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ABSTRACT

The Reynolds number in an Urban Street Canyon, Re = U,.sH/v (U5 is the velocity at 2H, H is the building
height, v is the kinematic viscosity) is a difficult parameter to match between reduced-scale experiments and full-scale
measurements. It is possible to overcome this mismatch in Reynolds numbers by satisfying the Reynolds number in-
dependence criterion, which states that above a certain critical Reynolds number, Re., the flow field remains invariant
with increasing Reynolds numbers. For an urban canyon with an aspect ratio 1, this critical Reynolds number is often
reported to be Re. = 12000 for the mean flow quantities. This critical Reynolds number, however, is not applicable for
higher-order quantities such as turbulence intensity and Reynolds stresses. In this study, 3D robotic particle tracking
velocimetry was used to study the flow in an urban street canyon with an aspect ratio of 1 at several Reynolds num-
bers to estimate the critical Reynolds number for mean flow quantities and turbulence quantities. It was found that
the critical Reynolds number for mean flow quantities was between Re = 13000 and Re = 17000. For the higher-order

quantities, it was found that the critical Reynolds number was above 22000.

1. Introduction

An Urban Street Canyon is the space between two buildings. Urban canyon aerodynamics is
important in the field of urban comfort and design because urban canyons have a poor self-
ventilating capability and therefore tend to trap heat and pollutants (Chew et al. (2018); Britter
& Hanna (2003)). In the context of experimental urban aerodynamics, the geometry of an urban
street canyon is often simplified to rectangular blocks of length L, height H, and canyon width
W. The aspect ratio of the canyon is defined as AR = H/W. Oke (1988) defines three different
flow regimes within the Urban Canyon based on the aspect ratio. The worst-case scenario for the
street canyon ventilation is the so-called skimming-flow regime, AR>0.65. In this scenario, there
is a pronounced sheltering effect” resulting in high concentrations of pollutants at the pedestrian
level (Li et al. (2006)). For canyons with L/W>7 and incoming wind perpendicular to the canyon
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axis, the flow at the center plane of the canyon can be considered to be 2D, free from the 3D effects
at the ends of the canyon (Hunter et al. (1990)).

The Reynolds number, Re = U,.;H /v is an important parameter to determine if the flow is fully
turbulent within the canyon, where U, is the reference velocity defined as the freestream velocity
at height 2H from the canyon floor and v is the kinematic viscosity of air. In wind tunnel experi-
ments, the building height is of the order 107> — 10™" m compared to full-scale field measurements
with buildings of the order of 10'm. The corresponding Reynolds numbers between the wind
tunnel experiments and the field studies have a difference of 2 orders of magnitude (Table 1 from
Chew et al. (2018)). This mismatch of Reynolds numbers can be justified by the Reynolds number
independence hypothesis, which states that as long as the Reynolds number in the reduced-scale
experiment exceeds a certain critical value Re., the normalized flow field remains invariant with
increasing Reynolds numbers. There is, however, no clear agreement on the value of the critical
Reynolds number. Chew et al. (2018) state that a generally acceptable critical Reynolds number
is Re. ~ 12000 for Urban Street Canyons with AR=1. They state that this value increases as the
aspect ratio of the canyon is increased. For Canyons with AR=1, only a single stable vortex is
observed for all Reynolds numbers tested ranging from reduced-scale tests at Re=1000 up to full-
scale field studies at Re = 10° — 10° (Caton et al. (2003); Kovar-Panskus et al. (2002); Meroney et al.
(1996)). However, the critical Reynolds number mentioned in most of the literature is applicable
only for mean flow quantities. There are relatively fewer studies analyzing turbulence quantities
and higher-order statistics.

The goal of the present study is to confirm the range of the critical Reynolds number for an Urban
Street Canyon in the skimming-flow regime and to estimate the critical Reynolds number for tur-
bulence quantities in the 2D and 3D flow regions using 3D robotic Particle Tracking Velocimetry
(3D-PTV).

