Int. J. XXXXXXXXX XXXXX0000xxms, Vol. X, No. Y, XXxx

The air quality in narrow two-dimensional urban
canyons with pitched and flat roof buildings

Simone Ferrari*, Maria Grazia Badas, Michela
Garau, Alessandro Seoni and Giorgio
Querzoli

DICAAR - Dipartimento di Ingegneria Civile, Ambientale e
Architettura, Universita degli Studi di Cagliari,

via Marengo 2, 09123 Cagliari, Italy

Email: ferraris@unica.it

Email: mgbadas@unica.it

Email: mi.garau@unica.it

Email: aseoni@unica.it

Email: querzoli@unica.it

*Corresponding author

Abstract: The aim of this paper is the study of the air quality in narrow urban
canyons (ratio of the distance between two buildings to the building height
equal to one). This have been done investigating two key points. The first one
is the investigation of the modifications that the roof shape induces in the flow
and turbulence, through the comparison of velocity fields, turbulence
characteristics and air exchanges between the urban canyon and the outer flow
in arrays of buildings with flat and pitched roof. The second one is the
assessment of the capability of a RANS model to correctly simulate the flow,
through the comparison with laboratory water-channel simulations. Among the
analysed quantities the vertical air-exchange rate ACH measures the rate of air
removal from a street canyon. Results show that the pitched roof strongly
modifies the flow and increases the turbulence and the air exchange between
the canyon and the external flow, highlighting how the choice of the roof shape
can be meaningful for building design, planning strategies and regulatory
purposes.
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1 Introduction

Even if the air flow and its turbulence in the urban environment are known to be biased
by the geometrical shape of the buildings (see, for example, Raifailidis 1997, Xie et al.
2005, Takano and Moonen 2013), most of the fluid dynamic investigations were typically
performed on flat roof buildings (e.g. Sato et al., 2011, Leung et al., 2012, Di Bernardino
et al. 2015-b), even in the last years. Moreover, narrow urban canyons, i.e. those with a
low aspect ratio W/H (that is W/H < 1, where W is the distance between two buildings
and H is the height of the buildings, see Fig.1), are the most widespread urban canopies
in the old centres of many European cities. Furthermore, in areas with strong rainfalls or
snowfalls the buildings tend to have pitched roofs (Kellnerova et al., 2008) and, in some
regions, building codes prescribe a minimum slope. Ntinas et al. (2014) and Tominaga et
al. (2015) investigated, via both wind tunnel and numerical simulations, the modifications
induced in the flow by pitched and/or arched roof, highlighting the influence on the flow
of the shape of the roof but in an isolated building. Kellnerova et al. (2012) performed
wind tunnel experiments on an array of flat and pitched roof buildings but focusing on
the detection of large organized structures via Proper Orthogonal Decomposition (POD).
Yassin (2011) and Badas et al. (2017) numerically simulated, via Reynolds Averaged
Navier-Stokes (RANS) models, the flow in array of buildings with different roof shapes,
but without focusing on velocity high order statistics. Vice-versa, Addepalli and Pardyjak
(2013) and Di Bernardino et al. (2015b) measured velocity statistics, respectively, up to
the second and third order in their laboratory experiments but in flat roof buildings only.
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As a consequence, the main aim of this paper is the study of the air quality in narrow
urban canyons with flat and pitched roof, via the characterization of the velocity statistics
up to the third order. In order to achieve this goal, we have dealt with two main aspects.
The first one is the investigation and assessment of the effect of pitched roofs on the air
flow and turbulence in narrow urban canyons when compared to flat roof ones. In order
to do that, we have performed a water-channel laboratory simulation, investigating via
Feature Tracking Velocimetry (a non-intrusive image analysis technique) the velocity
fields and the turbulence characteristics in urban canyons, formed by identical buildings
with flat or symmetrical dual-pitched roofs and a constant flow perpendicular to the
canyon axis, and an aspect ratio W/H =1 (i.e. a condition where, according to Oke 1988,
a skimming flow develops in case of flat roof buildings). In order to achieve this target,
we have performed a statistical analysis taking into account velocity statistics from the
first to the third order, able to better highlight characteristic flow and turbulence features.
The second target of this paper is the assessment of the capability of a Reynolds
Averaged Navier-Stokes (RANS) model to correctly simulate the air flow in narrow
urban canyons, with both flat and pitched roof buildings. With this target, RANS
simulations were performed by means of a model, described hereafter, and their results
were compared with the ones from laboratory water-channel simulations. This RANS
model, if validated, could allow to perform numerical simulations of urban canyons in a
more convenient and rapid way, with respect to both laboratory simulations and more
complex numerical approaches. As a matter of fact, as stated by Blocken in his 2015
review on Computational Fluid Dynamics for Urban Physics, the computational cost of
RANS models is at least an order of magnitude lower than for LES (Large Eddy
Simulation) models, so many researchers and practitioners still use RANS models.

