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Abstract
This study examines scale effects in a wind tunnel study of an urban street canyon. A simplified modelling configuration
was employed, comprising five consecutive canyons of height-to-width and length-to-width aspect ratios equal to 1 and 8,
respectively, for a free-stream turbulence intensity of ∼5%. Both 3D-3C Robotic Particle Tracking velocimetry and Constant
Temperature Anemometry measurements were performed for Reynolds numbers exceeding the commonly accepted critical
value for mean flow (∼10000–20000) by a factor of ∼4, i.e. ranging from 23000 to 57000. Focusing on time-averaged
velocity components and turbulence kinetic energy, a novel framework is introduced to facilitate the local separation of actual
Reynolds number dependence from measurement uncertainty while global indices, applied to the canyon-scale measurement
volume, are implemented. Results indicate that the critical values of the Reynolds number (e.g. in the range 10000–20000)
that are widely adopted in the wind tunnel testing literature may be insufficient to ensure Reynolds number independence for
all examined variables and for the whole volume of urban street canyon configurations, especially near wall boundaries, as
Reynolds number values up to 47000 may be necessary.
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Graphical Abstract

1 Introduction

The street canyon geometry, namely two adjacent rows of
buildings forming a channel between them, is a fundamental
part of the urban fabric. However, in many cases, it exacer-
bates the situation regarding pollutant (Li et al. 2006) and
heat removal (Memon and Leung 2011), especially when
approaching wind is perpendicular to the street canyon. This
is due to a pronounced sheltering effect (Oke 1988; Jeong
and Andrews 2002), i.e. less air exchange between the inter-
nal and external regions of the street canyon. The inhibition
of natural ventilation, along with the fact that street canyons
are encountered in every city worldwide, makes its study a
fundamental part of understanding urban flow and microcli-
mate.

Many studies of the wind environment in street canyons
are performed in wind tunnels, at a laboratory scale. It is well
known that in wind tunnel testing, geometric and dynamic
similarity between reduced scale and full scale should be
satisfied. In cases where only the time-averaged flow is of
interest, the requirement of having the same Reynolds num-
ber, defined as Re =Uref H/ν (withUref , H , and ν being the
reference velocity, which in this case is the free-streamveloc-
ity, the characteristic length, that is, the height of the building
models, and the kinematic viscosity, respectively), in the

reduced-scale experiment as the one in full scale is adequate
to ensure dynamic similarity. However, this requirement is
most often unattainable with wind tunnel testing (American
Society of Civil Engineers 2012). To achieve the full-scale
Reynolds number, which is of the order of 106, unacceptably
large geometric scales or high velocities (or both) would be
required. To tackle this issue, the hypothesis of Reynolds
number independence is often made. This assumption states
that the flow behaviour and more specifically certain (non-
dimensional) target quantities (e.g. normalised velocity fields
and even higher-order velocity statistics) remain invariant
beyond a critical value of the Reynolds number. The valid-
ity of the latter assumption depends not only on the target
quantities but also on the specific flow that is examined (Lim
et al. 2007). Fortunately, the existence of obstacleswith sharp
edges, which is a common feature in the urban environ-
ment, weakens the dependence of the flow behaviour on the
Reynolds number, as stated byStathopoulos andBaniotopou-
los (2007). It should be noted that although Re-independence
above the extracted critical Re number is frequently assumed
to be valid up to the full-scale Re value, this is not always
sufficiently justified, usually due to scarcity of exhaustive
field measurements to be used as reference data. Quantita-
tive differences between the two scales cannot be a priori
discarded (Lim et al. 2007; Richards et al. 2001) for the

123



Experiments in Fluids           (2026) 67:149 Page 3 of 28   149 

whole area of interest, especially near the wall boundaries
where viscous effects are predominant.

The threshold for dynamic similarity in wind tunnel stud-
ies of the flow around buildings is usually based on seminal
works such as that of Castro and Robins (1977) and Uehara
et al. (2003) aswell as onguidelines (Snyder 1981;VDI2000;
American Society of Civil Engineers 2012). Castro and
Robins (1977) have stated that, for the case of a surface-
mounted cube, the value of the critical Reynolds number
in a uniform flow is 30000 while in a simulated atmo-
spheric boundary layer (ABL) flow, it reduces to 4000. For a
similar case, Uehara et al. (2003) suggested a critical Re
number of 3500. Furthermore, Snyder (1981) and Amer-
ican Society of Civil Engineers (2012) suggest a critical
value of Re = 11000 while VDI (2000) guidelines recom-
mend Re = 10000. In wind tunnel studies of street canyon
configurations, Reynolds number values complying with the
aforementioned limits are frequently employed (Chew et al.
2018). All the aforementioned critical values of Reynolds
numbers should be interpreted and generalised with caution,
since they correspond to cases of different geometry (e.g.
surface-mounted cube, isolated street canyon, configuration
with subsequent street canyons etc.), different approaching
flows (e.g. ABL, uniform flow, etc.), and probably different
surface roughness of the employed models (Snyder 1981).

An interest in examining scale effects specifically for stud-
ies of themean flow in urban street canyon configurations has
been observed in recent years. The main purpose of these
studies is to determine the value of the critical Reynolds
number as a guideline for wind tunnel tests involving urban
street canyons. Acoustic Doppler Velocimetry (ADV) mea-
surements were performed by Chew et al. (2018), for 7
subsequent street canyons in awater channel. They found that
Re = 12000 ensured Reynolds number independence of the
mean flow velocities and their statistics (Reynolds stresses
and turbulence kinetic energy) for the case with a height-to-
width aspect ratio H/W = 1. However, their measurements
were limited to a single vertical profile, midway between the
buildings that define the canyon, at the plane of flow sym-
metry (i.e. assuming 2D flow). Hence, the investigation of
Chew et al. (2018) did not include the regions close to the
canyon’s walls. However, the region near the walls and the
ground of a street canyon is of vital importance for pollu-
tant dispersion studies as this is where sources or openings,
determining indoor air quality, are located. This is also where
relevant concentration measurements are frequently effectu-
ated (Gromke and Ruck 2007; Gromke et al. 2008; Gromke
and Ruck 2009). In a later, numerical study, Shu et al. (2020)
found that Re = 60000 − 140000 may be required to sat-
isfy Re-independence for the mean flow near the walls of
an urban street canyon immersed in an ABL flow. Through
numerical simulations, Cui et al. (2022) have also shown that
the critical Reynolds number is position dependent, although

they studied an isolated building equipped with openings
and not a street canyon. They found that it is more difficult
for the indoor flow to reach Re-independence because it is
an enclosure where viscous effects are more important than
in the outdoor environment. Their conclusion is in agree-
ment with that of Shu et al. (2020) where viscous effects
near walls also increased the value of the critical Reynolds
number. Local variation in the critical Re number has been
also mentioned by Cui et al. (2014); Lin et al. (2021); Wu
et al. (2025) pertaining to studies of both isolated and urban
street canyons. The canyon length-to-width (L/W ) ratio also
affects the critical Reynolds number along the canyon’s cen-
tre plane, presumably through the differences between the
bulk 2D and 3D flows that appear at different L/W val-
ues. Large-Eddy Simulation (LES) was implemented by Zhu
and Chew (2025) to show that for urban street canyons with
H/W = 1, when L/W = 1, the critical Re is between 8000
and 15000 while when L/W = 4, 7, 10 (longer canyons)
Re-independence is achieved between Re = 15000 and
30000. Dsouza et al. (2024) also examined scale effects in
both 3D (near the lateral end of the canyon) and 2D flow
regions, by employing 3D–3C (i.e. 3-component) Robotic
Particle Tracking Velocimetry (3D-PTV) for H/W = 1,
when L/W = 8. They observed Re-independence within
the range Re = 13000, 17000 for the mean velocities but
not for the turbulence quantities. It should also be clarified
that other scaling criteria besidesReynolds number similarity
are mentioned in the street canyon literature (Salizzoni et al.
2011; Savory et al. 2013; Blackman et al. 2015, 2019), e.g.
Jensen number similarity, similarity of integral length scales,
and energy spectra of the incoming flow. However, the focus
here is on Re-independence, and thus, scaling effects in the
framework of this paper are solely examined with respect to
the Reynolds number. Besides, the examined case consists
of a simplified, quasi-2D street canyon where the approach
flow is approximately uniform, and therefore, anABL inflow,
upstream of the first building, is not considered. In addi-
tion, since the examined flow is isothermal, dimensionless
numbers accounting for non-isothermal effects, such as the
Richardson (Ri), Grashof (Gr ), and Rayleigh (Ra) num-
bers, are not used as a means of examining scale effects in
this work.

Full-scale street canyons involve several geometrical
scales and appear in numerous geometrical manifestations
across different countries and cities. This introduces a sig-
nificant challenge when modelling the urban environment.
However, research studies have been widely implemented
both experimentally (Uehara et al. 2003; Chew et al. 2018;
Lin et al. 2021; Pavageau and Schatzmann 1999; Li et al.
2008; Dsouza et al. 2024; Bady et al. 2011; Kellnerová et al.
2012; Zhao et al. 2021; Xue et al. 2024b; Del Ponte et al.
2024) and numerically (Shu et al. 2020; Lin et al. 2021; Wu
et al. 2025; Zhu and Chew 2025; Ai and Mak 2017; Chew
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and Norford 2018; Xie et al. 2007; Mirzaei and Haghighat
2011). The above-mentioned studies approach the modelling
of the full-scale situation through a wide range of simpli-
fied urban street canyon configurations, including, but not
limited to, a single, isolated canyon (modelling of open coun-
try, Meroney et al. 1996), multiple canyons (modelling of
urban roughness,Meroney et al. 1996), different aspect ratios
leading to possible 2D or quasi-2D studies, and the pres-
ence or absence of crossroads. Among those where multiple
canyons are implemented, the choice varies for the number
of subsequent street canyons that have been utilised. How-
ever, the underlying assumption is that the flow inside the
street canyon becomes self-similar after a certain number of
upstream street canyons (Chew and Norford 2018; Ai and
Mak 2017). In particular, it was shown by Chew and Norford
(2018); Ai and Mak (2017) that such flow self-similarity is
achieved after the third subsequent street canyon. The latter
assumption has been alsomade in the current attempt andwas
a posteriori supported by hot-wire measurements in selected
regions.

