Accepted for publication in Building & Environment, April 16, 2015

CFD simulation of outdoor ventilation of generic urban
configurations with different urban densities and
equal and unequal street widths

Rubina Ramponi* @), Bert Blocken @9 | Laura B. de Coo @, Wendy D. Janssen @

(a) Building Physics and Services, Department of the Built Environment, Eindhoven University of Technology, P.O.
box 513, 5600 MB Eindhoven, the Netherlands
(b) Architecture, Built Environment, Construction Engineering Department, Politecnico di Milano, via Ponzio 31,
20133 Milano, Italy
(c) Building Physics Section, Department of Civil Engineering, Kasteelpark Arenberg 40 — bus 2447,
3001 Leuven, Belgium

Highlights

A detailed literature review of outdoor ventilation studies performed with CFD is presented.

This review shows a lack of studies for generic urban configurations with unequal street widths.
Here: new CFD simulations for generic configurations with equal and unequal street widths

For most wind directions, the main street is generally beneficial for ventilation of downstream region.
For wind parallel to main street, main street is generally not beneficial for ventilation of downstream
region.
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Abstract

Outdoor ventilation is very important for a healthy and livable urban environment. It is strongly influenced by wind
speed and direction, which in turn are affected by urban morphology. This paper first provides a detailed review of
the literature for CFD studies of outdoor ventilation for generic urban configurations. The review indicates that there
is a clear lack of studies for urban configurations where not all parallel streets have equal street widths. Next, the
paper presents Computational Fluid Dynamics (CFD) simulations of outdoor ventilation for generic configurations
with parallel streets of equal and unequal street widths. The 3D steady RANS equations with the standard k-& model
and the passive scalar transport equation are used to calculate the effective local mean age of air at pedestrian level
as an indicator of pollutant removal efficiency. The study is based on grid-convergence analysis and on validation
with previously published wind-tunnel measurements. The influence of a central and wider main street on the wind-
velocity pattern and on the effective local mean age of air of the surrounding area is analyzed for different wind
directions. For wind directions oblique or perpendicular to the main street, the presence of this main street generally
improves the ventilation efficiency because the main street acts as a sink of clean air. However, this is generally not
the case for the parallel wind direction, where the higher flow rate through the main street reduces the flow rates
through the parallel narrower streets, negatively affecting their ventilation efficiency.

Keywords: Urban wind flow; Building aerodynamics; Urban physics; CFD; Ventilation efficiency; Natural
ventilation.

1. Introduction

Outdoor air pollution is one of the major environmental problems today. Urban areas are characterized by a wide
range of pollutant sources such as building Heating, Ventilation and Air Conditioning (HVAC) systems, traffic,
industry, etc. Urban air pollution is associated with a broad spectrum of acute and chronic health effects [1].
Ventilation of urban areas by wind flow is very important for both outdoor and indoor air quality. Outdoor air
quality can be improved by wind flow because the wind can dilute and remove pollutants [2-13]. The outdoor air
quality also affects the indoor air quality by mechanical and/or natural ventilation, where indoor air is replaced by
outdoor air [14-20]. On the other hand, in highly ventilated areas, the wind comfort and wind safety of pedestrians
can be negatively affected [21-23]. Therefore, in every practical situation a compromise needs to be found between
urban ventilation for outdoor and indoor air quality on the one hand and pedestrian wind comfort and wind safety on
the other hand.

Urban wind flow is strongly related to urban morphology as a combination of urban density, the mutual
arrangement of buildings and their individual shape and dimensions. Urban density can be described with geometric
parameters like the plan area density (Ap) and the frontal area density (Ar) (Fig. 1). Past studies have related these
parameters to different flow regimes, from isolated obstacle flow over wake interference flow to skimming flow [24-
26].
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Urban wind flow can be assessed by full-scale measurements, reduced-scale wind-tunnel experiments or by
numerical simulation with Computational Fluid Dynamics (CFD). Each method has its particular advantages and
disadvantages. Full-scale measurements suffer from the inherently uncontrollable and unsteady meteorological
conditions [27-29]. In addition, they are usually only performed in a few discrete positions and do not provide a
whole image of the flow field. Reduced-scale experiments in atmospheric boundary layer wind tunnels allow full
control over the initial and boundary conditions of the experiments, but are generally only performed at a few
selected points in the urban model. In addition, they can suffer from potentially incompatible similarity
requirements. Like wind-tunnel testing, also CFD allows full control over the initial and boundary conditions. But in
addition CFD also provides whole-flow field data, i.e. data on the relevant parameters in all points of the
computational domain. Unlike wind tunnel testing, CFD does not suffer from potentially incompatible similarity
requirements because simulations can be conducted at full scale. CFD simulations easily allow parametric studies to
evaluate alternative design configurations, especially when the different configurations are all a priori embedded
within the same computational domain and grid (see e.g. [30]). However, the accuracy and reliability of CFD are
important concerns and solution verification and validation studies are imperative. The experimental data for
validation in turn need to satisfy important quality criteria [27,28].

In the past 50 years, CFD has evolved into an increasingly used assessment method in urban physics and
computational wind engineering [31]. It is applied for a wide range of topics, as outlined in several review papers
[7,11,20-22,31-40]. Especially in the past 10 years, CFD has been increasingly employed for studies of outdoor
urban ventilation. Such studies can be performed for simplified generic (or idealized) urban geometries or for real
and more complex case studies. Simplified generic geometries, often composed of regular arrays of obstacles, are
mostly used for systematic investigations into general correlations between aerodynamic and geometric parameters
[9,10,12,41-57]. A detailed review of the literature on outdoor ventilation studies with CFD for generic urban
geometries is provided in Section 2 of this paper.

