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1. Introduction      

There are two types of pollution sources: high level sources such as tall stacks and low level 
sources such as automobile stacks. With respect to high level sources, Gaussian Plume 
Model (GPM) (Chock, 1977 and Kanda, 2006) is usually applied to estimate the pollutant 
concentrations, where the obstacles (such as buildings) little influence the diffusion 
characteristics of pollutants at such levels. In the case of low-level stacks, it is not 
appropriate to estimate the pollutant concentrations using GPM due to the effect of 
surrounding obstacles which make the pollutant removal efficiency by the applied wind 
vary from location to another in the same domain. In addition, the GPM do not take some 
architectural factors such as the form of building, the configuration of building, street 
widths, and relative positions of pollution source into account. Therefore, this model is not 
generally applicable to the built environment. Practically, in order to predict the 
concentration of pollutants in urban space, wind tunnel experiments and CFD simulation 
are used to estimate the pollutants concentration for this type of sources.  
Many researchers have studied the distribution of pollutants inside urban domains such as 
street canyons (Xiaomin et al., 2005; Tsai et al., 2004; Baker et al., 2001; Ahmad et al., 2005 ) 
and densely built-up areas (Ahmad et al., 2005, Bady et al., 2008). However, based on these 
studies, it is thought that the determination of pollutant concentrations alone is insufficient 
to obtain a complete picture of the air quality in urban domains. In other words, if the 
pollutant source changes, the concentration distributions will also change. In such case, it is 
difficult to comprehend the removal capacity of pollutants by the wind within urban 
domains. In order to obtain a complete evaluation for the removal efficiency of pollutants by 
the natural wind within such domains, other parameters have to be considered in addition 
to the concentration. Consequently, there is a need to set an index (or a group of indices) 
that completely describes the air quality of the domain. Such index (or indices) may be used 
as a guide while designing new areas, or when the evaluation of air quality for urban 
domains is needed. At the same time, there is a concept of ventilation efficiency (VE) for 
indoor environments, which indicates the removal capacity of pollutants within indoor 
domains. This concept is thought to be suitable for evaluating the air quality of urban 
domains as well. Indeed, the air flow characteristics within outdoor environments are 
different from those of indoor environments as a result of the unsteadiness caused by 
fluctuations of wind in both speed and direction. This means that; some additional indices 
might be needed to evaluate outdoor air quality due to wind variations. In another study by 
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our group (Bady et al., 2008), the fluctuations of wind conditions within urban sites is 
considered and investigated using the exceedance probability concept. Such probability was 
introduced as a parameter or as a measure of the ventilation performance of the applied 
wind within a domain when the wind conditions of the site are varying. 
The air quality of indoor domains in terms of VE indices has been studied by many 
researchers, such as (Sandberg, 1992; Ito et al., 2000; Kato et al., 2003). With respect to 
outdoor environments (Uehara et al., 1997) studied experimentally the diffusion of 
pollutants emitted from a line source located within an urban street canyon and they 
defined a concept similar to purging flow rate (PFR). More recently, it was confirmed that 
the ventilation efficiency indices of enclosed environments are also effective in evaluating 
the air quality of urban domains, as mentioned by (Huang et al., 2006). 