2. Experimental Setup

2.1. Wind Tunnel Setup

The experiment was performed in an open circuit, open jet wind tunnel with a contraction ratio
of 4:1 and an outlet cross-section of 60cmx60cm. A series of six simplified building models were
mounted on an aluminium base-plate immediately downstream of the outlet. The experimental
setup is presented in figure 1. To minimize reflections, the entire region illuminated by the laser
is painted black. The first building is placed 500mm from the leading edge of the base-plate. All
the canyons have an aspect ratio of 1. The canyon studied in the present experiment is in between
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buildings 4 and 5 (figure 1b). The coordinate system of the canyon system is as follows: the x-axis
is along the span of the canyon, the y-axis is pointing upwind, and the z-axis is oriented vertically.
Reynolds numbers tested were Re = 10000, 13000, 17000, 20000, 22000, covering the ranges of the
critical Reynolds number (Re.) as reported in the literature (Shu et al. (2020); Chew et al. (2018)).

lF LOW r) Y
X

10 cm L =40 cm 10 cm|
| |
| |
| |
Target Canyon $ W=H=5cm
| |
| |
(a) Aluminium Base-plate and buildings (b) Schematic of the Experiment

Figure 1. Experimental Setup

2.2. Measurement System

The PTV (Particle Tracking Velocimetry) setup is shown in figure 2. Helium-filled soap bubbles
(HFSB) are used as high-intensity tracer particles in the wind tunnel test section. The HFSB seed-
ing system consists of 200 nozzles arranged as 10 parallel wing rakes of 1m, each consisting of 20
nozzles spaced 5cm apart. The seeding surface area covers approximately 0.95x0.50 m*. The bub-
ble generator supplying the seeding rake is operated by a fluid supply unit (FSU), which controls
the pressure of air, helium, and soap. The pressure is set and kept constant for the experiment. The
pressures set were 2.0, 1.5, 2.0 bar for air, helium, and soap respectively. The nominal diameter
of the tracer particles is 300um with a maximum expected dispersion of 50um (Kim et al. (2020);
Faleiros et al. (2019)).
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The Co-axial Volumetric Velocimetry (CVV) probe is mounted on a Universal Robots UR5 robotic
arm with six degrees of freedom (3 rotations and 3 translations). The accuracy of translation of the
robotic arm is 0.1mm. The robotic arm is controlled using the software RoboDK. The software is
used to program positions of the the CVV probe to capture images from different directions. The
light source is a Quantronix Darwin Duo diode-pumped laser (A = 527nm, 2x25m] pulse energy
at 1kHz). An illustration of the Robotic PIV system is presented in figure 3.

B
CalibLation Plat

s .““

Figure 2. Robotic PIV System

The CVV probe consists of four CMOS cameras with 4mm objectives. The cameras are housed
in an aerodynamic shell (LaVision Minishaker Aero). The laser light is transmitted via an optical
fiber to the CVV head where the beam is expanded using a spherical lens. Table 1 tabulates the
specifications of the CVV probe.

Py

Figure 3. Illustration of the Robotic PIV system showing a global reference frame with an arbitrary region of interest
(taken from Jux et al. (2018))
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Table 1. Specifications of the CVV Probe

Optics Focal Length 4mm
Numerical Aperture 11

Imaging Tomographic Aperture (at z = 40cm) 8° horizontal; 4° vertical
Active Sensor 640x452 px* to 300 x200 mm”
Pixel Pitch 4.8um
Magnification (at z = 40cm) 0.01
Bit Depth 10
Acquisition Frequency 727Hz

