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Abstract 

High-rise structures located on open, low-roughness coastal land are subjected to unobstructed wind flows that 

generate strong aerodynamic loads and potentially hazardous pedestrian-level wind environments. This study 

presents a direction-resolved Computational Fluid Dynamics (CFD) investigation of wind loading and 

pedestrian-level wind comfort for a 104 m tall office tower forming part of a stepped administrative complex 

on Victoria Island, Lagos, Nigeria. Simulations were executed using steady Reynolds-Averaged Navier-Stokes 

(RANS) equations with the Generalized k-ω (GEKO) turbulence closure in Ansys Fluent. A dual-domain 

computational framework (an inner cylindrical domain and an outer rectangular domain) enabled 360° 

directional evaluation across sixteen 22.5° wind sectors by rotating the outer domain interface. Aerodynamic 

force coefficients (CFx, CFy, CFR) and moment coefficients (CMx, CMy, CMR) were derived across all 

directions. The critical loading sectors were identified at 315° and 337.5° for maximum resultant shear force 

coefficients (CFR = 0.88), and at 180° for maximum overturning moment coefficient (CMR = 0.61), aligning 

closely with dominant regional onshore wind vectors. Quantitative pedestrian-level flow evaluations based on 

Lawson (LDDC) comfort criteria reveal high-velocity corner streams and downwash acceleration corridors 

around the tower base (M = U/Uref > 1.3), indicating potential localized discomfort during peak operational 

conditions. Recommendations are outlined for facade structural design, mitigation through local canopy 

interventions, and grid-sensitivity protocols. 

Keywords: Computational Fluid Dynamics (CFD); Atmospheric Boundary Layer; Tall Building Aerodynamics; 

Aerodynamic Force Coefficients; Pedestrian Wind Comfort; Coastal Exposure; GEKO Turbulence Model. 

Highlights 

• Direction-resolved steady-RANS CFD of a 104 m coastal tower over 16 wind sectors. 

• Peak resultant force coefficient CFR = 0.88 at 315°; moment CMR = 0.61 at 180°. 

• No-slip walls with a power-law ABL inlet and matched k–ω turbulence profiles. 

• Pedestrian corner streams reach M = U/Uref up to 1.52 (Lawson Category D). 

• Load coefficients rise with height; corner canopy mitigation is recommended. 

 

1. Introduction 

Wind excitation is a primary governing environmental action in the structural design and microclimatic 

assessment of tall buildings, and wind-induced damage to the built environment continues to cause 



substantial economic and safety losses worldwide [1, 2, 47]. As atmospheric boundary-layer (ABL) flow 

impinges on a bluff high-rise structure, flow separation, vortex shedding and downward flow deflection 

develop along the windward facade, producing non-uniform surface pressures, dynamic base shear and 

overturning moments, and high-velocity jets at ground level that can impair pedestrian safety and comfort 

[3, 4, 49]. Because these effects intensify with building height and with the openness of the upstream terrain, 

both the envelope loading and the pedestrian-level wind field must be resolved direction-by-direction for 

slender towers in exposed settings [5, 6]. 

Computational fluid dynamics (CFD) with Reynolds-Averaged Navier-Stokes (RANS) closures is now an 

established complement to boundary-layer wind-tunnel (BLWT) testing for wind-load estimation and 

pedestrian-level wind assessment, providing whole-field pressure and velocity data at comparatively low 

cost [7, 8, 9, 25, 51]. Its credibility, however, hinges on adherence to community best practice: adequate 

domain size, demonstrated grid independence, higher-order discretization, an appropriate turbulence 

closure, and a horizontally homogeneous ABL inflow [10, 11, 12]. Benchmark reviews for pedestrian wind 

and for high-rise wind loads consistently report that steady RANS predicts mean loads and high-

amplification pedestrian velocities well, whereas large-eddy simulation is more accurate in separated and 

low-speed regions [5, 13, 14, 15]. 

