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Abstract 

Uncontrolled leakage paths in a building have been very clearly stated as an important reason for 

energy loss. While steady state conditions have been studied in detail there are only few studies that 

discuss the influence of natural unsteady phenomena to the infiltration rates of a building. In the 

current numerical study, unsteady wind conditions are performed around a single-room model. Two 

scenarios of wind gust frequency and five angles of wind direction are employed, while variable 

leakage areas are simulated and solved in a transient mode, aiming to investigate the variation of the 

air exchange rates (ACH). The results show large differences between ACH under high wind gust 

frequency compared to the scenario of the low one, rising up the uncertainty of estimating the 

infiltration rates of a building. In addition, wind direction is a factor that could also cause significant 

variations on the leakage rates. However, it seems that when the gust frequency is high then even the 

oblique angles could result in relatively high leakage rates. The location of the leakage paths and their 

distribution on the building envelope is an additional parameter that could result in ACH variations, 

especially under more severe wind gust conditions. 

1 Introduction 

Air infiltration has been recognized as one of the major reasons for energy loss. The global demand for 

achieving nearly zero-energy buildings makes the uncontrolled leakage paths even more undesired. 

Air leakages have very clearly stated as a factor resulting in severe consequences (e.g. Cummings et 

al., 1996). Its energy impact has been recognized in a very early stage even (Jackman, 1974). In 

addition, infiltration has been verified as playing an important role in the internal environment and in 

the health of the users (e.g. Shaw, 1981, Allard, 1998). In balanced heating, ventilation and air 

conditioning systems (HVAC) poor heat recovery rates caused by high infiltration rates, resulting in 

an offset from the designed inner climate as well as in waste of energy has also been clarified 

(Liddament 1986). Moisture and draft are among the problems reported while leakage airflow affects 

the indoor air quality and the distribution of pollutants (e.g. Lstiburek, 2002). 

The dynamic characteristics of air infiltration have been very early pointed (e.g. Hill et al., 1975) and 

therefore challenges arise upon that field. Turbulence causing wind fluctuations is recognized as one 

major factor that affects infiltration (e.g. Haghighat et al., 1999). Fluctuating wind causes unsteady 

flow phenomena that affect the instantaneous airflow rates across cracks and openings resulting to a 

deviation from the mean ones (Etheridge, 1999, Chaplin, 2000, Karava et al., 2006). Wind direction 

could be a factor causing large differences on air change rates (ACH). 
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Furthermore, leakage distribution has been mentioned as one important factor towards the annual 

infiltration rate calculation (e.g. Etheridge, 1988). In this context, models have been developed aiming 

its estimation (Chan et al., 2003). In addition, leakage distribution seems playing a role on variable air 

pressure conditions in building as well as affecting the wind-induced internal pressure fluctuations (e.g. 

Kalamees et al., 2008, Guha et al., 2011). In the same manner, the role of internal volume has been 

mentioned (e.g. Kraniotis et al., 2011). 

Building aerodynamics contributes to air infiltration too. Especially in low-rise building, wind gust 

frequency, and the consequent pressure gradient on the facades, seems to govern the air leakage rates 

(Brownell, 2002). Computational Fluid Dynamics could be a useful tool used to investigate both the 

flow around a building and the inflow in the enclosure. In general, the k-ω turbulence model has 

shown good agreement with measurements (e.g. Shen et al., 2012) on estimating air exchange rates in 

wind-driven ventilated buildings. Especially, the Shear-Stress-Transport (SST) model has been 

recognized having better performance among other models for estimating the external pressure field in 

unsteady conditions (e.g. Guha, 2009) and for solving numerically cross ventilation cases (e.g. 

Ramponi et al., 2012). 

2 Case study 

The current numerical study deals with the influence of unsteady wind to the instantaneous air 

exchange rates of a single-room building-model. The geometry of the parallelepiped model is 10 x 3 x 

5(m) (X,Y,Z). Variable leakage areas are simulated in order to research the impact of the leakage 

distribution on the infiltration rates. The leakages represent cracks around the window frames. In total 

four windows are drawn, all of them normal to the main wind direction, two on the side A and two on 

the side B (Fig. 1). The total leakage area of the building envelope is assumed to be 128(cm
2
), which is 

approximately the 0,01% of the total exposed model surface). The simulated building is surrounded by 

a fetch which plays the role of the domain. The size of the domain is 70 x 18 x 40(m). An unstructured 

mesh of approximately 2x10
6
 elements (1,6x10

6
 tetrahedral, 2x10

4
 pyramids, 3,8x10

5
 prisms) and 

4,5x10
5
 nodes has been used. 

