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CFD analysis of cross-ventilation flow in a group of generic 

buildings: Comparison between steady RANS, LES and wind 

tunnel experiments  

 

 

 

Abstract 

Computational fluid dynamics (CFD) results generated by the steady Reynolds-averaged Navier-Stokes 

equations (SRANS) model and large eddy simulation (LES) are compared with wind tunnel experiments for 

investigating a cross-ventilation flow in a group of generic buildings. The mean flow structure and 

turbulence statistics are compared for SRANS based on different two-equation turbulence models with 

LES based on the Smagorinsky subgrid-scale turbulence model. The LES results show very close agreement 

with the experimental results in the prediction of the time-averaged velocity, wind surface pressure 

around and inside the building, and crossing flow through the openings. In contrast, SRANS fails to predict 

the most important features of cross-ventilation. LES reproduced well the anisotropic turbulence property 

around and inside the cross-ventilated building, which is closely related to the transient momentum 

transfer caused in street canyon flows and has a significant influence on the mean flow structure. In 

contrast, SRANS could not inherently reproduce such transient fluctuations and anisotropic turbulence 

property, and it results in low accurate predictions for the time-average velocity components, wind 

surface pressure distribution and crossing airflow rate up to 100% error. 
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1. Introduction 

Wind induced cross-ventilation has been utilized in traditional and modern buildings for air-quality 

improvement (Lien and Ahmed 2011; Heracleous and Michael 2019; Aflaki et al. 2019; Aydin and Mirzaei 

2016) and building energy reduction (Mochida et al. 2006; Mohammadreza Shirzadi, Naghashzadegan, 

and Mirzaei 2019; Zhang, Mirzaei, and Jones 2018; Ohba and Lun 2010; Lo and Novoselac 2013; Li et al. 

2014). Different methods are used for analyzing cross-ventilation, including simplified correlations based 

on the orifice flow theory (Kobayashi et al. 2009; Takashi Kurabuchi et al. 2005; Karava, Stathopoulos, and 

Athienitis 2004; Martins and da Graça 2016), field measurement (H. Gough et al. 2018; Park 2013; 

Mochida et al. 2005), wind tunnel measurement (Tominaga and Blocken 2016; Mohammadreza Shirzadi, 

Tominaga, and Mirzaei 2019c; Katayama, Tsutsumi, and Ishii 1992; C.-R. Chu and Chiang 2014; C. R. Chu, 

Chiu, and Wang 2010; Tominaga and Blocken 2015; Mohammadreza Shirzadi, Tominaga, and Mirzaei 

2019a; S Murakami 1991), and computational fluid dynamics (CFD) (T van Hooff, Blocken, and Tominaga 

2017; M. Shirzadi, Mirzaei, and Naghashzadegan 2018; Twan van Hooff, Blocken, and Tominaga 2016; 
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Mohammadreza Shirzadi, Tominaga, and Mirzaei 2020; Ramponi and Blocken 2012a; M. Shirzadi, 

Naghashzadegan, and A. Mirzaei 2018; James Lo, Banks, and Novoselac 2013; Kosutova et al. 2019; Perén, 

Van Hooff, et al. 2015; Lo 2011; Hua, Ohbab, and Yoshiec 2006; Bazdidi-Tehrani et al. 2019).  

Analyses of cross-ventilation flow over simplified isolated buildings has been studied extensively 

during the past thirty years (Etheridge 2015; Kato et al. 1992; Straw, Baker, and Robertson 2000; Jiang 

and Chen 2003; Ohba et al. 2004; Kobayashi et al. 2009, 2010; Ramponi and Blocken 2012b). The complex 

mechanism of cross-ventilation in mean flow structure as well as highly transient nature for an 

unsheltered cuboid building are discussed using extensive wind tunnel experiments by (Tominaga and 

Blocken 2016). On this basis, the presence of flapping jet and kelvin-Helmholtz instability around the 

windward jet was clearly shown using a special flow visualization technique (Tominaga and Blocken 2016; 

Mohammadreza Shirzadi, Tominaga, and Mirzaei 2020). Furthermore, application of CFD models, based 

on steady Reynolds-averaged Navier-Stokes equations (SRANS) model (T Kurabuchi et al. 2000; Straw, 

Baker, and Robertson 2000; Hu, Kurabuchi, and Ohba 2005; Kobayashi et al. 2010; Nikas, Nikolopoulos, 

and Nikolopoulos 2010; Perén, van Hooff, et al. 2015; M. Shirzadi, Mirzaei, and Naghashzadegan 2018; 

Mohammadreza Shirzadi, Mirzaei, and Naghashzadegan 2018) and large eddy simulation (LES) (Kato et al. 

1992; T Kurabuchi et al. 2000; Akamine et al. 2004; Jiang et al. 2003; Hu, Ohba, and Yoshie 2008; Twan 

van Hooff, Blocken, and Tominaga 2016) were shown to be accurate enough for calculation of mean flow 

structure, mean turbulent statistics, crossing airflow rate, and surface pressure for cross-ventilation in 

unsheltered buildings.  

In contrast to isolated building cases, fewer experimental and numerical studies are available related 

to the cross-ventilation in sheltered building conditions, which are realistic representation of buildings in 

urban areas. In an examples of in situ full-scale measurements by (H. L. Gough et al. 2018; H. Gough et al. 

2018) over a group of buildings with planar density of 25%, 50%-90% airflow reduction was shown for a 

staggered arrangement of buildings in comparison with an isolated building. As another example of 

extensive wind tunnel experiments by (Tominaga and Blocken 2015; Mohammadreza Shirzadi, Tominaga, 

and Mirzaei 2019c, 2019b), 40% reduction in the crossing airflow rate was observed using the tracer gas 

method over a group of generic buildings arranged in a regular configuration. In this study, velocity 

measurements by using split fiber probes (SPF) and flow visualizations revealed the complexity of flow 

structure of cross-ventilation in urban areas. In addition to the clear presence of highly transient flow 

features such as flapping jet and Kelvin-Helmholtz instability, the interaction of outside flow in the 

upstream and downstream cavity around the building and internal flow inside the cross-ventilated 

building was observed. Particle image velocimetry (PIV) was frequently used in wind tunnel 

measurements to aid the flow visualization. For example, (Ikegaya et al., 2019) observed a noticeable 

intermittency of cross-ventilation flow over a urban blocks with different arrangements while the effect 

of urban blocks arrangements on the mean flow structure and cross-ventilation statistics were studied.  

CFD analysis of cross-ventilation for sheltered buildings is more challenging than the isolated building 

case. Despite the successful application of LES for cross-ventilation flow in isolated buildings, its 

application on cross-ventilation in urban areas is found to be difficult as much larger computational 

domain and more complicated geometries are necessary, which itself requires more computational cells, 

demanding more computational resources in comparison with the isolated building case. Example is CFD 

simulations by (King et al. 2017) using LES and lattice-Boltzmann method showed the effect of vortex 

shedding of upstream buildings on pulsating ventilation over a group of simplified buildings. They also 
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reported the effect of building height on street canyon downdraft and velocity fluctuations around the 

cross-ventilated building.  

In spite of proven acceptable accuracy of SRANS in cross-ventilation study for an isolated building, 

comparison of SRANS with experimental results surprisingly showed their poor accuracies in cross-

ventilation prediction for sheltered buildings. For example, in a previous study by the authors where a 

group of buildings were arranged in a regular form with urban density of 25%, SRANS models failed to 

reproduce the windward jet around the windward opening while deviations of up to 100% were found in 

the prediction of the crossing airflow rate and surface pressure difference over the building walls 

(Mohammadreza Shirzadi, Tominaga, and Mirzaei 2020; M. Shirzadi et al. 2018). Incapability of SRANS in 

calculation of transient flow features such as large-scale velocity fluctuations (Tominaga 2015) and 

uncertainty of the closure coefficients of turbulence models in SRANS (M. Shirzadi, Mirzaei, and 

Naghashzadegan 2018, 2017) are known as the main reasons behind such inaccuracy. Calibration of the 

closure coefficients of turbulence models was shown to be effective to improve the accuracy of SRANS for 

cross-ventilation modeling in urban areas (M. Shirzadi, Naghashzadegan, and A. Mirzaei 2018; M. Shirzadi 

et al. 2018; Mohammadreza Shirzadi, Naghashzadegan, and Mirzaei 2019).  