2 Materials and methods

As previously stated, both in laboratory and numerical simulations, we have
investigated the flows in urban canyons, formed by identical buildings with flat roofs or
symmetrical dual-pitched roofs (45°), a canyon aspect ratio W/H = 1 and a constant flow
perpendicular to the canyon axis, which is one of the worst condition for air ventilation
and pollution removal from the canyon.

2.1 Laboratory simulations
Laboratory experiments have been performed in a closed-loop water-channel, with glass
walls, in the Hydraulic Laboratory of the University of Cagliari - Italy. The channel is
50 cm high, 40 cm wide and 800 cm long, with a honeycomb screen in the first part (to
uniform the flow) and a floodgate in the end (to set the desired water depth, flow rate
and, consequently, velocity in the test section). The canyon array consists in 20 identical
buildings: 2 cm high and wide parallelepipeds (see Fig. 1a) were chosen, in order to have
an obstruction factor less than 5% (as required by Barlow et al., 1999 to properly
reproduce the full scale phenomena). The symmetrical dual pitched roof buildings were
built adding a 45° pitched roof to the parallelepipeds representing the flat roof buildings
(Fig.1b and 1c). The test section is located at around 650 cm downstream of the channel
inlet, where the neutral boundary layer can be considered fully-developed. Small pebbles,
with an equivalent diameter of 0.5 cm were displaced over the channel bottom for 300 cm
upstream the canyon array, in order to increase the roughness of the bottom and to
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reproduce a logarithmic velocity profile. In order to perform velocity measurements via
an image analysis technique (namely Feature Tracking Velocimetry, FTV, see below),
the fluid was seeded with non-buoyant particles (pine pollen), the test section was lighted
by a green laser sheet and images were recorded by a high-speed camera at the resolution
of 2240 x 1760 px and 200 Hz (Fig. 2). The Reynolds number Re, based on the canyon
height, is about 5,000, largely higher than the minimum value of 3,400 suggested, among
the others, by Hoydysh (1974) for the flow to be independent on the Reynolds number.
Similar values have been more recently proposed by Yee et al., 2006 (Re ~ 4,000) and by
Pournazeri et al., 2012 (Re = 4,600), and employed in water tunnel experiments on urban
canyons by Di Bernardino et al., 2015a and 2015b (Re in the range 3,545+4,480).

As stated, Feature Tracking Velocimetry (FTV, Besalduch et al 2013 and 2014) has been
employed to measure velocity and turbulence fields. The advantages of image analysis
techniques, when compared to traditional probes, are substantial (see Ferrari 2017 for a
review): they are non-intrusive, quasi-continuous in space (as each pixel on an image can
be considered as a virtual probe) and allow to perform a wide range of measurements,
e.g. the concentration fields of a substance in the environment (e.g. Strang and Fernando
2004, Ferrari and Querzoli 2010), the position of the free surface of a wave train over a
breakwater (Ferrari and Querzoli 2015, Ferrari et al. 2016) or the velocity (e.g. Badas and
Querzoli 2011, Di Bernardino et al 2015-a) and acceleration of a fluid flow (Ferrari and
Rossi 2008). FTV has proved to be less sensitive to the appearance and disappearance of
particles, and to high velocity gradients than classical Particle Image Velocimetry (PIV).
More details on FTV can be found in Besalduch et al. (2013 and 2014).

