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Abstract. In this paper, the vortex flow structures formed behind a square cylinder and their
spectral properties are numerically investigated based on the 2D URANS k-w SST model
(Re = 4.7x10%). The study compared locally densified and adaptive anisotropic (Hessian-based)
meshes. The calculations were performed using the PISO algorithm and second-order accuracy
(CFL <1, At = T/200). The results were compared with experimental data on Strouhal number,
drag and lift coefficients, and velocity profiles. The adaptive mesh more accurately represents the
wake zone and sharp gradients of the flow, allows for reliable estimation of spectral parameters
(frequency and amplitude), and reduces numerical diffusion. Some limitations of the 2D URANS
model are also indicated.
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1. Introduction

Thin-walled structures (e.g., buildings, chimneys, cables) often interact acrodynamically in
groups and have significant effects on pressures and forces. Even simple body configurations
exhibit the basic characteristics of turbulent flow, such as flow separation, vortex shedding, and
instability [1-2]. Flow past a circular cylinder is a classic case for studying vortex streets, while a
square cylinder differs due to fixed separation at sharp edges. A square cylinder at Re =~ 2.2x10*
is a common benchmark [5-6]. For two side-by-side cylinders, flow depends on both Re and
spacing (T /d), leading to regimes like single-body behavior, gap flow (“flip-flop™), and paired
vortex shedding, each affecting forces and frequencies [7-9]. Experiments provide reliable data
but are limited, while numerical methods allow broader studies. DNS is accurate but very
expensive, LES reduces cost but remains demanding [10-16], and RANS is widely used for
practical cases [17-19]. The k-w SST model combines near-wall and free-flow advantages and
handles separation well, though results depend on mesh and setup [20-22]. Other models like RSM
may improve wake predictions but still have limitations [23-24]. Mesh quality is critical: resolving
wakes requires proper y*, time step, and grid distribution. Two main approaches are local
refinement and adaptive anisotropic meshing, which better captures gradients and improves
spectral accuracy at similar cost.

This paper studies flow past a square cylinder using unsteady 2D URANS k-w SST, comparing
these two mesh strategies. Validation uses St, Cd, Cl and velocity profiles. Both capture the
Karman vortex street, but the adaptive mesh better resolves the near wake and spectra. Limitations
of 2D URANS for inherently 3D flows are also discussed.
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2. Physical and mathematical formulation of the problem

We consider the flow around a single square cylinder with side d (in calculations:
d = 0.042 m) by a two-dimensional flow at an inlet velocity of U, = 17 m/s (subcritical regime,
Re =~ 4.7x10%). The computational domain is defined in a Cartesian coordinate system (x, y) so
as to exclude the influence of distant boundaries on the wake and forces: inlet: x = —5d, outlet:
x = 4+20d, top/bottom: y = +8d. This choice ensures low blockage: § = d/H = 1/16 % 6.25 %
at a section height of H = 16d, which is acceptable for reproducing free flow. The center of the
cylinder is located at (x, y) = (0, 0); its ribs are oriented parallel to the axes (angle of attack « = 0)

[7].
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Fig. 1. Two-dimensional computational domain and boundary conditions
2.1. Boundary conditions

Velocity-inlet. A uniform velocity profile of U,, = 17 m/s and low turbulence corresponding
to a wind tunnel are specified: intensity T/ = 0.5 % and integral length L =~ 0.07d. In the k-w
parameterization: k = 1.5(U,T1?, w =k/ (Cu/AL), €, = 0.09. Pressure-outlet. Zero excess
static pressure (0 Pa). The backflow parameters are consistent with the inlet: T/ = 0.5 %,
L = 0.07d. Top/bottom. Symmetry-type boundaries (sliding plane) to eliminate parasitic viscous
effects from the “pipe walls”. Cylinder surface. No-slip, isothermal solid wall.

2.2. Mathematical model

A RANS-based approach is used, where flow variables are decomposed into mean and
fluctuating parts to account for turbulence without resolving all scales. Averaging yields equations
for mean velocity and pressure, including Reynolds stresses that represent turbulence effects. To
close the system, the k-w SST model [20-22] is applied, enabling reasonable prediction of
separation, turbulence anisotropy, and streamline curvature effects.

The equation of conservation of mass and momentum, which describes the change in the
velocity of a fluid under the influence of external and internal forces:
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where 11; — components of the average velocity field, p —average pressure, v — kinematic viscosity,
p — density.
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2.3. Turbulence models

The SST turbulence model by Menter [20] combines the advantages of the k-& and k-w models
using a hybrid approach: k-w is applied near walls for boundary layer accuracy, while k-¢ is used
in the free-flow region for stability:
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The remaining coefficients and functions were presented in the article [20].
2.4. Computational grids

The paper compares two partitioning strategies: (A) a statically locally dense mesh near a
cylinder (Fig. 2) and (B) an adaptive anisotropic mesh (Hessian-based) with preservation of wall
layers [25-26].