In the past, different parameters have been proposed and used to evaluate the ventilation performance of urban
areas. Most of those parameters were adopted from indoor ventilation studies [16-19,29,58-63] such as purging flow
rate, visitation frequency, average residence time, local mean age of air, air change rate and air exchange efficiency,
all of which can be calculated using CFDThe purging flow rate (PFR) is the effective airflow rate required to purge
pollutants from the domain. A small purging flow rate means that the domain is weakly ventilated. The visitation
frequency (VF) is the number of times a pollutant enters the domain and passes through it. A high visitation
frequency indicates poor removal efficiency of the pollutants. The residence time (TP) is the time a pollutant takes
from once entering or being generated in the domain until leaving the domain. Higher values again indicate poor
removal efficiency of the pollutants. The local mean age of air (tp) is a statistical measure of the time it takes for a
parcel of air to reach a given point in the flow field after entering this flow field. For urban wind flow, it can be
defined as the time it takes for the external “fresh” air to reach a given location in the urban canopy layer after
entering this urban canopy layer [9]. A large mean age of air implies a poorly ventilated region: air parcels take a
long time to reach a given position in the flow field and as a result pollutant removal will be slower. This, in turn,
implies an accumulation of pollutants and a larger pollutant concentration. The air change rate (ACH) refers to the
frequency with which a given volume of air is completely replaced by “fresh” air. The air exchange efficiency (ea)
refers to the efficiency of airflow flushing a volume with external “fresh” air. In addition to the above-mentioned
parameters for outdoor ventilation studies, Bentham and Britter [64] proposed the “exchange velocity” to analyze
the outdoor ventilation in urban canopies and in particular the air exchange between the in-canopy and above-
canopy flows. The exchange velocity has been often used [12,65,66,67,68] as a measure of the so-called “city
breathability”, a concept introduced by Neophytou and Britter [65] to express the potential of a city to “remove and
dilute heat, pollution and scalars”.

As will be shown in the literature review in Section 2, the large number of CFD studies on outdoor ventilation in
generic urban geometries have provided a very large amount of valuable information. However, it is quite
remarkable that none of them considered urban configurations consisting of different parallel streets with unequal
street width. Because many urban areas, especially in Europe, are characterized by parallel streets with unequal
street widths (e.g. London [67] in the UK, Eindhoven [23,40], Amsterdam [30,72] and Rotterdam in the Netherlands
[75] and Antwerp in Belgium [73]), the present paper focuses on the impact of unequal street width on outdoor
ventilation. The paper is based on CFD simulations because of their above-mentioned advantages, in particular the
acquisition of whole-flow field data, the avoidance of potentially incompatible similarity requirements and the ease
with which easily parametric studies can be performed. 3D steady simulations based on the Reynolds-Averaged
Navier-Stokes (RANS) equations are performed for isothermal and incompressible flow for different generic urban
configurations characterized by different plan area densities (Ap) and frontal area densities (As) and by equal and
unequal street widths. The ventilation performance is assessed by means of the local mean age of air at pedestrian
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level for different wind directions ranging from 0° to 90°. The local mean age of air is selected as evaluation
parameter because it is one of the most commonly used parameters for indoor ventilation — and it is hence well-
known — and because it has also often been used in previous studies on outdoor ventilation [10,12,42,47,55,56], as
shown by the literature review in Section 2. Additional specific features of this study are the detailed grid-sensitivity
analysis and the CFD validation.

The paper is structured as follows: Section 2 presents the literature review on CFD studies of outdoor ventilation
for generic urban areas. In section 3, the urban configurations for the present study are described. The procedure to
calculate the normalized local mean age of air is outlined in Section 4. The experimental data used for CFD
validation are briefly presented in Section 5. Section 5 describes the computational settings and parameters for the
CFD simulations. Sections 6.1 and 6.2 report the results of the grid-sensitivity analysis and the CFD validation. The
impact of the central main street on the velocity-vector field at pedestrian level and on the ventilation performance
of the urban configurations is evaluated and discussed in Sections 6.3 and 6.4. Finally, some limitations of the study
and conclusions are pointed out in Sections 7 and 8.

2. Literature review on CFD studies of outdoor ventilation for generic urban geometries

Table 1 presents an overview of a large number of previous CFD studies in which the relationship between outdoor
ventilation and urban morphology was investigated based on integral parameters, rather than only velocity, turbulent
kinetic energy and pollutant concentration. Some main features and findings of each of these studies are briefly
mentioned below.