2.2 Numerical simulations

Numerical simulations have been performed by means of the open source CFD library
OpenFOAM 2.3.1 (Weller et al. 1998). A Reynolds Averaged Navier-Stokes model
(RANS) with two equation k-¢ closure (Launder and Spalding, 1974) was set up;
simpleFoam (Patankar and Spalding, 1972), a steady state solver for incompressible
turbulent flows (which adopts the SIMPLE algorithm) and second order schemes for
spatial discretization were employed. A uniform, indefinite succession of buildings was
simulated by imposing periodic boundary conditions in the streamwise direction. Re,
based on the canyon height, is about 43,000, largely higher than the minimum value of
15,000 suggested by Snyder (1981) for the flow to be independent on Re.

The simulation domain is two-dimensional, three canyons long in the streamwise
direction, and 15 H high, minimizing unphysical accelerations due to blockage effects.
The numerical set up and the mesh is chosen in order to fulfill the condition reported for
flow simulation around buildings (domain height, grid resolution, cell stretching ratio,
grid sensitivity analysis) in the best practice guidelines of Franke et al. (2011) and by
Blocken (2015). A grid sensitivity analysis was performed for the flat roof case: four
grids were tested (large, medium, fine and very fine). According to the guidelines, the
coarsest mesh has 10 cells per building side, the minimum number suggested, whilst the
other ones are obtained doubling the cell number in each direction (total number of cells
spans from 860 for the large grid to 55040 for the very fine one). Simulations here
presented refer to the fine grid (hence 40 cells per building side), since a further increase
in cell number was proven not to influence the results. Moreover, different turbulent
parametrizations were tested, without obtaining an improvement in reproducing
laboratory data. For an in-depth description of the numerical set-up the reader is referred
to Badas et al (2017)
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Cyclic boundary conditions were imposed at the inlet and outlet for all the variables,
except for pressure, whose gradient is adjusted to obtain the required mean velocity. The
upper boundary of the computational domain was considered a symmetry plane. At
ground and building surfaces no-slip conditions were imposed for velocity, while
Neumann zero gradient conditions were imposed for pressure and turbulent quantities
(kinetic energy Kk, energy dissipation rate and turbulent viscosity). The non-dimensional
vertical momentum flux <ui’u;’> was computed as follows:

<ui'uj'>:—vt(a;;j‘ >+5<8)L:i,- >J+25ijk (6]
where vt is the turbulent viscosity, computed as follows:
K2
v, =C, = @
and
C, =0.09 @®)

u’ is the fluctuation of the velocity around its mean value, while <-> denotes the average
value.

OpenFOAM has been already extensively and successfully used to perform wind RANS
simulation in urban environment (e.g. Hertwig et al. 2012); moreover, Takano and
Moonen (2013) proved that a similar OpenFOAM configuration was able to properly
reproduce a two-dimensional periodic array of flat roof buildings. Here we want to
investigate the capability of the code above described to properly reproduce the fluid
dynamics of the flow over an array of pitched roof buildings as well.

3 Results

In all the figures showing velocities or turbulence characteristics fields, the flow moves
from the left to the right. The mean velocity fields and profiles (first order statistics), both
from experimental and numerical simulations, will be shown first, to then illustrate the
second order statistics (vertical momentum flux and variance of the velocity), the
skewness factors (third order statistics) and close with the vertical air-exchange rate
(integral parameter). The step-like shape of the pitched roof in Figure 8, 14, 17, 18, 21
and 22 is due to the grid of the data elaboration close to the roof in experimental data.

3.1 Mean velocity fields and profiles
Fig.3 shows the non-dimensional mean velocity field u/U (i.e. the mean velocity
magnitude u non-dimensionalised by the mean free stream velocity U, measured at
Z/H =7) for flat roof, obtained from numerical simulations, with some streamlines in
white. Fig.4 shows the same case from the laboratory simulations. The stable single
vortex (with the centre with the horizontal coordinate X/H very close to 0 and the vertical
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one Z/X slightly above 0.5), typical of the skimming flow regime illustrated, for instance,
in Oke (1988) and measured in their wind tunnel experiment by Kellnerova et al. (2012)
and in their water tunnel experiments by Di Bernardino et al. (2015a), is well reproduced,
as well as the two small counter-rotating vortices at the bottom corners of the cavity. The
velocity magnitude and, in general, the streamlines appear to be correctly reproduced
from the numerical simulations.