In the context of realistically modelling a rough urban
boundary layer over the examined canyon, in certain studies
(Shu et al. 2020; Lin et al. 2021; Xue et al. 2024a; Pavageau
and Schatzmann 1999; Bady et al. 2011) pertaining to urban
street canyon configurations, an atmospheric boundary layer
(ABL) was used as inflow (i.e. the approaching flow to the
first building) while other research endeavours (Dsouza et al.
2024; Li et al. 2008; Ai andMak 2017; Xie et al. 2007) relied
on the flow development due to the presence of subsequent
street canyons, i.e. the inflow was approximately uniform.
The latter approach is adopted here, to alleviate additional
complexity and facilitate future modelling and validation
efforts. This may also be considered a conservative approach
since previous experimental works on building aerodynam-
ics (Castro and Robins 1977; Cheng and Fu 2010) showed
that the value of the critical Reynolds number in the case of
a uniform approaching flow is usually significantly higher
than that obtained with an ABL inflow, i.e. even six times
higher as indicated by Castro and Robins (1977). To sup-
port the assumption that the flow developed by the upstream
street canyons corresponds to a rough urban boundary layer,
hot-wire anemometry was used for verification.

In thepresent study, scale effects for anurban street canyon
configuration consisting of 5 subsequent street canyons with
aspect ratios H/W = 1 and L/H = 8 under perpendicu-
lar incoming wind are examined. The selected aspect ratios
values guarantee the existence of skimming flow (Oke 1988;
Jeong and Andrews 2002; Zajic et al. 2011), which is a com-
mon choice in street canyon studies (Gromke andRuck 2007;
Gromke et al. 2008; Gromke and Ruck 2009; Kellnerová
et al. 2012; Salizzoni et al. 2009; Xue et al. 2024a) and is
frequently found in cities. The choice of L/H = 8 ensures
the development of an observable 2D flow region around the

plane of symmetry (Hunter et al. 1990 suggest L/H ≥ 7),
establishing a quasi-2D flow (no crossroads are modelled).
Hence, L/H = 8 will also allow 3D effects (manifested near
the street canyon’s lateral ends) to be examined. It is worth
noting that subsequent experimental studies (Kastner-Klein
et al. 2004; Savory et al. 2013), where the ratio L/H was
a varying parameter, showed a limited but noticeable influ-
ence of L/H on the flow in the canyon centre plane even for
values close to or greater than 10.

A 3D-3C Robotic PTV system is implemented to study
scale effects for the time-averaged flow in the vicinity of the
fourth street canyon. The PTV experimental method enables
the investigation of Reynolds number independence across
a large measurement volume containing approximately half
the canyon. Furthermore, the employment of PTV allows
systematic investigation of scale effects, either locally or by
applying global, data reduction metrics. The latter canyon-
scale metrics facilitate the identification of regions which
are susceptible to Reynolds number dependence across the
whole examined volume. The above-mentioned investiga-
tive tools are applied to both time-averaged velocity and
turbulence kinetic energy. An important part of the cur-
rent attempt is the quantification of the uncertainty, in order
to distinguish between measurement noise and actual scale
effects. Finally, following previous works (Chew et al. 2018;
Dsouza et al. 2024), the present study examines a range of
Reynolds number values, achievable in a typical wind tun-
nel (i.e. 23000 ≤ Re ≤ 57000) and aims to complement
existing data and experimentally investigate the suggestion
of locally varying Reynolds number independence which has
been introduced through older numerical studies (Shu et al.
2020; Cui et al. 2022). It is noted that themaximumexamined
Re number is larger than the commonly accepted one (Snyder
1981; VDI 2000; American Society of Civil Engineers 2012)
by a factor of ∼4. To the best of the authors’ knowledge,
this is the second time (Dsouza et al. 2024) that 3D-PTV is
applied to a street canyon configuration. However, the inves-
tigation herein is performed for a range of higher Reynolds
numbers and an inflow of higher ambient turbulence levels,
which is more representative of a rough urban environment.
In summary, the distinct goals of the current study read as
follows:

• Apply state-of-the-artmeasurement techniques (i.e. PTV)
to evaluate localised Re-independence throughout the
canyon volume. This is highly relevant for applications
thatmay depend onflowvariables (mean velocity and tur-
bulence kinetic energy) and flow characteristics (2D or
3D) in close proximity to wall boundaries. The under-
lying conclusions provide new insights regarding the
frequent assumption of dynamic similarity in wind tun-
nel testing of flow in simplified models of urban street
canyons.

123



Experiments in Fluids           (2026) 67:149 Page 5 of 28   149 

/2

FLOW

4th

=

(−0. , 0, )

5th1st

=
upstream flow

(windward edge)

2nd 3rd

=

6th

(1. , 0, )

(a)

1.35 m

= 1.2 m =

0.15 m

0.2 m

0.15 m

0.3 m

MDF splitter plate

• length 0.15 +11× 0.15+0.2  = 2 m

• width 0.3 × 2 + 1.2 = 1.8 m 

examined canyon

= = 0. 15 m

(b) (c)

Fig. 1 Schematic illustration of: (a) themodel (3Dview), its orientation
with respect to the approaching flowand its coordinate system.Hot-wire
measurement positions are indicated as red lines. (b) The model (top

view) along with some structural details. The examined canyon is indi-
cated in both figures. (c) The employed passive grid responsible for
increasing the free-stream ambient turbulence

• Create a framework where quantification of uncertainty
is an integral part of the assessment of scale effects along
with global (i.e. canyon-scale) indices. The developed
analytical and investigative tools comprising this frame-
work are generalisable and could be applicable to other
cases where the investigation of scale effects is the pri-
mary target.

Conclusions derived from the examined “canonical”/
simplified form of an urban street canyon will hopefully pro-
vide a basis for future studies in similar configurations that
could include more geometric detail and may also examine
the effects of variants in the inlet conditions (i.e. approach-
ing flow). It should be clarified that although the focus of this
study is on Reynolds number effects, the potentially obtain-
able information from the examined data set is by no means
limited to this scope; for example, other research directions
could pertain to air ventilation (Blackman et al. 2015; Chew
and Norford 2018), a deeper investigation of the spanwise

turbulence statistics (Jaroslawski et al. 2019), or even data
assimilation (Suzuki et al. 2009).

2 Methodology

2.1 Model setup

The model setup was an urban street canyon configuration
consisting of 5 subsequent street canyons with aspect ratios
H/W = 1 and L/H = 8. Scale effects were investigated
in the vicinity of the fourth canyon (examined canyon). The
coordinate system, the basic dimensions of the model, as
well as its orientation with respect to the approaching flow
are shown in Fig. 1a. The axes X , Y , Z correspond to the
streamwise, lateral, and ground-normal (vertical) directions,
respectively. Hot-wire measurement positions are also indi-
cated as red lines.

A top view of themodel and its layout is given in Fig. 1b.A
splitter plate was used to elevate the model from the ground,
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eliminating boundary layer effects originating from the floor
of the wind tunnel. The leading edge of the splitter plate was
shaped to form an angle of ∼ 40◦ to reduce the effect of the
plate’s stagnation region.

The cross section of the closed-loopwind tunnel facility of
the National Technical University of Athens (NTUA) is 2.5m
× 3.5m. This yields amodel blockage ratio∼ 6.5%.The free-
stream turbulence intensity is ∼ 5%, achieved by applying a
square-mesh (Roach1987) passive turbulencegrid to the inlet
of the test section (Fig. 1c). The grid consisted ofwooden bars
with a cross section of l×d = 24mm× 48mm,where d is the
width (dimension normal to the flow). The distance between
the centres of the bars was M = 30cm. This grid geometry
yields a porosity equal to β = (1 − d/M)2 = 0.7, which
is a typical value for passive grids (Kistler and Vrebalovich
1966; Roach 1987; Vita et al. 2018). This passive grid had
been constructed and used in the framework of a Round-
Robin test focusing on wake measurements of porous discs
(Hölling et al. 2025). The reported free-stream turbulence
intensity had been measured as part of the previously men-
tioned experimental campaign, above the region of the test
section onto which the street canyon models were installed.
As far as the decay of the grid-generated turbulence is con-
cerned, itwas found that it decreases fromavalue of 7%at 3m
(10M) downstream of the inlet of the test section (see Table
1 of Hölling et al. 2025) to 5% above the region of interest,
i.e. where the canyons were installed, namely∼8m (∼27M)
from the inlet of the test section. These values have been
acquired bymeans of hot-wire anemometry, andmore details
about these measurements can be found in (Hölling et al.
2025). Regarding the dependence on the Reynolds number
of the flow induced by the passive grid, only minor Reynolds
number effects were observed by Hölling et al. (2025) when
a passive grid of the same mesh size (M = 30 cm) and
bar width (d = 4.8 cm) was utilised. It should be clarified
though that this conclusion is only limitedly applicable to
the present case, as it was extracted for Re > 60000 and for
different wind tunnel facilities. The classic study of Roach
(1987) indicates that square-mesh arrays of square bars are
Re-insensitive with respect to the pressure losses and the
streamwise turbulence intensity induced by the passive grid
as well as the downstream decay of the latter, over the range
Red ∈ (100, 10000), where Red = d · Uref /ν. With the
current Red being in the range (7000, 18000), there is only
a partial overlap with the Red range examined by Roach
(1987). In addition, the bars of the employed passive grid are
of rectangular cross section and not square. For the previ-
ous reasons, combined with the fact that the results of Roach
(1987) may not be valid for every wind tunnel facility (Vita
et al. 2018), a brief discussion for this matter—at least with
respect to the streamwise velocity and turbulence intensity—
is included in Subsect. 3.1.

2.2 Examined cases

In the current investigation, two different measurement
techniques have been employed: Robotic Particle Tracking
Velocimetry (PTV) and Constant Temperature Anemome-
try (CTA) with a hot-film (HF) probe. The tested Reynolds
numbers for both measurement techniques were Re =
23000, 28000, 37000, 47000, and 57000. A maximum mis-
match of 2.6% is observed between Reynolds numbers (Re)
of HF and PTV measurements per examined case. The data
are openly accessible at (Pallas et al. 2025).

The following should be noted/reminded: (a) theReynolds
number is defined as Re = Uref H/ν, whereUref is the free-
stream velocity, H is the height of the building models, and
ν is the kinematic viscosity of the air. (b) Hot-wire measure-
ments were performed in order to quantify the flow exactly
upstream and above the first building as well as at the mid-
dle of the roof of the fourth and fifth building (red lines of
Fig. 1a). The latter velocity profiles were measured to quan-
tify the developing boundary layer due to the presence of the
subsequent street canyons and to examine if it is sensitive to
the Re number.All velocity profiles aremeasured on the sym-
metry plane (Y = 0). (c) The PTV measurements spanned a
volume containing more than one half of the street canyon,
reaching up to 2 heights above the roofs of the buildings.