Fig. 2. Statically locally compacted mesh near the cylinder

Mesh A - locally refined near the cylinder. Uses a triangular/polygonal mesh with prismatic
inflation layers (15-20 layers, growth 1.20-1.25, y* ~ 1). Edge step As < 0.01d. The wake
(0-10d) has moderate refinement, coarsening smoothly downstream. Quality: skewness <0.4,
angle >30°, orthogonality >0.2. Total cells ~ 2.5x10*. Mesh B — adaptive anisotropic (Hessian-
based). Starts similar to Mesh A (same layers, y* = 1), then adapts in Fluent using a combined
Hessian  indicator  (velocity/pressure). Boundary layers are preserved.  Sizes:
Apin = (0.006-0.01)d, Apqx = 0.2d. Adaptation every 50-100 steps, refining ~20-30 % and
coarsening ~10-15 % of cells. After 3-5 cycles, a wake-aligned mesh forms with controlled cell
growth.

st

Fig. 3. Adaptive (anisotropic, Hessian)
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3. Solution method

Finite volume solution (ANSYS Fluent): Pressure—velocity coupling: PISO. Time: Second-
Order Implicit (unsteady URANS). Gradients: Least Squares Cell-Based. Pressure: Second-Order.
Convection (momentum, k, w): Second-Order Upwind. (Note: For URANS/SST, second-order
convection minimizes numerical diffusion and correctly reproduces the stall frequency.)
Rhie-Chow interpolation by default; skewness/neighbour correction = 1 (for high grid skew, 2)
[27-32].

4. Results and discussion

Fig. 4 instantaneous flow fields around a square cylinder for several phases of one stall period
t/T ={0.10; 0.15; 0.20 s} with the superposition of the computational grid.
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Fig. 4. Instantaneous flow fields around a square cylinder at several phases of one stall period

The top rows show an adaptive (anisotropic, Hessian-based) grid, while the bottom rows use
static local refinement near the cylinder. Flow structures (velocity/vorticity and pressure) illustrate
vortex formation and shedding, the recirculation zone, and alternating pressure regions of the
Karman street. With adaptation, the grid refines in shear layers and the wake while coarsening
elsewhere, giving sharper resolution of fine structures and stable vortex amplitude and spacing. In
contrast, the static grid concentrates resolution near the body; downstream, shear layers thicken
and structures become more diffuse. The pressure field shows high pressure at the stagnation point,
suction at sharp edges, and alternating low/high-pressure regions in the wake aligned with vortex
shedding.

Fig. 5 shows a comparison of the calculated longitudinal velocity profiles U, /U, with the
experiment. (a) Reconstruction of (U, )t/U, along the wake axis behind a square cylinder (time
averaging along the line y =0, coordinate x/D). (b) Transverse profile U, /U, on the section
x/D =4 in the coordinate y/d.

Marker exp — experimental data; curve 1 — statically locally densed grid (red), curve 2 —
adaptive anisotropic grid (black). Normalization: U, — inlet velocity, D = d — cylinder edge size.
It is evident that the adaptive grid better reproduces the growth of (U, )t along the wake axis and
the steepness of gradients in shear layers; with static densed grid, an underestimation of U,. /U, in
the near wake and a smoother transverse profile are observed.

Fig. 6 shows the transverse profiles of the transverse velocity component U, /U,: (a) section
x/D = 1; (b) section x/D = 2. Marker exp — experiment; curve 1 — statically locally densed grid;
curve 2 — adaptive.

The profiles exhibit a classic S-shaped antisymmetry about the y = 0 axis: positive values at
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the top and negative values at the bottom due to alternating vortex shedding. At x/D =1, |Uy|
extrema form in shear layers at y/D = +(1-1.5); the adaptive grid more accurately reproduces
their amplitude and position, while static compaction underestimates |Uy| and smooths the profile.
At x/D = 2, a wake broadening and a weakening amplitude are observed, while the adaptive grid
preserves steeper gradients and better agreement with experiment.
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Fig. 5. Comparison of the calculated longitudinal velocity profiles U, /U, with the experiment
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Fig. 6. Transverse profiles of the transverse velocity component U,, /U,

5. Conclusions

The study shows that the unsteady 2D URANS k-w SST model reliably reproduces the
Karman vortex street behind a square cylinder, with both static and adaptive grids giving
consistent velocity and pressure fields. The adaptive (Hessian-based) grid improves accuracy by
aligning with the flow, reducing numerical diffusion, and better capturing the near wake and
spectral features: the Strouhal number matches experiments more closely, peaks are more stable,
and signals are clearer. Drag Cd, lift Cl, and velocity profiles (Ux /Uo, Uy / UO) also agree better
with experiments, while static grids give smoother results. Accurate results require y* = 1, PISO
coupling, second-order schemes, and At with CFL <1 (~200 steps per period). Adaptive meshing
has similar cost to static refinement but higher accuracy. A key limitation is the 2D URANS
approach, which cannot capture full 3D effects and flow intermittency.
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