Skote et al. [41] analyzed a highly idealized city model consisting of a circular block divided into two or four
equally large sectors. They studied two types of cases, one with only one street through the city model and one with
also a perpendicular crossing street. They favorably compared their 3D steady RANS CFD simulations of the
velocity magnitude in the street with wind tunnel measurements, and concluded that the CFD method is a valuable
tool for quantifying the urban wind environment. Liu et al. [42] performed LES simulations to study the effect of
street canyon aspect ratio (h/b = 0.5, 1.0 and 2.0) on pollutant exchange rates, finding better canyon ventilation as
the aspect ratio decreased, in line with previous studies. Li et al. [43] also focused on idealized street canyons with
h/b = 0.5, 1.0 and 2.0. They successfully compared 2D steady RANS simulations with the RNG k-& model with LES
and wind tunnel results. They stressed the good agreement between the RANS and LES results and the remarkable
saving in computer resources and computation time by the RANS approach. Blocken et al. [44] analyzed the flow
rates through passages between parallel buildings with 3D steady RANS and the realizable k- model. The CFD
results showed a close agreement with corresponding wind tunnel measurements, with deviations that were
generally below 10%. The passage flow rates were related to the overall building dimensions and it was shown how
the building and passage geometry decrease the flow rate through the passage compared to free-field conditions.
Bady et al. [45] performed 3D steady RANS simulations with the standard k-& model for three cases: a two-building
model with varying street width, an array of aligned buildings and an array of staggered buildings. Outdoor
ventilation was evaluated with the PFR, the VF and the TP, where each of these three parameters was found to yield
similar conclusions about the ventilation efficiency and each of them were therefore labeled as valuable parameters
for assessment of outdoor air quality. Blocken et al. [46] studied the flow through passages in converging and
diverging two-building arrangements with 3D steady RANS and the realizable k- model, with particular attention to
relating mean velocity and passage flow rates to building and passage geometry. The CFD results of mean velocity
showed a very close agreement (within 10%) with the corresponding wind tunnel measurements. Cheng et al. [47]
focused on 2D street canyons with aspect ratios h/b = 0.5, 1.0 and 2.0, for which they performed 2D steady RANS
CFD simulations with the RNG k-g model. Their results indicated that generally, consistent conclusions about the
ventilation efficiency are obtained whether using ACH, PCH or 1, (the pollutant retention time), except for the
canyon with h/b = 0.5 for which an anomaly was observed. Bu et al. [48] applied 3D steady RANS for an idealized
street canyon and successfully related local air change rate and local kinetic energy. Hang et al. [9,10,49,50]
provided a series of important contributions relating idealized urban morphology with wind conditions and
ventilation efficiency, all using the 3D steady RANS approach with the standard and/or RNG k-& model. In one of
these studies, they showed that the mean age of air and the exchange efficiency do not necessarily give the same
ranking of urban configurations in terms of better ventilation efficiency. Later, Hang and Li [51,52] extended this
work by focusing in particular on aligned arrays of buildings, based on a successful validation of 3D steady RANS
CFD simulations of mean wind speed with wind tunnel measurements. Buccolieri et al. [12] reported 3D steady
RANS simulations with the standard k-¢ model for aligned arrays of cubes with a wide range of packing area
densities A, to represent configurations from urban sprawl to compact cities. They found the local mean age of air to
increase substantially with increasing Ap. They also concluded that the local mean age of air concept is a useful tool
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to quantify the so-called city breathability. Moonen et al. [53] evaluated the ventilation potential for isolated
courtyards with h/b = 1.0 using 3D steady RANS and LES. For these narrow courtyards, LES was shown to yield
ventilation rates that for some cases were up to almost 2 times higher than those by RANS. Hang et al. [54,55,56]
provided a series of contributions that provided very clear insights in the relationships between a very wide range of
urban morphologies on the one hand and their outdoor ventilation on the other hand. Each of these studies was based
on successful validation of the 3D steady RANS CFD results of mean wind speed with wind tunnel measurements. It
is noted however that the agreement between the CFD results and the wind tunnel measurements was less good for
the parameter turbulence intensity. In Ref. [55], the term “breathability” is also mentioned, and it is assessed using
the mean age of air. Finally, Lin et al. [57] provided a detailed CFD study of outdoor ventilation for generic urban
morphologies with the same building area density and frontal area density but various urban sizes, building height
variations, overall urban forms and wind directions with the parameters ACH and PFR. Again, the 3D steady RANS
CFD simulations with the realizable k-¢ model were successfully validated with wind tunnel experiments.

This literature review allows the following conclusions to be made:

e By far most studies were performed based on the steady RANS equations and on successful validation of these
simulations with wind tunnel measurements. It is well-known that LES is intrinsically superior to steady RANS
and the important limitations of the RANS approach have been reported in the literature (e.g. [31-34,40,69]).
However, due to the higher computational cost and larger degree of user expertise required for LES, RANS
simulations still represent the vast majority of CFD simulations of urban wind flow [31,37,40,70]. In spite of
their limitations, RANS simulations have shown good to sometimes even very good performance for both
generic urban configurations (see e.g. studies in Table 1) and more complex urban configurations [5,23,29-31,70-
75]. These statements are confirmed by the literature review in Table 1 and especially the successful validation
of the 3D steady RANS equations in these studies. Therefore, the present paper will also adopt the steady RANS
approach.

e None of the studies in the literature review considered the case of urban configurations where not all parallel
streets have equal street widths. Therefore, the remainder of this paper will focus explicitly on the analysis of
outdoor ventilation for generic configurations with parallel streets of equal and unequal street widths.

o Several of the studies in Table 1 used the parameter local mean age of air to assess ventilation performance, and
two of them explicitly assess city breathability using this parameter. For these reasons and the reasons mentioned
in Section 1, the present paper will also adopt this parameter.

3. Urban configurations

Two different sets of urban configurations are defined by considering regular arrays of rectangular buildings with a
plan area of 16 x 24 m2 and with variable heights: 6 m, 12 m and 18 m. First, the buildings are arranged as in the
detailed wind-tunnel measurements by Quan et al. [76,77] that will be used for validation. The resulting plan area
densities (Ap) are 0.1, 0.3, and 0.6 and the frontal area densities (Ag) range from 0.02 (VS-A06) to 0.45 (VS-C18) as
shown in Fig. 2. These configurations and their results are termed “VS-cases” (VS = validation study). Next, more
realistic urban configurations are defined that consist of combinations of the wider main street with narrower
secondary streets (Fig. 3). They are based on realistic street configurations, as shown in Table 2. The secondary
streets have an equal width of 8.5 m and the central main street has a width of 8.5 m (equal street layout) or larger
widths of 16 m or 24 m (unequal street layout). These configurations and their results are termed “MS-cases” (MS =
main street study). The plan area density of the MS-cases is within the range of the VS-cases, being 0.48 in MS-0,
0.42 in MS-1, and 0.37 in MS-2.

4. Calculation of the local mean age of air

The ventilation performance of the MS-cases is evaluated by means of the local mean age of air (E), calculated as
in Eq. 1:

Tp =

(1

c
m



where c is the local concentration of a passive tracer gas (kg/m3) and m is the release rate (kg/(m?3s)) as generated
by a homogeneous emission source within the entire domain. Homogeneous emission is important to be independent
of the source location within the domain. This is generally called the “homogeneous emission method”
[10,12,16,54-57]. As mentioned by Buccolieri et al. [12], Eq. 1 can be interpreted as the link between a
concentration level and a time scale. If the time scale is known, the pollutant concentration from a homogeneous

emission source can be estimated. A poorly ventilated region implies a large E i.e. air parcels take a long time to
reach a given region and therefore the pollutant removal will be slower. This implies an accumulation of pollutants
in this region and thus a larger pollutant concentration. E is calculated in the area between the buildings at the

pedestrian level (= 1.75 m) for different wind directions. In particular, an area of interest was chosen as in Fig. 4 to
have two rows of upstream buildings for all wind directions, as recommended by Yoshie et al. [70] and Tominaga et
al. [78], and one row of downstream buildings to limit the effects of the backflow at the leeward side of the urban

configurations. Because the pollutant source was applied in the entire computational domain, the value of E
depends on the distance from the inlet of the domain. Therefore, the local mean age of air (T_'p) within the urban

configurations was calculated as Z :Z —T_o , Where T_o is the mean value of the local mean age of air at the inlet

street openings of the urban configurations (Fig. 4). For different wind angles, T_o =min (1_51;@) where 7, and

