the dimensionless 
vorticity contours for different obstacle inclinations 
confirms the influence of inclination on turbulence 
development and vortex formation. At an inclination 
of 15°, the vorticity contours are distorted and the 
flow becomes more asymmetrical. As the 
inclination increases, these contours tend to 
stabilise, leading to a gradual stabilisation of the 
flow and a reduction in the effects of turbulence. 
 

 
(a) θ = 0◦  

 
(b) θ = 10◦  

 
(c) θ = 15◦  

 
(d) θ = 22.5◦  

 
(e) θ = 30◦  

 
(f) θ = 45◦  

max




 

Fig. 8: Computed contours of normalized vorticity  
Source: created by the authors 

 
3.3 Pressure profiles versus obstacle 

inclination 
Figure 9 represents the static pressure profiles at x/h 
=30 along the y-axis, for each inclination of the 
obstacle. When the obstacle is not inclined (θ = 0°), 
the pressure distribution is symmetrical. A very 
small effect appears for θ=10°, whereas at θ = 15°, 
the pressure distribution reaches its maximum due 
to a high level of asymmetry. When θ = 22.5°, the 
behaviour becomes more stable again, as in the case 
of θ = 10°. At θ=30°, the decrease in pressure is a 
sign of a reduction in turbulence. Finally, at θ=45°, 
the pressure is very low, indicating a more stable, 
symmetrical, and slightly disturbed flow. 
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Fig. 9: Effect of obstacle inclination on static 
pressure profiles at x/h =30 
Source: created by the authors 

 
3.3.1 Time Analysis of the Lift Coefficient 

 
(a) θ = 0° 

 
(b) θ =15° 15

 
(c) θ = 45° 

Fig. 10: Time evolution of the lift coefficient for 
different inclinations 
Source: created by the authors 

 
The evolution of the lift coefficient for different 

inclination angles of θ=0°, θ=15°, and θ=45° (Figure 

10a, Figure 10b, and Figure 10c) shows periodic 
oscillations, which confirms the unsteady behavior 
of the flow. The dominant frequency of each 
inclination was deduced from the temporal variation 
of the lift coefficient (Figure 11, Appendix).  

Figure 12 (Appendix) shows the Strouhal 
number, deduced from the lift force frequency, the 
cylinder height (h), and the mean longitudinal 
velocity at the cylinder location Ub. Strouhal number 
(St) increases with obstacle inclination up to θ=15°, 
then begins to decrease beyond this angle. 

Table 2 provides a summary for each inclination 
angle, presenting the mean longitudinal velocity at 
the cylinder’s location (Ub) and the corresponding 
vortex shedding frequency (f). 

 
Table 2. Strouhal number versus inclination 

θ (°) f (Hz) Ub (m/s) St 
0 4.65 0.375 0.124 

10 5.07 0.367 0.138 
15 5.52 0.380 0.145 

22.5 5.04 0.365 0.138 
30 5.08 0.390 0.130 
45 4.90 0.418 0.117 

Source: created by the authors 
 
3.4 Influence of Obstacle Inclination on 

 Strouhal Number 
Table 3 shows the Strouhal number (St) variation 
versus obstacle inclination. This allows for a clear 
observation of how the Strouhal number evolves 
with the obstacle’s inclination. Maximal value is 
observed for the case θ=15°, corresponding to the 
more disturbed flow. 
 

Table 3. Variation of the Strouhal number versus 
obstacle inclination 

θ (°) 0 10 15 22.5 30 45 
St 0.124 0.138 0.145 0.138 0.130 0.117 
Source: created by the authors 

 
Figure 13 clearly shows the influence of the 

Strouhal number (St) on the obstacle inclination. It 
increases practically linearly from θ=0° until θ=15°, 
reaching a maximum value at this critical point. 
Beyond θ=15°, it decreases almost linearly until 
θ=45°. This evolution follows two almost linear 
variations: an upward phase for small angles and a 
downward phase for higher obstacle inclination, 
which directly reflects changes in the vortex 
dynamics around the obstacle. 
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 Fig. 13: Strouhal number versus obstacle inclination 
Source: created by the authors 

 

 

4 Conclusion 
The impact of the obstacle's inclination angle on 
fluid dynamics is particularly important. The 
influence of obstacle inclination on turbulent flow 
behavior is investigated numerically using URANS 
turbulence models. Strouhal number for various 
angles of inclination varies linearly with the 
obstacle’s inclination: it increases up to a critical 
angle of 15°, where it reaches its maximum, and 
then decreases beyond this angle. The present study 
shows that the case of obstacle inclination θ=15° 
corresponds to a maximal asymmetry and 
deformation of the flow downstream of the obstacle, 
due to the most pronounced boundary layer 
separation. It corresponds to a critical point where 
turbulence and vortex intensity are optimal. On the 
other hand, the 45° angle seems to be the most 
favorable, characterized by the minimal pressure 
and intense recirculation zones, leading to a 
transition toward a more stable flow. 

These results may be considered in industrial 
implications, particularly in the design of 
aerodynamic and marine devices. 
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APPENDIX 

 

 

 
(a) θ = 0° (b) θ = 10° (c) θ = 15° 

 
(d) θ = 22.5° (e) θ = 30° (f) θ = 45° 

Fig. 11: The frequency based on the lift force for each obstacle inclination 
Source: created by the authors 

 
 

 
(a) θ = 0° (b) θ = 10° (c) θ = 15° 

 
(d) θ = 22.5° (e) θ = 30° (f) θ = 45° 

Fig. 12: Strouhal number for each obstacle inclination 
Source: created by the authors 
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