In Fig.5 the vertical profiles of the horizontal component of the non-dimensional velocity
Ux/U are drawn, from numerical (continuous red lines) and laboratory (dashed blue lines)
simulations; the profiles are measured in the middle of the canyon (X/H =0, left side)
and above the middle of a building roof (X/H =1, right side). Fig.6 shows the same
measures but for the vertical component Uz/U. The Ux/U profiles are correctly
reproduced, both for positive and negative velocities, from the numerical code, even if
with an overestimation of the velocity magnitude (always lower than the 20%). The Uz/U
profiles show that the numerical model tends to smooth the deviation in the streamlines
due to the cavity, with an underestimation of the velocity magnitude outside the cavity.
Inside the canyon, the numerical model seems not able to catch the negative and positive
values of the vertical velocity, even if we have to notice that these are very small.

Similar considerations apply to Fig.7 and Fig.8 (u/U fields for pitched roof from
numerical and laboratory simulations respectively), as the numerical code is able to
reproduce the modifications induced in the flow features by the pitched roof, i.e. the
upwards displacement of the main vortex centre and its deformation (in agreement with
the findings of Kellnerova et al., 2012), even if the effect of the pitched roofs in reducing
the velocity outside the canyon (or, in other words, the vertical size of the main vortex) is
slightly underestimated by the numerical simulations. As a matter of fact, in the case of
flat roof the outer flow is almost unperturbed (with a steep increase of the velocity with Z
and the free stream velocity U almost reached at Z/H = 3), whilst the case of pitched roof
determines a perturbation that propagates significantly above the roof, with wavy
streamlines also above the ridge of the roof and a zone of reduced velocity that extends
upwards that is larger than in the flat roof case. It is quite interesting the appearance of a
hyperbolic stagnation point, in the middle of the upstream side of the downstream
building’s roof, separating the zone were the air flow enters into the canyon from the one
where it skims above the building. Moreover, the roof pitch causes an increase in the size
of the counter-rotating vortex at the downstream bottom corners of the cavity. We can
consequently state that the pitched roof biases the flow, strongly modifying its topology.
Fig.9 and Fig.10 (vertical profiles of the horizontal component of the velocity Ux/U and
of the vertical one Uz/U, respectively, for the case of pitched roof) show a remarkable
capability of the numerical code in simulating the velocity horizontal component, whilst
some differences can be found, as in the case of flat roof, for the vertical component. In
particular, the increase in the value of the vertical component of the velocity is relevant if
compared with the flat roof case (Fig.6), as this implies a faster displacement of the air
and, consequently, an easier exchange of air between the canyon and the outer flow.

3.2 Vertical momentum flux
Fig.11 shows the field of the non-dimensional vertical momentum flux <u’w’>/U? from
numerical simulations, in the case of flat roof; here u’ is the fluctuation of the horizontal
velocity around its mean value, w’ is the fluctuation of the vertical velocity. In Fig.12, the
same quantity from laboratory simulations is shown. The numerical code is able to
correctly simulate the vertical momentum flux both outside the canyon, where values are
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negative (e.g. Di Bernardino et al. 2015a), and inside the canyon, where it catches the
transitions from negative to positive values. In particular, the tongue-like structure
propagating from the upper corner of the downstream building is properly reproduced.
Anyway, the comparison between Fig. 11 and 12 shows that the RANS code tends to
overestimate the vertical momentum flux values, both in the canyon and in the free flow
region outside the cavity.

The maps of non-dimensional vertical flux for the pitched roof case are depicted in
Fig.13 (numerical simulations) and 14 (laboratory simulations). In this case, as in the one
of flat roof, the RANS code correctly simulates the trend of the field but with an
overestimation of both the negative and positive values and without catching the peaks
due to the roof edges at X/H = -1 and X/H = 1.