 

Figure 1: Three-dimensional (a) and top-view (b) of the single-cell building model. 

 

Seven different cases of leakage distribution are solved. For its representation, a ratio α is defined as 

follows: 

 
   

       

           
         

(1)  

where Aleak,A (m
2
) is the leakage area located on the side A and Aleak,total is the total leakage area of the 

model (m
2
). In fact, the ratio α expresses the leakages located on the side A as fraction to the total 

A 

B 

Side B 

Side A 

θ = 0˚ 

θ = 90˚ (a) (b) 
X 

Z 
Y 



6
th
 European and African Conference on Wind Engineering 3 

 

 

 

leakage area of the ‘building’ and takes the following values: α = 5, α = 15, α = 30, α = 50, α = 70, α = 

85 and α = 95 (%). 

As mentioned above, one of the objectives of this paper is to research the impact of the wind gust 

frequency, two different levels are assumed, Ωhigh and Ωlow and they are implemented in the wind 

profile formula as a sinusoidal factor. In addition, five wind directions θ are simulated (0˚, 15˚, 45˚, 

75˚ and 90˚) to study the impact of the latter under different gust frequency scenarios. Summarizing, in 

total 70 cases are studied. Hereinafter a notation described by the following rule Sθ,Ω. is used. 

3 Methodology 

The Shear-Stress-Transport (SST) model, a two equation k-ω based model (Menter, 1994), has been 

employed. Pressure distribution around a building is in general important to get correct prediction of 

the pressure gradients and consequently of the air infiltration across the building envelope. SST 

turbulence model has been shown to have good performance on prediction accuracy of the indoor 

ventilation flow (e.g. Ramponi & Blocken, 2012). In addition, other relevant studies on natural 

ventilation and flows in an enclosure have shown a good agreement between SST model and full scale 

data, better rather than compared with standard k-ε and RNG k-ε models (Guha, 2009). 

At the inlet of the domain, a logarithmic wind profile was assumed based on the Eqn. 2: 

  

  
  

 

 
   

 

  
    

 

 
                

(2)  

where u is the wind velocity, z is the height-coordinate,    is the shear velocity, κ von Karman’s 

constant, z0 the roughness length and    a stability function. The stability function can be evaluated 

directly from the Monin and Obukhov length L, knowing the flux of sensible heat, or indirectly 

through simultaneous measurements of air temperature profiles (Grimenes & Thue-Hansen, 2004). 

Under neutral stability conditions    and 
 

 
 vanish. The second term in the right side of the wind 

profile represents the wind gust frequency Ω. 

As mentioned above, two different gust frequencies Ω have been employed, Ωhigh = 0,5(Hz) 

corresponds to the high frequency and Ωlow = 0,1(Hz) to the low one. To obtain the dynamics of the 

building air exchange, the simulations are solved in transient mode. After a mesh sensitivity analysis, a 

timestep of 0,05(sec) has been investigated as sufficient enough for the length and time scale 

calculations. The instantaneous mass flow rate Qm is solved numerically and consequently the 

instantaneous volumetric flow rates Qv across the leakage areas are calculated (based on the transient, 

local density field) for the interval run time. The equivalent air change rate ΣACHi that represents the 

accumulative air exchanges over ttot = 1(h) is calculated: 

 

      
    

    
 
    

    
 

    

 
 

(3)  

where trun is the total run time per case, V the volume of the enclosure. 

4 Results 

The equivalent air change rates ΣACH are plotted against the leakage ratio α (Fig. 2). The two lines 

represent the rates under high (solid line) and low wind gust frequency (dashed line). The leakage 

distribution seems to have an important influence on the air exchange rates in a building. 
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Figure 2: The air change rates for (a) θ = 0˚, (b) θ = 15˚, (c) θ = 45˚, (d) θ = 75˚ and (e) θ = 90˚. 
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The ΣACH increases respect to the ratio α, and appears the maximum value when the leakages are 

equally distributed on the side A and B (α = 50%). The air change rates seem to decrease again as α 

increases further (Fig. 2). Employing the analogy between the air flow in the ‘building’ and a 

pneumatic spring system and based on the fairly symmetric picture of the graphs, it could be extracted 

that the damping effect of the internal volume is growing more important when the leakage 

distribution ratio α tends to take its extreme values (5% ≤ α ≤ 95%), leading to a reduction of the 

leakage rates. In those cases, the model behavior is getting more similar to single-side-infiltration case. 