T, are the mean age of air at the inlet of street S1 and street S2 in Fig. 4. Finally, the normalized local mean age of

air (£, ) was obtained from 7' as in Hang et al. [9] and Buccolieri et al. [12]:

2)

where Qqef is the volume flow rate (m3/s) through the inlet street opening areas (Arer) calculated far upstream of the
urban configurations (Fig. 4) up to the pedestrian level height (1.75 m) and Ve is the volume (m3) of air in the area
between the buildings up to the pedestrian level. To estimate the spatial-frequency distribution of the local mean
age of air, 120 sampling points were distributed in the area of interest as shown in Fig. 4.

5. Experimental data for CFD validation

The experimental data used for validation were provided by Quan et al. [76,77] and obtained in the atmospheric
boundary layer (ABL) wind tunnel of Tokyo Polytechnic University (TPU). The wind tunnel has a test section of 2.2
x 1.8 m2 and the urban configurations, scaled 1:100, were placed at the turntable with a diameter of 2 m. The ABL
profile at a scale of 1:3 represented suburban terrain corresponding to terrain category Il in the AlJ
recommendations [79]. It was generated by placing roughness elements and a carpet upstream of the turntable,
yielding an aerodynamic roughness length zo = 0.002 m in reduced-scale (0.2 m in full-scale). At the height of 0.1 m
(20 m in full-scale), a mean wind speed of 7.8 m/s and a longitudinal turbulence intensity of 25% were measured,
while at 0.5 m (50 m in full-scale) the mean wind speed was about 12 m/s and the turbulence intensity 20%. From
the experiments, a logarithmic profile was fitted and extrapolated to larger height to be used as inlet profile for the
numerical simulations, as reported in Sect. 5.2.

The experimental data consisted of the wind pressure coefficients on the surfaces of the central building (black
building in Fig. 2). The wind pressure was measured with pressure taps arranged every 20 mm on each of the
building surfaces and connected to a Scanivalve pressure measurement system through synthetic resin tubes. The
pressure coefficients (Cp) on the surfaces of the central building were calculated as in Eq. 3, where Py is the static
pressure at a given location x on the building facade, p is the air density and Uyt is the upstream reference mean
wind speed measured at 10 m height (Uyer = 7.8 m/s).

P

C.=—x
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Given the strong coupling between the mean velocity field and the mean pressure field, a validation study based on
the available pressure coefficients is considered appropriate. In addition, earlier studies showed that 3D steady
RANS with a relatively simple linear k-¢ type model can provide accurate results of mean wind speed in generic
urban configurations (see Section 2 and Table 1).

6. CFD simulations: computational settings and parameters
6.1 Computational domain and grid

For the VVS-cases, only the downstream length of the computational domain was determined according to the best
practice guidelines by Franke et al. [80] and Tominaga et al. [78]. The upstream length was reduced to 3 times the
maximum height of the buildings (i.e. 0.18 m in reduced-scale or 18 m in full-scale) to reduce the development of
unintended streamwise gradients [44,81]. Furthermore, because the wind-tunnel blockage ratio was very high for
some cases, e.g. up to 6.5 % for VS-C18, the cross section of the computational domain was taken equal to the
wind-tunnel cross-section. The resulting size of the computational domain for the VVS-cases was Wp X Dp X Hp = 5.2
X 2.2 x 1.8 m3in reduced-scale (520.2 x 220 x 180 m3 in full-scale). For the MS-cases, the width, height and
downstream length of the computational domain were defined in accordance to the best practice guidelines, while
the upstream length was again taken 3 times the maximum height of the buildings, resulting in dimensions Wp x Dp
X Hp =536 x 392 x 180 m3.

In order to provide maximum control over the grid topology and grid quality, the grid was first generated in the
ground plane and then extruded in the third dimension according to the surface-grid extrusion technique presented
by van Hooff and Blocken [30]. The resulting grid only consists of hexahedral cells, and satisfies best practice
guidelines for high quality grid generation [40,78,82,83]. For both VVS-cases and MS-cases, the computational
domain was split in two parts, i.e. a central subdomain and an external subdomain, as shown in Fig. 5 for the VS-
cases. This way, only the central subdomain and grid need to be varied for different cases and wind directions, while
the external subdomain and its grid remain identical. A grid-sensitivity analysis was performed for case VS-B18 by
refining and coarsening the grid by about a factor 2 and its results are reported in Sect. 6.1. The generation of the
other grids was based on the results of this grid-sensitivity analysis, yielding the total cell counts reported in Table 3.

6.2 Boundary conditions and solver settings

The inlet profiles of mean wind speed U, turbulent kinetic energy k and turbulence dissipation rate & were identical
for all simulations. A logarithmic mean speed profile was fitted to the measured profile using Eq. 4 where

u*ag/U = 0.11 m/s, zo the aerodynamic roughness length taken as 0.002 m (0.2 m full-scale), xthe von Karman
constant equal to 0.42 and z the height coordinate:

U(Z):L&%In[%l (4)

The turbulent kinetic energy profile was calculated as in Eq. 5, where 1y is the measured longitudinal turbulence
intensity, and the turbulence dissipation rate € was calculated as in Eq. 6.

k(2) =(1,(2)U(2))° (5)
Upat (6)
£(2) = k(z+12,)

The resulting vertical profiles are shown in Fig. 6. For the ground plane, the standard wall functions by Launder and
Spalding [84] with the sand-grain based roughness modification by Cebeci and Bradshaw [85] were used. The
equivalent sand-grain roughness height of the ground and building surfaces was taken as zero. Horizontal
homogeneity of the approach-flow profiles was tested in an empty computational domain, as recommended by
Blocken et al. [44,81]. The vertical profiles at the position of the first building in the empty domain are compared to
the inlet profiles in Fig. 6, indicating only limited streamwise gradients. Note that two velocity profiles were scaled
with the same Uy, i.€. that of the inlet profile. At the outlet of the domain, zero static gauge pressure was imposed.
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At the top and lateral sides of the domain symmetry boundary conditions were defined. The 3D steady RANS
equations for incompressible and isothermal flow were solved in combination with the standard k-¢ turbulence
model [86] but also the realizable k-¢ model [87] and the Renormalization Group RNG k-& model [88] were tested,
as reported in Sect. 6.2. 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 considered to be achieved when all scaled residuals leveled off.