An overview of the previous studies shows that more detailed studies are necessary for cross-

ventilation flow in a sheltered building to understand 1) the dynamics of turbulent boundary layer above 

the buildings, within the street canopy, and inside the cross-ventilated building, 2) the interaction of 

turbulent flows within these three locations, 3) the contribution of transient flow characteristics on the 

mean flow structure, and 4) detailed analysis of turbulence modeling deficiencies in SRANS. On one hand, 

these finding are necessary for further turbulence model development. On the other hand, they help to 

better understand the limitation of numerical models for simulations of complex internal/external flows 

in urban studies. Thus, this study aims to address the above issues by using a series of wind tunnel 

experiments and CFD simulations using LES and SRANS for a cross-ventilation flow in a group of generic 

buildings, which are arranged in a regular configuration with a planar density ration of 25%.  

The novelty of this research is to conduct a detailed analyses by comparing SRANS and LES models to 

understand the physics of cross-ventilation in a sheltered building in terms of anisotropy turbulence 

characteristics and transient nature of flow, which are understood to have significant effect on the mean 

flow statistics. The anisotropy turbulence characteristics and transient nature of flow were studied well 

in literature for outdoor flow in urban areas, but there are very few studies about the complex 

internal/external flows such as cross-ventilation flow in buildings. In particular, the flow field around 

cross-ventilated building in sheltered conditions contains complex interactions between street canyon 

and cross-ventilation flows, which are dealing with more complexities comparing to the previous studies 

on external flows around buildings using LES and RANS models. Poor performance of SRANS in prediction 

of mean flow distribution in cross-ventilated buildings was shown in previous work by authors 

(Mohammadreza Shirzadi, Tominaga, and Mirzaei 2020; M. Shirzadi et al. 2018); but, in current research, 

LES is conducted for the first time over the wind tunnel experimental data, which was generated for the 

first time by the authors. Another novel aspect of this study is comprehensive validation and analysis of 

CFD models in which various factors, including mean velocity, turbulent fluctuation, pressure coefficient, 

crossing airflow rate, as well as flow visualization of transient flow are compared with wind tunnel 

experiments while their interactions on the cross-ventilation flow in sheltered condition were studied in 

detail. These make the current research unique as available studies in the literature generally focused on 
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the physics of flow field, distribution of surface pressure, and crossing airflow rate separately, while all 

these parameters are considered in this study simultaneously.  

In Section 2 and 3, details of the wind tunnel experiment and numerical settings for SRANS and LES 

are described. In Section 4, general flow field and accuracy of SRANS and LES are discussed. The turbulence 

statistics and transient flow property of cross-ventilation flow are presented in Section 5 and 6, 

respectively.  

2. Outlines of wind tunnel experiments 

The experimental measurements were conducted in the atmospheric boundary layer wind tunnel at 

Niigata Institute of Technology (Akabayashi et al. 1996; Kubota et al. 2008; Tominaga and Stathopoulos 

2011; Yoshie et al. 2007). A neutral atmospheric boundary layer was created along the test section using 

spire and wooden roughness elements, which resulted to an aerodynamic roughness of  𝑧𝑜 = 0.00033 𝑚. 

The target building was a cuboid with dimensions of 0.2 𝑚 × 0.2𝑚 × 0.16 𝑚 for the building width, depth, 

and height (𝑊 × 𝐷 × 𝐻), with two openings of dimensions 0.036 𝑚 × 0.092 𝑚 over the windward and 

leeward façades as shown in Figure 1(a). The target building was surrounded with eight similar buildings 

without opening, which were arranged in a regular configuration with a planar are ratio of 25%. The 

building dimensions and configuration are the same as wind tunnel measurements conducted by 

(Tominaga and Blocken 2015), but the measurements are independently conducted. The vertical profiles 

of the time-averaged streamwise velocity (𝑈) and turbulent kinetic energy (𝑘) at the center of the empty 

turntable is shown in Figure 1(b). The approaching flow follows a power law with an exponent of 𝛼 = 0.25: 

𝑈

𝑈𝐻
= (

𝑧

𝐻
)
0.25

 
(1) 

where 𝑈𝐻 = 5.233 𝑚/𝑠 is the time-averaged streamwise velocity at the reference height 𝐻 = 0.16𝑚. 

Instantaneous velocity components (𝑢, 𝑣, 𝑤) in the streamwise, lateral and vertical coordinates (𝑥, 𝑦, 𝑧) 

were measured over 119 measurement points using a split fiber probe (SPF) (Dantec Dynamics; 55R55) 

and a constant temperature anemometry module (Dantec Dynamics; 90C10) by rotating the probe in 

corresponding direction. Moreover, the local wind surface pressure over 11 points was measured using a 

multi-point pressure transducer (Kyowa Electronic Instruments; F94-2206) (Tominaga et al. 2015). 

Furthermore, the crossing airflow rate through the target building were measured using a tracer gas 

method by injecting Ethylene near the windward façade while the concentration was simultaneously 

measured near the leeward opening with a high-speed total hydrocarbon analyzer (Technica, HTHCA-01). 

More details of measurements techniques, uncertainty, sampling rate and duration can be found in 

(Tominaga and Blocken 2015; Mohammadreza Shirzadi, Tominaga, and Mirzaei 2019c, 2019b). 
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(a) (b)  
Figure 1 (a) Building’s dimensions and configuration, and (b) inlet and incident vertical profiles of 𝑈 and 𝑘 

3.  Outlines of CFD simulation setup 

3.1. Computational domain and grid  

A rectangular computational domain were created, which is extended to the wind tunnel sidewalls, 

as displayed in Figure 2 (Tominaga, Mochida, Yoshie, et al. 2008). The cut-cell method (Iousef et al. 2017; 

Guichard 2019) was utilized to create three different grid settings as coarse, medium, and fine, which have 

1,243,534, 2,554,030, and 4,758,001 cells, respectively. The size of edge elements over the opening, target 

building surfaces, surrounding building surfaces, and volume cell around all buildings is 0.002 𝑚, 0.005 𝑚, 

0.007 𝑚, and 0.007 𝑚 for the medium grid, respectively. For the coarse grid, the sizes of surface elements 

over the surrounding buildings walls and volume cell around all buildings are 0.01 𝑚 while these sizes are 

0.005 𝑚 and 0.007 𝑚 for the fine grid. Boundary layer grid adjacent to the solid walls consists of five 

layers with the first layer height of 0.0001 𝑚 and an expansion ratio of 1.1 for all grid settings. The average 

value of the non-dimensional wall distance over the building surfaces (𝑌+) is less than 4. A cross-section 

of the cell elements configurations over a vertical and horizontal plane for the medium grid are shown in 

Figure 2. The same computational domain and mesh were used for SRANS and LES. 

