
1 

 

Computational modeling of outdoor wind flow and indoor airflow  
in a cross-ventilated office building 

R. Ramponi1,2, B. Blocken1 and A. Angelotti3 
1Building Physics and Services, Eindhoven University of Technology, P.O. box 513, 5600 Eindhoven, 

The Netherlands. 

r.ramponi@tue.nl 

2Architecture, Built Environment, Construction Engineering Department, Politecnico di Milano,  
via G. Ponzio 31, 20133, Milano, Italy. 

3Energy Department, Politecnico di Milano, via Lambruschini 4, 20156, Milano, Italy. 

 

Abstract 

Computational Fluid Dynamics (CFD) models are a valuable method for accurate analyses of natural 
ventilation in buildings. In fact, CFD allows modeling the interaction between outdoor wind flow and 
indoor airflow in detail. When dealing with complex building geometries, however, high-resolution 
grids are often required, increasing the probability of grid-induced numerical errors. To support the 
grid-quality assessment of CFD simulations for real buildings, performance indicators such as the Grid 
Convergence Index (GCI) by Roache (1994, 1997) have been proposed. A detailed grid-quality 
assessment for a cross-ventilated realistic office building is discussed in this paper and represents the 
first step for further comprehensive analysis of cross-ventilation in office buildings. 

1 Introduction 

The use of Computational Fluid Dynamics (CFD) models for analyzing natural ventilation in buildings 
has strongly increased in research and practice over the past decades. Substantial benefits differentiate 
CFD from experimental methods in solving the interaction between the outdoor wind flow and the 
indoor airflow, such as an accurate control of the boundary conditions and, when compared to 
reduced-scale measurements, the avoidance of geometrical constraints and scaling issues (Chen, 2009). 
However, solution verification and validation (V&V) still represent important steps for assessing the 
accuracy of CFD simulations especially in real situations that are scarcely reported in literature.  

The interest in the definition of a clear V&V procedure emerged from the academic and professional 
communities not only as a way to guarantee quality and reliability of CFD simulations, but also as a 
step towards uniform reporting of the results (Ferziger & Perić, 1996; Roache, 1997; AIAA, 1998; 
Celik et al., 2008). V&V aims to assess either the validity of the CFD code (code verification), the 
numerical uncertainty (solution verification), or the accuracy of the numerical model in reproducing a 
physical situation (validation). Discretization errors due to the grid topology are a very important 
source of numerical uncertainty and a high-quality grid design is crucial - although not straightforward 
- in case of very complex geometries. Valuable support for the creation of suitable high-resolution 
grids is provided by guidelines and previous studies (Franke et al., 2007; Tominaga et al., 2008; Van 
Hooff & Blocken, 2010). Moreover, quality indicators represent a further guidance to estimate 
discretization errors associated to the grid resolution. Among others, a generally accepted indicator is 
the Grid Convergence Index (GCI) proposed by Roache (1994, 1997) and promoted by the editorial 
board of the ASME Journal of Fluids Engineering to report uniform grid sensitivity studies (Celik et 
al., 2008).  
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When analyzing cross-ventilation in buildings, high-resolution grids are required to model the 
interaction between the outdoor wind flow and the indoor air flow in detail. Although many studies in 
the past solved the outdoor wind flow and the indoor airflow separately, their interaction can be 
explicitly solved with CFD within the same computational domain. This represents reality to a larger 
extent by taking into account the effect of the inflow momentum through large openings (Kato et al., 
1992; Karava et al., 2006). The application of this approach requires creating a high-resolution grid to 
cope with the large geometrical scale differences between the openings and the computational domain 
size. To the knowledge of the authors, only a few applications of this approach to cross-ventilation in 
real and complex building geometries are reported in literature (Carrilho da Graça et al., 2002; Jiang & 
Chen, 2002; Wang & Wong, 2008; Van Hooff & Blocken, 2010).  

This paper represents the first step of a more comprehensive study of cross-ventilation in realistic 
office buildings performed with 3D steady RANS and 3D LES simulations. A detailed grid-quality 
assessment was performed for the high-resolution grid to be used in the study and is reported in this 
paper. The office building is six stories high and is cross-ventilated by means of bottom-hung 
windows located in the opposite walls of the office cells and in the interior walls facing the corridor; 
two wind directions of 0° and 45° are considered. A set of three grids is defined by refining and 
coarsening the basic grid (4,320,886 cells) and the 3D steady RANS equations were solved with 
Ansys/Fluent v.14 and the SST k-ω turbulence model for closure. The grid-quality assessment is 
performed by ensuring the grid-independency of the results, and by estimating the grid-induced error 
with the GCI.  