Following the solution of the wind flow, the local mean age of air was estimated by solving the transport
equation for a passive tracer gas with a homogeneous emission rate of 10 kg/m3s in the entire computational
domain. The turbulent mass fluxes were obtained using the standard gradient-diffusion hypothesis, in which the
turbulent diffusivity was determined from the turbulent viscosity assuming a commonly used value for the turbulent
Schmidt number, i.e. 0.7 [6,7,89]. Second-order discretization was used for the convection and diffusion terms of the
passive scalar transport equation.

7. CFD simulations: results
7.1 Grid-sensitivity study

Three grids were created for case VS-B18 (scaled 1:100) by refining and coarsening the basic grid by about a factor
23) in every direction, yielding a global factor 2. The total number of cells was 846,544 for the coarse, 1,596,048
for the basic and 3,290,148 for the fine grid. For uniform reporting of the grid-convergence study and for an
estimation of the grid-induced discretization error, the Grid Convergence Index (GCI) proposed by Roache [91,92]
was adopted. Fig. 7a shows the streamwise wind speed along a vertical line in front of the building at position P
obtained with the three grids, while Fig. 7b shows the pressure coefficient C, along the centerline at the windward
facade of the central building obtained with the three grids. Fig. 7c shows the grid-induced error band calculated
with the GCI for the basic grid solution. Fig. 7a shows that the grid resolution only marginally affects the
streamwise wind speed in front of the building, while small differences are observed for the pressure coefficients for
the upper part of the centerline (Fig. 7b). The grid-induced error band for the basic grid solution (Fig. 7¢) confirms
the higher grid sensitivity of the results at the upper part of the building facade. Nevertheless, based on these
relatively small differences, the basic grid was retained for further analysis and the grids for the other cases were
prepared with a similar grid resolution.

7.2 Validation study

The performance of different turbulence models, i.e. the standard (Sk-¢), realizable (Rk-g) and RNG k-g& models, was
tested for VS-B18 (scale 1:100). The validation is based on pressure coefficients (Cp). Although a validation study
based on mean velocity and/or mean concentration would be more suitable for the present paper, such data
unfortunately are not available for the cases studied by Quan et al. [76,77]. Note that also the outdoor ventilation
study by Hang et al. [9] used C, values for validation. Fig. 8 shows the C, distribution along centerlines at the facade
of the central building. Given the known limitations of steady RANS with linear k-¢ models in predicting pressures
on building facades, as outlined in detail by Stathopoulos [33], the figures show an overall fair agreement between
the CFD results and the wind-tunnel measurements, with the best agreement provided by the standard k-¢ turbulence
model. A similar good agreement between measurements and results obtained with the standard k- model has been
found in previous validation studies based on velocities, as discussed in detail in Section 2. Since the Reynolds
number of the flow based on the maximum building height is above 11000, the flow is considered Reynolds number
independent [92] and further validation analyses are conducted using full-scale models, as reported below.

An overview of the rest of validation study for the VVS-cases (full-scale) with the experimental data by Quan et
al. [76,77] is shown in Fig. 9 and 10. Fig. 9 compares the numerically and experimentally obtained C, distribution
on the windward facade of the central building for the three cases VS-B06, VS-B12 and VS-B18. Fig. 10 compares
the numerically and experimentally obtained C, distribution along the vertical centerline of the windward facade of
the central building for all nine VS-cases. The results indicate that the CFD simulations are able to accurately
reproduce the experimental C,, values on the building facades especially for H = 6 m (Fig. 10a). Average absolute
deviations between computed and measured C, for this case are 0.01, 0.02, and 0.02 for plan area densities of 0.1,
0.3 and 0.6, respectively. For H = 12 (Fig. 10b), larger deviations are observed. The average absolute deviations for
the cases with H = 12 m are 0.10, 0.04 and 0.06 for plan area densities 0.1, 0.3 and 0.6, respectively. Finally, the
largest deviations are obtained for H = 18 m, as shown in Fig. 10c. The resulting average absolute deviations for the
cases with H =18 mare 0.11, 0.06, and 0.17 for plan area densities 0.1, 0.3 and 0.6, respectively.
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Given the previously demonstrated good performance of 3D steady RANS CFD simulations with k-g type
models for mean wind speed in generic urban configurations (see Section 2 and Table 1) and the fairly good
agreement obtained in the present validation study with the standard k- model for pressure coefficients, it is decided
to apply similar computational settings to the MS-cases in the remainder of this paper.

7.3 MS-cases: velocity field

Fig. 11 illustrates the wind velocity vectors at pedestrian level (1.75 m from the ground) for the cases MS-0 (Fig. 11
a,b) and MS-2 (Fig. 11 c¢,d) with H = 18 m and wind direction of 90° and 45°. It can be noted that the flow patterns
in Fig. 11a are consistent with the results of previous experimental [93] and numerical studies [12,66] of generic
urban configurations. In particular, the following flow features identified by Princevac et al. [93] can be observed
and are labeled with numbers in Fig. 12a: (1) acceleration and flow separation at the leading edge of the side
building in the first row, (2) channeling effect between parallel buildings, (3) outflow in the first street canyon, (4)
reattachment flow further downstream, (5) lateral inflow in the remaining rows, (6) wake region.

Fig. 12b shows the same uniform configuration MS-0 but with wind direction 6 = 45° (Fig. 12b). In this case, the
channeling effect between parallel buildings and the lateral inflow in the downstream rows previously observed are
absent. Thus, less fresh air is expected to penetrate in the area of interest, increasing the local mean age of air.

