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SUMMARY  

Spanwise non-uniform inflows frequently occur in practice, and neglecting their effects may lead to non-conservative 
wind-resistant design for elongated structures. This study employs large eddy simulations (LES) to systematically 
examine how spanwise shear gradient in angle of attack (AoA) and inflow velocity modify the three-dimensional (3D) 
flow and aerodynamic responses of a 5:1 rectangular cylinder. After validation under uniform inflow, three AoA-
shear and three velocity-shear cases are analyzed. Spanwise shear disrupts the coherence of separated vortices through 
section-to-section variations in separation and reattachment, leading to fragmented vortex topology, redistributed 
surface pressure, and reduced spanwise correlation. These changes weaken the periodic lift response and increase 
mean drag. Despite identical local inflow parameters, the mid-span section exhibits altered 2D flow patterns, including 
weakened or even split main vortex under AoA shear and earlier reattachment under velocity shear. The enlarged 
wake strengthens leeward suction, raising sectional mean drag by up to 19.7% and 21.1%. 
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1. INTRODUCTION 
Flow around bluff bodies is a fundamental problem in fluid dynamics, yet most existing studies 
assume inflows with spatially uniform statistical characteristics, often even perfectly uniform. In 
practice, engineering inflows are far more complex: wind-speed profiles in the neutral atmospheric 
boundary layer (JTG/T 3360-01—2018, 2018), strong shear associated with non-synoptic winds 
such as typhoons and downbursts (Tamura et al., 2007; He et al., 2016), wind veering governed by 
the Coriolis force (Ekman, 1905), and spanwise non-uniform wind inflow induced by complex 
terrain (Lystad et al., 2018; Tang et al., 2020).  

Existing research on spanwise velocity shear focuses predominantly on low Reynolds numbers, 
whereas real engineering applications generally fall within high-Reynolds-number regimes, 
limiting the applicability of current conclusions. Similarly, while some studies have considered 
wind veering effects, the underlying mechanisms by which spanwise AoA gradients affect flow 
structure evolution and aerodynamic forces are not well understood and lack systematic analysis. 
Moreover, although non-uniform inflow has been indicated to potentially degrade bridge 
aerodynamic stability, prior conclusions have not been supported by detailed CFD flow-field data 
to establish a clear cause-and-effect relationship between flow structures and aerodynamic 
responses. Additionally, the influence of spanwise shear gradients on the aerodynamics of local 
2D cross sections has been largely overlooked, which could have implications for local damage. 



Motivated by these gaps, this study conducts 3D LES of a 5:1 rectangular cylinder to investigate 
how spanwise variations in AoA and velocity modify flow structures and aerodynamics at high 
Reynolds numbers. 

2. SIMULATION ARRANGEMENTS 
In this study, a finite-span 5:1 rectangular cylinder is exposed to spanwise non-uniform inflows, 
including variations in AoA and wind velocity, as illustrated in Figure 1. To quantify these effects, 
two dimensionless parameters—the spanwise non-uniformity coefficients of AoA and velocity, 
denoted as α and β—are defined following the shear flow formulations used in previous studies 
(Cao et al., 2007; Zhao et al., 2023), as expressed in Eqs. (1) and (2). Three non-uniform AoA 
cases with α=1, 2, 3, and another three non-uniform velocity cases with β=0.04, 0.08, 0.12 are 
performed in this study. Averaged Re is set to 20000. 

 

Figure 1: Spanwise non-uniformity of oncoming flow: (a) non-uniform AoA; (b) non-uniform wind velocity 
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where 𝐺𝐺1 and  𝐺𝐺2 are the spanwise AoA and velocity gradient, which are the AoA increment 𝑑𝑑𝑑𝑑  
and velocity increment 𝑑𝑑𝑑𝑑  per 𝑑𝑑𝑑𝑑  along the spanwise direction; 𝐷𝐷  represents the characteristic 
dimension of the structure, defined as the depth of the rectangular cylinder, and is set to 0.1 in this 
study; 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟 denotes the reference wind velocity, corresponding to the wind speed at the mid-span 
section in this study, and is set to 2 m/s. 