2.3 Measurement system

The basic component of the PTV measurement system is
the Coaxial Volumetric Velocimetry (CVV) probe (Schnei-
ders et al. 2018), consisting of four CMOS cameras which
are enclosed in an aerodynamic shell (LaVision Minishaker
Aero). This probe, which is shown in Fig. 2, is mounted on
a Universal Robots UR5 robotic arm with translation accu-
racy equal to 0.1 mm (Jux et al. 2018). The focal length and
numerical aperture of the mounted camera system are 4.1
mm and 11, respectively, resulting in a magnification factor
of 0.008. The system was provided by TU Delft.

Although the maximum sampling frequency ( facq ) of the
system is 727Hz, its actual value was adjusted, depending on
the Reynolds number, to ensure that the particle image dis-
placement did not exceed 15 pixels at the given free-stream
velocity. Other acquisition parameters (see the following
equations) were then adjusted to achieve at least 78 vor-
tex turnovers (considered to be equivalent to the number of
independent samples). Although it was shown by Ahn and
Fessler (2003) that even a number greater than 10 (Nt > 10)
was adequate to ensure statistically converged calculations
of standard uncertainty, it should be noted that the number
of independent samples required to ensure statistical con-
vergence is case dependent. Here, judging by the statistical
error (Subsect. 3.3), the acquisition of Nt = 78 canyon vor-
tex rotations is considered adequate. A priori estimation of
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Fig. 2 (a) Measurement system
using the Coaxial Volumetric
Velocimetry (CVV) probe
(Schneiders et al. 2018)
mounted on a Universal Robots
UR5 robotic arm. The whole
system is installed inside the test
section of NTUA. (b) The same
system in working mode. The
presence of seeding as well as
the whole model is also
discernible

LEDs

(a)

FLOW

= 0

=

(b)

the number of captured vortex turnovers was based on the
following assumption (Gromke and Ruck 2009):

Uc = 0.3Uref (1)

whereUc is an estimate of the circumferential velocity of the
canyon vortex andUref is the reference velocity correspond-
ing to the undisturbed flow. The vortex turnover time is then
calculated according to the following equation:

Tt = πH

Uc
(2)

with H being the height of the canyon (also equal to the
widthW ). Finally, the following relation is used,wherea = 5
(number of individual acquisitions) with at least Nim = 3000
images captured per acquisition:

Nt = a
Tacq
Tt

= a
Nim

Tt · facq
≥ 78 (3)

Helium-filled soap bubbles (HFSB) (Faleiros et al. 2019)
of 300 μm median diameter (Kim et al. 2020) were used
as tracer particles for PTV. It has been proved in the past
(Scarano et al. 2015; Faleiros et al. 2018, 2019) that the bub-
bles have a particle response time ranging from 11 μs to 42
μs, depending on the helium flow rate. By applying the same
reasoning as in Scarano et al. (2015), the characteristic flow
time scale is estimated as H/Uref = 2 × 104 μs (Uref at
Re = 57000). Consequently, since there is a difference on
the order of 104 between the particle and the flow time scales,
HFSB is considered a suitable choice to seed the examined
flow. Regarding the performance of the HFSB as a seeding
material near wall boundaries, Faleiros et al. (2018) con-
cluded that the mean velocity and the turbulent fluctuations
of turbulent boundary layers above a distance of approxi-
mately two bubble diameters (< 1mm) from the wall can be
reliably measured. The seeding particles are discernible in
Fig. 2b.

The use of LEDs for illumination instead of lasers is feasi-
ble due to the relatively large size of the HFSBwhich leads to

more light being scattered in comparison with more conven-
tional seeding materials, e.g. oil droplets (Raffel et al. 2018).
Two LaVision LED Flashlight 300s were utilised to obtain
sufficient pulsed volumetric illumination (Fig. 2). The LEDs
have an operating angle of 10◦ and a maximum frequency of
20kHz while they can be used in continuous or pulsed mode.

Regarding the processing of the PTV raw data, the follow-
ingworkflow is implemented: (i) pre-processing, i.e. removal
of the background noise via subtraction of the timeminimum
pixel intensity on a slide kernel of 5 or 7 images, (ii) process-
ing: the Shake-The-Box (STB) algorithm (Schanz et al. 2013,
2016) is used to identify particle tracks, (iii) post-processing
consistingof outliers’ detection andfilteringof the tracks, and
(iv) binning (Agüera et al. 2016), i.e. ensemble averaging of
particle tracks within sub-volumes of user-defined size, i.e.
19 × 19 × 19 mm3 with an overlap factor of 75% between
bins, resulting in a vector pitch of 4.75 mm. In this way, a
description of the time-averaged velocities on an Eulerian
frame as well as the respective standard deviations is pro-
vided. Values of the standard measurement uncertainty are
reported in Subsect. 3.3.

Hot-wire anemometry is employed in order to obtain high-
frequency velocity measurements of the background flow
(upstream and above the canyon). A TSI IFA 300 measure-
ment system with a single hot-film (HF) Model 1201 TSI
probe was utilised. The sampling frequency and the time of
acquisition/averaging were 1kHz and 65s, respectively. The
HF measurement error is generally 3–5% of the free-stream
velocity. A detailed calculation of the HF measurement error
is included inAppendix, which provides the data for the error
bars in the figures containing HF results (Figs. 3 and 4).

During the experiments, the free-stream velocity was
monitored in the undisturbed flow region with a Pitot-static
tube connected to a FCO432 differential pressure transmitter
(Furness Controls Ltd, ±150 Pa, uncertainty: from 0.075 Pa
when the measured pressure is 0.21 Pa to 1.4 Pa when the
measured pressure is 37 Pa, at 27 − 28 ◦C). A Pt100 ther-
mometer (range 0− 50◦C, accuracy 0.0236◦C) was used for
measuring the temperature inside the test section.
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Fig. 3 Profiles at the windward
edge of the first building (see
Fig. 1a) for: (a) the
time-averaged, non-dimensional
velocity U/Uref and (b)√
u′2/U where u′ is the

streamwise velocity fluctuation.
The results are shown for the
minimum and maximum
Reynolds numbers, i.e.
Re = 23000 and Re = 57000,
respectively
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Fig. 4 (a) Time-averaged non-dimensional (streamwise) velocity

U/Uref and (b)
√
u′2/U , where u′ is the streamwise velocity

fluctuation, along the lines L1 (X/H = −0.5, Y/H = 0, Z ), L2 (X/H

= −1.5, Y/H = 0, Z ), located at the centre of the roofs of the 4th and
5th buildings, respectively. Results are given for 5 different Reynolds
numbers in the range Re ∈ [23000, 57000] for line L1 and at Re =
57000 for line L2. Both lines are shown in Fig. 1a

2.4 Metrics and uncertainty

The equations presented in this section are used to assess the
non-dimensional differences between individual Reynolds
numbers while quantifying the uncertainty of the examined
results. The ultimate goal is to combine both the above-
mentioned concepts in a unified framework, which can be
then used to provide a robust and reliable analysis of scale
effects. Under this rationale, the following equation is ini-

tially introduced to quantify the difference in a measured
quantity at different Re numbers:

|�Q| = ∣∣QReI − QReJ

∣∣ (4)

with Q beingU/Uref , V /Uref ,W/Uref or k/U 2
re f and ReI ,

ReJ = 23000, ...57000, I �= J . U , V , and W are the
time-averaged streamwise, lateral, and vertical velocity com-
ponents, whereas k is the turbulence kinetic energy. From
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now on, the overbar is omitted for brevity. Equation (4) is
applied to any measurement point for any variable Q.

From uncertainty propagation, the following equation is
derived for the uncertainty of Eq. (4):

ε|�Q| =
√

ε2QReI
+ ε2QReJ

(5)

where εQReI
, εQReJ

correspond to the uncertainty at ReI ,
ReJ , respectively. The latter two variables are considered
uncorrelated for the derivation of Eq. (5).

In the current attempt, it is assumed that the finite sam-
ple size (Sciacchitano and Wieneke 2016) is the dominant
source of uncertainty of the examined statistical quantities.
However, apart from the above-mentioned statistical error,
there are, of course, other sources of systematic error, such
as:

• Calibration error. Even with a careful geometric calibra-
tion, remaining errors in the range of 0.5–2 pixel can
still be present (Wieneke 2008). With 3D PTV, where tri-
angulation of individual particles is implemented, these
errors can be significant. For this reason, volume-self
calibration (Wieneke 2008) was applied throughout the
processing of the presented cases, which reduced calibra-
tion errors to below 0.1 pixel. Since the particle image
displacement did not exceed 15 pixels at the given free-
stream velocity, this means that the remaining calibration
error was ∼ 0.1/15 = 0.7% of the reference velocity.
Therefore, the systematic error due to imperfect calibra-
tion is not considered a crucial source of uncertainty in
the current attempt.

• Interpolation of the initial particle tracking velocimetry
data onto a grid. According to Schneiders and Sciacchi-
tano (2017), an interpolation technique may introduce
errors that are not inherent to the particle tracking mea-
surements, such as a bias due to imposition of a boundary
or an incompressibility assumption and/or due to limited
seeding concentration. No incompressibility assumption
or imposition of a boundary has beenmade here. Further-
more, the seeding concentration is considered adequate
since the spatially averaged number of particles (ensem-
ble members) per bin is above 104 for all examined Re
numbers. Therefore, the interpolation error is not con-
sidered an important source of systematic error here. It
should be noted though that locally, namely in regions of
low seeding concentration, it can be significant.

• As explained by Jux et al. (2018), the presence of the
robot in the flow may cause some bias of the velocity
because of local flow accelerations. However, Jux et al.
(2018) found that a velocity disturbance≤1% is observed
whenever the distance between the probe and the exam-
ined area is larger than or equal to 17.5 cm. The former

requirement was always respected throughout the con-
ducted experiments.