When comparing the vertical momentum flux in the case of flat (Fig.12) and pitched roof
(Fig.14), the modifications induced by this last configuration are clear: positive values
increase their magnitude, in particular close to the upstream side of the downstream
building’s roof, where the vertical momentum flux has a peak, highlighting where there is
the largest penetration of air from the outer flow.

We can consequently state that the RANS numerical code applied here is able to properly
reproduce laboratory investigations, even if with some weaknesses in the velocity second
order statistics: these last are intimately connected to the parameterization of turbulence
that is at the base of all the RANS models.

3.3 Variance of the velocity

In Fig.15 the field of the non-dimensional variance of the horizontal component of the
velocity <u’?>/U? is shown, while Fig.16 illustrates the non-dimensional variance of the
vertical component of the velocity <w’2>/U?, both for the flat roof case and the laboratory
simulations. Velocity variance is a measure of the intensity of turbulent fluctuations, i.e.
of the stirring induced in the air by the flow: this is a relevant parameter in a statistical
analysis of turbulent flows and, in particular, in air quality investigations, because the
higher the stirring, the stronger the mixing between fresh air from the outer flow and air
from the canyon will be, with consequently better quality for the air inside the canyon. It
is known (see, for instance, Di Bernardino et al. 2015a) that <u’2>/U? has lower values
inside the cavity than outside (Fig.15), while <w’2>/U? has large values on the upper part
of the downstream side of the cavity, with a tongue-like shape highlighting the
penetration of turbulence from the outer flow inside the canyon (Fig.16).

On Fig.17 and Fig. 18, <u’®>/U? and <w’2>/U? for the pitched roof case are reported
(laboratory simulations). It is evident how the pitched roof induces higher value of
variance of the velocity components (i.e. turbulent fluctuations) in the outer flow.
Moreover, the penetration of the variance of the vertical velocity component from the
outer flow into the cavity is larger (see, in Fig.18, the magnitude and size of the tongue-
like structure on the downstream side if the canyon) and, differently from the flat case, is
evident for the variance of the horizontal velocity component as well (see, in Fig.17, the
tongue-like structure on the roof of the downstream building). Moreover, also above the
cavity the <w’2>/U? values in the pitched roof case are around twice the corresponding
ones in the flat roof case. As a consequence, the penetration of turbulent fluctuations
inside the canyon and, consequently, the mixing of air from the outer flow with the air
inside the cavity is clearly enhanced by the pitched roof.
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3.4 Skewness factors

Fig.19 shows the field of the non-dimensional skewness factor of the horizontal
component of the velocity <u’3>/<u’2>%2, while Fig.20 reports the field of the non-
dimensional skewness factor of the vertical component of the velocity <w’3>/<w’2>32,
both for the flat roof case. The same quantities are shown in Fig.21 and Fig.22 but for the
pitched roof case. Skewness gives a measure of the asymmetrical distribution of values
around the mean: if a distribution has positive skewness values, then the probability
density function has a longer right tail (strongest positive fluctuations), whilst if a
distribution has negative skewness, then the probability density function has a longer left
tail. Moreover, the study of the skewness factors is meaningful as they are included in the
Lagrangian stochastic models of turbulent diffusion in atmosphere (see, for instance,
Rodean 1996). The black lines, with zero values, highlight where there is a transition
from positive to negative values. Values inside the canyon are generally larger than the
ones in the outer flow, highlighting a more uniform distribution of turbulent fluctuations
in the outer flow. In agreement with Di Bernardino et al., 2015a, the skewness factor of
the horizontal component of the velocity inside the canyon is negative almost
everywhere, except, as stated above, in the dark red tongue at the top of the canyon. This
dark red tongue in Fig.19 seems to show that the turbulence generated by the shear stress
of the flow against the upstream building’s roof has a strongly asymmetrical distribution
of fluctuations that creates a barrier to the penetration of the air from the outer flow into
the cavity. The skewness factor of the vertical velocity has positive values on the left
vertical side of the canyon and negative ones on the right side. When comparing the flat
roof case with the pitched roof one (Fig.21), it is clear that this barrier is less pronounced,
thus fostering the air exchange. Moreover, if in the flat roof case the zones of positive and
negative skewness have almost the same area, for both the horizontal and vertical
components, in the case of pitched roof the area of negative skewness occupies almost all
the cavity.