Figure 2 shows the computational domain, boundary conditions, and the mesh system. The mesh 
system was generated using the snappyHexMesh utility in OpenFOAM, employing an octree-
based adaptive refinement strategy that has been widely adopted in simulations of bluff-body flows. 
Spanwise mesh resolution is crucial for capturing 3D flows under non-uniform inflows (Zhang 
and Xu, 2020; Zou et al., 2022; Cao and Tamura, 2025). Unlike traditional uniform spanwise 
extrusion (Bruno et al., 2012; Patruno et al., 2016; Wu et al., 2020; Zhang et al., 2023), our octree 
refinement strategy efficiently varies spanwise resolution across zones. This maintains a highly 
refined surface grid (δz=1/64D, smaller than the limit (1/40D) recommended by Zhang and Xu, 
2020) while avoiding excessive overall cell counts, totaling ~15.42 million cells per case.  



For the boundary conditions, the no-slip wall condition is imposed on the cylinder surface. The 
inflow conditions are either uniform or spanwise non-uniform, while in all cases the inflow 
remains uniform in the lateral (y-) direction. An advective outflow boundary condition is applied 
at the outlet to prevent possible eddy reflections, and free-slip conditions are assigned to the top 
and bottom boundaries. Regarding the spanwise boundaries, the conventional periodic boundary 
conditions commonly used in simulations of infinitely long cylinders (Bruno et al., 2014; Zhang 
and Xu, 2020; Cao and Tamura, 2025) are no longer applicable because the spanwise non-uniform 
inflow would lead to a sawtooth-like velocity profile, making the simulation unphysical (Visakh 
et al., 2016). Instead, the free-slip boundary conditions imposed on the spanwise surfaces, as 
recommended by Lamballais and Silvestrini (2002), Silvestrini and Lamballais (2004), Visakh et 
al. (2016), and De and Sarkar (2020), allow the present simulation to effectively represent a finite-
length rectangular cylinder. In fact, conducting numerical simulations of spanwise non-uniform 
inflows over an infinitely long cylinder is physically unrealistic. 

 

Figure 2: Computational domain, boundary conditions, and mesh system. 

3. VALIDATIONS OF SIMULATION 
To validate the numerical setup, Table 1 compares the predicted global aerodynamic parameters 
(mean drag coefficient 𝐶𝐶𝐷𝐷, RMS lift coefficient 𝐶𝐶𝐿𝐿′ , and Strouhal number 𝑆𝑆𝑆𝑆) of the 5:1 rectangular 
cylinder under uniform inflow with previous experimental and numerical studies. The computed 
𝐶𝐶𝐷𝐷 and 𝑆𝑆𝑆𝑆 agree well with the reference data. Although literature values for the fluctuating lift 
coefficient exhibit considerable scatter—reflecting the inherent challenges of capturing high-
Reynolds-number bluff body flows—our result falls well within the reported uncertainty range. 

As shown in Figure 3(a), the present mean surface pressure agrees well with literature data. For 
the fluctuating pressure in Figure 3(b), despite the large scatter among previous studies, the present 
results match the reported magnitude and peak location, indicating acceptable accuracy. 
Remaining differences arise from the strong sensitivity of pressure fluctuations to factors such as 
Reynolds number, turbulence modeling, numerical schemes, and grid resolution. Notably, higher 
spanwise resolution reduces fluctuation levels (Zhang and Xu, 2020), consistent with our lower 
values compared with Zhang et al. (2023). 



Table 1: Comparison of the aerodynamic parameters in uniform inflow conditions 
References Re(104) Method 𝐶𝐶𝐷𝐷 𝐶𝐶𝐷𝐷′  St 
Present study 2 LES 1.003 0.386 0.12 
Bruno et al., 
2012 

4 LES 0.96-1.03 0.2-0.73 0.112-0.122 

Mannini et al., 
2017 

2.3-11.2 WT 1.025-1.12 0.24-0.325 0.112-0.116 

Zhang and Xu, 
2020 

4 LES 0.956-0.981 0.282-0.532 0.114-0.126 

Li et al., 2020 1.3 WT 1.108 - 0.111 
Zou et al., 2022 2.2 LES 0.99-1.274 0.484-1.012 0.1-0.16 
Zhang et al., 
2023 

2 LES 0.98-0.997 0.381-0.416 0.108-0.112 

Han et al., 2025 3.1-10.1 WT 1.11-1.15 - 0.087-0.094 
 

 

(a) 

 

(b) 