Apparently, there is a significant variation on the ACH depending on the way the leakages are 

distributed in the building envelope, rising up the uncertainty in the estimation of infiltration rates 

under natural conditions. Table 1 shows that for high wind gust frequency the standard deviation σ of 

ACH could be significant. In particular for the normal wind direction and for the oblique angles of 15˚ 

and 45˚ the uncertainty of the leakage rates grows high. 

The impact of the wind gust frequency, representing by Ω, is clear in all the chosen wind directions, 

resulting to different air change rates. The high wind gust frequency results to higher ΣACH compared 

to the low both when the wind direction is normal to the side A and for the oblique-angle scenarios θ = 

15˚, θ = 45˚ and θ = 75˚ (Fig. 2a - 2d). In contrast, when θ = 90˚ the low gust frequency results to 

higher leakage rates (Fig. 2e). In terms of absolute numbers, when θ = 0˚ the leakage rates are 

becoming the most severe, implying a link between the gust frequency and the inertia forces of the 

mass of the enclosure (Fig. 2a). Again, when the wind direction is normal to the surface that the main 

leakage paths are allocated, the compressibility of the volume seems to be high and consequently the 

‘strong’ cross airflow results to relatively very high infiltration rates, compared to the oblique-angle 

scenarios or when θ = 90˚.  

 

Table 1. The standard deviation σ and the arithmetic mean of the equivalent air change rates for θ = 0˚, 

θ = 15˚, θ = 45˚, θ = 75˚ and θ = 90˚. 

Wind 

direction 

Standard deviation σ of 

ΣACH 

Arithmetic mean of 

ΣACH 

Ωhigh Ωlow Ωhigh Ωlow 

θ = 0˚ 0,936 0,446 1,435 0,661 

θ = 15˚ 0,861 0,290 1,276 0,439 

θ = 45˚ 0,677 0,223 1,049 0,340 

θ = 75˚ 0,263 0,100 0,410 0,163 

θ = 90˚ 0,006 0,013 0,009 0,024 

 

Furthermore, the influence of the wind direction differs between the two wind gust frequency 

scenarios. In the figure 3, the ΣACH have been arranged per leakage distribution ratio α. In every 

graph, two group of ΣACH are shown in respect to the two wind gust frequencies Ωhigh and Ωlow. It 

seems there is an exponential reduction of the air exchange rates when evaluating the cases from θ = 

0˚ to θ = 90˚ when the gust frequency is high (Ωhigh), as shown for example in the fig. 3a. In contrast, 

under Ωlow the respective trend line appears as almost linear (Fig. 3a). It would be reasonable to claim 

that when the wind has high gust frequency, even the oblique angles (θ = 15˚ and θ = 45˚) could result 

in high infiltration rates. 
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Figure 3: The equivalent air change rates for α = 5%, α = 15%, α = 30%, α = 50%, α = 70%, α = 85% 

and α = 95%, grouped respect to the wind gust frequency Ω.  

5 Conclusions 

A single-cell building model with variable leakage areas on the facades normal to the wind direction 

(windward and the leeward side) was simulated and studied numerically under unsteady wind 

conditions. Two gust frequencies (Ωhigh = 0,5Hz and Ωlow = 0,1Hz) were used to describe the inlet 

boundary conditions. A ratio α (%) (5% ≤ α ≤ 95%) was employed to describe the leakages located on 

the windward side as fraction to the total leakage areas of the building. Five different scenarios of 

wind direction were employed to study the impact of the latter in combination to the influence of the 

wind gust frequency. 

In total, 70 cases were solved using the shear-stress turbulent model (SST). The equivalent air change 

rates ΣACH were calculated and was shown against the leakage distribution α. In general, the most 

severe situations appear when the leakages are equally distributed on the side A and B (α = 50%) that 

correspond to the windward and leeward façade for θ = 0˚. A deviation from this case tends to reduce 

the leakage rates, while the behavior of the flow is getting similar to the ‘single-side infiltration. 

Severe situations could also take place when the wind direction is θ = 15˚ or θ = 45˚, especially under 

high wind gust frequency. 

The study sets up issues regarding the uncontrolled leakages on the building envelope. A more 

detailed detection of leakages and their distribution ought to be considered as critical factor. Especially 

under high wind gust frequency, the strong ‘cross-airflow’ results in meaningful variation of wind-

driven infiltration. In this context, a challenge regarding the ACH under natural conditions and the 

impact of wind unsteadiness arise up. Furthermore, the impact of wind direction seems it is not easily 

predictable in-situ and is linked to the wind gust frequency, increasing the uncertainty of the air 

exchanges. Towards the nearly-energy-zero building target further research needs to be done, in order 

to investigate the dynamics of the air flows through small cracks and leakages in the building envelope. 
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