 

 
 
            
 
 
 

Figure 2 CFD computational domain and grid for medium grid 

3.2 Boundary conditions 

The experimentally measured incident vertical profiles of 𝑈 and 𝑘 were implemented directly as the 

inlet boundary condition for LES as shown in Figure 1(b). Velocity fluctuations at the inlet boundary were 

calculated using the Vortex method with 1,000 vortices (Sergent 2002). The obtained profiles for 𝑈 and 𝑘 
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at the inlet boundary by LES were implemented as the inlet boundary condition for SRANS in order to 

minimize the effect of different boundary conditions on the flow structure for more reliable comparison 

of turbulence models (Shirasawa et al. 2006; Shuzo Murakami et al. 1996). For SRANS, the inlet boundary 

condition for the turbulence dissipation rate (𝜀) was obtained using the following equation by assuming 

a local equilibrium of the production of 𝑘 and 𝜀 (Tominaga, Mochida, Yoshie, et al. 2008): 

𝜀(𝑧) = √0.09𝑘(𝑧)
𝑈𝐻

𝐻
𝛼 (

𝑧

𝐻
)
𝛼−1

  
(2) 

Smooth wall boundary condition was assumed for the wind tunnel sidewalls and ground as well as all 

building walls while symmetry boundary condition was considered for the top boundary. For the outlet 

plane, a constant static pressure was applied.  

3.3 Solver settings 

ANSYS Fluent 19 was used to solve the governing equations for mass and momentum using the finite 

volume technique. For SRANS simulations, the SIMPLE method was used for the pressure-velocity 

coupling while the second-order upwind scheme was utilized for the advection terms discretization. 

Moreover, four two-equation turbulence models were used, including the standard 𝑘 − 𝜀 (Launder and 

Spalding 1974), RNG 𝑘 − 𝜀 (Yakhot and Orszag 1986),  realizable 𝑘 − 𝜀 (Shih et al. 1995), and 𝑘 − 𝜔 SST 

(Menter 1994). Accuracy of these turbulence models (except for the realizable 𝑘 − 𝜀 model) and effects 

of the discretization scheme of the advection and diffusion terms were investigated by (Mohammadreza 

Shirzadi, Tominaga, and Mirzaei 2020) for the same building configuration using ANSYS CFX solver. 

Furthermore, in the previous study, the performance of conformal structured hexahedral grid and 

unstructured tetrahedral grid settings was investigated in (Mohammadreza Shirzadi, Tominaga, and 

Mirzaei 2020) while a non-conformal grid based on the cut-cell technique, was utilized in order to reduce 

the computational cost in the current study. A convergence level of 10−5, based on the scaled residual, 

was considered for the mass, momentum, and turbulence transport equations.   

For LES, the pressure-velocity coupling was based on the PISO solver. The bounded central 

differencing scheme was utilized for the spatial discretization of the momentum equation while the 

pressure interpolation was set as the second-order scheme. The transient formulation was based on the 

second-order implicit scheme. Furthermore, the standard Smagorinsky model was used with the 

Smagorinsky constant 0.12 (Ikegaya et al., 2019; Okaze et al., 2017). A time step of ∆𝑡 = 0.0005 𝑠 was 

considered to satisfy the Courant number 𝐶0 < 1 for all grid settings. The same time step was considered 

for the coarse, medium, and fine grid settings because the cell size around the target building was chosen 

to be very similar for all grid settings. The maximum Courant number, which occurs around the edges, 

was calculated to be less than 2 for the all meshes, and less than 1 in the rest of the domain. The statistics 

were calculated for 𝑡 = 45 𝑠  in real time, which corresponds to a non-dimensional time unit of 𝑡∗ =
𝑡𝑈𝐻

𝐻
= 1,471 . The statistical convergence was checked by monitoring the development of the time-

averaged velocity at several locations inside the building and street canyon. 

4. Results 

4.1. Grid sensitivity analysis 

In Figure 3, the vertical profiles of 𝑈 calculated by LES are depicted for the different grid settings, 

which are found to be very close for medium and fine grid settings. The same results are obtained for the 
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vertical profiles of 𝑘, but they are not shown due to the space limit. The ratio of the resolved kinetic energy 

to the total kinetic energy was estimated using the index of quality (IQ) for LES (Celik, Cehreli, and Yavuz 

2005) to obtain more confidence about the quality of the LES results. The averaged values of IQ over 

different vertical lines are shown in Table 1 and are calculated to be higher than 80% over all lines IQ, 

which is a recommended value by (Pope 2001) and corresponds to the previous urban CFD simulations 

using LES (Gousseau, Blocken, and Van Heijst 2013; Jörg Franke 2010). The difference between the 

prediction results of 𝑈 and 𝑘 by the course and medium mesh settings is very small, but the medium mesh 

shows a better performance in comparison to the coarse mesh in term of LES IQ. As shown in Table 1, for 

the coarse mesh, LES IQ over lines J and K is about 80, which is very close to the commonly used thresholds 

in the literature. The LES IQs for the medium mesh over these two lines are 84% and 87%, which are higher 

than those of the course mesh. Hence, for the rest of simulations, the medium grid setting is used for both 

LES and SRANS.             

 
 

Figure 3 Vertical profiles of the time-averaged streamwise velocity 
U for different grid settings by LES 

Table 1 LES quality index for different grid 
settings 

IQ (%) A B C F I J K 
Coarse 84 91 90 92 86 81 80 

Medium 84 93 93 92 86 87 84 

Fine 85 92 91 93 87 85 85 
 

 

4.2. Comparison of general flow field and validation metrics 

The distribution of 𝑈 over a vertical central plane and time-averaged streamlines are shown in Figure 

4(a) for LES and SRANS with different turbulence models, i.e., the standard 𝑘 − 𝜀 (𝑆𝑡𝑑 𝑘 − 𝜀), 𝑅𝑁𝐺 𝑘 − 𝜀, 

Realizable 𝑘 − 𝜀  (𝑅𝑒𝑙 𝑘 − 𝜀) , and 𝑆𝑆𝑇 𝑘 − 𝜔  models. Above the street canyon, very similar velocity 

distributions are predicted by LES and all SRANS, whereas different flow distributions are obtained inside 

the street canyon and cross-ventilated building. LES and 𝑆𝑆𝑇 𝑘 − 𝜔 show large negative values caused by 

a strong reverse flow above the upstream building roof while no reverse flow is predicted by 𝑆𝑡𝑑 𝑘 − 𝜀, 

𝑅𝑁𝐺 𝑘 − 𝜀, and 𝑅𝑒𝑙 𝑘 − 𝜀. Furthermore, inside the upstream cavity (UC) and downstream cavity (DC), 

especially near the ground, negative values caused by the recirculation flows predicted by all SRANS to be 

much weaker that the one by LES. Comparison of the streamlines shows that different velocity 

distributions are obtained by all SRANS cases inside the building, which are found to be completely 

different from those by LES. Whilst a clear windward jet is observed through the windward opening in the 

streamwise direction by LES, none of the SRANS models could predict the windward jet. It is the most 

important feature of the cross-ventilation flow that is not predicted by SRANS. In contrary, a wide 

counterclockwise recirculation is predicted by the 𝑆𝑡𝑑 𝑘 − 𝜀 and 𝑅𝑒𝑙 𝑘 − 𝜀 inside the building. In the case 

of the 𝑆𝑆𝑇 𝑘 − 𝜔 and 𝑅𝑁𝐺 𝑘 − 𝜀 models, the airflow direction is completely inverse inside the building 

where airflow enters the building through the leeward opening and exits through the windward one.        

As depicted in Figure 4(b), whilst the predicted 𝑘 distributions by all SRANS and LES are generally 

similar above the canopy and upstream building’s roof, noticeable differences can be observed inside the 

UC, DC, and building. In specific, the 𝑘 values predicted by all SRANS are much lower than those obtained 

A        B           C   D  E   F  G   H   I             J        K  

 𝑈
𝑈𝐻

= 0.6   

𝑈

𝑈𝐻

= 0.3   



8 
 

by LES inside the UC and DC, which is also observed in an urban canopy simulation by (Nakajima, Ooka, 

and Kikumoto 2018). Despite a clear buildup of 𝑘  near the windward opening inside the building 

generated by LES, a uniform and relatively low 𝑘 distributions are estimated by all SRANS models. Details 

of these discrepancies will be analyzed in the following sections. 