Two remarks should be made with respect to the previous
discussion of systematic errors in PTV: (a) an attempt was
made to assess the main sources of systematic error in PTV
measurements that are relevant to the examined case and
readily quantifiable. However, the above list of errors should
not be considered as an exhaustive enumeration of all poten-
tial systematic errors reported in the literature (Timmins et al.
2012; Sciacchitano 2019; Bhattacharya and Vlachos 2020).
(b) Although the uncertainty due to the finite sample size (see
Subsect. 3.3 for quantification) is generally more important
than the one linked to the above-listed sources of errors for the
examined case, ignoring the latter while performing uncer-
tainty quantification inevitably leads to an underestimation
of the true measurement uncertainty. This is not considered
detrimental for the purposes of this study since an underes-
timation of the uncertainty will lead to a less conservative
evaluation of Re-dependence where more regions are identi-
fied as potentially dominated by scale effects. In this study, an
additional step is undertaken to exclude regions that are not
actually dominated by scale effects but are instead artefacts
originating from an underestimation of the uncertainty. This
consists of localised comparisons, i.e. by means of line plots
and contours. Conversely, an overestimation of the uncer-
tainty would inhibit the method’s ability to identify regions
susceptible to scale effects, since discrepancies between dif-
ferent Reynolds numbers would be attributed to uncertainty
and not to the actual Reynolds number effects. Owing to the
fact that only differences between two compared Re numbers
that exceed the underlying uncertainty are attributed to scale
effects, the uncertainty can be viewed as a threshold separat-
ing the occurrence of Reynolds number independence from
scale effects (Re-dependence).

The standard uncertainty, linked to the finite sample size,
for time-averaged quantities, εQ with Q being U/Uref ,

V /Uref or W/Uref is calculated as (Sciacchitano and
Wieneke 2016):

εQ = σQ√
N

(6)

where σQ and N are the standard deviation and the number
of independent samples, respectively.

The assumption that every vortex turnover constitutes an
independent flow event, and, therefore, it can be viewed as
uncorrelatedwith any other such independent event, has been
made in this study. Therefore, N is always considered equal
to the number of the (processed) vortex turnovers, Nt (see
Eq. 3). The option of increasing the number of acquisitions
(per tested Re number) and then using them as independent
samples for the purpose of uncertainty quantification was
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not a realistic choice due to potentially prohibitive memory
storage and processing time requirements.

For the turbulence kinetic energy (TKE), i.e. Q =
k/U 2

re f = 0.5(u ′u ′ + v
′
v

′ + w
′
w

′
)/U 2

re f , the following
expression is used (Sciacchitano and Wieneke 2016):

ε
u

′
i u

′
i

= σ 2
Ui

·
√

2

N
(7)

where σ 2
Ui

is the variance of the corresponding velocity
component. From uncertainty propagation, the following
equation is extracted:

ε(k/U2
re f )

=
√

1

2N
·
√

σ 4
U/Uref

+ σ 4
V /Uref

+ σ 4
W/Uref

(8)

where the covariances of velocity components are assumed
to be negligible.

As a clarification of the statistical meaning of the already
described framework, it is stated that if the difference |�Q|
(Eq. 4) follows a distribution, e.g. Gaussian, then ε|�Q|
(Eq. 5) is its standard deviation. In essence, the quantity ε|�Q|
functions as a means of quantifying the uncertainty of the
difference |�Q|, i.e. |�Q| ± ε|�Q|. Based on the previous
reasoning, the following equation is introduced:

EQ = |�Q| − ε|�Q| (9)

where EQ will be callednet difference fromnowon. It quanti-
fies the importance of |�Q| with respect to ε|�Q|, revealing
regions of high EQ values potentially dominated by scale
effects.

Equation (9) is viewed as a conservative metric of the dif-
ference of Q between two compared Re numbers since it
accounts for the standard measurement uncertainty. On the
other hand, |�Q|+ε|�Q| would essentially lead to an inflated
value of the difference between two examined Re numbers,
since the standard measurement uncertainty would be con-
sidered as a contributing factor to the latter difference. EQ

functions as a marker of potentially Re-dependent regions.
The difference |�Q| − ε|�Q| is used instead of the ratio
|�Q|/ε|�Q| as very small values of uncertainty in the denom-
inator would skew the results. If EQ > 0, then these regions
are potentially dominated by scale effects with larger values
indicating more pronounced scale effects. Negative values of
EQ indicate that the standardmeasurement uncertainty is too
high to extract any conclusions regarding Re-sensitivity so
they are shown as zero throughout the analysis presented in
the following sections. Regions with marginally positive EQ

and high uncertainty ε|�Q| should be interpreted with care
and by using complementary investigative tools, e.g. com-
parison of velocity and/or turbulence kinetic energy profiles
between different Re numbers, pertaining to these regions.

Apart from the above-presented quantification of the
uncertainty due to the finite sample size, some indicative,
canyon-scale results for the instantaneous uncertainty are
also provided in Sect. 3.3. It should be emphasised though
that since the focus here is on statistical quantities (time-
averaged velocities and turbulence kinetic energy), this type
of uncertainty is not explicitly included in the net difference
metric previously introduced in Eq. (9). The instantaneous
uncertainty prior to binning (i.e. ensemble-averaging) is
calculated through DaVis software of LaVision. The latter
calculation is based on the work of Janke and Michaelis
(2021), who considered the particle positions reconstructed
along a trajectory, fitted a certain polynomial of a given
degree and a given kernel size, computed the residual
between the measured particle positions and the fitted poly-
nomial, and finally propagated that residual to the velocity.
This approach accounts only for random errors and does not
consider any systematic uncertainties arising from the poly-
nomial fitting. Moreover, it may underestimate the overall
uncertainty when a substantial number of outliers (e.g. tracks
resulting from reflections) are present in the acquired data, as
these are not taken into account.However, outliers are usually
removed prior to binning through appropriate filtering. This
instantaneous uncertainty is denoted as εpb, where pb corre-
sponds to prior binning. Since εpb is calculated along every
track, a histogram is finally produced. To extract a represen-
tative value from this histogram, the following procedure is
applied for every Re number and every measured velocity
component, separately:

1. The uncertainty value εpb,97.5% (inm/s) is defined. This is
feasible by finding the range [0, εpb,97.5%] within which
97.5% of the entire measurement set (i.e. ensemble of
tracks) falls with respect to the calculated uncertainty
εpb. The value of εpb,97.5% is found for every acquisition
(see Eq. 3).

2. Then, the non-dimensional, acquisition-averaged value〈
εpb,97.5%

〉
/Uref (%) is calculated.

In addition to the previously established framework based
on the net difference metric (Eq. 9), which primarily focuses
on local (point-wise) investigation of Reynolds number
independence, global (canyon-scale) investigative tools and
metrics are also employed. In this scope, the correlation
coefficient (Rotello et al. 2025) between quantities at Re =
Remax and Re �= Remax is introduced:

R =
∑n

j=1(x j − 〈x〉)(y j − 〈y〉)
√∑n

j=1(x j − 〈x〉)2 ∑n
j=1(y j − 〈y〉)2

(10)
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where x and y correspond to the normalised variables (i.e.
U/Uref, V /Uref, W/Uref or k/U 2

ref) at Re �= Remax and
Remax = 57000, respectively. The angled brackets 〈·〉 corre-
spond to the spatially averagedvalue across thewhole volume
and n is the number of measurement points within this vol-
ume.

As a means of quantifying the spread around the y = x
line, the equation of themean square errorMSE is employed:

MSE = 1

n

n∑

j=1

(y j − x j )
2 (11)

A normalised version of MSE, i.e. MSE∗, is the following:

MSE∗ = MSE

�y295%
(12)

with �y295% being the range of the variable y = U/Uref,

V /Uref,W/Uref or k/U 2
ref (at Re = 57000) within which

95% of the total number of measurements fall. This enables
comparisons between variables. The threshold 95%was used
instead of 100% for the sake of outliers’ exclusion.

As already mentioned in Subsect. 2.2, the Reynolds num-
ber is Re = Uref H/ν with ν = μ/ρ, where μ and ρ are the
dynamic viscosity and the density, respectively. The dynamic
viscosity can be calculated as a function of the temperature
through Sutherland’s formula (White 2006) which is found
inAppendix. By disregarding the uncertainty in the reference
length, H , and by considering μ, ρ and Uref uncorrelated,
the equation, quantifying the uncertainty of Re, reads as fol-
lows:

εRe =
√(

∂Re

∂μ

)2
· ε2μ +

(
∂Re

∂ρ

)2
· ε2ρ +

(
∂Re

∂Uref

)2
· ε2Uref

(13)

Such uncertainty is below 3.5% in the examined range of
Re numbers. More details pertaining to the aforementioned
calculation are given in the next section while a complete
quantification of the uncertainties εμ, ερ and εUref as well
as the derivatives participating in Eq. (13) is found in the
Appendix.

Regarding the uncertainty of hot-filmmeasurements, three
main sources of error are considered here: (a) the error of the
calibrator (FCO432 differential pressure transmitter), (b) the
curve fitting error, ε f t (here at most ∼2%) and (c) the statis-
tical error, εst . The first two sources of uncertainty are stated
as two of the most important by Jørgensen (2001) during
the stage of acquiring and converting the voltage signal to a
velocity sample. The uncertainty due to temperature differ-
ence (Jørgensen 2001) between the calibration and the actual
measurements is considered negligible since temperature

compensation was always applied during the measurements.
Finally, the following equation is applied to quantify the total
error of the HF measurements:

εHF =
√

ε2Uclb
+ ε2f t + ε2st (14)

More details about the error of the hot-film measurements
are found in Appendix.

3 Results and discussion

3.1 Flow structure upstream and above the canyon

Hot-film measurements were performed at the upper wind-
ward edge of the model (as shown in Fig. 1a) in order to
quantify both the time-averaged streamwise velocity and
streamwise turbulence intensity. The results are shown in
Fig. 3 for theminimumandmaximumReynolds numbers, i.e.
23000 and 57000, respectively. Error bars corresponding to
the hot-film error (seeEq. 14 andAppendix) are also included
for both theminimum andmaximumReynolds numbers. The
span of the latter is generally less than that of the former, with
the main reason being the lower levels of standard uncer-
tainty due to the higher number of independent samples (i.e.
smaller time scales TI , see Eq. 19 of Appendix). Reynolds
number independence is generally observed for both the
streamwise velocity and the streamwise turbulence inten-

sity although some small differences, i.e.
∣∣∣�

(√
u′2/U

)∣∣∣ =
∣∣∣
(√

u′2/U
)

Re=57000
−

(√
u′2/U

)

Re=23000

∣∣∣ = 0.32% of U

(i.e. the streamwise velocity at an examined height, Z/H )
at most, are observed for the latter, probably due to imper-
fect statistical convergence. For the velocity, the difference
is at most 2% of Uref . For the calculation of the above-
mentioned differences, linear interpolation has been applied
due to a slight height shift (i.e. a shift along the Z axis) equal
to 0.067H of the curve at Re = 57000 compared to that at
Re = 23000. The flow exactly upstream and above the first
building presents small velocity differences between themin-
imum and the maximum Re numbers, indicating negligible
influence of other parameters, e.g. the passive grid applied at
the inlet of the test section, with respect to scale effects. The
velocity ranges from 0.7Uref to Uref while the streamwise
turbulence intensity near the roof of the first building is close
to 5%.