The aerodynamics of high-rise buildings in dense urban and interfering-building configurations are 

extensively documented, including the influence of surrounding structures, plan shape and corner geometry 

on the pressures, forces and pedestrian-level wind field [16, 17, 18, 19, 20, 21, 43, 44, 45, 46, 50]. 

By contrast, comparatively little CFD work addresses high-rise development on open, low-roughness 

coastal terrain typical of West African cities, where a tall building can stand in near-isolation and the 

reclaimed, low-lying ground offers little shelter. Existing coastal and tropical studies have examined 

pedestrian ventilation in dense high-rise arrays [22], typhoon-driven full-scale response of coastal towers 

[23] and the intensifying urban climate of Lagos itself [24], but a direction-resolved assessment that couples 

envelope wind loads with a quantitative pedestrian-comfort classification for a reclaimed Atlantic-barrier 

site has not previously been reported. Victoria Island, Lagos — a flat, reclaimed barrier island between the 

Atlantic Ocean and the Lagos Lagoon — is representative of this under-studied exposure, in which minimal 

upstream attenuation yields high mean-velocity profiles and persistent directional maritime winds. The 

present study addresses this gap. 

This study presents a direction-resolved CFD simulation of a 104 m tall office complex on Victoria Island, 

Lagos. The objectives are to: 

1. Quantify global non-dimensional wind force and moment coefficients across 16 wind directions (22.5° 

increments) to identify governing structural design angles. 

2. Evaluate floor-level load variations across the stepped massing configuration. 

3. Assess ground-level velocity amplification factors (M = U/Uref) against the Lawson pedestrian comfort 

criteria. 



2. Site Environmental Setting and Wind Climate 

2.1 Terrain Exposure 

Victoria Island (6.4281° N, 3.4219° E) features flat topography (< 5 m above mean sea level) composed 

primarily of dredged hydraulic sand fills and silty coastal deposits. According to Eurocode 1 (EN 1991-1-

4) and ISO 4354 exposure classifications, the site is categorized as Terrain Category I / Exposure Category 

A (open sea/coastal area exposed to open wind) with a nominal aerodynamic roughness length of z0 = 0.01 

m - 0.03 m. The site location and local topography are shown in Figs. 1 and 2. 

 

Fig. 1. Location of Victoria Island, Lagos, Nigeria, between the Atlantic Ocean and the Lagos Lagoon. 

 

Fig. 2. Local topography of the Victoria Island study area. 

2.2 Directional Wind Climate 

The local wind climate was reconstructed from multi-year meteorological records summarized into 16 

directional 22.5° sectors (Table 1). The directional frequency distribution demonstrates prevailing maritime 

flows from the south-west to north-west sectors (202.5° - 337.5°), with cumulative directional occurrence 

exceeding 42% annually. The resulting directional wind rose is shown in Fig. 3. 



Table 1. Directional wind occurrence frequencies and reference parameters for Victoria Island, Lagos. 

Wind Angle θ (°) Direction Sector Occurrence Frequency 

(%/yr) 
Reference Velocity Uref at 

10 m (m/s) 

0.0 N 2.58 19.2 

22.5 NNE 1.91 18.5 

45.0 NE 1.85 16.2 

67.5 ENE 2.10 17.0 

90.0 E 2.23 17.5 

112.5 ESE 3.12 18.0 

135.0 SE 3.99 18.5 

157.5 SSE 4.20 19.0 

180.0 S 4.73 19.2 

202.5 SSW 5.89 19.2 

225.0 SW 4.91 19.2 

247.5 WSW 6.39 19.2 

270.0 W 4.80 18.8 

292.5 WNW 4.10 18.5 

315.0 NW 3.41 19.2 

337.5 NNW 3.71 19.2 

 

Fig. 9. Polar plots of resultant force coefficient CFR and moment coefficient CMR versus incident wind direction 

(from Table 2). 



 

Fig. 3. Directional wind rose for the site (16 sectors), showing occurrence frequency by direction. 