 
2. Ventilation Efficiency Indices 

Before presenting the ventilation efficiency indices, it is worth mentioning the fact that the 
distribution of pollutant concentrations in urban areas is not uniform, which represents a 
problem when analyzing the removal capacity of pollutants within urban domains. At the 
same time, the accuracy of the calculated VE indices depends on the uniformity of the 
pollutant generation strength within the considered local domain (local domain is a term 
introduced in order to represent a partial zone within the whole urban space such as a 
pedestrian zone). Thus, the VE indices were estimated in this study based on average 
values. 
Ventilation efficiency indices can be evaluated mainly through CFD simulations since they 
are principally based on spatial distribution characteristics of pollutants (tracer diffusion). 
Until now, it is difficult to use wind tunnel experiments to obtain such indices. The problem 
is that the data needed to evaluate the VE indices is very difficult to be obtained through 
wind tunnel experiments. For example, to be independent of the source location within the 
study domain, a uniform generation rate is required, a condition which is difficult to satisfy 
using wind tunnel experiments. Another difficulty is that to calculate the visitation 
frequency of the pollutants, the total inflow flux to the study domain is needed which is 
difficult to estimate experimentally. 
In addition to the above difficulties, there are many problems that reduce the chance of 
achieving successful experimental results. These problems include: 
1) Symmetrical condition along the sides of the flow field is not easy to satisfy in wind 
tunnel experiments due to the lateral flow of wind to the domain. 
2) The assumption of steady wind flow is wholly impractical. 
3) The assumed boundary layer profile is over-simplistic compared with reality. 
4) Fluctuations in the applied wind direction are not considered in the analysis. 
These problems make the process of evaluating the VE indices experimentally very difficult. 
However, many trials were conducted by the authors of this study to estimate purging flow 
rate and visitation frequency experimentally, but unfortunately the results of these 
experiments were not readily useable. One way to generate the pollutant uniformly within 
the considered domain was through the use of four movable point sources which were 
adjusted in a certain manner to cover the total volume of the domain and then applying the 
principle of superposition to estimate the domain’s average concentration. This low number 
of release points was selected based on the fact that the greater the presence of gas release 

 

points within the domain, the more wind flow characteristics are affected. The behaviour of 
the plumes from the four point sources was totally different from those which were emitted 
from the whole volume. In addition, the measured data showed that the averaged domain 
concentration is quite sensitive to the source location. This led to inaccurate results. 
There are different indices such as the age theory (Sandberg, 1983), purging flow rate, 
visitation frequency (Kato et al., 2003) and the six indices SVE1-6 (Kato et al., 1992) that are 
used to assess the air quality of a room or a domain located within an enclosed 
environment. Among these indices, three indices were adopted to implement the present 
study, i.e. purging flow rate (PFR), visitation frequency (VF), and pollutant residence time 
(TP). 
Values of VE indices for a domain are of practical importance in reflecting the effect of the 
geometrical characteristics of such domain, i.e. the PFR value for a domain represents the 
local ventilation effectiveness of such domain. A small purging flow rate means that this 
domain is weakly ventilated. Also, higher values for the visitation frequency and residence 
time of pollutants are indications of poor removal efficiency of the pollutants by the applied 
wind. In the following section, definitions of the three indices will be explained in details. 

 
2.1 Purging flow rate 
The purging flow rate is the most important index for defining the ventilation efficiency of a 
local domain. It can be considered as the local ventilation efficiency. For a domain, PFR is 
defined as the effective airflow rate required to remove/purge the air pollutants from that 
domain (Kato et al., 2003). In other words, the purging flow rate can be considered as the net 
rate by which the pollutants are flushed out of the domain. It reflects the capacity at which 
the wind removes the pollutant from the domain. The following equation is used to 
calculate PFR: 

  
q qp p

PFR
c c ρp

 (1) 

where:  
qp denotes pollutant generation rate (kg/s). 
cP is the domain-averaged concentration (= c×ρ) (kg/m3). 
ρ is the air density (kg/m3). 
c is the mass concentration (kg/kg). 
It is important to mention that PFR can be defined for a source point, not for the whole 
domain, but in this study, it is defined as common to the domain. Moreover, in addition to 
average concentrations, PFR can be estimated using the peak concentration of the domain. 
In such cases, the calculated PFR reflects dilution properties more than removal properties. 