Further details of the flow surrounding the examined
canyon are as follows: (i) regarding the lateral uniformity of
the approaching flow at the leading edge of the splitter plate
(although the precise position is subject to spatial limitations
imposed by the measurement equipment), the relative differ-
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(a) (b)

Fig. 5 Stream traces coloured with the values of the time-averaged vertical velocity W/Uref for: (a) Re = 23000 and (b) Re = 57000

Fig. 6 (a) Global uncertainty
metric

〈
εpb,97.5%

〉
/Uref (%)

shown for Re = 23000 to
57000, for all the velocity
components. (b) Standard
uncertainty profiles at
X/H = 0.5 and Y/H = 0, i.e.
midway between the buildings
on the canyon’s centre plane, for
Re = 23000 and Re = 57000
and for the streamwise and the
vertical velocity
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ence of the time-averaged velocity between the left and right
side of the whole model (i.e. at Y ± L/2, see Fig. 1) ranges
from 4 to 7% for 0 ≤ Z/H ≤ 2. These differences were cal-
culated after measurements with a Pitot-static tube mounted
on a traverse system. (ii) Hot-film (HF) velocity measure-
ments (at Re = 57000) up to Z/H ∼ 2 and in the middle of
the roofs of the fourth and fifth building (see Fig. 1a) estab-
lished that the time-averaged velocity difference was at most
6% of the reference velocity and that the streamwise turbu-
lence intensity differed by less than 8% in the same region.
This comparison is shown in Fig. 4 along with measure-
ments at different Re numbers in the middle of the roof of
the fourth building. It is interesting to note that the veloc-
ity differences between the profiles on the fourth and fifth
roofs—both at Re = 57000—are generally within the mar-
gins defined by the error bars. These error bars correspond to
the hot-film measurement error (see Eq. 14 and Appendix)
and are included only at Re = 23000 for the sake of visibil-
ity. In conclusion, the underlying assumption that the flow

inside the street canyon becomes approximately invariant
(i.e. differences remain within the error margins) after three
upstream street canyons (Chew and Norford 2018; Ai and
Mak 2017) is also valid for the building roofs with respect
to time-averaged velocity profiles. However, this is not so
evident for the streamwise turbulence intensity. (iii) Logarith-
mic law fitting (R2 = 0.99), up to Z/H ∼ 2 at Re = 57000
(Fig. 4) yielded a roughness length z0 ∼ 1 m in full scale, for
a scale factor 1:150 (H = 22.5m for the real buildingmodel)
in themiddle of the roof of the 4th buildingmodel (Y/H = 0,
X/H = −0.5).According toVDI (2000), this corresponds to
a very rough/urban upstream terrain. (iv) Preliminary exam-
ination of scale effects at X/H = −0.5, Y/H = 0, i.e.
the centre of the roof of the 4th building (Fig. 4) shows no
clear marks of Reynolds number dependence of the flow.
Additional hot-wiremeasurements at (X/H ,Y/H , Z/H) =
(−0.5, 0, 3) showed that the streamwise turbulence intensity
varied from 12.5% to 13.5% between the examined Re num-
ber cases, which indicates that the Re-independent behaviour
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observed in Fig. 4 continues to be manifested even towards
the free-stream region. The observed velocity differences at
(−0.5, 0, 3) between the examined Re numbers are also neg-
ligible (i.e. up to 2% of Uref ).

3.2 Flow structure inside the canyon

A three-dimensional representation of the flow structure at
Re = 23000 and Re = 57000 is presented in Fig. 5 by
means of stream traces, coloured with the non-dimensional
vertical velocity values. The focus of this figure is on the
region inside the canyon.

The shape and direction of the stream traces, as well as
the positive and negative values of the vertical velocity close
to the windward (X ≈ 0) and leeward (X ≈ H ) walls of the
canyon, respectively, are consistent with the existence of a
canyon vortex. For both Reynolds numbers, the flow appears
to be qualitatively symmetric with respect to the centre plane
of the canyon (Y = 0).

Preliminary conclusions regarding scale effects can also
be extracted, particularly for the region Y > 0 and X ≈
0, with higher W/Uref values observed for Re = 57000
than for Re = 23000. A more thorough and quantitative
analysis of Reynolds number independence will be given in
the following sections.

3.3 Uncertainty quantification

A preliminary quantification of the underlying uncertainty of
PTVmeasurements is presented here. The global uncertainty
metric

〈
εpb,97.5%

〉
/Uref (%), previously introduced in Sect.

2.4, is initially shown in Fig. 6a. It is reminded that this uncer-
tainty metric quantifies the uncertainty of the particle tracks
(prior to binning) and not that of the time-averaged results.
For the time-averaged results, the uncertainty scales down
with

√
Nt , with Nt being the number of vortex turnovers

which is considered equal to the number of independent sam-
ples. It is seen that

〈
εpb,97.5%

〉
/Uref (%) is less than 4% for all

three velocity components. In Fig. 6b, standard uncertainty
εQ profiles (Eq. 6) at the centre line of the plane of symmetry
(Y/H = 0), for U/Uref and W/Uref are given. The latter
profiles are shown for both Re = 23000 and Re = 57000 and
pertain to the time/ensemble-averaged results (i.e. after bin-
ning). The standard uncertainty is less than 3%at X/H = 0.5
which means that the low uncertainty values are maintained
after binning (averaging).

Regarding the uncertainty linked to the calculation of the
Reynolds number, Eqs. (17), (18) and (13) are implemented
for all examined Reynolds numbers, i.e. for the different ref-
erence velocities. The necessary input is εp (see Eq. 13 and
Appendix), εT = 1.3 K, and T = 307 K. For the calculation
of Re and its uncertainty, an overall average temperature—
derived from all experimental runs with each corresponding

to specific Re number—was utilised, instead of using the
individual values pertaining to each case. For that reason,
the uncertainty εT of the temperature was set equal to the
standard deviation of the previous set of measurements (cor-
responding to individual Re numbers) instead of the accuracy
of themeasuring instrument (Sect. 2.3). If the accuracy of the
measuring instrument was used instead, the uncertainty of
Re would be underestimated. Finally, the Re number uncer-
tainty εRe (Eq. 13) is at most ∼3.5% throughout the range
Re ∈ [23000, 57000], as already mentioned in Sect. 2.4.

3.4 Reynolds number sensitivity

Even at the initial stage of the analysis, it is clear that
although the tested Reynolds numbers are above the crit-
ical values (Re ∼ 12000 − 17000) found/adopted in the
literature (Chew et al. 2018; Dsouza et al. 2024; VDI 2000;
Snyder 1981; American Society of Civil Engineers 2012) for
this type of applications, scale effects in specific regions of
the whole measurement volume can be identified (Sect. 3.2).
Thepresent volumetricmeasurementmethod anduncertainty
metrics provide the capacity for simultaneous pointwise and
canyon-scale assessment. Pointwise (e.g. CTA) or planar-
wise (e.g. planar PIV) measurements are limited in this
respect, especially when 3D flow phenomena are implicated.

3.4.1 Investigation in the plane of symmetry (Y/H = 0)

In order to examine scale effects on the centre plane of the
canyon, contours of the time-averaged streamwise velocity
are given in Fig. 7a and b for Re = 23000 (minimum)
and Re = 57000 (maximum), respectively, along with
(in plane) velocity vectors. By qualitatively comparing the
results within the canyon corresponding to the minimum and
maximum Reynolds numbers, the only noticeable difference
is the magnitude of the negative streamwise velocity inside
the street canyon which appears higher for Re = 57000 than
for Re = 23000. The general flow structure, i.e. the number
of formed vortices does not change with increasing Reynolds
number as also concluded by Zhu and Chew (2025), for the
case of H/W = 1. Furthermore, the position of the vortex
core seems qualitatively stable between Re = 23000 and
Re = 57000.

A more quantitative comparison follows in Fig. 7c and d,
where the net difference (Eq. 9) is shown for the streamwise
and the vertical velocity components, respectively. Figure 8
presents a similar analysis for the turbulence kinetic energy.

By observing the contours corresponding to the net differ-
ence, three different areas of interest for the three different
variables have been traced (dashed line boxes): (i) X/H ≈
0.6 and Z/H < 0.3 for the streamwise velocity (Fig. 7c,
region A), (ii) windward wall (X/H ≈ 1) for the vertical
velocity (Fig. 7d, regionB), and (iii) leewardwall (X/H ≈ 0)
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Fig. 7 Velocity vectors
(tangent) and contours of the
normalised mean streamwise
velocity component U/Uref for:
(a) Re = 23000 and (b)
Re = 57000, in the centre plane
(Y/H = 0). Only some of the
vectors (13% of their total
number) are shown for the sake
of clarity. (c) Net difference
E(U/Uref ) = ∣∣�

(
U/Uref

)∣∣
− ε|�(U/Uref )| (%) between
Re = 23000 and Re = 57000
and (d) net difference
E(W/Uref ) = ∣∣�

(
W/Uref

)∣∣
− ε|�(W/Uref )| (%) between
Re = 23000 and Re = 57000,
again, at Y/H = 0. The flow is
from left to right and Uref is the
free-stream velocity

/
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for the turbulence kinetic energy (Fig. 8c, region C). These
are areas of relatively high net difference (EQ) values which
is an indication of potentially significant scale effects. It is
important to note that although Eqs. (6) and (8) link the
standard uncertainty of the velocity and turbulence kinetic
energy, respectively, to velocity standard deviation (which in
turn is linked to turbulence intensity), there is not necessarily
a strong correlation of the net difference EQ (Eq. 9) with the
local values of the turbulence intensity. This is clearly seen in
Fig. 8c where the highest values of EQ are encountered near
the leeward wall (region C) although k does not demonstrate
higher values there than in other regions inside the canyon.
A similar statement can also be made for regions A and B
(Fig. 7c and d, respectively), corresponding to the streamwise
and the vertical velocity, when juxtaposed with Fig. 8a, b.
Since the standard uncertainty for Q = U/Uref , V /Uref or
W/Uref , ε�Q (Eq. 5), is a function of σQ (Eq. 6), expressing
the level of turbulence in the flow, a more definite way to test
the correlation between the net difference EQ and the local
turbulence levels is to calculate the R2 value between EQ and
ε�Q . A similar reasoning also applies to k/U 2

re f with the only

difference being that ε�Q = f (
√

σ 4
U + σ 4

V + σ 4
W ) (Eq. 8).

