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ABSTRACT  

The wind-induced ventilation performance of a building could be negatively affected 

by neighbouring buildings. It is therefore important to study the impact of 

surrounding buildings on wind flow, in order to design an effective cross ventilation 

system. Based on a model validation exercise, Reynolds averaged Navier-Stokes 

(RANS) approach was used with the SST k-ω model, and applied to a simplified 

cubic model with two opposite door-like openings; this model was then placed in 

square and staggered arrays. The results obtained were compared to those of the 

isolated building. Analysis of ventilation performance of different building positions 

within each array showed attenuation in the flow rate as the number of upstream 

buildings increased in a streamwise direction. However, buildings arranged in a 

staggered array appeared to experience higher flow rates than those in the square 

layout. The results of this study therefore suggest that the surrounding buildings 

layout has significant influence on the efficiency of wind-induced ventilation. 
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INTRODUCTION 

Wind-induced ventilation has been widely acknowledged as an interesting alternative 

to mechanical ventilation for providing a good level of indoor air quality and a 

healthier environment. However, in most areas where buildings are densely packed 

together, such as in urban areas, ventilation performance is degraded due to blockage 
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of airflow by adjacent buildings. 

Wind-induced ventilation supplies fresh air into the building through openings, and 

can be categorized as single-sided ventilation or cross ventilation. The benefits of 

cross ventilation have led researchers to evaluate its performance in buildings. Studies 

of cross ventilation can be traced back over the past several decades and have used 

several different methods, including full-scale measurement, small-scale experiments, 

and Computational Fluid Dynamics (CFD). Most studies were conducted on isolated 

buildings with different conditions and influencing factors. For instance, a full-scale 

model was tested inside a wind tunnel to evaluate discharge coefficients influenced by 

different wind directions, in order to ensure the accuracy of orifice flow equations in 

the calculation of cross ventilation rates (Sawachi et al. 2004). Wind direction at a 

certain incidence angle was also found to contribute to an increase in ventilation rates 

in a cross ventilated building (Ohba et al. 2001). Additionally, the ventilation rate in 

buildings is influenced by the position of openings (Karava et al. 2007, Ayad 1999) 

and the effect of larger openings on cross ventilation has been investigated using 

numerical methods (Seifert et al. 2006). Notwithstanding the above, and despite 

extensive research in this field, the impact of surrounding buildings has only been 

explored in a limited manner. Relevant studies include one by Shui et al. (2013), 

which highlighted the effect of separation distance between buildings on cross 

ventilation performance. On the other hand, it has also been shown that the ventilation 

rate of a building placed within a cluster can be enhanced by specific combinations of 

separation distance and building disposition (Cheung and Liu 2011). It is furthermore 

important to evaluate the flow rates in buildings at different positions within a cluster 

to observe any changes in ventilation performance. Given inadequate literature 

addressing this particular matter, this paper aims to investigate the influence of 

surrounding buildings on cross ventilation performance within a building located at 

different positions in square and staggered arrays. 

        

MODEL VALIDATION  

Verification and validation are two important factors in performing CFD simulation. 

Proper validation studies are imperative in providing guidance to best determine 

parameters to achieve accurate results in actual simulations. Model validation was 

conducted on a cubic model with a height (H) of 0.25 m and two opposite door-like 

openings, as used by Jiang et al. (2003) (Figure 1). 

 

 

Figure 12. Schematic view of building 
 

Figure 3. Sampling locations 
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Three different types of Reynolds averaged Navier-Stokes (RANS) models (standard 

k-ε model (ske), Renormalization Group k-ε model (RNG), and Shear-stress transport 

k-ω model (SST k-ω)) in open source CFD software, OpenFOAM, were used in the 

simulation, in order to confirm the reliability of turbulence models for wind-induced 

ventilation analysis. Similar boundary conditions to those described by Evola and 

Popov (2006) were applied in the computational domain. Results of normalized 

streamwise mean velocity were sampled at five locations, defined as A, B, C, D, and E, 

on a middle plane of the domain (as shown in Figure 2).  

 

 

Figure 3. a) Normalized streamwise mean velocity profile. b) Normalized vertical 

mean velocity profile. Square: Wind tunnel (Jiang et al. 2003); White dots: ske; Solid 

line: RNG; Cross; SST k-ω 
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The results in Figure 3 showed quite good agreement with experimental data. The 

discrepancies between simulation results and experimental results were most likely 

due to the incapability of RANS models to predict flow in the separation region near 

the roof and behind the building (Evola and Popov 2006). The SST k-ω model seems 

to predict velocity distribution slightly better compared with the other two models. 

The results from this preliminary simulation of an isolated building were then used as 

a reference case for the analysis of cross-ventilated buildings in different layouts. 

 

METHODOLOGY 

 

Computational domain and buildings model  

The computational domain was constructed based on the best practice guideline 

provided by Franke et al. (2007). A distance of 5H was set between the built area and 

the inflow boundary. The domain also had lateral length of 5H on both sides and a 

height of 5H. The outflow boundary was located 13H away behind the blocks 

surrounding the region of interest, in compliance with guidelines of the Architectural 

Institute of Japan (AIJ), which suggest a minimum distance of 10H behind the 

building (Tominaga et al. 2008). 

The model outlined in Figure 1 was placed in square and staggered arrays, as shown 

in Figure 4(i), to assess the influence of building arrangements on ventilation 

behaviour. Both arrays consisted of nine identical cubic models of uniform height. 

The blocks representing surrounding buildings were assumed to be enclosed buildings. 