 
2.2 Visitation frequency 
There are many parameters which affect the diffusion characteristics of pollutants within 
urban areas. These factors can be related to wind characteristics itself such as wind speed 
and direction, and it can be related to the geometry of the urban area such as obstacles 
dimensions, obstacles exits, and variable pollutant sources and strengths. So, it is important 
to study not only the level of the pollutant concentration but also the pollutant behaviour 
within these domains, including how many returns, circulates and stays inside it.  
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Fig. 1. Pollutant circulation 
 
The index that can describe the pollutant history within a domain is the visitation frequency 
VF, which represents the number of times a particle enters the domain and passes through 
it. VF = 1 means that after being generated, a particle stays only one time in the domain. VF 
= 2 means that a particle stays in the domain for the first time, is transported to the outside 
and then returns again to the domain, due to recirculation flow for only one time. A 
schematic of pollutant circulation within a domain is illustrated in Fig. 5. In order to 
calculate VF, the following equation is applied, as mentioned by (Kato et al., 2003): 
 

Pq

pq
VF


 1  (2) 

where:     n

1i
cuuciAρpΔq  

S Vpq   
(3) 

where: 
∆qp is the inflow flux of pollutants into the domain (kg/s). 
Ai is the inflow area of a face i (m2). 
u is the inflow wind speed (m/s). 
c is pollutant concentration at the boundary of the face i (kg/kg). 
n is the number of faces subjected to flow. 
V is the domain volume (m3). 
u is the velocity fluctuation (m/s) 
c is the concentration fluctuation (kg/kg). 
uc together with ρAi represents the convection part of the inflow flux (kg/s). 

cu  together with ρAi represents the diffusion part of the inflow flux (kg/s). 
S is the uniform generation source strength (kg/m3/s). 
Visitation frequency can be calculated using the particle tracking method based on Large 
Eddy Simulation (LES) or by using the passive pollutant flux method based on the Reynolds 
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Averaged Navier–Stokes (RANS). Although large-eddy simulation (LES) models attract 
much interest, their use is restricted because it is computationally expensive. For this reason, 
RANS models are widely used in urban flows and dispersion research. In the present study, 
calculation of VF based on RANS method was applied. 

 
2.3 Average residence time 
One of the most promising parameters being used as an indication of the ventilation 
performance is the average residence time of pollutants in a domain. It represents the 
average residence times of all particles inside the domain. For one particle, the residence 
time is defined as the time the particle takes from once coming (or being generated) into the 
domain to its leaving (Kato et al., 2003).  
Average residence time of domain pollutants is a measure of the air freshness and thus the 
dilution capability of wind inside such domain (Hui et al., 1997). It is calculated according to 
the equation:  

 VFPFR 

V
TP   (4) 

Applying the principle of average values, the multiplication of the visitation frequency by 
the particle residence time (VF × TP) indicates the average residence time of all particles 
within the considered domain. 

 
3. Method of calculating the ventilation efficiency indices 

Ventilation efficiency indices are estimated using dynamically passive pollutants, which 
means that the flow field is not influenced by the pollutants. This makes it possible to 
calculate the flow field at first and then this calculated flow field is used in estimating the 
VE indices. Thus, the first step is to solve the flow filed. Second, after the flow filed is 
calculated, the pollutant concentration is calculated through the solution of the convective-
diffusion equation for a passive scalar (Ferzigere & Peric, 1997):  

S
ix

c
K

ixix

ciρu 





 



 (5) 