   
 

 
Figure 4 Distribution of (a) 𝑈 and (b) 𝑘 over a vertical central plane genrated by different turbulence models 

The vertical profiles of 𝑈 and 𝑘 obtained by LES and all SRANS are compared against the experimental 

results in Figure 5. As shown in Figure 5(a), both LES and all SRANS predict very close values for 𝑈 over the 

vertical lines A and B inside the UC at the lower half of the cavity height (0 <
𝑧

𝐻
< 0.5), whereas LES 

predictions are closer to the experiment at the upper half of the cavity height and above the roof 

(0.5 <
𝑧

𝐻
< 1.5). The 𝑆𝑆𝑇 𝑘 − 𝜔 underestimates 𝑈 inside the UC and shows a different velocity profile in 

comparison to other SRANS.  Inside the DC, the LES and all SRANS predictions are very close over Lines J 

and K at 0 <
𝑧

𝐻
< 1 . Above the roof level (1 <

𝑧

𝐻
< 1.5) , a good agreement between LES and the 

experiments can be observed, whilst all SRANS underpredict the velocity in this area. The accuracy of LES 

is shown to be noticeably higher than all SRANS in the prediction of the 𝑈 over Line C near the windward 

opening inside the building, where the windward jet is accurately predicted by LES in comparison with the 
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experimental measurements. In contrast, no windward jet is predicted by all SRANS as they are incorrectly 

found to be uniform inside the building, highlighting on a significant deviation from the experiment and 

LES. Whilst all SRANS predict a near zero value for 𝑈 inside the building, the 𝑆𝑆𝑇 𝑘 − 𝜔 shows negative 

velocities over Lines H and I, which wrongly implies on an entering air through the leeward opening. This 

is completely in an opposite direction of the cross-ventilation flow as observed in the experiment and LES.  

As seen in Figure 5(b), LES and all SRANS calculations for 𝑘 are generally close to the experiment over 

Lines A and J inside the UC and DC (0 <
𝑧

𝐻
< 1). The overestimation of 𝑘 is observed above the cavity 

height (1 <
𝑧

𝐻
< 1.5)  along all lines by all SRANS and LES. Nonetheless, LES exhibits a very close 

agreement along Line K inside the DC while all SRANS show noticeable underpredictions. Inside the 

building, all SRANS results again show very inaccurate results while LES accurately predicts the profile 

around the windward jet (Line C and D). The discrepancy between LES and experimental results over Line 

B could be caused by the uncertainty of wind tunnel measurements near the windward façade where the 

presence of SPF and its supporting rod can distract airflow in that region. The same level of discrepancy is 

reported for a flow around an isolated building  by (Ikegaya et al., 2019). 

  
 

(a)  

  
 

(b) 
Figure 5 Vertical profiles of (a) 𝑈 and (b) 𝑘 genrated by LES and SRANS models 

 

The accuracy of all SRANS and LES in prediction of time-averaged velocity components and 𝑘  is 

quantitatively assessed by validation metrics (Jörg Franke 2007; Schatzmann 2010), including the factor 
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of two of observations (𝐹𝐴𝐶2), hit rate (𝑞), fractional bias (𝐹𝐵), and normalized mean square error 

(𝑁𝑀𝑆𝐸): 

𝐹𝐴𝐶2 =
1

𝑛
∑𝑁𝑖

𝑛

𝑖=1

  𝑤𝑖𝑡ℎ   𝑁𝑖 = {
1    𝑓𝑜𝑟    0.5 ≤

𝑃𝑖

𝑄𝑖
≤ 2                   

1   𝑓𝑜𝑟  |𝑄𝑖| ≤ 𝑊 𝑎𝑛𝑑 |𝑃𝑖| ≤ 𝑊 
0     𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                

      

(3) 

𝑞 =
1

𝑛
∑𝑁𝑖

𝑛

𝑖=1

  𝑤𝑖𝑡ℎ  𝑁𝑖 = {
1  𝑓𝑜𝑟 |

𝑃𝑖 − 𝑄𝑖

𝑄𝑖
| ≤ 𝐷  

1  𝑓𝑜𝑟  |𝑄𝑖 − 𝑃𝑖| ≤ 𝑊 
0  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒               

 

(4) 

𝐹𝐵 =
〈𝑄〉 − 〈𝑃〉 

0.5(〈𝑄〉 + 〈𝑃〉)
 

(5) 

𝑁𝑀𝑆𝐸 =
〈(𝑃 − 𝑄)2〉

〈𝑄〉〈𝑃〉
 

(6) 

where 𝑄𝑖  and 𝑃𝑖  are the observed (measured) and predicted (computed) values of a given variable, 

respectively, and 𝑛 is the number of data points. 𝐷 and 𝑊 are the thresholds for the allowed ranges. For 

𝑘,𝑊 = 0.005  while for the time-averaged velocity components, 𝑊 = 0.05  (Jorg Franke et al. 2011; 

Tominaga 2015). In 𝐹𝐵  and 𝑁𝑀𝑆𝐸  equations, the angular brackets stand for the average over all 

measurement points, which are calculated only for 𝑘. 

As shown in Table 2, for LES, 𝐹𝐴𝐶2𝑈 = 0.58, which is the highest values in comparison with the 

values obtained by 𝑆𝑡𝑑 𝑘 − 𝜀, 𝑅𝑁𝐺 𝑘 − 𝜀, 𝑅𝑒𝑙 𝑘 − 𝜀, and 𝑆𝑆𝑇 𝑘 − 𝜔, which are 0.49, 0.47, 0.48, and 0.33, 

respectively. The same tendency is observed in prediction of the time-averaged vertical velocity (𝑊) 

where 𝐹𝐴𝐶2𝑊 are 0.90, 0.84, 0.77, 0.81, and 0.70 respectively for LES, 𝑆𝑡𝑑 𝑘 − 𝜀, 𝑅𝑁𝐺 𝑘 − 𝜀, 𝑅𝑒𝑙 𝑘 − 𝜀, 

and 𝑆𝑆𝑇 𝑘 − 𝜔. Surprisingly and despite a clear poor performance of all SRANS in the prediction of the 

main features of cross-ventilation (e.g. windward jet and internal velocity field as shown in Figure 4 and 

5), the difference of the validation metrics between all SRANS and LES is not so large for the time-averaged 

velocity components. Therefore, assessment of CFD results performance based on these validation 

metrics should be performed carefully for the case of complex flows such as cross-ventilation in sheltered 

buildings. 

 The validation metrics for 𝑘 by LES are significantly better than those by SRANS. For LES, 𝐹𝐴𝐶2𝑘, 

𝑞𝑘 ,  𝐹𝐵𝑘 , and 𝑁𝑀𝑆𝐸𝑘  are found to be0.90, 0.70, -0.31, and 0.45, respectively. These values for the 

𝑅𝑁𝐺 𝑘 − 𝜀 and 𝑅𝑒𝑙 𝑘 − 𝜀 are respectively 0.42, 0.38, 0.77, 1.48, and 0.53, 0.36, 0.58, 1.17. The validation 

metrics for the 𝑆𝑆𝑇 𝑘 − 𝜔 is close to the those obtained by the 𝑅𝑁𝐺 𝑘 − 𝜀 and 𝑅𝑒𝑙 𝑘 − 𝜀. Among all 

SRANS cases, the 𝑆𝑡𝑑 𝑘 − 𝜀  shows the best agreement in the prediction of 𝑘 in comparison with the 

experimental results. For the 𝑆𝑡𝑑 𝑘 − 𝜀, 𝐹𝐴𝐶2𝑘 = 0.66 and 𝑞𝑘 = 0.41 are the highest and 𝐹𝐵𝑘 = 0.35 

and 𝑁𝑀𝑆𝐸𝑘 = 0.61 are the lowest values in comparison to the other SRANS results. The well-known 

overprediction of 𝑘 by the 𝑆𝑡𝑑 𝑘 − 𝜀 around the stagnation point, which is caused by the overestimation 

of the production term of 𝑘  (Murakami et al., 1990; Tominaga et al., 2008a; Tsuchiya et al., 1997), 

compensates the underprediction of 𝑘 inside the UC, DC, and building in SRANS; hence, for the 𝑆𝑡𝑑 𝑘 − 𝜀, 

a relatively higher performance is observed in term of the validation metrics. 
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Table 2 Validation metrics for LES and SRANS models 
 