Finally, by adjusting and implementing Eq. (10) (x = EQ

and y = ε�Q) for the region inside and around the canyon
(i.e. Z/H < 1), it is concluded that R2 is less than 0.14 for all
velocity components and 0.37 for k/U 2

re f . These values are
indicative of low correlation between EQ and ε�Q . There-
fore, EQ does not seem to significantly favour regions of
lower turbulence intensity by deeming them Re-insensitive.

Finally, line plots are provided pertaining to the afore-
mentioned areas of interest, for U/Uref (Fig. 9a), W/Uref

(Fig. 9c) and k/U 2
re f (Fig. 9d), respectively. Error bars for

both the velocity and the turbulence kinetic energy pro-
files, corresponding to the standard uncertainty calculated
by implementing Eqs. (6) and (8), are also included for
Re = 23000. Although, in certain occasions, the differences
between Re = 23000 and Re �= 23000 are marginally larger
than the error bars for the streamwise velocity at Y/H = 0,
X/H = 0.6 (Fig. 9a), no clear trend of scale effects can
be discerned. This is not the case for the vertical velocity
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Fig. 8 Contours of the
normalised turbulence kinetic
energy k/U2

re f for: (a) Re =
23000 and (b) Re = 57000, in
the centre plane (Y/H = 0). (c)
Net difference E(k/U2

re f )
=

∣∣∣�
(
k/U2

re f

)∣∣∣ − ε∣∣∣�
(
k/U2

re f

)∣∣∣

(%) between Re = 23000 and
Re = 57000, at Y/H = 0. The
flow is from left to right and
Uref is the free-stream velocity

/

=

(a)

/

=

(b)

/

(%)
C

(c)

(Fig. 9c) at Y/H = 0 and X/H = 0.99 (windward wall)
since there is an almost monotonically increasing trend of
the velocity values with increasing values of the Reynolds
number for Z/H < 1 and especially around Z/H = 0.5.
The maximum net difference values for the vertical veloc-
ity are also encountered around Z/H = 0.5 (Fig. 7d).
Additionally, the differences between Re = 47000 and
Re = 23000−37000, around Z/H = 0.5, are clearly larger
than the error bars. For the turbulence kinetic energy (Fig. 9d)
near the leeward wall (Y/H = 0 and X/H = 0.02) and for
Z/H < 1 (i.e. within the canyon), a clear converging trend
with increasing Re number is observed. A comparison of the
line plots shown in Fig. 9c and d, indicating the existence of
scale effects, with the ones shown in Fig. 9b (leeward wall,
W/Uref ) and Fig. 9e (windward wall, k/U 2

re f ), respectively,
where EQ demonstrates relatively low values, clearly veri-
fies the previous findings. In particular, no clear trend with
increasing Re number is observed forW/Uref at the leeward
wall and k/U 2

re f at the windward wall. In conclusion, there is
generally a consistency between the regions identified by the

net difference indicator as the ones which are the most sus-
ceptible to scale effects and the regions identified by means
of line plot comparisons.

3.4.2 Canyon-scale investigation

In this section, a canyon-scale investigation (i.e. in the
whole measurement volume) is undertaken with focus on
the data inside and around (Z/H < 1) the canyon. Firstly,
Q = U/Uref , V /Uref ,W/Uref , and k/U 2

re f results at Re =
57000 are plotted against the respective ones at Re = 23000
in Fig. 10. Indices 57 and 23 correspond to Re = 57000
and Re = 23000, respectively. If Reynolds number indepen-
dence is accomplished, then the results should follow the line
y = x . Point clusters in red and blue correspond to the top 1%
of the data with maximum net difference (Eq.9) values, i.e.
EQ ≥ 0.99[EQ]max . Red points correspond to the positive
values ofU/Uref , V /Uref orW/Uref at Re = 57000, while
blue points represent negative values (again at Re = 57000),
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Fig. 9 Profiles of the non-dimensional: (a) mean streamwise velocity
(U/Uref ) at Y/H = 0 and X/H = 0.6, (b) and (c) mean vertical
velocity (W/Uref ) at X/H = 0.02 (leeward wall) and X/H = 0.99
(windward wall), respectively, (d) and (e) turbulence kinetic energy

(k/U2
re f ) at X/H = 0.02 (leeward wall) and X/H = 0.99 (windward

wall), for Re ∈ [23000, 57000]. Uref is the free-stream velocity. All
results pertain to the plane of symmetry (Y/H = 0)

in Fig. 10a–c, respectively. The data pointswith valueswithin
1% of the maximum net difference for k/U 2

re f are repre-
sented by black points in Fig. 10d. Green points correspond
to the other 99% of the points (EQ < 0.99[EQ]max ). This
colour coding facilitates the extraction of qualitative conclu-
sions regarding coherent spatial regions susceptible to scale
effects and will also be used to implicitly and quantitatively
represent these effects in the following scatter plots.

By examining Fig. 10, the following general conclusions
are extracted: (i) the net difference indicator is capable of con-
sistently identifying deviating patterns from the y = x line
within the examined dataset. Since the net difference indica-
tor is free of any (standard) measurement uncertainty, these

patterns are linked to scale effects as will be shown below.
(ii) For the velocities (shown in Fig. 10a–c), positive values
(red points) corresponding to the top 1% are almost always
in the y < x region. The opposite applies to the negative
velocities. For the vertical velocity (W ), the underestima-
tion of its magnitude at Re = 23000 is clearly translated to
an underestimation of the strength of the vortical structure
inside the canyon as will be shown in the rest of this section
and was preliminarily discussed in Sect. 3.2. The same con-
clusion applies also to the underestimation of the magnitude
of negative values (blue points) of the streamwise velocity,
shown in Fig. 10a. (iii) ForU/Uref and k/U 2

re f , the top 1%of
the data with maximum net difference significantly and vis-
ibly deviate from the y = x line and from the other 99% of
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Fig. 10 (a) Normalised
streamwise velocity U/Uref ,
(b) normalised lateral velocity
V /Uref , (c) normalised vertical
velocity W/Uref and (d)
normalised turbulence kinetic
energy k/U2

re f at Re = 57000
plotted against the respective
results at Re = 23000. Indices
23 and 57 correspond to
Re = 23000 and 57000,
respectively. The line y = x is
also plotted for every variable.
In sub-figures a-c, point clusters
in red and blue correspond to the
top 1% of the data with
maximum net difference (Eq.9)
values, i.e EQ ≥ 0.99[EQ ]max .
Red corresponds to positive
velocity values at Re = 57000
while blue to negative ones. The
top 1% is represented by black
points in (d). All figures pertain
to the region inside and around
the street canyon (Z/H < 1)

(a) (b)

(c) (d)

(a) (b) (c)

Fig. 11 Normalised turbulence kinetic energy k/U2
re f at Re = 57000

plotted against the respective results at: (a) Re = 28000 (index 28), (b)
Re = 37000 (index 37) and ((c)) Re = 47000 (index 47). Point clusters
in black and green correspond to the top 1% (EQ ≥ 0.99[EQ ]max ) and

the bottom 99% (EQ < 0.99[EQ ]max ) of the data with maximum net
difference values (Eq.9), respectively. All figures pertain to the region
inside and around the street canyon (Z/H < 1)
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the points. Comparisons, in the form of scatter plots between
Re = 57000 and 23000 < Re < 57000, indicate the dis-
appearance of these deviating patterns above Re = 37000
and Re = 47000 for U/Uref and k/U 2

re f , respectively. This

comparison is shown here only for k/U 2
re f in Fig. 11.

The regions incorporating the points within 1% of the
maximum net difference can be plotted in space separately
for every variable, for the sake of clarity. Firstly, the coordi-
nates of the red and blue points of the streamwise velocity
(Fig. 10a) are plotted in Fig. 12.

By examining the topology of the points corresponding to
the top 1% of maximum net difference, one can observe that
negative and positive U/Uref values are roughly separated
into two different regions, i.e. outside and inside the canyon,
respectively, while they are both encountered close to the
ground. The region of positive velocities corresponds to the
laterally developed boundary layer, outside the canyon. The
negative velocities inside the canyon and near the ground
are linked to the existence of the canyon vortex, since due
to the latter flow feature the streamwise velocity is always
negative there. To quantify the critical Reynolds number of
the flow, contours of the net difference are given for the
streamwise velocity at Y/H = 2.5 (Fig. 13), since this plane
intersects with one of the two main regions identified by the
previous analysis. Results for the region outside the canyon
are not shown here, since similar conclusions are derived
with respect to the critical Re number. It is reminded that
the latter regions are expected to be the most susceptible
to Re-dependence, since they correspond to the points that
deviate the most from y = x in Fig. 10. Results are given
not only for Re = 23000 and Re = 57000 (Fig. 13a)
but also for the net difference between Re = 37000 and
Re = 57000 (Fig. 13b). Velocity vectors of U ,W (tan-
gent) at Re = 57000 are also included to give an idea of
the flow structure in the examined plane. It is observed that
at Y/H = 2.5 there are relatively high values of net differ-
ence between Re = 23000 and Re = 57000, indicating the
susceptibility of these regions to scale effects. However, this
is not the case for the difference between Re = 37000 and
Re = 57000, which is significantly reduced in comparison
with that between Re = 23000 and Re = 57000. The extent
of the high net difference regions as well as the values of the
lattermetric is still relatively largewhen this difference is cal-
culated between Re = 28000 and Re = 57000 (not shown
here). The final conclusion from this analysis is that a value
of at least Re = 37000 is necessary to ensure canyon-scale
Re-independence for the streamwise velocity.

Similar representation as in Fig. 12 is given in Fig. 14 for
the vertical velocity W/Uref . The main observation is that
negative and positive velocities (at Re = 57000) belong-
ing to the data within 1% of the maximum net difference are
clearly separated into twodifferent regions, i.e. near thewind-

ward and the leeward walls of the examined canyon. These
points are part of the vortex formed in this region, indicat-
ing that at the minimum Re number the vortical structure is
relatively less strong.