Figure 3: Comparison of the spanwise-averaged surface pressure distributions in uniform inflow: (a) mean 
pressure coefficient; (b) RMS pressure coefficient 

4. RESULTS 
Figure 4 illustrates the 3D flow structures (Q-criterion) around the 5:1 rectangular cylinder under 
uniform and spanwise non-uniform inflows at peak lift. Spanwise non-uniformity induces 
pronounced 3D variations, as separation and reattachment are highly sensitive to the AoA (Patruno 
et al., 2016; Wu et al., 2020; Han et al., 2025). Figure 4(a) shows that varying AoA causes 
coexisting fully separated (𝑧𝑧 > 0 ) and rapidly reattached (𝑧𝑧 < 0 ) flows. This contrast induces 
spanwise shear, stretching, and fragmenting vortex structures, thereby weakening their coherence 
and spanwise force correlation. Similarly, Figure 4(b) demonstrates that spanwise velocity shear 
also weakens vortex coherence. At the Reynolds number of 2 × 104, velocity gradients severely 
distort and tear vortex cores, disrupting the continuous oblique shedding observed in lower-
Reynolds-number studies (Visakh et al., 2016). In summary, both spanwise AoA and velocity shear 
weaken vortex connectivity by creating differing separation behaviors along the span. The 
resulting fragmented topologies and their aerodynamic impacts are quantified in subsequent 
sections. 
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(a)  

(b) 
Figure 4: Topology of instantaneous vorticities at the instant of lift peak. The Q-criterion iso-surface (𝑄𝑄 =

2(𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟/𝐷𝐷)2) is colored by the sign of the y-direction velocity: (a) non-uniform AoA; (b) non-uniform velocity 

As shown in Figure 5, the lift coefficient correlation weakens progressively as the parameter 
increases. Non-uniform velocity inflow reduces spanwise correlation faster than non-uniform AoA. 
Under strong velocity-shear, correlation drops to ~0.2 just 1D from mid-span before slightly 
recovering, reflecting complex 3D flow structures.  

It is worth noting that the mid-span section consistently experiences a 2D uniform inflow (2 m/s, 
0° AoA) across all 3D cases, differing only in the spanwise shear gradient. Figure 6 confirms this 
via symmetric time-averaged streamlines. The flow features three typical structures: the main 
separation vortex (characterized by reattachment length 𝐿𝐿𝑟𝑟  via wall shear stress 𝜏𝜏𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ), the 
secondary vortex, and the wake vortex (recirculation length 𝐿𝐿𝑤𝑤). Our uniform inflow results (𝐿𝐿𝑟𝑟 = 
4.48D, 𝐿𝐿𝑤𝑤 = 0.82D) validate well against previous literature (Zhang et al., 2023; Zou et al., 2022). 
The 3D shear significantly alters these characteristics (Figure 6b–c). Under non-uniform AoA 
inflow, 𝐿𝐿𝑟𝑟 changes slightly, but the main vortex weakens. At high AoA shear, a dual-focus vortex 
emerges due to lost spanwise coherence and premature breakdown. Conversely, non-uniform 



velocity inflow sharply decreases 𝐿𝐿𝑟𝑟  (down to 3.31D at high shear) because the early 3D 
breakdown of the separated shear layer forces earlier reattachment. Regardless of the shear type, 
𝐿𝐿𝑤𝑤 increases with the shear gradient, as enhanced wake three-dimensionality broadens the mean 
reverse-flow region (Visakh et al., 2016). Overall, although the mid-span section experiences 
identical inflow velocity and AoA across all cases, the spanwise 3D shear significantly modifies 
its flow topology, which significantly affects the aerodynamic characteristics of the rectangular 
cylinder, as discussed in the following sections. 