𝐹𝐴𝐶2𝑈 𝐹𝐴𝐶2𝑊 𝐹𝐴𝐶2𝑘 𝑞𝑈 𝑞𝑊 𝑞𝑘 𝐹𝐵𝑘 𝑁𝑀𝑆𝐸𝑘 

Ideal values 1 1 1 1 1 1 0 0 

𝐿𝐸𝑆 0.58 0.90 0.90 0.48 0.90 0.70 -0.31 0.45 
S𝑡𝑑 𝑘 − 𝜀 0.49 0.84 0.66 0.41 0.80 0.41 0.35 0.61 

 𝑅𝑁𝐺 𝑘 − 𝜀 0.47 0.77 0.42 0.43 0.70 0.38 0.77 1.48 
 𝑅𝑒𝑙 𝑘 − 𝜀 0.48 0.81 0.53 0.41 0.77 0.36 0.58 1.17 
 𝑆𝑆𝑇 𝑘 − 𝜔 0.33 0.70 0.44 0.21 0.66 0.35 0.55 1.34 

 

4.3. Comparison of wind pressure and crossing airflow rate 

The profiles of the time-averaged wind surface pressure (𝐶𝑃 =
𝑝−𝑝𝑟𝑒𝑓
1

2
𝜌𝑈𝐻

2
) over the external and 

internal walls of the target building are depicted in Figure 6. Results of LES and all SRANS are compared 

against the wind tunnel measurements. Over the windward façade, the prediction values by all SRANS are 

noticeably lower than the LES and experimental results. For LES, 𝐶𝑃  peaks at two points around the 

stagnation point near the roof and near the ground as shown in Figure 6(a). For SRANS, the maximum 𝐶𝑃 

over the windward façade is predicted by 𝑆𝑡𝑑 𝑘 − 𝜀, which is related to the overprediction of 𝑘 around 

the stagnation point. The profiles of 𝐶𝑃 obtained by the 𝑅𝑁𝐺 𝑘 − 𝜀 and 𝑅𝑒𝑙 𝑘 − 𝜀 are similar to that by 

the 𝑆𝑡𝑑 𝑘 − 𝜀  being almost negative over the windward façade. The 𝑆𝑆𝑇 𝑘 − 𝜔  significantly 

underpredicts 𝐶𝑃 over the windward façade, which is caused by the strong reverse flow in the UC as seen 

in Figure 4(a). On the building’s roof, all SRANS results show almost flat distributions of 𝐶𝑃, which is related 

to the absence of the reverse flow as seen in Figure 4(b) and stated by (Murakami et al., 1996). All SRANS 

and LES results are generally close over the roof far from the windward corner. Over the leeward façade, 

the prediction values of 𝐶𝑃 by SRANS and LES are generally close between the roof and upper edge of the 

leeward opening. Over the leeward opening and rest of the leeward façade, a good agreement between 

LES and the experiment can be observed, but the 𝑅𝑒𝑙 𝑘 − 𝜀  and 𝑆𝑆𝑇 𝑘 − 𝜔  demonstrate significant 

underestimations. The distribution of 𝐶𝑃 over the internal surfaces are also shown in Figure 6(b) for all 

SRANS and LES. For all cases, the distributions of 𝐶𝑃 are uniform over the internal walls. While LES shows 

noticeably a good agreement with the experimental result over the sidewalls and ceiling while all SRANS 

underpredict 𝐶𝑃 over the internal walls. 

 

 



12 
 

  
 

  
 

Figure 6 Profiles of the time averaged wind pressure over (a) external and (b) internal walls 

The non-dimensional time-averaged crossing airflow rate (𝑞𝑜̅̅ ̅) , total wind surface pressure 

difference (∆𝐶𝑝
𝑡𝑜𝑡𝑎𝑙), and windward wind surface pressure differences  (∆𝐶𝑝

𝑤𝑤) are shown in Table 3 for 

all SRANS and LES, and compared with the experimental results. These quantities are defined as follows: 

𝑞𝑜̅̅ ̅ =
�̅�

𝐴𝑈𝐻
 

(7) 

∆𝐶𝑝
𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑃

𝑤𝑤̅̅ ̅̅ ̅̅ − 𝐶𝑃
𝑙𝑤̅̅ ̅̅ ̅ (8) 

∆𝐶𝑝
𝑤𝑤 = 𝐶𝑃

𝑤𝑤̅̅ ̅̅ ̅̅ − 𝐶𝑃
𝑖𝑛̅̅ ̅̅̅ (9) 

where �̅� is the time-averaged volumetric airflow rate through the openings.  𝐴 is the opening area. 𝐶𝑃
𝑤𝑤̅̅ ̅̅ ̅̅ , 

𝐶𝑃
𝑙𝑤̅̅ ̅̅ ̅, and 𝐶𝑃

𝑖𝑛̅̅ ̅̅̅ are respectively the average of wind surface pressure coefficient over the windward façades, 

leeward façades and interiors walls. The time-averaged volumetric airflow rate is calculated with the 

surface integration of the dot product of the time-averaged velocity vector (�⃗� ) and surface area vector 

𝑑𝐴⃗⃗⃗⃗  ⃗ over a virtual plane around the windward opening: 

�̅� = ∬�⃗� . 𝑑𝐴⃗⃗⃗⃗  ⃗  (10) 

The experimentally measured crossing airflow rate is 𝑞𝑜̅̅ ̅ = 0.12. As it can be expected from the 

velocity field, the LES prediction for 𝑞𝑜̅̅ ̅is very close to the experiment with a value of 𝑞𝑜̅̅ ̅ = 0.13. In 

contrast, all SRANS results show very poor accuracy in prediction of the crossing airflow rate. The 

calculated crossing airflow rate by the 𝑆𝑡𝑑 𝑘 − 𝜀 , 𝑅𝑁𝐺 𝑘 − 𝜀, and 𝑅𝑒𝑙 𝑘 − 𝜀  are around zero as no 

 
1 

2 

3 

4 

 
1 

4 

3 

2 

Normalized abscissa 

Normalized abscissa 

𝐶𝑃 

(a) 

(b) 

𝐶𝑃 
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windward jet was predicted by these models (see Figure 5). A negative value of 𝑞𝑜̅̅ ̅(= −0.15) is calculated 

by the 𝑆𝑆𝑇 𝑘 − 𝜔 model for the crossing airflow rate, which is also completely inaccurate.   

The LES prediction of the wind surface pressure is very accurate in comparison to the all SRANS 

calculations. The LES results indicate ∆𝐶𝑝
𝑡𝑜𝑡𝑎𝑙 = 0.20 and ∆𝐶𝑝

𝑤𝑤 = 0.12, which are in good agreement 

with the experiment (∆𝐶𝑝
𝑡𝑜𝑡𝑎𝑙 = 0.17 and ∆𝐶𝑝

𝑤𝑤 = 0.1). In contrast to the experimental and LES results, 

highlighting on  large pressure gradients across the cross-ventilated building, all SRANS results show a 

close to zero pressure gradient across the windward opening as well as the windward and leeward façades 

except for the 𝑆𝑆𝑇 𝑘 − 𝜔. For the 𝑆𝑡𝑑 𝑘 − 𝜀, 𝑅𝑁𝐺 𝑘 − 𝜀, and 𝑅𝑒𝑙 𝑘 − 𝜀, 𝐶𝑝
𝑡𝑜𝑡𝑎𝑙 and ∆𝐶𝑝

𝑤𝑤are found to be 

around zero, which are in agreement with a very low velocity inside the building as shown in Figure 5. The 

𝑆𝑆𝑇 𝑘 − 𝜔 results show a negative pressure difference over the building walls (∆𝐶𝑝
𝑡𝑜𝑡𝑎𝑙 = −0.15) and 

windward opening (∆𝐶𝑝
𝑤𝑤 = −0.10). Thus, the negative crossing airflow rate is predicted by this model 

in accordance with the negative pressure difference  as shown in Table 3.  