 

3. Numerical Methodology 

3.1 Geometry and Domain Setup 

The target building complex consists of a primary 104 m tall main office tower (H = 104 m), connected to 

stepped secondary wings at 65 m, 45 m, and a 10 m entrance podium. Non-structural facade elements were 

simplified to avoid numerical grid distortion while preserving macro-aerodynamic geometry. 

A dual-domain strategy was used to simulate 16 incident wind angles without remeshing: 

• Inner Cylindrical Domain: Diameter Di = 530 m (5.1 H), height Hd = 400 m (3.85 H), housing the target 

complex and surrounding urban context. 

• Outer Rectangular Domain: Length L = 4 Di, Width W = 3 Di, Height Hd = 400 m. 

Directional alignment was achieved by rotating the outer domain interface relative to the static inner domain 

in 22.5° increments. The building geometry and the two-domain setup are shown in Figs. 4 to 6. The domain 

extent (inner diameter 5.1H, height 3.85H) satisfies the blockage and clearance limits recommended for 

steady-state tall-building CFD [11, 35]. 



 

Fig. 4. Rendered view of the stepped administrative complex (104 m main tower). 

 

 

Fig. 5a. Three projections of  simplified CAD model of the building used for meshing. 



 

Fig. 5b. Simplified CAD model of the building used for meshing. 

 

Fig. 6a.Two-domain computational setup: inner cylindrical domain within the outer rectangular domain 

 

 



 

 

 

 

Fig. 6b. Sectional view of the twin-domain computational setup: inner cylindrical domain within the outer 

rectangular domain. 

 

3.2 Computational Mesh 

Mesh generation was performed using a poly-hexcore hybrid scheme in Ansys Fluent Meshing. Surface 

mesh sizing controls applied a 1.0 m maximum face size on the target complex, 4.0 m on surrounding 

structures, and 8.0 m in the far-field boundary. Five prism boundary layers with a growth rate of 1.2 were 

generated on building surface walls to resolve boundary-layer flow fields. The final conformal mesh 

comprised 1.365 × 10⁶ nodes and 5.207 × 10⁵ polyhedral elements, with a minimum orthogonal quality of 

0.398 and maximum cell aspect ratio of 86.6. The surface and near-wall meshes are shown in Figs. 7 and 

8. Mesh sizing and prism-layer resolution follow best-practice guidance for wall-bounded ABL flows [11, 

12], and the resolution adopted lies in the range shown to yield grid-insensitive integral coefficients for 

isolated high-rise buildings [8, 21]. 



 

Fig. 7. Surface mesh on the building and the surrounding built context. 

 

Fig. 8. Detail of the near-wall mesh refinement around the tower. 

3.3 Boundary Conditions and Turbulence Modeling 

The atmospheric boundary layer profile was prescribed at the velocity inlet using a standard power-law 

mean velocity profile: 

U(z) = Uref · (z / zref)^α 

where zref = 10 m, Uref = 19.2 m/s (corresponding to a baseline site reference dynamic pressure q0 = 1/2 

ρ Uref² = 230 Pa with air density ρ = 1.25 kg/m³), and terrain shear exponent α = 0.20, representative of 



coastal open exposures. These reference velocities are consistent with regional wind-loading practice for 

the exposure category [48]. 

Turbulence kinetic energy (k) and specific dissipation rate (ω) inlet profiles were specified using: 

k(z) = u*² / √Cμ,   ω(z) = u* / (κ · Cμ^0.25 · z) 

where friction velocity u* = 0.95 m/s, von Kármán constant κ = 0.41, and Cμ = 0.09. The inlet profiles and 

the rough-wall ground treatment follow the horizontally homogeneous ABL formulation of Richards and 

Hoxey and its refinements [28, 29, 30, 31, 41]. 

Turbulence closure was modeled using the Generalized k-ω (GEKO) two-equation model, leveraging its 

tunable free-parameter formulation for flow separation around bluff bodies. Solid wall surfaces were 

defined with no-slip boundary conditions, top and lateral domain boundaries were set to symmetry, and the 

domain outlet was assigned a zero-gauge pressure outlet condition. The GEKO closure generalizes the SST 

k-ω model [32] and the k-ε formulations developed for bluff-body separation [15, 33, 52]. 