where: 
K is the mass diffusivity coefficient for the concentration (kg/m/s); 
xi is the Cartesian coordinates (m);  
ui is the Cartesian components of the velocity (m/s). 
A uniform generation rate within the study domain is considered to be independent of the 
source location within the domain. In the third step, the pollutant average concentration 
within the domain is estimated and PFR is calculated according to Equation (1). Finally, the 
total domain inlet flux is calculated and VF is estimated from Equation (2), while TP is 
obtained according to Equation (5). 
It is worth mentioning here the fact that the numerical simulation for diffusion is sometimes 
inaccurate. This can be attributed to two main reasons: insufficient spatial resolution and the 
steep concentration gradients that exist within the same calculation domain. These steep 
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gradients are explained as follows: upwind of a source, the pollutant concentration is zero, 
while in the region closest to the source; the concentration is at a maximum and decreases as 
the plume travels downwind of the source. Accordingly, there is a significant variation 
occur in the concentration values between adjacent cells which lead to steep concentration 
gradients. To overcome these two problems, a huge number of cells is needed to produce 
gradual concentration gradients, which is computationally expensive. In this study, in order 
to overcome the problem of insufficient spatial resolution, a grid-convergence analysis has 
been carried out during the design of the mesh systems of the building models and in each 
case; a reasonable number of grids was attained.  
Another important matter to be mentioned here relates to the diffusivity coefficient K which 
is a function of the turbulent Schmidt number (K = νt / Sct). It is known that the value of Sct 
is not constant and varies from one location to another within the same calculation domain. 
In high concentration regions –which means high concentration gradients– the turbulent 
Schmidt number is less than one, while in low concentration regions –which means that the 
mixing of pollutants with ambient fluid is almost finished– its value is sometimes greater 
than one. This means that the diffusivity coefficient is not equal to the eddy diffusivity of the 
momentum. However, in this work, Sct is assumed to be constant. This assumption has been 
applied in many of the previous studies (Xiaomin et al. 2005; Tsai et al., 2004). The authors 
consider that this simplification is accepted at this stage of the research. 

 
4. Numerical simulations  

Numerical simulations for wind environments in urban areas were performed using CFD 
code STAR-CD. The standard k-ε model was considered to simulate the turbulence effects. 
Steady-state analysis was adopted, and the Monotone Advection and Reconstruction 
Scheme (MARS) was applied to the spatial difference (He et al., 1997). 
At the inflow boundary, the turbulent kinetic energy was set to be constant as given by 
Equation (6), while the turbulent dissipation rate was calculated according to Equation (7), 
which arises from the assumption of local equilibrium (Lien et al., 2004). 
  2I  u 1.5k   

z

u
k  1/2

μCε 
  

(6) 
 

(7) 

 
where k is the turbulent kinetic energy (m2/s2), I is the turbulent intensity of the applied 
flow, and Cμ is a constant (= 0.09). 
Free slip condition was applied to the top and side boundaries. The logarithmic law with the 
parameter E = 9 was applied to the boundaries at ground level; (i.e. streets and traffic roads) 
and for building walls, as smooth surfaces. Table (1) summarizes all parameters used in the 
simulations together with the applied boundary conditions. 
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Table 1. CFD simulation parameters together with applied boundary conditions 

 
5. Examples of Applying the Ventilation Efficiency Indices 

Urban street width and street building heights are considered the most important 
parameters in controlling the air quality of the pedestrian level domain (Bady et al., 2008). 
Also, the arrangement of building arrays within urban areas is very important in controlling 
the air quality of the pedestrian level domains by enhancing more wind to these domains. 
Thus, it is worth investigating the effects of these parameters on the air quality of urban 
domains in terms of the ventilation efficiency indices, in a way that explains the method of 
applying such indices. Indeed, there are other parameters which may influence the air 
quality of urban domains such as wind direction, wind velocity, and building roof 
geometry, etc., but in the present study only the above parameters are considered.  
A wind environment containing two buildings of dimensions 5 (L)  25 (W)  (H) m, was 
simulated and a street was considered to have one building on each side. The study domain 
has the dimensions (D × 10 × H) and occupies the mid-third of the whole domain of the 
street. An isometric view of the model configurations is presented in Fig. 2, while Fig. 3 
shows the wind flow domain around the buildings together with the applied boundary 
conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Building model. 
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quality of urban domains such as wind direction, wind velocity, and building roof 
geometry, etc., but in the present study only the above parameters are considered.  
A wind environment containing two buildings of dimensions 5 (L)  25 (W)  (H) m, was 
simulated and a street was considered to have one building on each side. The study domain 
has the dimensions (D × 10 × H) and occupies the mid-third of the whole domain of the 
street. An isometric view of the model configurations is presented in Fig. 2, while Fig. 3 
shows the wind flow domain around the buildings together with the applied boundary 
conditions. 
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Fig. 3. Calculation conditions and boundary conditions of the wind flow domain. 