3.5 Vertical air-exchange rate

As previously stated, the air quality and the comfort in an urban canyon depend
essentially on the air exchanges between the canyon and the overlying boundary layer.
We have so investigated the vertical air-exchange rate, ACH (Ho and Liu, 2014, Ho et
al., 2015), which is an integral parameter measuring the rate of air removal from a street
canyon, depending on the mean and turbulent flow (<ACH> and ACH ', respectively):

ACH =< ACH >+ACH':I< w, >dx+%f\/< w? > dx ©
b b

where <w, > is the mean upward velocity, at the roof ridge height, b is the

horizontal line at Z/H =1, from X/H =-0.5 to X/H = 0.5, connecting two consecutive
buildings (hence, in the present work b =W, both in case of flat roof and pitched roof)
and <w?> is estimated, under the assumption of isotropic turbulence, as:
W =2y, (a—wj + 2k ©)
o) 3

The advantage of using an integral parameter such as ACH lies in its capability to
describe in a single number the effect on the air quality of the different building
configurations: higher ACH values imply a higher exchange of air between the outer flow
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and the canyon and can imply, as a consequence, a better air quality for the people inside
the canyon. Table 1 shows the ACH (non-dimensionalised by U-b) and its components
for flat and pitched roof.

The values of ACH from numerical simulations are very similar to the ones measured in
the laboratory. Moreover, the turbulent component of ACH is predominant (57% in the
case of pitched roof, between 86% and 95% in the case of flat roof), suggesting that the
city ventilation is dominated by the ACH turbulent component (that is, the air is mainly
driven by atmospheric turbulence). This is in agreement with what was found in the
numerical simulations on flat roof canyons by Ng and Liu (2014), who found values of
ACH’ larger than 60% of the ACH, and in the wind tunnel measurements by Ho and Liu
(2014), who found values of at least 80%. More relevant is the fact that the ACH values
for pitched roof are always much higher than the flat roof ones (1.92 times larger
according to experimental simulations), showing that pitched roofs tend to enhance the
natural ventilation inside the canyon.

4 Conclusions

We have investigated, both via numerical and laboratory simulations, the effect of
symmetrical dual-pitched roofs, on the air quality in narrow urban canyons with aspect
ratio equal to one.

The RANS numerical code applied here has shown to be able to properly reproduce
laboratory investigations, particularly regarding the flow shape and its first order
statistics, but with some weaknesses in the second order statistics, intimately connected to
the parameterization of turbulence at the base of all the RANS models.

Both numerical and laboratory simulations show that the flow topology and turbulence
are strongly affected by the shape of the roof, with the pitched roof that is abler than the
flat roof to modify the outer flow, to increase turbulence and to enhance the vertical
momentum flux. In particular, the pitched roof increases the vertical velocity variance,
the penetration of turbulent fluctuations inside the canyon and, consequently, the mixing
of air from the outer flow with the air inside the cavity. This is due to the reduction of the
barrier (to the vertical flow) generated by the strong asymmetrical distribution of the
horizontal velocity fluctuations, highlighted by the skewness fields.

An integral parameter, the air exchange rate ACH, has been used to summarize the
results: also in this case, both numerical and laboratory investigations have highlighted
the meaningful role of the pitched roof in increasing the air exchange rate between the
urban canyon and the outer flow, thus promoting pollutant and heat dispersion.

As a consequence, we can state that in the simplified configuration adopted, consisting of
periodic and identical 2D buildings subject to perpendicular and constant wind, the
employment of pitched roofs is a way to increase the air quality in narrow urban canyons.
The present results could have an immediate practical impact on the building design and
on planning strategies, as the roof shape can be a useful tool to enhance natural
ventilation and pollutant or heat dispersion, i.e. the air quality in urban areas.
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6 Figures