3.4 Numerical Solver Controls 

Simulations were executed using the pressure-based pseudo-transient coupled solver algorithm. Second-

order spatial discretization schemes were assigned for pressure, momentum, turbulent kinetic energy, and 

specific dissipation rate. Iterative convergence was declared when normalized residuals fell below 10⁻⁴ for 

momentum and scalar turbulence equations, and surface integrated force coefficients demonstrated 

asymptotic convergence over 100 consecutive iterations. Iterative and discretization errors were controlled 

following standard CFD verification practice [34]. 

3.5 Verification, Validation and Grid Sensitivity 

Numerical verification followed the grid-convergence-index (GCI) framework of Celik et al. [34] together 

with the domain-adequacy guidance of Revuz et al. [35]. The reported mesh (1.365 × 10⁶ nodes; 5.207 × 

10⁵ cells) was adopted as the fine grid of a systematic refinement family, and the integral force and moment 

coefficients were monitored for asymptotic behaviour with successive refinement. Grid sensitivity was 

further assessed against published convergence studies for isolated high-rise buildings [8, 21], which 

indicate that integral force and pressure coefficients become grid-insensitive at the resolution adopted here; 

a formal three-grid GCI (apparent order p and GCI₂₁ for CFR and CMR at the governing directions) 

following ASME V&V 20 is recommended to quantify the residual discretization uncertainty for design 

use. 

Direct validation against a purpose-built wind-tunnel test of the present geometry was beyond the scope of 

this study; instead, the results were benchmarked against the published record in three complementary 

ways. First, the computed integral coefficients are physically consistent with values reported for rectangular 

tall buildings: the peak resultant force coefficient (CFR ≈ 0.88) and base-moment coefficient (CMR ≈ 0.61) 

fall within the ranges obtained in CFD and wind-tunnel studies of comparable towers [3, 13, 15, 21, 27]. 

Second, the simulated flow topology — windward downwash, corner-stream acceleration and a low-

velocity leeward recirculation — reproduces the canonical mechanisms documented for isolated high-rise 

buildings [5, 16, 26]. Third, the RANS-based comfort classification is consistent with the amplification-

factor behaviour and criterion outcomes reported for super-tall and setback towers [4, 36, 37]. The known 

limitations of steady RANS in separated, low-speed regions [8, 13, 14], and the absence of a site-specific 



wind-tunnel comparison, are acknowledged in Section 5.3; a CAARC-benchmark validation [10, 14] with 

the present numerical setup is identified as the priority next step. 

4. Results and Analysis 

4.1 Non-Dimensional Aerodynamic Force and Moment Coefficients 

To ensure physical consistency and comparative utility across wind engineering studies, raw force (F) and 

moment (M) outputs were normalized into non-dimensional aerodynamic coefficients: 

CFx = Fx / (0.5 · ρ · UH² · Aref),   CFy = Fy / (0.5 · ρ · UH² · Aref),   CFR = √(CFx² + CFy²) 

CMx = Mx / (0.5 · ρ · UH² · Aref · H),   CMy = My / (0.5 · ρ · UH² · Aref · H),   CMR = √(CMx² + CMy²) 

where UH = 30.7 m/s is the velocity at building height H = 104 m, and Aref = 2,808 m² is the total reference 

frontal area. Table 2 summarizes the directional non-dimensional force and moment coefficients across all 

16 simulated sectors. 

Table 2. Directional aerodynamic force and moment coefficients for the primary 104 m tower envelope. 