 
5.1 Effect of street width (D) 
Effects of varying the street width (D) on the wind flow patterns and ventilation efficiency 
indices are displayed in Figs. 4-7. Figure 4 shows the wind flow field within the mid section 
of the street for four selected cases of D/H (i.e. D/H = 0.6, 1.0, 1.5 and 2.0).  
In the subplot (a), nearly there is no vortex circulation occurred inside the domain which is 
reflected in a small rotating speed which in turn leads to difficulty in removing the 
pollutants out of the domain. In Fig 4(b), a small vortex circulation covers the upper right 
hand side of the domain was generated. The domain average wind speed in this case is 
greater than that of case (a), which was resulted in a lower average concentration compared 
with the previous case. In the cases of D/H = 1.5 and 2.0 which are illustrated in Figs. 4(c) 
and (d), clockwise vortex circulations are generated within the domain when the wind is 
blown across the shear layer at the buildings height level. These vortices have large rotating 
velocities and hence transport the pollutant outside the domain from the windward side of 
the buildings. 
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Fig. 5. Concentration fields for different widths of the street domain (y/W = 0.5). 
(a) D/H = 0.6     (b) D/H = 1.0     (c) D/H = 1.5      (d) D/H = 2.0 

kg/kg 
 

0.1500 
0.1393 
0.1286 
0.1179 
0.1071 
0.0964 
0.0857 
0.0750 
0.0642 
0.0535 
0.0428 
0.0321 
0.0214 
0.0107 
0.0000 

 

x 

z 

 

Figure 5 shows the concentration fields within the study domain for the same values of 
D/H. The figure shows that the level of pollutants within the domain was decrease as D 
increased, due to the variation of the wind flow characteristics within the street domain with 
the variation of its width as explained above. Also, the figure shows that the size of the 
region of influence (Mfula et al., 2005) at which the pollutants disperse becomes larger as the 
street widens. The wide spread of such region is referred to the increase of the circulation 
strength (which is generated inside the domain), which improves the wind removal 
efficiency for purging the pollutants towards the domain exit (Bady et al., 2008).  
Effect of street width on the average concentration within the domain is shown in Fig. 6. 
From this figure, it is obvious that the increase of D has a desirable effect on the 
concentration, since the concentration decreases as the street widens.  
As the street width becomes 20 m (i.e. D/H = 2.0), the concentration level was reduced by 
about 50 % of its value at D/H = 0.6. This note reflects the fact that the street width is very 
important parameter in controlling the air quality of urban domains. However, increasing 
the widths of urban streets depends primarily on the space availability of the construction 
sites. 
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Fig. 6. Effect of street width D on the domain averaged concentration. 
 
Figure 7 shows the influence of D on the wind removal efficiency for the domain’s 
pollutants in terms of the ventilation efficiency indices. The figure shows the normalized 
PFR and also the air exchange rate which represents the rate at which the total volume of air 
inside the study domain is replaced with fresh air (AER is calculated through dividing PFR 
by the volume of the corresponding domain, AER = PFR/V).  
As mentioned previously, PFR represents how much fresh air is supplied to the domain 
which means that PFR has strong dependence on the domain size. Consequently, it is 
expected that increasing the domain volume increases PFR. This conclusion agrees exactly 
with the simulation result as shown in Fig. 7, where PFR increases in nearly a linear way 
with the domain volume. 
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The second index of the ventilation efficiency indices is the visitation frequency. Figure 7(c) 
shows that, increasing the width of the street decreases the visitation frequency of the 
pollutants to it. The trend of VF can be interpreted as follows: the increase of D increases the 
area subjected to the inlet flux from the boundaries of the domain, which increases the 
domain inlet fluxes. As a first thinking, increasing the total inlet flux is expected to increase 
the value of VF as given by Equation (2). This conclusion is not absolutely true because the 
value of VF depends on the value of the inlet flux as well as the value of the domain volume. 
The ratio between these two quantities determines the value of VF.  
Regarding the residence time of pollutants, Fig. 7(d) shows that the greater the street width, 
the smaller the time the pollutants stay within the domain. This behaviour is referred to the 
increased purging capability of the domain wind for pushing the pollutants towards the 
outside as its volume increases, which reduces the time it takes towards the exit.  
The above results for the VE indices supported absolutely that increasing urban streets widths 
purposefully reduces the air pollution levels (and hence improves the air quality) in the most 
heavily used streets by enhancing ventilation from the prevailing winds (Bady et al., 2008).  
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Fig. 7. Effect of street width on the VE indices within the study domain (H = 10 m). 
(a)  Purging flow rate; (b) Air exchange rate; (c) Visitation frequency; (d) Residence time 