Table 3 Crossing airflow rate and wind surface pressure 
 

𝐸𝑥𝑝 𝐿𝐸𝑆 
𝑆𝑡𝑑 

𝑘 − 𝜀 

𝑅𝑁𝐺 
𝑘 − 𝜀 

𝑅𝑒𝑙 
𝑘 − 𝜀 

𝑆𝑆𝑇 
𝑘 − 𝜔 

�̅�

𝐴𝑈𝐻
 0.12 0.13 -0.02 -0.05 -0.03 -0.15 

∆𝐶𝑃
𝑡𝑜𝑡𝑎𝑙 0.17 0.20 -0.01 -0.06 -0.02 -0.15 

∆𝐶𝑃
𝑤𝑤 0.10 0.12 0.00 -0.03 -0.01 -0.10 

 

5. Detailed comparison between SRANS and LES 

It was shown that the performance of all SRANS are generally low in the prediction of the time-

averaged velocity, 𝑘 , static pressure, and crossing airflow rate. More detailed comparison study is 

presented in the following section. For the brevity purpose, only the 𝑆𝑡𝑑 𝑘 − 𝜀  is considered as a 

turbulence model to represent SRANS family. Furthermore, as a two-equation turbulence model, the 

prediction accuracy of the  𝑆𝑡𝑑 𝑘 − 𝜀 was shown to be higher than other models in term of the validation 

metrics. 

5.1. Mean flow field 

The mean flow structure of the cross-ventilation is studied by comparing the time-averaged 

streamlines over a vertical central plane (
𝑦

𝐻
= 0) and a horizontal plane (

𝑧

𝐻
= 0.5) around the target 

building as shown in Figure 7. Also, the background is colored by the time-averaged velocity magnitude 

(𝑉𝑚̅̅̅̅̅). LES shows a strong reverse flow over the upstream building roof while SRANS shows no reverse 

flow in this region. In LES, the reattached flow over the roof enters the UC with a larger inclined angle in 

comparison with SRANS in which the flow direction is parallel to the upstream roof and enters the UC with 

a small incident angle. The most obvious feature over the vertical plane in both models is a strong 

recirculation inside the UC. Associated with this vortex, a strong updraft near the leeward façade of the 

upstream building and strong downdraft near the windward façade of the target building are formed. The 

center of the recirculating vortex calculated by SRANS is almost at the same location as LES, but its vortex 

strength is weaker than LES. In LES, the strong downdraft along the windward façade partially enters 

through the windward opening, and then impinges toward the ground. The entering jet forms a 

counterclockwise recirculation flow and finally exits the building through the leeward façade with an 
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upward orientation. In contrast, the SRANS result shows that the weak downdraft near the windward 

façade does not directly enter the buildings and mostly passes by the opening. As a result, the velocity 

magnitude inside the buildings is very small while the flow pattern is different from LES, which comprises 

of a large weak circulation inside the building. Inside the DC, LES shows a stronger reverse flow while the 

interaction between the leeward jet and the updraft flow inside the DC can be clearly observed near the 

leeward opening. The leeward jet pushes the recirculation center toward the streamwise direction and 

forms a small recirculation over the leeward opening, which cannot be observed in the SRANS result. The 

recirculation center predicted by SRANS is different from LES while no interaction is observed as no clear 

leeward jet is predicted by SRANS. 

 

 

  

 
 
 
 
 

 

 

Figure 7 Time-averaged airflow streamlines coulured by the time-averaged velocity magnitude over a vertical 

central plane at 
𝑦

𝐻
= 0  

The time-averaged streamlines over the horizontal plane at 
𝑧

𝐻
= 0.5  are shown in Figure 8(a). A 

reverse flow is observed over the upstream building sidewall, which is captured by LES, but it is not 

predicted by SRANS. As a result, the lateral flow angle of the incoming air from the street canyon into the 

UC is oriented toward the UC center for LES, but for SRANS, the lateral flow angle is mostly parallel to the 

streamwise direction. The most evident difference is that the flow directions around the windward 

openings are completely opposite between LES and SRANS. The incoming flow from the outside UC partly 

enters to the windward opening and the rest of the flow forms a reverse flow in the cavity. The SRANS 

result also displays a weak recirculating vortex pair, which is stretched in the streamwise direction and 

creates a reverse flow; however, it does not have enough streamwise momentum to enter into the 

windward opening. The positions of the pair vortex centers are almost the same for SRANS and LES in the 

streamwise direction, but they are different in the lateral direction. Inside the building, LES clearly shows 

the streamlines of the entering flow through the windward opening and the leaving flow through the 

leeward opening while no crossing airflow is predicted by SRANS; the velocity magnitude inside the 

building is almost zero by SRANS. Inside the DC, a recirculating vortex pair is clearly predicted by LES, but 

the strength of the recirculating flow is rather weak as a result of the leeward jet, which pushes the vortex 
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away from the leeward opening. The predicted recirculating vortex pair by SRANS is strong and very 

similar to the UC because there is no leeward jet to interact with the vortex pair. 

 

  
 

 
 

Figure 8 Time-averaged airflow streamlines coulured by velocity magnitude over a horizontal plane at 
𝑧

𝐻
= 0.5 

5.2 Static pressure 

The distribution of the time-averaged wind pressure coefficient (𝐶𝑃) over the horizontal and vertical 

planes is shown in Figure 9 for LES and SRANS. In the vertical plane, LES shows large negative values of 

𝐶𝑃 over the upstream building roof, which is associated to the presence of a roof separation and 

reattachment at this area as shown by the streamlines in Figure 7. The predicted negative 𝐶𝑃 by SRANS is 

much smaller than LES over the upstream building roof as no separation is calculated by SRANS. Similar 

distributions of 𝐶𝑃 are obtained by SRANS and LES near the upstream building wall inside the UC, but 𝐶𝑃 

values by LES are much higher than SRANS around the windward façade. LES shows a very short separation 

around the roof edge of the target building as shown in Figure 6(a); nevertheless, no separation is 

predicted by SRANS, which results to the uniform 𝐶𝑃 distribution over the roof. A low-pressure region can 

be seen near the windward opening inside the building because the windward jet is clearly predicted by 

LES. As SRANS failed to calculate the windward jet, no pressure gradient can be observed inside the 

building. The similar pressure distributions are predicted by SRANS and LES inside the DC, however, the 

𝐶𝑃 value by LES is higher than that by SRANS near the downstream building wall. Over the horizontal plane, 

as shown in Figure 9(b), LES shows negative values caused by the separation flows at the sidewalls and a 

clear 𝐶𝑃 buildup near the windward façade. The large 𝐶𝑃 are predicted in front of the windward façade in 

LES as well as the vertical plane. A uniform 𝐶𝑃 distribution is estimated inside the building by both models, 

𝐿𝐸𝑆 

𝑆𝑅𝐴𝑁𝑆 (𝑆𝑡𝑑 𝑘 − 𝜀) 
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but the values of LES are higher than that of SRANS. The uniform 𝐶𝑃 distribution is also predicted by SRANS 

inside the DC, which is at the same level as LES, except near the downstream building wall.  

 

  
(a)  

  
(b)  

Figure 9 Distribution of the time-averaged wind surface pressure over (a) vertical plane (
𝑦

𝐻
= 0) and (b) horizontal plane 

(
𝑧

𝐻
= 0.5) 

5.3. Turbulence statistics 

In order to understand more details about the deficiency of SRANS for the cross-ventilation flow 

under sheltered condition, the distributions of the turbulence statistics calculated by SRANS are compared 

with the results of LES and the experiment.  