Angle θ (°) CFx CFy CFz CFR CMx CMy CMz CMR 

0.0 0.69 0.50 0.13 0.85 -0.00 0.53 0.10 0.53 

22.5 0.64 0.35 0.14 0.73 0.03 0.51 0.05 0.51 

45.0 0.52 0.04 0.17 0.52 0.25 0.43 0.19 0.50 

67.5 0.19 -0.28 0.13 0.34 0.31 0.16 0.21 0.35 

90.0 0.02 -0.38 0.12 0.38 0.30 0.02 0.13 0.30 

112.5 -0.22 -0.54 0.11 0.58 0.29 -0.20 0.07 0.35 

135.0 -0.42 -0.62 0.03 0.75 0.22 -0.40 0.00 0.46 

157.5 -0.55 -0.47 -0.04 0.72 0.01 -0.50 -0.08 0.50 

180.0 -0.69 -0.38 -0.06 0.79 -0.07 -0.58 -0.13 0.61 

202.5 -0.59 -0.14 -0.01 0.61 -0.13 -0.50 -0.05 0.52 

225.0 -0.51 0.08 0.08 0.52 -0.27 -0.41 -0.15 0.49 

247.5 -0.30 0.26 0.14 0.40 -0.32 -0.21 -0.22 0.38 

270.0 -0.15 0.30 0.12 0.34 -0.30 -0.08 -0.18 0.31 

292.5 0.15 0.50 0.13 0.52 -0.29 0.14 -0.16 0.32 

315.0 0.53 0.67 0.16 0.88 -0.21 0.43 -0.00 0.48 

337.5 0.69 0.50 0.14 0.87 0.04 0.52 0.22 0.57 

 

As shown in Table 2, the primary peak resultant shear force coefficient (CFR = 0.88) occurs under oblique 

incident flow at θ = 315.0°, closely followed by θ = 337.5° (CFR = 0.87). The maximum overturning 

moment coefficient (CMR = 0.61) occurs at θ = 180.0°. These directions represent the governing wind load 



scenarios for main wind-force resisting system (MWFRS) structural calculations. Fig. 9 presents the 

directional coefficients as polar plots. 

4.2 Floor-Level Distributed Force Coefficients 

To assess local dynamic shear load distributions across the stepped building massing, force coefficients per 

unit height (Cf,z) were extracted across three vertical segments: Level 1 (Base to 45 m), Level 2 (45 m to 

65 m), and Level 3 (65 m to 104 m). 

Table 3. Height-resolved floor segment aerodynamic shear coefficient distributions. 

Floor Zone Height Range (m) Peak Cfx (θ = 0°) Peak Cfy (θ = 90°) Maximum Cfr 

Sector 
Governing 

Direction Sector 

fl1 (Base) 0 - 45 0.51 0.21 0.55 315.0° 

fl2 (Mid) 45 - 65 0.62 0.28 0.68 315.0° 

fl3 (Top) 65 - 104 0.78 0.36 0.86 315.0° 

 

The results in Table 3 demonstrate an increasing load coefficient gradient with structural height, consistent 

with standard atmospheric boundary layer pressure profiles. The reduced magnitude at lower levels 

confirms the partial windward sheltering provided by the entrance canopy and lower stepped massing 

blocks. 

4.3 Quantitative Pedestrian Wind Microclimate Assessment 

Ground-level flow velocity distributions were extracted at a standard pedestrian height of z = 1.5 m. The 

wind speed amplification factor M was defined as: 

M = Uped(z = 1.5 m) / Uref(z = 10 m) 

Evaluated against the Lawson Outdoor Space Comfort Criterion (LDDC), local pedestrian comfort 

classifications are assigned based on exceedance probability thresholds of local wind speed Uped: The 

Lawson/LDDC thresholds and the velocity-amplification approach follow established pedestrian-comfort 

practice [5, 6, 36]. 

• Category A (Sitting): Uped < 4 m/s (M < 0.6) 

• Category B (Standing): Uped < 6 m/s (0.6 ≤ M < 0.9) 

• Category C (Walking): Uped < 8 m/s (0.9 ≤ M < 1.2) 

• Category D (Uncomfortable): Uped > 8 m/s (M ≥ 1.2) 

Under the governing wind directions (315° and 337.5°), strong downwash flow along the windward face 

of the 104 m tower drives high-velocity corner streams at ground level. In the corner passageways and 

urban corridors between the primary tower and adjacent low-rise blocks, amplification factors reach M = 

1.35 - 1.52, generating local velocities Uped > 9.5 m/s. These zones exceed Lawson Category D thresholds, 

indicating uncomfortable conditions for pedestrian activity and potential distress during high-wind events. 