a=45°

H W=H H

Figure 1. Urban canyon configuration: (a) detail of the array of flat roof buildings for the
laboratory simulations; (b) detail of the array of pitched roof buildings for the laboratory
simulations; (c) model dimensions for both numerical and laboratory simulations, with
H=W=2cm.
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Figure 2. Laboratory set-up.
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Figure 3. Non-dimensional mean velocity u/U field (color map) with streamlines (white lines) from
numerical simulations, for flat roof.
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Figure 4. Non-dimensional mean velocity u/U fields (color map) with streamlines (white lines)
from laboratory simulations, for flat roof.
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Figure 5. Vertical profiles of the non-dimensional horizontal component of the velocity Ux/U for
flat roof; on the left, X/H = 0 (middle of the canyon), on the right, X/H = 1 (middle of the roof);

dashed blue line: laboratory simulations, continuous red line: numerical simulations.
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Figure 6. Vertical profiles of the non-dimensional vertical component of the velocity Uz/U for flat

roof; on the left, X/H = 0 (middle of the canyon), on the right, X/H = 1 (middle of the roof); dashed
blue line: laboratory simulations, continuous red line: numerical simulations.
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Figure 7. Non-dimensional mean velocity u/U field (color map) with streamlines (white lines) from
numerical simulations, for pitched roof.
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Figure 8. Non-dimensional mean velocity u/U field (color map) with streamlines (white lines) from
laboratory simulations, for pitched roof.
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Figure 9. Vertical profiles of the non-dimensional horizontal component of the velocity Ux/U for
pitched roof; on the left, X/H = 0 (middle of the canyon), on the right, X/H = 1 (middle of the roof);
dashed blue line: laboratory simulations, continuous red line: numerical simulations.
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Figure 10. Vertical profiles of the non-dimensional vertical component of the velocity Uz/U for
pitched roof; on the left, X/H = 0 (middle of the canyon), on the right, X/H = 1 (middle of the roof);
dashed blue line: laboratory simulations, continuous red line: numerical simulations.
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Figure 11. Non-dimensional vertical momentum flux <u’w’>/U? fields (color map) from numerical
simulations, for flat roof.
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Figure 12. Non-dimensional vertical momentum flux <u’w’>/U2 fields (color map) from
laboratory simulations, for flat roof.



Title

YH

0
-1 -0.5 0 0.5 1

XH

Figure 13. Non-dimensional vertical momentum flux <u’w’>/U? fields (color map) from numerical
simulations, for pitched roof.
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Figure 14. Non-dimensional vertical momentum flux <u’w’>/U? fields (color map) from
laboratory simulations.
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Figure 15. Field of the non-dimensional variance of the horizontal component of the velocity
<u’2>/U2 (color map) with streamlines (white lines) from laboratory simulations, for flat roof.
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Figure 16. Field of the non-dimensional variance of the vertical component of the velocity
<w’2>/U2 (color map) with streamlines (white lines) from laboratory simulations, for flat roof.
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Figure 17. Field of the non-dimensional variance of the horizontal component of the velocity
<u’2>/U2 (color map) with streamlines (white lines) from laboratory simulations, for pitched roof.
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Figure 18. Field of the non-dimensional variance of the vertical component of the velocity
<w’2>/U2 (color map) with streamlines (white lines) from laboratory simulations, for pitched roof.
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Figure 19. Field of the non-dimensional skewness factor of the horizontal component of the
velocity <u’3>/<u’2>%2 from laboratory simulations, for flat roof; black lines highlight the zero

values.
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Figure 20. Field of the non-dimensional skewness factor of the vertical component of the velocity
<w’3>/<w’2>3/2 from laboratory simulations, for flat roof; black lines highlight the zero values.
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Figure 21. Field of the non-dimensional skewness factor of the horizontal component of the

velocity <u’3>/<u’2>%2 from laboratory simulations, for pitched roof; black lines highlight the zero
values.
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Figure 22. Field of the non-dimensional skewness factor of the vertical component of the velocity
<w’3>/<w’2>3/2 from laboratory simulations, for pitched roof; black lines highlight the zero values.



Author

LABORATORY NUMERICAL
FLAT PITCHED FLAT PITCHED
ACH 0.0237 0.0454 0.0312 0.0491
<ACH> 0.0009 0.0191 0.0041 0.0212
ACH’ 0.0227 0.0259 0.0269 0.0279

Table 1. ACH values from laboratory and numerical simulations.