The distributions of three velocity fluctuations in the streamwise, lateral and vertical directions 

((𝑢′𝑢′̅̅ ̅̅ ̅̅ )1/2, (𝑣′𝑣′̅̅ ̅̅ ̅̅ )1/2, (𝑤′𝑤′̅̅ ̅̅ ̅̅ ̅)1/2) over the vertical central plane are shown in Figure 10 for LES and SRANS. 

The experimental results are displayed only inside the building. For SRANS, three components of the 

velocity fluctuations are calculated using the eddy viscosity model (Shuzo Murakami, Mochida, and 

Hayashi 1990; Tominaga, Mochida, Murakami, et al. 2008; Nakajima, Ooka, and Kikumoto 2018): 

(𝑢′𝑢′̅̅ ̅̅ ̅̅ )1/2 = (−2𝜈𝑡

𝜕𝑈

𝜕𝑥
+

2

3
𝑘)

1/2

 
(11) 

(𝑣′𝑣′̅̅ ̅̅ ̅̅ )1/2 = (−2𝜈𝑡

𝜕𝑉

𝜕𝑦
+

2

3
𝑘)

1/2

 
(12) 

(𝑤′𝑤′̅̅ ̅̅ ̅̅ ̅)1/2 = (−2𝜈𝑡

𝜕𝑊

𝜕𝑧
+

2

3
𝑘)

1/2

 
(13) 

According to the LES calculation, the velocity fluctuation in the streamwise direction, (𝑢′𝑢′̅̅ ̅̅ ̅̅ )1/2is very 

large above the upstream building roof with a maximum value of 0.5, which means it is half of the time-

averaged mean velocity at the reference height. The value of (𝑢′𝑢′̅̅ ̅̅ ̅̅ )1/2decreases inside the UC and DC, 

but a clear growth can be seen around the windward jet with a maximum value of about 0.3. Interestingly, 

the velocity fluctuation in the lateral direction, (𝑣′𝑣′̅̅ ̅̅ ̅̅ )1/2is significantly higher than the streamwise and 
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vertical components in front of the target building. In specific, the higher values of (𝑣′𝑣′̅̅ ̅̅ ̅̅ )1/2are predicted 

over the windward façades of the target and downstream buildings. This indicates a significant 

contribution of the vortex shedding flow and the lateral momentum transfer in the cavity on the cross-

ventilation flow as the time-averaged lateral velocity is zero over the vertical plane (symmetric plane). The 

distribution of the vertical component (𝑤′𝑤′̅̅ ̅̅ ̅̅ ̅)1/2is more uniform in comparison with the streamwise and 

lateral components and shows a same tendency around the windward jet as the streamwise component. 

The most obvious feature of the vertical component around the windward opening is its spread toward 

the ground in comparison with the streamwise and lateral components, which are generally spread in the 

streamwise direction. 

Inside the building, LES results show very good agreement with the experimental measurements. A 

noticeable feature in the velocity fluctuations calculated by LES is the anisotropy of the turbulence inside 

the UC and DC, and building. In contrary, the velocity fluctuations by SRANS show an isotropic property 

as the distributions of each component are very similar mainly related to the isotropic eddy viscosity 

assumption. Although the prediction accuracy of 𝑘 in the UC in SRANS looks acceptable as shown in Figure 

5(b), SRANS significantly underestimates the velocity fluctuations around the windward jet and inside the 

building, where the values of (𝑢′𝑢′̅̅ ̅̅ ̅̅ )1/2, (𝑣′𝑣′̅̅ ̅̅ ̅̅ )1/2, and (𝑤′𝑤′̅̅ ̅̅ ̅̅ ̅)1/2 are almost zero.  

 

 

 

 

 
 

  

 

Figure 10 Distribution of the velocity fluctuation components and 𝑘 over a verical central plane (
𝑦

𝐻
= 0) 

The distributions of the velocity fluctuation components and 𝑘 over the horizontal plane (
𝑧
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= 0.5) 

are displayed in Figure 11 for LES and SRANS. The trend is similar to one discussed over the vertical central 

plane shown in Figure 10. For LES, values of (𝑢′𝑢′̅̅ ̅̅ ̅̅ )1/2 are noticeably high around the upstream building 

sidewalls. Inside the UC, (𝑢′𝑢′̅̅ ̅̅ ̅̅ )1/2 is very low behind the upstream building wall, but it rises significantly 
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around the windward opening and inside the building around the windward jet. In the DC, (𝑢′𝑢′̅̅ ̅̅ ̅̅ )1/2 

shows a slight increase around the leeward opening due to the interaction of the leeward jet and reverse 

flow inside the UC. The higher values of the lateral component, (𝑣′𝑣′̅̅ ̅̅ ̅̅ )1/2 are obtained by LES near the 

windward jet inside the UC, indicating the effect of the lateral turbulent momentum transfer in this region. 

The same level of (𝑣′𝑣′̅̅ ̅̅ ̅̅ )1/2 can be observed in the DC in front of the downstream building wall. Also, the 

vertical component (𝑤′𝑤′̅̅ ̅̅ ̅̅ ̅)1/2 peaks around the upstream building sidewalls and in front of the central 

and downstream buildings. Around the leeward jet inside the DC, all three components of the fluctuation 

velocity are calculated at the same level. Unlike LES, the SRANS results show very similar distributions for 

(𝑢′𝑢′̅̅ ̅̅ ̅̅ )1/2  , (𝑣′𝑣′̅̅ ̅̅ ̅̅ )1/2 , and (𝑤′𝑤′̅̅ ̅̅ ̅̅ ̅)1/2 . This indicates that the anisotropic property of the velocity 

fluctuations, which is clearly observed in the experiment and LES, cannot reproduced by SRANS. As already 

shown in Figure 4(b), the predicted value of 𝑘 by LES is significantly higher than that of SRANS inside the 

UC and around the windward jet inside the building. For SRANS, the value of 𝑘 is almost zero inside the 

building.     
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Figure 11 Distribution of the velocity fluctuation components and 𝑘 over a horizontal plane (

𝑧

𝐻
= 0.5) 

 

6. Unsteady flow visualization 

In the previous sections, the anisotropic turbulence property, which is observed in the experiment 

and LES, but not in SRANS, are displayed. In this section, the instantaneous snapshots of the flow field are 

further demonstrated to understand the nature of the transient flow, affecting the time-averaged flow 

structure.  
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6.1 Transient airflow rate  

The instantaneous non-dimensional crossing airflow rate through the windward opening 𝑞𝑜 =
𝑞

𝐴𝑈𝐻
 

by LES is shown in Figure 12 for 150 non-dimensional time-steps from the total 1,417 non-dimensional 

sampling time-steps. The instantaneous airflow rate is calculated as 𝑞 = ∬ �⃗� . 𝑑𝐴⃗⃗⃗⃗  ⃗ using the instantaneous 

velocity vectors (�⃗� ) . While the time-averaged airflow rate by LES is found to be 𝑞𝑜̅̅ ̅ = 0.13 , the 

instantaneous airflow rate fluctuates significantly between -0.03 ≤ 𝑞𝑜 ≤ 0.26. The maximum value of 

instantaneous airflow rate is almost twice the time-averaged value while its minimum value is about zero. 

The crossing airflow rate fluctuations are repeated with a frequency of about 1/30. Moreover, four 

snapshots are selected over an airflow fluctuation cycle to investigate the instantaneous velocity field in 

the following discussion. 