As for the streamwise velocity, contours of the net differ-
ence are given for the vertical velocity at Y/H = 2.5, for
Re = 23000, 57000 and Re = 37000, 57000, in Fig. 15. It
is observed that the extended regions of high (i.e > 6%)
net difference between Re = 23000 and Re = 57000
almost disappear when this metric is calculated for Re =
37000, 57000. There are still some limited regions of high
net difference close to the walls though. In conclusion, there
seem to be Reynolds number effects persisting even up to
Re = 37000 for the vertical velocity, which may appear
even at higher values as one approaches the walls.

A similar analysis is then conducted for the lateral velocity,
V /Uref , and shown in Figs. 16 and 17. As in the case of the
streamwise velocity, Fig. 16 shows that the top 1% data are
roughly separated into two regions, i.e. outside (V57 > 0) and
inside the canyon (V57 < 0). The region inside the canyon is
mainly of interest here for two reasons: firstly, the points out-
side are significantly less than the points inside the canyon
(i.e. ∼10% of the latter), and secondly, the region inside
the canyon partially overlaps with the respective identified
regions for bothU/Uref andW/Uref . At the same time, this
area contains part of the vortical structure formed inside the
canyon. Despite of the above-mentioned overlap, it should be
clarified that strong “uncorrelation” (or correlation) between
two different Re numbers for one velocity component in a
specific region does not always translate to strong “uncor-
relation” (or correlation) for the other velocity components
in the same region. This may be attributed to the fact that
the velocity components themselves are not always strongly
correlated with each other. For example, when the magni-
tude ofW is maximum inside the street canyon (leeward and
windward wall),U is close to zero and vice versa, due to the
presence of the canyon vortex.

Figure17 shows that the existing high net difference
regions between Re = 23000 and 57000 almost vanish
for Re = 37000. It is important to note that this is in
not the case for the net difference between Re = 28000
and 57000 (not shown here), where these high E(V /Uref )

regions are still clearly discerniblewith values reaching 15%.
Therefore, it can be safely stated that Re > 37000 ensures
Re-independence for the lateral velocity in the examined
framework.

Finally, the same analysis is undertaken for the turbulence
kinetic energy and the coordinates of the points correspond-
ing to the top 1%of the data (see Fig. 10d) are given in Fig. 18.
In this figure, it is observed that the points span regions inside
and outside the canyon. Here, net difference contours are
given only at Y/H = 4.31 (outside the canyon) in Fig. 19.
The points in this area roughly constitute the top 0.3−0.4%
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Fig. 12 (a) Y/H , X/H (top
view) and (b) Z/H , X/H (side
view) coordinates of the points
corresponding to the 1% of the
data inside and around
(Z/H < 1) the canyon with
maximum values of net
difference E(U/Uref ) =∣∣�

(
U/Uref

)∣∣ − ε|�(U/Uref )|.
Red points correspond to
positive velocity values at
Re = 57000 while blue to
negative ones. The flow is from
left to right
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Fig. 13 (a) Net difference E(U/Uref ) = ∣∣�
(
U/Uref

)∣∣ − ε|�(U/Uref )|
(%) between Re = 23000 and Re = 57000, atY/H = 2.5 (seeFig. 12).

Velocity vectors of U ,W (tangent) at Re = 57000 are also included
but only some of them (∼ 20%) for the sake of clarity. (b) The same as
in (a) but between Re = 37000 and Re = 57000

of the data with maximum net difference. Figure19 shows
that the net difference is largely reduced to less than 1%when
calculated between Re = 47000 and 57000 for the examined
plane.

As a final step, the squared correlation coefficient R2

(Eq. 10) and the normalised mean square error MSE∗
(Eq. 12) are applied as means of global investigation of scale
effects. The closer the R2 value is to 1, the stronger is the cor-
relation between the examined variables. On the other hand,
values of the MSE∗ close to zero indicate relatively small
scattering around the y = x line. The respective results are
shown in Fig. 20a and b. By making use of this information,
R2 and MSE∗ can be combined in the following new met-
ric: SCM = √

(R2 − 1)2 + (MSE∗)2 with SCM standing
for scattering correlation metric. For “perfect” agreement

between the examined variables, the value of the later metric
should be zero. The metric SCM is shown in Fig. 20c.

As aminimumrequirement forReynolds number indepen-
dence, SCM , R2, and MSE∗ should stabilise and plateau
beyond a critical Reynolds number. All employed canyon-
scale metrics imply that the streamwise velocity is relatively
insensitive to Reynolds number as soon as Re ≥ 23000.
For the vertical (W/Uref ) and the lateral velocity (V /Uref ),
this happens for Re ≥ 37000 while for k/U 2

re f the conver-
gence of the global (canyon-scale) metrics to an asymptotic
value is not so apparent, indicating that even at Re =
47000, Reynolds number independence is not categorically
ensured.
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Fig. 14 (a) Y/H , X/H (top view) and (b) Z/H , X/H (side view)
coordinates of the points corresponding to the 1% of the data inside and
around (Z/H < 1) the canyon with maximum values of net difference

E(W/Uref ) = ∣∣�
(
W/Uref

)∣∣ − ε|�(W/Uref )|. Red points correspond to
positive velocity values at Re = 57000 while blue to negative ones.
The flow is from left to right
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Fig. 15 (a) Net difference E(W/Uref ) = ∣∣�
(
W/Uref

)∣∣ − ε|�(W/Uref )|
(%) between Re = 23000 and Re = 57000, atY/H = 2.5 (seeFig. 14).

Velocity vectors of U ,W (tangent) at Re = 57000 are also included
but only some of them (∼ 20%) for the sake of clarity. (b) The same as
in (a) but between Re = 37000 and Re = 57000

The metrics SCM , R2, and MSE∗ have been calculated
with Re = 57000 being always the reference. Hence, for the
sake of completeness, a newglobalmetricwhich is calculated
between subsequent Re numbers is introduced and given in
the following equation:

rL2(EQ,�Re) =
∥∥EQ

∥∥
2∥∥(QRei+1 + QRei )/2

∥∥
2

· �Remax

Rei+1 − Rei
(15)

where
∥∥EQ

∥∥
2 is the L2 norm of the net difference (assessed

only for EQ > 0),
∥∥(QRei+1 + QRei )/2

∥∥
2 is the L2 norm

of the examined variable (Q = U/Uref , V /Uref , W/Uref ,
k/U 2

re f ),�Remax is themaximum range between subsequent
Re numbers (equal to 10000), and i = 1, 2, 3, 4 or 5 cor-
responds to the five examined Re numbers. The L2 ratio
is multiplied by the second term, which accounts for the
Re number range, in order to adjust for differences in the
increments between successive Re values. Note that all the
L2 norms are evaluated by summing over the entire mea-
surement volume. The introduced metric is plotted against
Rei+1/2 = (Rei+1 + Rei )/2 in Fig. 20d.

Figure20d shows that themetric rL2(EQ,�Re) decreases
from the first to the second �Re step while it remains
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Fig. 16 (a) Y/H , X/H (top
view) and (b) Z/H , X/H (side
view) coordinates of the points
corresponding to the 1% of the
data inside and around
(Z/H < 1) the canyon with
maximum values of net
difference E(V /Uref ) =∣∣�

(
V /Uref

)∣∣ − ε|�(V /Uref )|.
Red points correspond to
positive velocity values at
Re = 57000 while blue to
negative ones. The flow is from
left to right
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Fig. 17 (a) Net difference
E(V /Uref ) =∣∣�

(
V /Uref

)∣∣ − ε|�(V /Uref )|
(%) between Re = 23000 and
Re = 57000, at Y/H = 2.5 (see
Fig. 16). (b) The same as in (a)
but between Re = 37000 and
Re = 57000
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Fig. 18 (a) Y/H , X/H (top view) and (b) Z/H , X/H (side view) coordinates of the points corresponding to the 1% of the data inside and around

(Z/H < 1) the canyon with maximum values of net difference E(k/U2
re f )

=
∣∣∣�

(
k/U2

re f

)∣∣∣ − ε∣∣∣�
(
k/U2

re f

)∣∣∣
. The flow is from left to right

relatively stable after that, for all the examined variables.
In general, this is an indication that in terms of net dif-

ference, Re-independence is widely achieved in the range
Re ∈ (37000, 47000). However, it should be noted that,
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Fig. 19 (a)Net difference E(k/U2
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between Re = 23000 and Re = 57000, at Y/H = 4.3 (see Fig. 18).

Velocity vectors of U ,W (tangent) at Re = 57000 are also included
but only some of them (∼ 20%) for the sake of clarity. (b) The same as
in (a) but between Re = 47000 and Re = 57000

unlikeU/Uref , there are some oscillations around an asymp-
totic value for all the other variables which could be an
indication of incomplete convergence with respect to the Re
number.

4 Conclusions

Scale effects on an urban street canyon configuration have
been experimentally investigated with canyon-scale 3D-
3C PTV measurements. The configuration consisted of 5
subsequent and identical street canyons with aspect ratios
H/W = 1 and L/H = 8. The present attempt included both
3D-3C Robotic Particle Tracking Velocimetry and Constant
Temperature Anemometry measurements and focused on
time-averaged velocity as well as turbulence kinetic energy
data. An important part of the current attempt is the cre-
ation of a framework which takes into account the spatial
distribution of the underlying standard uncertainty, thereby
facilitating the local separation of actual Reynolds number
dependence frommeasurement uncertainty. The results were
complemented by global indices applied to the whole mea-
surement volume such as the squared correlation coefficient,
the (normalised) mean square error, and their combination
through the scattering correlation metric (SCM).

The main conclusions regarding Reynolds number inde-
pendence of the examined flow are the following:

• The main mean flow structure—namely, the existence
and position of a single canyon vortex—remained
unchanged in the examined Re range (Re > 23000).
This is in agreement with the commonly stated critical
Reynolds number of Re > 10000 − 20000.

• The local and global (canyon-scale) metrics applied here
revealed that the critical Reynolds number can be as high
as Re = 47000 if all variables are examined, i.e. the three
velocity components and the turbulence kinetic energy,
throughout the canyon. The critical Re valuemay be even
higher for the vertical velocity in close proximity of the
canyon walls.

• The regions of the canyon most susceptible to scale
effects aremainly those concentrated close towall bound-
aries and at around one quarter of the canyon length away
from its lateral end, i.e. at Y/H = 2− 3. For the stream-
wise and the lateral velocity components, the areas that
are the most sensitive to the Re number are close to the
bottom of the canyon. For the vertical velocity compo-
nent, these areas are mainly encountered close to the
windward and leeward walls of the canyon, where this
component’s magnitude is the highest. In general, scale
effects are mainly manifested as a weaker vortical struc-
ture developing in the region around Y/H = 2.5.