2 Model geometry, computational domain and grid 

The six-story office building has dimensions 24 x 16 x 18 m³ (Fig. 1a) and is composed by 12 separate 
office rooms of 20.43 m² at each floor. To ensure cross-ventilation in the office rooms, bottom-hung 
windows are placed both in the external walls, and in the internal walls facing the corridor. The 
external and internal windows, half-open, are placed at 2.1 m height from the floor and are sized 2.4 x 
0.6 m² and 3.6 x 0.6 m² respectively. As can be observed in Fig.1a only half of the floor layout is 
explicitly modeled in this study.  

The computational domain and grid were defined in accordance with the existing guidelines (Franke et 
al., 2007; Tominaga et al., 2008) for the lateral, top and downstream length of the domain (Fig.1b). 
The upstream length was reduced to about 3 times the height of the building to limit unintended 
streamwise gradients (Blocken et al., 2007). The resulting size of the domain is 210 x 354 x 108 m³ 
(Fig. 1b).  

In order to enhance the control over the grid cells, the computational grid was first created in separate 
horizontal and vertical planes and then extruded in the third direction following the grid extrusion 
technique by van Hooff and Blocken (2010). In order to keep a smooth transition between the very 
small cells inside the building model, and the large cells at the outer parts of the domain, three 
different subdomains were created as shown in Fig. 1b. As a result, a set of three fully structured grids 
with different resolution is obtained, including a basic grid of 4,320,866 hexahedral cells and two 
other grids resulting by a coarsening and refining the basic grid of about a factor 2 (Fig. 2). Results 
obtained with the three different grids were compared to test the independency of the results from the 
grid resolution as reported in Section 4. 
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Figure 1: (a) Geometry of the office building and layout of the 6th floor; (b) size of the computational 
domain used in the simulations with wind incident angles (θ) of 0° and 45°. 

 

 

Figure 2: Detail of the computational grids of increased resolution for an office room located in the 
corner of the building. Grids are ordered from the coarser (Grid-0; 2,328,731 cells), over the basic 

(Grid-1; 4,320,886 cells), to the finer (Grid-2; 8,000,463 cells).  

2.1 Boundary conditions 

The inlet profiles of the mean wind speed (U), turbulent kinetic energy (k) and turbulence dissipation 
rate (ε) used in the simulations are defined based on the validation study by Ramponi & Blocken 
(2012) with a reference velocity (Uref) of 7.94 m/s at 10 m height (Fig. 3). The specific dissipation rate 
(ω) was calculated by the turbulent kinetic energy (k) and the turbulence dissipation rate (ε) as in Eq. 1, 
where Cμ is an empirical constant equal to 0.09. Standard wall functions by Launder and Spalding 
(1974) with the sand-grain based roughness modification by Cebeci and Bradshaw (1977) are imposed 
on the ground plane. Zero roughness height was used at the ground and at the surfaces. Zero static 
pressure condition is imposed at the outlet and symmetry boundary conditions at the top and lateral 
sides of the domain. 
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Figure 3: Inlet profiles of the mean wind speed (U), turbulent kinetic energy (k) and turbulence 
dissipation rate (ε) used in the simulations. The height of the building model (H) is 18 m. 

2.2 Solver settings 

The 3D steady RANS equations were solved with the code Ansys/Fluent v.14 in combination with the 
SST k-ω turbulence model (Menter, 1994). The SIMPLE algorithm was used for pressure-velocity 
coupling, pressure interpolation was second order and second-order discretization schemes were used 
for both the convection terms and the viscous terms of the governing equations. Convergence was 
achieved when all the scaled residuals leveled off and reached a minimum of 10−6 for x, y and z 
momentum and k, 10−4 for ω and 10−3 for continuity.  

3 Calculation of the Grid Convergence Index (GCI)  

The GCI proposed by Roache (1994, 1997) is calculated according to the 5-step procedure in Celik et 
al. (2008). A set of three structured grids with a uniform refinement factor (r01) of 1.85 are considered 
(Fig. 2). The grids are: Grid-0 (2,328,731 cells), Grid-1 (4,320,886 cells), and Grid-2 (8,000,463). The 
refinement factor between two grids is calculated as the ratio between the number of cells of the 
coarser and the finer grid. As variables of interest for cross-ventilation, the streamwise velocity across 
two selected office rooms is analyzed, as well as the Air Change per Hour (ACH) through the external 
openings.  