A fixed separation distance of H from adjacent buildings was used in this research, in 

order to observe the significance of the impact of building layouts. The positions of 

the target building (with openings) were also varied to analyse any degradation in its 

ventilation performance in different locations (Figure 4(ii)).  

 

 

Figure 4. i) Building layout: a) Square Array b) Staggered Array. ii) Positions of 

cross-ventilated building. Black: Solid blocks; White with number: Cross-ventilated 

building; Sq1: Square 1; Sq2: Square 2; Sq3: Square 3; Sq4: Square 4; Sq5: Square 5; 

St1: Staggered 2; St3: Staggered 3; St4: Staggered 4
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Boundary conditions and turbulence model 

Similar boundary conditions as in the validation study were applied in this simulation. 

A logarithmic law profile of inlet wind velocity, U, as in Equation (1), was defined at 

the inlet boundary conditions with a surface roughness length (z0) of 0.005 m: 

 

𝑈(𝑧) =  
𝑢∗

𝜅
 𝑙𝑛 (

𝑧 +  𝑧0

𝑧0
) (1) 

 

u
*
 is the friction velocity, κ is the Von Karman constant and assumed to be 0.4, and z is 

vertical height from the ground. Both building walls and floor of the domain were 

treated as no slip conditions with standard wall functions. The simulation was 

performed using the SST k-ω model in view of its better performance in the validation 

exercise, as also confirmed by Ramponi and Blocken (2012). A second order 

discretization scheme was applied and the governing Navier-Stokes equations were 

solved using the SIMPLE algorithm. 

 

RESULTS AND DISCUSSION 

A comparison was made between the isolated case and results from each configuration. 

All results were normalized using the reference velocity, Uref, taken at the height of 2H 

above ground in undisturbed flow.  

 

 

Figure 5. Normalized streamwise mean velocity on the centreline of building along 

point P1 to point P2.  
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The attenuation of ventilation performance caused by neighbouring buildings can be 

observed clearly in Figure 5 for both square and staggered arrays. The windward 

opening of each building was blocked by the building located in front of it, except in 

Sq1. Surprisingly, and in contrast with the reference case, the flow entered the building 

positioned at centre row in square array through the leeward opening, resulting in 

negative wind speed values. The skimming flow regime generated behind the building 

due to the street canyon effect allowed air to infiltrate through the leeward opening. 

However, this phenomenon did not appear in Sq3. In Sq4 and Sq5, identical flow 

patterns and ventilation rates were exhibited. The results of staggered layouts indicate 

that the flow rate entering the building is higher when compared to the results of square 

arrays, especially in the case of St2. The asymmetrical arrangement of the staggered 

layout produced an irregular pattern in St2, St3, and St4, even though these were located 

in the same row. Based on the law of mass conservation, the ventilation rate in each 

building was computed using the following expression (Jiang and Chen, 2001): 

 

𝑄 =  
1

2
∑ ∑ |𝑈𝑗,𝑘|Δ𝑦𝑗Δ𝑧𝑘

𝑗𝑛

𝑘=𝑘𝑚

𝑗𝑛

𝑗=𝑗𝑚

, (2) 

 

where Uj,k is the mean velocity normal to the grid (𝛥𝑦𝑗 , 𝛥𝑧𝑘) at the opening. Table 1 

summarizes the ventilation rates obtained for each position. 

 

Table 1. Ventilation rate, Q (m
3
/s) for each building position. (Iso: Isolated case) 

Case Iso Sq1 Sq2 Sq3 Sq4 Sq5 St1 St2 St3 St4 

Q 0.048 0.045 0.004 0.009 0.006 0.006 0.040 0.024 0.022 0.023 

 

The flow patterns demonstrated by both arrays indicate quite clearly that the 

arrangement of buildings influences wind-induced ventilation behaviour. Apparently, 

the ventilation rate in building is not affected so much when the position is changed in 

a horizontal direction. However, the ventilation rate in buildings placed in subsequent 

rows decreases significantly, when compared to that in front-row buildings that receive 

direct wind flow without any intervening obstacle. Nonetheless, this argument requires 

further validation because rows of buildings used in this study might be insufficient to 

highlight ventilation performance trends in a streamwise direction. 

 

CONCLUSION AND IMPLICATIONS 

The prevailing wind characteristics should be able to meet natural ventilation 

requirements in order to obtain the desired ventilation rate inside buildings. The 

present study was performed using the RANS SST k-ω model on a group of nine 

blocks arranged in square and staggered layouts, to assess the modification of airflow 

in wind-ventilated buildings. A model validation study confirmed the reliability of this 
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model in predicting wind-induced ventilation. The outcomes showed that in a square 

array, with spacing equal to H, the skimming flow generated behind the building 

allowed air to infiltrate through leeward openings. It was also noted that the number of 

buildings in a spanwise direction did not affect the ventilation rate. However, the 

ventilation rate of the same building used in the square array was remarkably increased 

when it was moved by distance H, as in the staggered array. This suggests that a 

staggered building layout could potentially enhance ventilation performance. 

Nonetheless, it is important to acknowledge the limitations of this study, including the 

use of a generic simplified cubic model. The size and position of openings were not 

addressed in this study, which were also limited to only one wind direction and that 

may be different in reality. A further limitation is that the effect of the reproduction 

range of the number of surrounding buildings was not considered. These factors should 

therefore be considered in future studies for better cross ventilation design. Despite 

these shortcomings, the results presented in this study contribute to the existing state of 

knowledge regarding cross ventilation, which is of interest for promoting green urban 

development. 
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