When a wider main street is introduced (configuration MS-2), the local flow patterns change significantly due to
a local variation of plan area density. For the case of 8 = 90° (Fig. 12c), the presence of the main street interrupts the
channeling effect between buildings, but at the same time it causes a transition on the vertical plane from the
skimming flow to the wake interference flow [25,26] regime. Therefore, fresh air skimming over the first two rows
of buildings is deflected into the main street, and this less polluted air can flow into the secondary streets
downstream. The mean age of air of this configuration (MS-2, 6 = 90°) is therefore expected to be slightly lower
than for the corresponding uniform configuration (MS-0, 6 = 90°).

For the wind direction 6 = 45°, the wind velocity along the main street increases significantly (Fig.12d). As a
result, a large amount of fresh air is carried into the main street and subsequently into the narrower secondary streets
and the wake low pressure zone downstream the main street helps drawing polluted air from the area of interest. The
mean age of air of this configuration (MS-2, 6 = 45°) is therefore expected to be much lower than the corresponding
uniform configuration (MS-0, 6 = 45°).

7.4 Local mean age of air

Fig. 12 summarizes the spatial-frequency distribution of the normalized local mean age of air of the MS-cases in the
area of interest, at pedestrian level. This area is indicated in Fig. 4 and also at the top of Fig. 12. A systematic
analysis of the results is provided below, focused on: (1) the influence of building height; (2) the influence of wind
direction; (3) the influence of the main street.

1. Influence of building height. As expected, the normalized local mean age of air is increasing with the building
height and has maximum values of 0.8 for H =6 m, 1.6 for H = 12 m and 2.2 for H = 18 m. This can be
explained by considering that the plan area density (Ae) is overall quite high, ranging from 0.37 (MS-2) to 0.48
(MS-0). Grimmond and Oke [26] state that for A» higher than 0.5 the streets are not wide enough to stimulate the
development of the wake interference flow regime and the main flow will eventually skim the buildings. This
will yield a less efficient ventilation of the streets and this effect increases with building height, as shown in Fig.
12a, d, g.

2. Influence of wind direction. Due to this skimming flow behavior, which is especially pronounced for the uniform
configuration MS-0 (i.e. the one with the highest Ap = 0.48), at the pedestrian level (1.75 m), the influence of the
main flow is very limited and the local wind flow is strongly affected by the height of the buildings and their
spatial distribution. The channeling effect of the wind flow through the street canyons is then expected to be
relevant when buildings are aligned with the approach-flow wind direction (6 = 0° and 6 = 90°). The channeling
effect has a positive influence on the street ventilation. This is confirmed by the results for MS-0 and all three
building heights (Fig. 12a, d, g). Indeed, for 6 = 0° and 8 = 90°, the local mean age of air is lower than for the
other wind directions due to the channeling effect. While Fig. 11 shows that the positive influence of the
channeling effect is most clear for MS-0, it is to a large extent also present for MS-1 and MS-2.



3. Influence of the main street. When a wider main street is introduced, the Ap reduces locally and the local flow
patterns change. Overall, Fig. 12 shows that a wider main street is beneficial for the local mean age of air of the
area of interest for 6 = 22.5°, 45°, 67.5° and 90°. For instance, for the cases with H = 18 m and 6 = 45° (Fig. 12¢g-
i) the poorly ventilated areas with local normalized mean age of air higher than 1.2, decrease from 55% for MS-0
over 48% for MS-1 to 20% for MS-2. Similarly, for 6 = 67.5° the values decrease from 26% for MS-0 over 18%
for MS-1 to 11% for MS-0. For 6 = 0° however, the main street generally increases the local mean age of air in
the area of interest. This difference concerning the effect of the main street as a function of wind direction is
further explained below.

Fig. 13 compares the contours of the normalized local mean age of air for the cases MS-0 and MS-2 with H=18 m
for all five wind directions. It is clear that for MS-0 and 6 = 22.5°, 45° and 67.5°, high values occur at the leeward
side of the buildings. For 6 = 0° and 90°, this is less pronounced due to the channeling effect that not only acts
parallel to the main wind direction but also induces flow in the perpendicular streets. For 6 = 0°, the presence of a
wider main street yields a stronger wind flow through this street and a more effective ventilation of this street.
However, it also leads to lower flow rates and therefore higher pollution concentration in the narrower streets. As a
result, the local mean age of air in the area of interest increases. For the oblique wind directions 6 = 22.5°, 45° and
67.5°, the presence of a wider main street substantially reduces the local mean age of air in the area of interest. For
these wind directions, it acts as a source of clean air that enters the narrower streets and yields a more effective
ventilation there. Also for 8 = 90°, the local mean age of air in the area of interest generally decreases, albeit to a
lesser extent than for the oblique wind directions. The decrease is mainly attributed to the reduction of the skimming
flow regime in the main street, yielding more interaction between the flow above the buildings and the flow in this
main street. As a result, the main street is better ventilated, and this less polluted air subsequently enters the narrow
side streets in the area of interest. Indeed, comparing MS-0 and MS-2 for 6 = 90° in Fig. 13, it is clear that the local
mean age of air in the main street in MS-2 is clearly lower than in the corresponding narrow street in MS-0.

8. Discussion
The main limitations of the study are briefly mentioned:

— The study only focused on generic urban configurations composed of arrays of block-type buildings. Future
work should analyze the ventilation performance for irregular building arrangements with similar and different
plan and frontal area densities as analyzed in the present paper. Additionally, the study only focused on the
effective local mean age of air as ventilation performance indicator. Future work should apply and compare
different performance indices and discuss the suitability of different approaches.

— The validation study was mainly focused on mean pressure coefficients. While the mean pressure and mean
velocity fields are closely related, a validation study based on mean velocity patterns or concentration patterns
would have been more appropriate. Future work should address the establishment of high-quality experimental
datasets of mean wind flow patterns for validation for building arrangements with different plan and frontal area
densities.