In order to calculate the CGI, an approximate relative error (ea
10) of the basic grid solution (ϕ1) is first 

estimated as in Eq. 2, where ϕ0 is the solution obtained with Grid-0, and ϕ1 is the solution obtained 
with Grid-1. Then, the observed order of convergence p is estimated from the three grids solutions (Eq. 
3), where q(p) = 0 because the refinement factor is constant (Celik et al., 2008). A global order of 
convergence pave is extracted as the average value of the local p and used to define the error bars of the 
solution, as in Celik et al. (2008). For this case, pave-0 = 1.88 and pave-45 = 2.24 for the wind directions 
θ=0°, and θ=45°. Note that a negative ratio (ϕ2- ϕ1)/(ϕ1- ϕ0) in Eq. 3 gives an indication of oscillatory 
convergence, but this is not valid when the differences among the solutions are almost zero. Finally, 
the GCI is calculated using the above mentioned parameters as in Eq. 4, where Fs is a safety factor 
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taken equal to 1.25 when three grids are analyzed, and Fs = 3 when only 2 grids are considered 
(Roache, 1994, 1997). 
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4 Results 

The sensitivity of the results to the grid resolution is first analyzed by comparing the relative 
streamwise velocity (Ux/Uref) across two office rooms for the case with wind direction perpendicular to 
the building facade (θ = 0°). Fig. 4 shows the relative streamwise velocity (Uref = 7.94 m/s) along a line 
(L) placed in the middle of the openings at 14.55 m height (5th floor of the building). Results show a 
very good agreement at the inlet and outlet positions, whereas small differences are found in the 
predicted indoor airflow. When considering Room A5, maximum differences up to 30% are found 
between Grid-1 and both Grid-0 and Grid-2 for x/W = 0.38. In the corridor, differences are up to 16% 
between the results of Grid-1 and Grid-2 for x/W=0.55. 

 

 

Figure 4: Relative velocity (Ux/Uref) along the line L crossing Room A5 and B5 at 14.55 m height (5th 
floor) obtained with different grids for the case with wind direction θ=0°. A reference velocity (Uref) 

7.94 m/s is considered.  

Due to the small differences among the results obtained with different grids (Fig. 4), the grid-induced 
error associated with the use of the basic grid (Grid-1) is analyzed in detail. CGI10 is calculated as in 
Section 3 by considering a global order of convergence pave-0 = 1.88 and pave-45 = 2.24 for the wind 
directions θ =0°, and θ =45° respectively. Results analyzed are (i) the relative streamwise velocity 
across Room A5 and B5 for wind direction θ = 0°, as shown in Fig. 5; (ii) the normalized ACH through 
the external openings at different rooms located in the center of the building at different floors (plane π) 
for wind directions θ = 0° and θ = 45° (Fig. 6).  
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Results shown in Fig. 5 are consistent with the grid sensitivity analysis presented in Fig. 4. In fact, the 
areas with wide error bands are concentrated between Room A5 and the corridor, while the predicted 
outdoor wind flow and indoor airflow in Room B are predicted with good accuracy. A further remark 
is related with the non-monotonic convergence shown in Fig. 4. Among the 150 points analyzed along 
the line L, an oscillatory convergence occurs in the 35% of the cases after excluding the ones where 
differences among the solutions are close to zero (less than 0.1). 

 

Figure 5: Grid-induced error band (grey area) estimated for the streamwise relative velocity along the 
line L placed in the middle of the openings at 14.55 m height (5th floor). 

Fig. 6 shows a very good suitability of the basic grid in predicting the normalized ACH through the 
external openings, although some sensitivity to the grid resolution is shown in the lower floors in the 
case with wind direction θ=0°. In the leeward side of the building (zone B), the grid-induced errors are 
almost negligible. The ACH are normalized by dividing by the reference velocity (Uref = 7.94 m/s) and 
the opening area (Ao = 1.44 m²). In this case, oscillatory convergence is noticed in 8% of the openings 
for wind direction θ = 0° and in 50% of the openings for wind direction θ = 45° after excluding values 
where differences among the solutions are close to zero (less than 0.1).  

 

Figure 6: Grid-induced error bars estimated for the normalized ACH (Uref=7.94 m/s, Ao=1.44m²) 
through the external windows in different floors. 
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5 Discussion and conclusion 

An application of the GCI to a realistic and complex geometry is shown in this paper. A cross-
ventilated six-story office building was modeled with Ansys/Fluent v.14 and the 3D steady RANS 
equations were solved in combination with the k-ω SST turbulence model. A high-resolution grid was 
generated for the simultaneous simulation of the outdoor wind flow and the indoor airflow within the 
same computational domain. Thus, an extensive grid sensitivity analysis was conducted and the CGI 
was calculated considering the streamwise wind velocity across two office rooms, and the ACH 
through the external openings. The study points out the suitability of the selected grid although some 
sensitivity to the grid resolution is found in the lowest floors of the building and in the predicted 
indoor airflow.  
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