 

 
(a) 

 
(b) 

Figure 5: Spanwise correlation of lift coefficient in different inflow conditions: (a) non-uniform AoA; (b) non-
uniform velocity 

Figure 7 shows that spanwise shear significantly alters the mid-span 2D aerodynamic parameters. 
Increasing velocity or AoA shear gradients substantially raises the mean sectional drag coefficient 
by up to 19.7% and 21.1% relative to uniform inflow. This increase, driven by the enlarged wake 
vortex size (Figure 6), is crucial for local structural safety design. Conversely, the fluctuating drag 
coefficient remains nearly constant across all cases. 
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Figure 6: Time-averaged streamlines in the mid-span section under different inflow conditions: (a) uniform flow; (b) 
non-uniform AoA; (c) non-uniform velocity 
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Figure 7: Sectional aerodynamic parameters in different inflow conditions: (a) non-uniform AoA; (b) non-
uniform velocity 

Aerodynamic force variations are governed by mean and fluctuating surface pressure distributions 
(Figure 8 and Figure 9). While 3D shear negligibly affects the windward surface, it lowers the 
mean leeward pressure. This enhanced suction explains the increased mean sectional drag 
observed in Figure 7. Side-surface pressures are highly sensitive to non-uniform inflows. Under 
increasing AoA shear, the minimum mean negative pressure at the leading edge rises, while 
trailing-edge negative pressure and peak fluctuating pressure both decrease, reflecting reduced 
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flow fluctuation energy. Conversely, non-uniform velocity inflow causes minor changes at low 
shear but significant effects at strong shear. Specifically, leading-edge minimum mean pressure 
drops, trailing-edge negative pressure rises, and the peak fluctuating pressure increase and shift 
upstream. This directly corresponds to the rapid early flow reattachment under strong velocity 
shear (Figure 6b). 

 
(a) 

 
(b) 

Figure 8: Comparison of the mean surface coefficient in mid span under different inflow conditions: (a) non-
uniform AoA; (b) non-uniform velocity 
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Figure 9: Comparison of the RMS surface coefficient in mid span under different inflow conditions: (a) non-
uniform AoA; (b) non-uniform velocity 

To elucidate 2D non-uniform inflow effects, Figure 10 presents side-surface streamwise pressure 
correlations (cross-correlated with a reference point at 𝑠𝑠 = 0.1𝐷𝐷 ). The uniform inflow results 
agree well with Wu et al. (2020), validating the simulation, while the slight deviations from Zhang 
et al. (2023) likely stem from our finer spanwise grid resolution. Mid-span fluctuating lift is 
primarily governed by pressure correlation at peak fluctuation locations. Under AoA shear, 
increasing gradients raise front-mid correlation but markedly decrease trailing-edge correlation, 
linking to the dual-focus vortex (Figure 6a). This reduced correlation, alongside diminished 
pressure amplitudes, decreases the fluctuating lift coefficient (Figure 7a). Conversely, high 
velocity shear sharply drops leading-edge correlation due to early vortex reattachment (Figure 6b). 
While increasing velocity shear generally decreases correlation at peak fluctuation points (Figure 
10b), at a specific low shear gradient, slightly higher fluctuating pressure combined with mildly 
reduced correlation explains the minor increase in fluctuating lift (Figure 7b). 
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Figure 10: Surface pressure correlation in the streamwise direction under different inflow conditions: (a) non-
uniform AoA; (b) non-uniform velocity 

5. CONCLUSIONS 
This study employs 3D LES to systematically examine how spanwise non-uniform inflows—
characterized by spanwise gradients in AoA and inflow velocity—modify the 3D flow structures 
and aerodynamic responses of a 5:1 rectangular cylinder, with particular focus on the mid-span 2D 
section.  

The results show that both AoA and velocity shear weaken the spanwise coherence of separated 
vortices due to variations in separation–reattachment behavior and separation rate among 
neighboring spanwise locations. The resulting fragmentation of vortex topology redistributes 
aerodynamic parameters along the span, reducing their correlation. Consequently, the global 
periodicity of the lift response is disrupted, and the fluctuating lift coefficient decreases with 
increasing shear intensity, while the modified 3D morphology leads to a marked increase in global 
mean drag. At the mid-span section, although the inflow sectional AoA and velocity remain 
unchanged across cases, spanwise shear substantially alters the intrinsic 2D flow pattern. 
Increasing AoA shear weakens the main vortex and even induces a dual-focus structure, whereas 
velocity shear reduces the side-vortex coherence and promotes earlier reattachment. These changes 
in flow topology explain the reduced fluctuating lift and the increased mean drag, with maximum 
drag increments of 19.7% and 21.1% under AoA and velocity shear, respectively. 

The study provides quantitative insight into the mechanisms linking spanwise shear, flow 
evolution, and aerodynamic response, offering guidance for the wind-resistant design of structures 
in complex inflow environments. 
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