— The present study used the 3D steady RANS equations with the standard k- model. Although the steady RANS
approach has well-known deficiencies, there are several arguments in support of its application for assessing
outdoor ventilation performance in regularly spaced building arrays: (1) The present and previous validation
studies indicate a satisfactory agreement with measurements; (2) Most previous studies on outdoor ventilation
(see Table 1) also used this approach. (3) This approach is still the most often used in research and practice for
natural ventilation studies and urban wind flow [19,20,21-23,30, 37,40,70-75,78,80].

— The results of this study are only discussed in terms of mean quantities as a consequence of the use of 3D steady

RANS simulations. Future work should be performed with LES to resolve turbulence down to a certain scale and
therefore reproducing the large-scale unsteady flow structures.
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9. Conclusions

A numerical study of the ventilation performance of generic urban configurations with equal and unequal street
widths is presented in this paper by focusing on the local mean age of air at the pedestrian level. Two different sets
of urban configurations composed by regular arrays of buildings with different street layouts are modeled: the VS-
cases used for validation, and the MS-cases used to investigate the effect of a central and wider main street on the
local mean age of air of the downstream area. The MS-cases have plan area densities Ap = 0.37, 0.42, 0.48 and
building heights H =6 m, 12 m and 18 m. The outdoor wind flow is solved with 3D steady RANS equations and
standard k-g turbulence model for closure, whereas the passive scalar transport equation is used to calculate the local
mean age of air.

Despite the known limitation of RANS approach in predicting the pressure on the building surfaces, an overall
good agreement is found between the experimental data and the numerical results of the validation cases. Some
deviations are noted for the configurations with buildings 18 m height, in particular for plan area density of 0.6 (VS-
C18).

Comparing the results of the local mean age shows that the presence of the main street can be both beneficial and
non-beneficial for the ventilation efficiency of the downstream area, depending on the wind direction. The
tendencies are most clear for the larger building heights. For oblique wind directions, the main street acts as a sink
of clean air that enters the narrower streets and yields a more effective ventilation there. For wind direction
perpendicular to the main street, the wider street reduces the skimming flow regime in the main street, yielding more
interaction between the flow above the buildings and the flow in this main street. As a result, the main street is better
ventilated, and this less polluted air subsequently enters the narrow side streets in the downstream region. For wind
flow parallel to the main street however, the higher flow rates through this street cause lower flow rates through the
parallel narrower streets, and therefore lesser ventilation of these narrow streets. As a result, the local mean age of
air in the downstream area increases.
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Table 1. Overview of CFD studies on urban wind flow and outdoor ventilation of simplified urban configurations, including study of integral parameters for
ventilation performance.

Authors (year) Ref. | Study | Configuration | Turbulence Scalar Evaluation Validation Sensitivity analysis
type modelling transport parameter

Skote et al. [41] | Generic | 3D/Circular Steady RANS N Q Y (WT) Gridres, Wdir,
(2005) block with 2 or | (SSTKO) Street.num.

4 sectors
Liuetal. (2005) | [42] | Generic | 3D/Street LES (Dyn.) Y (Pass., Tp, ACH, PCH | Y (WT) Canyon AR

canyon Ground line

source)

Li et al. (2005) [43] | Generic | 2D/Street Steady RANS N ACH Y (WT) Canyon AR

canyon (RNG)
Blocken et al. [44] | Generic | 3D/2 parallel Steady RANS N Q Y (WT) Gridres, Buildgeom,
(2007) buildings (RKE) Street width
Bady et al. [45] | Generic | 3D/2 buildings, | Steady RANS Y (Pass., PFR, VF, TP N Buildgeom, Street
(2008) aligned and (SKE) Hom.em.) width, Wdir,

staggered array Dom.height
Blocken et al. [46] | Generic | 3D/2 buildings Steady RANS N Q Y (WT) Gridres, Wdir, Street
(2008) in V- (RKE) width

arrangement
Cheng et al. [47] | Generic | 2D/Street Steady RANS Y (pass., 15, ACH, PCH | Y (WT) Gridres, Canyon AR,
(2008) canyon (RNG) ground-level Discr.ord.

source) ?

Bu et al. (2009) [48] | Generic | 3D/Street Steady RANS Y (Pass., ACH N Wdir, Canyon AR

canyon (SKE) Hom.em.)
Hang et al. 9] Generic | 3D/Circular, Steady RANS N Q Y (WT) Gridres, Citygeom,
(2009a) square, rect. city | (SKE, RNG) Street.num, Wdir

model
Hang et al. [10] | Generic | 3D/Circular, Steady RANS Y (Pass., Q, €, Tp Y (WT) P Citygeom, Street.num,
(2009b) square, rect. city | (SKE, RNG) Hom.em.) Wdir

model
Hang et al. [49] | Generic | 3D/Long street | Steady RANS N Q. E Y (WT) Street width, Street
(2010a) models (SKE) length
Hang et al. [50] | Generic | 3D/Long street | Steady RANS N Q, ACH Y (WT) Buildheight, Street
(2010b) models (SKE, RNG) width
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Hang & Li [51] | Generic | 3D/Aligned Steady RANS N Q, ACH Y (WT) Gridres, Buildgeom,
(2010a) array (SKE) Ap, Wdir
Hang & Li [52] | Generic | 3D/Aligned Steady RANS N Q, ACH Y (WT) Num of rows, Gridres
(2010b) arrays of cubes | (SKE)
Buccolieri et al. [12] | Generic | 3D/Aligned Steady RANS Y (Pass., Q, 1 Y (WT) Gridres, Ap
(2010) array of cubes (SKE) Hom.em.)
Moonen et al. [53] | Generic | 3D/Courtyard Steady RANS N Q N Court.length, Wdir.
(2011) (RKE), LES (Dyn.)
Hang et al. [54] | Generic | 3D/ Aligned Steady RANS Y (Pass., PFR Y (WT) Buildheight,
(2012a) array (SKE, RNG) Hom.em.) Num.rows.array
Hang et al. [55] | Generic | 3D/Long street | Steady RANS Y (Pass., Tp, <Tp> Y (WT) Gridres, Buildheight,
(2012b) models (SKE, RNG) Hom.em.) Street length
Hang et al. [56] | Generic | 3D/aligned Steady RANS Y (Pass., Q, 1, PFR Y (WT) Street roof geom.
(2013) arrays (SKE, RNG, RKE, | Hom.em.)
RSM)
Linetal. (2014) [57] | Generic | 3D/Aligned & Steady RANS Y (Pass., Q,ACH, PFR | Y (WT) Turb.mod,
staggered arrays | (SKE) Hom.em.) Buildheight, Array
size, Wdir.