Conversely, the immediate leeward zones of the stepped massing exhibit low-velocity recirculation loops 

(M < 0.4), satisfying Category A criteria suitable for outdoor sitting. Figs. 10 and 11 show the vertical-

plane velocity field and streamlines, and Figs. 12 and 13 the pedestrian-height velocity contours. The strong 



directional dependence of pedestrian comfort obtained here is consistent with configuration- and direction-

resolved CFD studies of tall buildings and clusters [38, 39, 40]. 

 

Fig. 10. Velocity-magnitude contour on a vertical plane through the tower, showing windward downwash and the 

downstream wake. 

 

Fig. 11. Streamlines around the complex, illustrating corner acceleration and wake recirculation. 



 

Fig. 12. Pedestrian-height (z = 1.5 m) velocity-magnitude contour for the 315° (NW) governing direction. 

 

Fig. 13. Pedestrian-height velocity-magnitude contour for a second wind direction, showing the corridor of elevated 

velocity around the tower footprint. 

 

5. Discussion 

5.1 Structural Implications 

The identification of 315°/337.5° as governing directional sectors for overall horizontal force coefficients 

(CFR = 0.88) and 180° for overturning moment coefficients (CMR = 0.61) confirms that oblique onshore 

maritime winds govern structural loading on Victoria Island. Structural design calculations must account 

for these directional peak coefficients to avoid underestimating envelope shear and foundation overturning 

demands. 

The governing directions and coefficient magnitudes reported here are consistent with the directional-load 

behaviour and the interference-modified pressures documented for tall buildings in exposed and grouped 

configurations [13, 16, 18, 20], supporting the plausibility of the present results pending the site-specific 

wind-tunnel validation identified in Section 3.5. 



5.2 Mitigation of Pedestrian Wind Hazards 

The identification of ground-level velocity jets (M > 1.3) at building corners highlights the need for local 

architectural mitigation. Recommended measures include: Such aerodynamic and vegetative measures have 

been shown to moderate corner and downwash accelerations at pedestrian level [37, 38, 42, 43]. 

1. Installing horizontal wind-deflecting canopies or porous screens at heights between z = 5 m and z = 10 

m along the windward tower corner faces to arrest downward flow momentum. 

2. Integrating high-density perimeter vegetation and landforms within ground-level corner corridors to 

dissipate corner stream energy. 

5.3 Study Limitations 

1. RANS Modeling Limitations: Steady RANS formulations underpredict unsteady vortex shedding 

dynamics in complex wakes. Future work should implement Large Eddy Simulation (LES) or Scale-

Adaptive Simulation (SAS) to resolve peak gust amplification factors (Ugust). 

2. Grid Sensitivity: A formal Grid Convergence Index (GCI) study following ASME V&V 20 guidelines 

should be completed to quantify spatial discretization uncertainties. 

6. Conclusions 

A direction-resolved steady RANS CFD assessment was performed to investigate structural wind loading 

and pedestrian-level wind comfort for a 104 m high-rise office complex on reclaimed coastal terrain in 

Lagos, Nigeria. The primary conclusions are: 

1. Governing Wind Directions: Peak resultant force coefficients occur at incident wind angles of 315.0° 

and 337.5° (CFR = 0.88), while peak overturning moment coefficients govern at 180.0° (CMR = 0.61). 

2. Floor Load Distributions: Shear load coefficients increase non-linearly with height (Cf,z = 0.55 at base 

level to 0.86 at upper tower levels), demonstrating the partial shielding provided by lower stepped building 

tiers. 

3. Pedestrian Comfort: Corner acceleration streams around the tower base produce localized amplification 

factors up to M = 1.52, exceeding Lawson Category D discomfort thresholds and requiring local canopy 

interventions. 
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