IIlumination Pulse Energy 25m]
Wavelength 527nm
Spread Angle 40°

3. Results

This section discusses the results of the experiments. First, the analysis of the structure of the
flow within the canyon will be presented for the baseline case with Re = 10000. Urban canyon
flow is dominated by a stable vortex oriented along the canyon. For a long canyon (L/W>8), the
flow around the central region of the canyon is dominated by this vortex. Figure 4 presents the
streamwise velocity contours and vectors at various spanwise locations along the canyon. The
development of the canyon vortex is clearly visible from the vector plot. At the edge of the canyon
(y/L = 0), there is a strong positive streamwise velocity component over the entire height of the
canyon because of the flow entering from the edge of the canyon. Moving further inwards into
the canyon, a typical vortex structure is seen indicated by the reversal of flow in the lower half
of the canyon. This region of re-circulation traps pollutants emitted at street level and prevents
dispersion above the buildings. The canyon vortex is visualized using the A, criterion in figure
6. In the following sections, the influence of Reynolds number on velocity profiles within this
re-circulation region will be analyzed.
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Towards the edges of the canyon, a second stable vortex exists, oriented vertically, introducing 3D
flow features into the canyon as shown in figure 5. This vortex introduces 3D features within the
canyon and is responsible for ventilating the canyon and dispersing pollutants. Figure 7 visualizes

(b)y/L = 0.125

Figure 4. Streamwise Velocity

the canyon-end vortex with the A, criterion.
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Figure 5. Lateral velocity contours at z/H = 0.5
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Figure 6. )\, contours at y/L = 0.3 showing a stable vortex

Figure 7. )\, contours at z/H = 0.5 showing a stable
vertical vortex

3.1. Reynolds number effects

The following section analyzes Reynolds number effects in the urban street canyon for mean flow
quantities and turbulence quantities.

3.1.1. Mean flow quantities

According to Chew et al. (2018), the critical Reynolds number for mean flow quantities is around
Re. = 12000. In this section, this critical value of Reynolds number will be assessed.

Figure 8 shows the streamwise velocity contours at y/L = 0.3 for Reynolds numbers ranging from
Re = 10000 to Re = 22000. The overall structure of the flow is similar over the range of Reynolds
numbers studied with no large-scale deviations in the flow field. The strength of flow reversal in
the re-circulation region is the highest for the case of Re = 10000 and shows a decreasing trend
and quickly converges for higher Reynolds numbers. Figures 8b, 8c, 8d, and 8e show very similar
strengths of flow reversal in the re-circulation region. This is more evident from figure 10b and
will be discussed further later in this section.
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Figure 8. Contour plots of mean streamwise velocity u at y/L = 0.3

A similar pattern is observed in the contours of the vertical w-velocity field over the range of
Reynolds numbers studied (see figure 9). The re-circulation region can be identified by the positive
and negative peaks of w-velocity over the leeward and windward sides respectively. No significant

structural differences are observed in all cases.

Velocity profiles along a vertical line at z/H = 0.5 are presented in figure 10. Reynolds number
independence is achieved in the u-velocity field at Re = 13000 beyond which all normalized u-
velocity profiles collapse on top of each other. For the lateral v-velocity field, Reynolds number
independence is achieved between Re = 13000 and Re = 17000.The canyon exhibits a decreasing
trend in spanwise velocities with increasing Reynolds numbers, primarily in the lower regions,

and converge over Re = 17000.

The w-velocity profiles (see figure 10c) exhibit larger differences. However, since the overall mag-
nitude of the w-velocity along the vertical profile is very low ( 5% of U,.y), these differences are not
very significant compared to the mean freestream flow.
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Figure 9. Contour plots of mean vertical velocity w at y/L = 0.3
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(a) u-velocity profiles at /L = 0.3

(b) v-velocity profiles at /L = 0.3

(c) w-velocity profiles at z/L = 0.3

Figure 10. Velocity profiles at /L = 0.3 taken along a vertical line at /W = 0.5

Overall, the canyon flow attains Reynolds number independence for all mean flow quantities be-
tween Re = 13000 and Re = 17000.

3.1.2. Turbulence Quantities

In this section, the Reynolds stresses will be analyzed for several Reynolds numbers to estimate
the value of the critical Reynolds number. Figure 11 presents the Reynolds stress u/v'. It is evident
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from these plots that there are significant differences in the flow field with increasing Reynolds
numbers. The intensity of v/u’ shows a decreasing trend with increasing Reynolds numbers.