Table legend: rect. = rectangular; RANS = Reynolds-averaged Navier-Stokes; SSTKO = SST k-o model; SKE = standard k-¢ model; RNG = Renormalization
Group k-¢ model; RLZ = realizable k-¢ model; RSM = Reynolds stress model; LES = Large eddy simulation; Dyn. = dynamic Smagorinsky-Lilly SGS model; Y
= yes; N = no; Pass. = passive; Hom.em. = homogeneous emission method; Q = flow rate; 1, = effective local mean age of air; ACH = air change rate; PRF =
purging flow rate; VF = visitation frequency; TP = residence time; PCH = pollutant exchange rate; €, = air exchange efficiency; E = total energy density; <t,> =
spatially averaged mean age of air; WT = wind tunnel; Gridres. = grid resolution; Wdir. = wind direction; Street.num. = number of streets; Canyon AR = canyon
aspect ratio; Buildgeom. = building geometry; Dom.height = domain height; Discr.ord. = order of discretization scheme; Citygeom. = city geometry; Buildheight
= building height; A, = packing area density; Num. of rows = number of rows; Court.length = courtyard length; Num.rows.array. = number of rows in array;
Street roof geom. = street roof geometry; Turb.mod. = Turbulence model,;

(8) Uniform emission over ground surface; (°) Validation reported in previous study [9].
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Table 2. Typical street configurations and resulting width of the streets for the MS-cases

Street elements MS-cases
Description Width [m] MS-0 MS-1 MS-2
Private garden 3.0 X
Sidewalk 15 X X X
Parking 2.0 X
Cycle lane 2.0 X X
Road 35 X X
Road 35 X X X
Cycle lane 2.0 X X
Parking 2.0 X X X
Sidewalk 15 X X X
Private garden 3.0 X
Main street width Ws [m] 8.5 16.0 24.0
Secondary street width [m] 8.5 8.5 8.5
Plan area density [-] 0.48 0.42 0.37
Table 3. Total number of computational cells for VS-cases and MS-cases
VS-cases MS-cases
VS-A VS-B VS-C MS-0 MS-1 MS-2

H=6m 682,128 1,514,520 1,360,332 1,459,236 1,459,236 1,496,110
H=12m 677,376 1,555,284 1,340,810 1,488,298 1,488,298 1,496, 110
H=18m 797,008 1,596,048 1,320,506 1,517,360 1,517,360 1,525,424
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FIGURES
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Figure 1. Definition of plan area density (Ap) and frontal area density (Ar)
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Figure 2. Definition of the VVS-cases by varying the plan area density (Ap) and the building height (left); size of the
building models in full-scale (right).
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Figure 3. Definition of the MS-cases with main central street width of 8.5 m (MS-0), 16 m (MS-1) and 24 m (MS-2),
and comparison with streets of the city of Eindhoven (The Netherlands) (source: Google street view)
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Figure 4. Definition of the local mean age of air for the cases with wind directions 0° and 22.5° (e.g.): inlet street
openings S1 and S2 used to calculate the initial values of the local mean age of air in the urban configuration;
distribution of sampling points within the area of interest used to calculate the spatial-frequency distribution of the
normalized local mean age of air; inlet street opening areas (Avrer) used to calculate the volume flow rate Qrer.
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Figure 5. (a) Computational domain as composed

L

Part of the

computational grid on the buildings and ground surface for VS-A06, VS-B06, VS-CO06 (top), and VS-A18, VS-B18,

VS-C18 (bottom) (codes according to Fig. 2).
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Figure 6. Vertical profiles of dimensionless mean speed U/Uyt, turbulent kinetic energy k and turbulence dissipation
rate ¢ at the inlet of the domain (Ui, kin, &in) and at the position of the first building in the empty computational

domain (Ug, Ka, €s).
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Figure 7. Grid-sensitivity analysis for VS-B18 (scaled 1:100): (a) vertical profile of streamwise wind speed along a
vertical line in front of the central building (black) at position P calculated with coarse, basic and fine grid; (b)
pressure coefficient along the vertical centerline at the windward facade of the central building calculated with
coarse, basic and fine grid; (c) grid-induced error bands for the basic grid solution calculated using GCI proposed by
Roache [90,91].
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Figure 8. Pressure coefficient along vertical (a) and horizontal (b) centerlines at facades and roof of central building
for VS-B18 (scaled 1:100) obtained from wind-tunnel measurements and CFD simulations with standard (Sk-g),
realizable (Rk-g) and RNG k-¢ turbulence model.
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Figure 9. Pressure coefficient on the windward facade of the central building for (a) VS-B06, (b) VS-B12, and (c)
VS-B18 by CFD simulations with standard k-& model and wind-tunnel measurements.
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Figure 10. Pressure coefficient along the vertical centerline of the windward facade of the central building for VS-

cases with H equal to (a) 6 m, (b) 12 m, and (c) 18 m obtained from CFD simulations with standard k-¢ turbulence
model and wind tunnel measurements.
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Figure 11. MS-cases: normalized velocity magnitude for (a) case MS-0 for 45°, (b) case MS-2 for 45°, (c) case MS-
0 for 90°, (d) case MS-2 for 90°.
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Figure 12. MS-cases: spatial-frequency distribution of the normalized local mean age of air in the area of interest for
different wind directions and building height H = 6 m (a,b,c), 12 m (d,e,f) and 18 m (g,h,i).
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Figure 13. Contours of the normalized local mean age of air for the cases MS-0 and MS-2 with H=18 m obtained for
wind directions 0°, 22.5°, 45°, 67.5° and 90°.
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