 
 

Figure 12 Instantnaous and mean crossing airflow calculated by LES 

6.2 Instantaneous velocity field 

The instantaneous snapshots of the velocity field by LES over the vertical plane (
𝑦

𝐻
= 0) are shown in 

Figure 13 at 𝑡∗ = 0, 𝑡∗ = 9.27, 𝑡∗ = 18.53, and 𝑡∗ = 27.80 with a constant non-dimensional time interval 

of ∆𝑡∗ = 9.27 (see Figure 12). The figure background is colored by the instantaneous velocity magnitude, 

but it is intentionally shown transparent in order to optimize the visibility of the velocity vectors. The 

experimental visualizations, which were conducted by using of a fog generator, a laser light sheet, and a 

high-speed camera are also shown only inside the target building. The instantaneous flow pattern is 

completely different with the time-averaged one shown in Figure 7. The presence of the vertical structures 

is observed clearly around the buildings. A glance at the wind vectors of all snapshots indicates a 

complicated distributions of the vortices inside the UC and DC. The turbulent momentum transfer in the 

vertical direction occurs by these vortices, which are known as sweep and injection ones (Coceal et al. 

2006; Nakajima, Ooka, and Kikumoto 2018).  

At the first snapshot (𝑡∗ = 0), when the instantaneous airflow rate is almost maximum (𝑞𝑜 = 0.22), 

a region of large streamwise velocity component with downward orientation can be seen above the UC 

center. A clockwise circulation is created under this region close to the upstream building wall inside the 

UC, which is in contact with the reverse flow at the mid-height of the UC. The velocity direction is upward 

around the windward façade of the central building, which pushes the flow above the roof and enhances 

the roof separation. The flow in front of the windward opening is also in the upward direction, but the 

flow partially penetrates into the building. A large circulation can be also observed inside the DC, which 

joins with the leeward jet crossing through the leeward opening. 
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In the next time-step at 𝑡∗ = 9.27 , which corresponds to the period with 𝑞𝑜 = 0.10 , the high 

momentum airflow above the UC can be observed in the first snapshot, passing over the UC and creating 

a strong downdraft near the windward façade of the target building. As a result, the windward jet is clearly 

oriented toward the ground and a large circulation is generated inside the building. At the same time, a 

reverse flow is seen above the target building roof while a very weak downdraft is observed near the 

downstream building wall inside the DC, which forms a very complex flow pattern with a very low velocity 

distribution around the leeward opening. 

At the 3rd snapshot (𝑡∗ = 18.53), the airflow rate is very similar to the 2nd snapshot with a value of 

𝑞𝑜 = 0.09. Despite a very close crossing airflow rate, very different instantaneous velocity fields are 

observed in these two snapshots. Most of the airflow is in the horizontal direction above the UC, therefore, 

there is no updraft near windward façade of the target building at roof height inside the UC. In the absence 

of the strong updraft near the windward corner of the target building roof, the separation does not occur 

as a result of the high momentum flow in the streamwise direction above the canopy. Inside the building, 

the windward jet sweep forward on the ground and then moves downward to form a large 

counterclockwise circulation. The flow field inside the DC consists of a strong reverse flow near the 

downstream building wall and a weak upward flow near the leeward opening. 

In the 4th snapshot at 𝑡∗ = 27.80, the airflow rate increases again and reaches to 𝑞𝑜 = 0.18. The 

general flow field is nearly, but not completely, similar to the 1st snapshot, featuring a region of the large 

streamwise velocity with downward orientation above the UC center and a large circulating flow inside 

the DC, which interacts with the leeward jet. Around the windward opening, the flow is in the horizontal 

direction, then forms a recirculation flow inside the building. 
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Figure 13 Instantaneous snapshots of the velocity field over a vertical plane (
𝑦

𝐻
= 0)at four different non-dimensional times 

The instantaneous snapshots of the velocity field by LES over the horizontal plane (
𝑧

𝐻
= 0.5) are 

shown in Figure 14 at the times similar to the vertical plane in Figure 13. At the 1st snapshot, a region with 

a high streamwise velocity is moving inside the UC from the left lateral street. This motion forms a strong 

windward jet through the windward opening with a same orientation of the approaching flow from the 

left lateral street. In the right side of the UC, a strong reverse flow reaches to the right lateral street flow. 

As a result, a circulation is formed near the right side of the windward façade. The leaving flow through 
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the leeward opening is oriented toward the right lateral street where mixes with the entering flow from 

the right lateral street inside the DC. 

For the 2nd snapshot, a high velocity flow from the left lateral street hits the windward façade and 

forms a reverse flow. As a result, no windward jet near the windward opening can be observed over the 

horizontal plane. However, at the same time, the strong downdraft over the vertical plane, as shown in 

Figure 13(b), which has clearly more momentum in the vertical direction, creates a downward windward 

jet. Inside the DC, the flow from the right lateral street completely sweeps onto the downstream building 

wall and moves to the left lateral street. 

In the 3rd snapshot, the interaction of the approaching flows from the left and right lateral streets 

forms a narrow windward jet close to the left corner of the windward opening. The high momentum flows 

from the right and left lateral streets remove the sidewall separation over the central building sidewalls. 

Thus, a narrow leaving jet is formed around the right side of the leeward opening, which mixes with the 

incoming flow from the right lateral street. Then, it sweeps on the downstream building wall inside the 

DC and enters the left lateral street. 

The flow field at the 4th snapshot shows almost left and right reversed distribution of the one 

observed for the 1st snapshot. In this condition, a high momentum flow enters the UC from the right lateral 

street and creates a strong windward jet toward the left side wall of the target building. The rest of the 

incoming flow mixes with the parallel street canyon flow. Inside the DC, the leaving flow through the 

leeward opening joins with the incoming flows from both street canyons and forms weak recirculation 

flows. 
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Figure 14 Instantaneous snapshots of the velocity field over a horizontal plane (
𝑧
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= 0.5) at four differentnon-dimensionall times 
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6. Conclusions 

This paper comprehensively compares the results of CFD simulations based on SRANS and LES with 

those of wind tunnel experiments for a cross-ventilation flow in a group of generic buildings with a regular 

arrangement. Different turbulence models were considered for the SRANS calculations while the 

Smagorinsky subgrid-scale model was used for the LES calculations. Comparison of the mean flow 

structure and turbulence statistics generated by SRANS and LES with the wind tunnel experiments results 

in the following conclusions: 

- SRANS models fail to predict the most important features of cross-ventilation such as windward 

and leeward jets and flow distribution inside the building regardless of the turbulence models. 

- Inability of SRANS in the prediction of the mean flow structure results in a significant deviation in 

prediction of the crossing airflow rate through the opening and wind surface pressure over the 

building surfaces. 

- Accuracy of LES in the prediction of the mean flow structure, wind surface pressure, and crossing 

airflow rate through the openings is much higher than the SRANS. 

- The high accuracy of LES is attributed to the reproduction of the anisotropic velocity fluctuations 

of cross-ventilation flow around and inside the target building. 

- The anisotropic velocity fluctuations are mainly caused by the transient momentum transfer 

mechanisms in the street canyon flow, which cannot be reproduced in SRANS. 

Application of SRANS for urban airflow modeling and building energy simulations for calculation of 

cross-ventilation and building surface pressure distribution associated to cross-ventilation flows should 

be considered with more cautions as it can be significantly unreliable in some instances. Turbulence model 

calibration and modification in SRANS seem to be necessary in this regard. In this study, a simplified 

generic building configuration with a constant wind angle was considered for the cross-ventilation analysis 

based on a wind tunnel measurement, whilst the building arrangement and shape are more complex in 

the urban areas. Therefore, impacts of the building shape, wind direction, and urban configuration on the 

cross-ventilation flows should be examined to obtain more general conclusion about the accuracy of 

SRANS and LES. Hence, future studies should be focused on the investigation of the LES and SRANS 

accuracy in prediction of the cross-ventilation flow in different urban configurations. Furthermore, 

proposing practical solutions to increase the accuracy of SRANS based on the model calibration can be 

investigated in the future studies.    
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