• The analysis implemented here also revealed a region
located outside of the canyon, i.e. at Y/H = 4.31 (the
edge of the canyon is located at Y/H = 4) and close
to the ground where all examined variables, except the
vertical velocity (W/Uref ), demonstrated Re-dependent
behaviour.

• The employment of global metrics such as the correla-
tion coefficient R2 and the normalised mean square error
MSE∗ indicated an increased Reynolds number sensi-
tivity of V /Uref and k/U 2

re f , compared with the other
two variables.

• Theutilisationof scatter plots betweendifferentReynolds
numbers in conjunction with the novel net difference
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Fig. 20 (a) Squared correlation
coefficient R2, (b) normalised
mean square error MSE∗ and
(c) combined metric SCM =√

(R2 − 1)2 + (MSE∗)2. The
above-presented metrics are
implemented for Re = 23000,
28000, 37000, 47000 with
respect to Re = 57000 used as
reference. (d) rL2 (EQ ,�Re)
metric which is based on the net
difference between subsequent
Re numbers. Results are shown
for all examined variables and
were extracted by making use of
all available measurements
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indicator is capable of reliable, efficient, and easy identi-
fication of regions which are themost susceptible to scale
effects, within the whole measurement volume.

A general conclusion is that Re dependency of flow quan-
tities in specific regionsmay persist above thewidely adopted
critical values of the Reynolds number (e.g. in the range
10000–20000, at least in cases similar to the one exam-
ined here). This is particularly evident in the proximity of
wall boundaries. Net difference values around 10% of the
reference velocity (Uref ), which were identified in various
occasions in this study, correspond to at least 33% of the
local velocity difference within the canyon (Uc/Uref ≈ 0.3,
Eq. 1). This indicates that the scale effects observed through-
out this work cannot be neglected as they are expected to
have important implications in the discipline of urban flows.
In pollutant dispersion studies in the urban environment,
the source is commonly located near the ground level and
openings to the buildings are at the canyon walls. It is there-

fore common to perform measurements in the proximity of
these regions. Furthermore, in wind tunnel studies focusing
on air ventilation, the flow structure (especially the veloc-
ity fluctuations) near the walls and openings of the examined
building(s) is crucial. Another area of interest is when assess-
ing wind load on buildings and structures (see Appendix).

The developed analytical and investigative tools presented
here could be successfully applied to other cases where the
investigation of scale effects is the primary target, as long
as the uncertainty is carefully quantified at every step of the
measurement procedure. An important future endeavour is to
conduct a similar analysis for urban street canyon cases with
different upstream conditions, e.g. an atmospheric boundary
layer flow. Future attempts involving the obtained dataset
could also span disparate research directions, such as the
study of street canyon air ventilation, the deeper investigation
of turbulence statistics focusing on their spanwise variation,
or even data assimilation.
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Appendix

In Appendix, more details regarding the uncertainty quantifi-
cation analysis employed are included. Firstly, the Suther-
land’s formula (White 2006) for the calculation of the
dynamic viscosity is given:

μ(T ) = μ0

(
T

T0

) 3
2 T0 + C

T + C
(16)

with μ0 = 1.716 · 10−5 kg/(m·s), T0 = 273.15 K, and
C = 111 K denoting the reference dynamic viscosity, ref-
erence temperature, and Sutherland’s constant, respectively.
T is the absolute temperature at which the viscosity μ(T ) is
evaluated. Sutherland’s formula is needed for the calculation
of the Reynolds number as well as its uncertainty.

The density can be calculated through the equation of state
of ideal gases. If the uncertainty of the barometric pressure
is ignored, then the following equation holds for the uncer-
tainties of the dynamic viscosity and the density, which was
derived by means of uncertainty propagation:

(
ε2μ, ε2ρ

)
=

[(
dμ

dT

)2

· ε2T ,

(
dρ

dT

)2

· ε2T

]

(17)

where the (squared) uncertainty of the dynamic viscosity and
of the density, ε2μ and ε2ρ , is contained in a single vector for the
sake of conciseness. It can be easily seen that the derivatives
found in Eq. (17) are calculated by using Eq. (16) and the
equation of state of the ideal gases, for the dynamic viscosity
and the density, respectively.

The free-stream velocity Uref is extracted by measuring
the dynamic pressure (p) through a Pitot-static tube con-
nected to a pressure transducer. Therefore, it is a function of
the dynamic pressure and the density. Then, the following
equation can be derived:

εUref =
√(

∂Uref

∂ p

)2

· ε2p +
(

∂Uref

∂ρ

)2

· ε2ρ (18)

where the density and the dynamic pressure are considered
uncorrelated (incompressible flow).

Allmathematical expressions of the derivatives implicated
in the previous equations as well as those of Sect. 2.4 are
provided in Table 1, where P = 101325 Pa (barometric
pressure), M = 0.029 kg/mol (molar mass of air), R = 8.31
[J/(mol·K)] (universal gas constant). It is reminded that the

density is calculated through the ideal gas law, i.e. ρ = PM

RT
.

All the other variables have been explained throughout the
text. The third column of this table indicates the equation
label associated with each derivative.

Table 1 Summary of derived mathematical expressions for the uncer-
tainty quantification presented in Sect. 2.4, including their respective
equation references

Derivative or
variable

Mathematical expression Equation
reference

∂ρ

∂T
− PM

RT 2 (17)

∂U

∂ρ
−1

2

√
2p

ρ3 (18)

∂U

∂ p

1

2

√
2

ρ · p (18)

∂μ

∂T

μ0
√
T (T0 + C)

T 3/2
0

T + 3C

2(T + C)2
(17)

∂Re

∂ρ

Uref H

μ
(13)

∂Re

∂Uref

Hρ

μ
(13)

∂Re

∂μ
−Uref Hρ

μ2 (13)

A summary of all the assumptions made throughout the
uncertainty quantification performed in the framework of this
research is given in Table 2 along with their purpose.

More details are now given for the uncertainty εp, pertain-
ing to the FCO432 differential pressure transmitter (Furness
Controls Ltd, ±150 Pa) which was used to measure the free-
stream dynamic pressure as well as to calibrate the hot-film
(uncertainty εUclb of Eq. 14). This calculation is based on
the pressure transducer’s manual that can be found in Fur-
ness Controls Ltd (2025). This manual contains expressions
quantifying three main types of uncertainty: (a) standard
uncertainty at 20 ◦C, (b) long term drift (0.2% per annum)
and (c) uncertainty due to temperature difference from the
standard temperature of 20 ◦C. All the types of uncertainties
are expressed as percentages of the measured value of the
pressure. In this way, the uncertainties εp and εUclb (Eq. 18)
have been calculated for eachmeasured value.Note that other
sources of uncertainty, e.g. due to misalignment of the Pitot-
static tube, have not been considered here.

Regarding the calculation of the uncertainty of the hot-film
measurements, the computation of εUclb related to the cali-
brator (Jørgensen 2001) has already been described (Eq. 18).
The uncertainty ε f t quantifies the quality of the fit between
the calibration points (measured in volts) and the curve repre-
senting their correspondence to velocity (in m/s). This error
is at most 2% as already mentioned in Sect. 2.4. Finally,
the standard uncertainty εst is quantified (similar to what
has been already done for the PTV results through Eqs. 6
and 7), as recommended by Bruun (1995). For the time-
averaged velocity, the standard uncertainty is calculated
through Eq. (6). However, the number of independent sam-
ples NHF should be evaluated. This is done through the
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Table 2 Summary of all
assumptions made throughout
the uncertainty quantification
procedure presented in Sect. 2.4

Assumption Purpose

#independent samples = #vortex turnovers see Eqs. (6), (7), (8)

Covariances of individual velocity components negligible see Eq. (8)

εQReI
, εQReJ

uncorrelated see Eq. (5)

Uncertainty of barometric pressure (P) negligible calculation of ερ (Eq. 17)

p, ρ uncorrelated (incompressible flow) calculation of εUref or εUclb (Eq. 18 or 14)

Uref , ρ, μ uncorrelated calculation of εRe (Eq. 13)

H uncertainty negligible calculation of εRe (Eq. 13)

following equation (Bruun 1995):

NHF ≈ T

2TI
(19)

where T is the acquisition time and TI is the integral time
scale. Then by applying Eq. (14), εHF can be found for any
measured, time-averaged velocity. The normalised version of
εHF corresponds to the error bars shown in Figs. 3a and 4a.

By considering that
√
u′2 ≈ σU , then the following equa-

tion can be utilised to quantify the standard uncertainty ε√
u′2

(Sciacchitano and Wieneke 2016):

ε√
u′2 = σU√

2(NHF − 1)
(20)

where σU is the standard deviation of the velocity measured
by the hot film at a certain position. The normalised version
of the latter uncertainty corresponds to the error bars shown
in Figs. 3b and 4b.

Finally, a simple numerical example is included here to
demonstrate how the measured velocity differences between
different Re numbers could translate into mean pressure dif-
ferences, which could in turn affect wind load estimations. In
particular, by considering that Re-independence is observed
for the pressure, the scaling law p ∝ ρU 2 should hold, where
U is a reference velocity. If Re-independence is observed,
then this velocity can be selected at any desired position.
With the existence of a velocity difference �U due to Re-
effects, the aforementioned scaling law becomes:

p ∝ ρ (U + �U )2 = ρU2 + 2ρU�U + ρ (�U )2 = ρU2 + �p

(21)

Hence, in the simplified framework presented above, the
mean pressure difference induced by scale effects observed
for the velocities is�p = 2ρU�U+ρ (�U )2.An indicative
numerical implementation of the equation for �p could be
accomplished by assuming: (i) U = Uc = 0.3Uref (Eq. 1)
and (ii) a net difference EU = |�U | = �U = 0.1Uref

(see Sect. 4) with no measurement uncertainty, i.e. ε|�U | ≈ 0
(Eq. 9). The latter assumption leads to a conservative calcula-
tion of�p, since in reality a net difference of 0.1Uref , which

was encountered on various occasions in this study as already
mentioned, would have originated from a higher |�U |, when
the actual, non-zeromeasurement uncertainty, ε|�U |, is taken
into account. Finally, it is derived that �p/(ρU 2

re f ) = 7%.
As an example, for Re = 57000 (i.e. Uref = 6.25 m/s) the
pressure difference is �p = 3.3 Pa while the corresponding
pressure uncertainty at 20◦C (using an FCO432 differential
pressure transmitter) for p = 1/2ρUc is ±0.075Pa. There-
fore, this is an additional indication that the velocity scale
effects found in this work cannot be neglected.
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