 
5.2 Effect of street buildings height (H) 
The other parameter that affects the air flow characteristics in urban domain is the height of 
street buildings. Figure 8 displays the configuration of the velocity field for four selected 
cases of H/D (D = 5 m). It can be observed that, as the buildings height increases, a large 
clockwise vortex circulation is generated along the void between the buildings. The airflow 
at the center of the vortex circulation is slow and it becomes faster when it approaches the 
wall of the buildings and the ground level. Changing the height H affects the characteristics 
of the vortex circulation inside the domain, which in turn affects the diffusion process of the 
pollutants. 
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Fig. 8. Influence of building height on the flow pattern within the domain (y/W = 0.5) 
(a) H/D = 0.4      (b) H/D = 0.6        (c) H/D = 0.8      (d) H/D = 1.0 
 
Figure 9 shows the concentration fields inside the street at different values of H. In the 
subplot (a), the pollutant in the study domain is well dispersed and diluted, and the 
concentration value in such case is the lowest among the four cases. When H increases as 
shown in the subplots (b) and (d) (i.e. H/D = 0.6 and 0.8), the pollutant dispersion is limited 
and high concentration zones are observed within the study domain. With the further 

  

  

  

  

 

increased H (i.e. H/D = 1.0), the high concentration zone increased and covered a large area 
between the two buildings.  
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Fig. 9. Concentration fields for different heights of the street buildings (y/W = 0.5). 
(a) H/D = 0.4        (b) H/D = 0.6        (c) H/D = 0.8          (d) H/D = 1.0 
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Figure 10 shows the effect of increasing the street buildings height H on the air quality 
parameters. As shown, the average concentration increases as the height of the buildings 
increases which in turn decreases the air exchange rate within the domain. Such effect is 
attributed to the fact that; increasing the height H weakens the street wind and decreases its 
ability to purge the pollutants outside the domain as illustrated in Fig. 10; in other words, 
the pollutants were trapped along the lower part of the domain. The figure shows also that 
the greater H, the greater the VF values. This can be referred to the increased domain inlet 
flux with increasing H. Also, the figure shows that the values of VF are greater than one 
which means that the return or circulation of pollutants is confirmed in the study domain. 
The relation between the residence time and the building height H is illustrated also in Fig. 
10, in which TP increases with the increase of H. This behaviour reflects bad removal 
efficiency of the wind inside the domain due to the lower vortex strength as the street 
buildings height increases. 
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Fig. 10. Effect of street building’s height on the air quality parameters within the study 
domain (D = 5 m); (a) Domain averaged concentration, (b) Air exchange rate, (c) Visitation 
frequency, (b) Average residence time 

 
5.3 Effect of wind direction 
Figure 11 presents the wind vector fields for the five inlet wind directions. According to the 
incident wind direction, simulated flows can be classified into three patterns regarding the 
characteristics of the flow circulation generated behind the upwind building (Kim et al., 2004). 
The first flow pattern appears when the inlet wind angle is 0o. In such case, the horizontal 
distribution of the wind vector shows symmetric separation located at each lateral side of the 
upwind building. The figure shows that, there is apparently no motion in the y-direction 
which reflects a bad removal efficiency of the domain local wind against the pollutant. 
The second pattern appears when the flowing wind angle is located in the range 0o < θ < 90o. 
This pattern appears in the cases of θ = 30o, 45o, 60o in the above figure. For such pattern, 
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