754 754 75
504 50 504
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Figure 11. Contour plots of Reynolds stress v/’ at y/L = 0.3

Turbulence kinetic energy (TKE) contours are presented in figure 12. Similar to the Reynolds
stresses, the TKE fields differ significantly with Reynolds numbers, with the intensity of TKE

within the canyon reducing with increasing Reynolds numbers.
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Figure 12. Contour plots of Turbulence Kinetic Energy at y/L = 0.3

Figure 13 presents a vertical profile of turbulence kinetic energy and Reynolds stress u/v’ at /W =
0.5 taken at y/L = 0.3. It is much clearer from these plots that the canyon flow does not attain
Reynolds number independence within the range of Reynolds numbers tested. However, it can be
observed that the profiles appear to converge towards a value with increasing Reynolds numbers.
This is a strong indication that a critical Reynolds number exits for turbulence quantities, but is,
however, higher than Re = 22000.
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(a) Turbulence Kinetic Energy (b) Reynolds Stress u/u’

Figure 13. TKE and Reynolds stress vertical profiles at /W = 0.5 taken at y/L = 0.3
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A similar pattern is observed in the horizontal profiles of TKE and v/v’ at z/H = 0.5 taken at
y/L = 0.3 (figure 14). The profiles appear to converge toward a value with increasing Reynolds

numbers.
1.0
1.0
0.8
0.8
0.6 061
s 2
; >
0.41 0.41
Re = 10000
Re = 13000
0.2 —— Re = 17000 0.2
—— Re = 20000
—— Re = 22000 TN
0.0 T T T = " 0.0 T - .
2.00 3.00 4.00 5.00 6.00 7.00 8.00 1.00 150 2.00
TKE/UZ, x10% uUUZ, X0
(a) Turbulence Kinetic Energy (b) Reynolds Stress u/u’

Figure 14. TKE and Reynolds stress horizontal profiles at z/H = 0.5 taken at y/L = 0.3

Because significant differences exist between the flow fields of turbulence quantities, the flow has
not achieved Reynolds number independence within the range of Reynolds numbers tested. It is
therefore necessary to perform the experiments reaching higher Reynolds numbers to be able to
adequately assess the Reynolds number independence and estimate the critical Reynolds number
for the turbulence quantities.

4. Conclusions

In this work, we attempt to estimate the critical Reynolds number for mean and turbulence quanti-
ties in an Urban Street Canyon with AR=1 using 3D robotic Particle Tracking Velocimetry. Reynolds
numbers ranging from Re=10000 to Re=22000 were tested to estimate the critical Reynolds num-
ber for the mean flow quantities and for turbulence quantities. For the mean flow quantities, the
normalized flow fields looked very similar for all Reynolds numbers, exhibiting only small differ-
ences in certain regions, such as near the top and bottom of the canyon, especially for the lower
Reynolds numbers. Reynolds number independence was achieved for the mean velocities between
Re=13000 and Re=17000. This value is a little bit higher than the results obtained by Chew et al.
(2018). In contrast, for the turbulence quantities, such as the Turbulence Kinetic Energy (TKE) and
the Reynolds stresses, significant differences were found in the flow field for all Reynolds numbers.
It was not possible to estimate the critical Reynolds number for the turbulence quantities because
this value seems to be higher than the range of Reynolds numbers tested in this study. A follow-up
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experiment will be conducted exploring higher Reynolds numbers to arrive at an estimate for the
critical Reynolds number for turbulence quantities.
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Nomenclature

Height of the building [m]
Length of the building [m]
Width of the canyon [m]
Reynolds number [-]

.  Critical Reynolds number [-]
x velocity [m s™']
y velocity [m s™']

L

z velocity [m s™!]

U,; Reference velocity at 2H [m s™']
Vv Velocity magnitude [m s™']

v Kinematic Viscosity [m? s—1]
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