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Abstract

The flow behaviour over various two-dimensional J2bban-type surfaces was investigated in a
laboratory wind tunnel. Square aluminium bars afesR.5 cm were used to represent flat-roof
buildings and the building separation was adjustedabricate various types of urban surface of
building-height-to-street-width (aspect) ratios If 1/2, 1/8, 1/10 and 1/12. Mean velocities and
velocity fluctuations were measured with & -hotwire anemometry. The current results compare
well with our previous large-eddy simulation (LE®nalysis of the turbulence characteristics for
different urban surfaces was performed in attengptexamine the near-ground boundary layer
response to various street-canyon configurations.

1 Introduction

With rapid development in modern cities, the assged drawbacks on environment and urban climate
have been affecting the human society since thedkesade and are continuously intensified. Dense
transport network results in building up high ptdlot levels, while these elevated pollutant leaeés
closely related to the urban morphology. In corttagural terrain, urban configuration is relatiwe
inhomogeneous due to the existence of large grofupsildings of various heights and shapes (a form
of random roughness), resulting in the limited iatéion between the cavity flows and the outer mrba
boundary layer (UBL) which in turn complicates theban-area flows and pollutants dispersion.
Heavy traffic emission and isolated flow conditisnurban areas combine together resulting in the
elevated pollutant levels and poor air quality. maintain a sustainable living environment withacle
air, it is vital to improve our understanding oéfle essential physical processes.

Street canyons are the basic building units conmgrithe urban canopy layer. An idealized two-
dimensional (2D) street canyon unit, because dfiitgplicity, usually serves as the platform to stud
the fundamental mechanisms of ventilation and patiu removal in urban areas. Oke (1988)
classified the flows in a 2D street canyon int@écharacteristic regimes, namely, isolated rouggine
wake interference and skimming flow, accordinghe building-height-to-street-width (aspect) ratio
h/b. The skimming flow regime, signifying the charatdgc street-level airflow surrounded by high-
rise buildings, is our major concern nowadays.his tase, the recirculating flow inside the narrow
street canyon is isolated from the UBL leading dompventilation. Indeed the flows over urban areas,
is basically turbulent flows above roughness. I loundary layer over rough surfaces, it is mainly
characterised by the surface layer called inestitlayer and the roughness sub-layer (RSL, Raupach
et al., 1980). In the RSL, whose length scale tsnesed to be around 2 to 5 times of the roughness
height, the flow is strongly affected by the rowghrface beneath in which a region of reduced mean
velocities but enhanced turbulence levels is dgagloHowever, there are only limited studies on the
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boundary layer flows over near-ground urban aresgecially the turbulence behaviour, because of
the complicated transport features (Cheng et @02

In the current study, a physical modelling approsckmployed to initiate a long-term wind tunnel
project that attempts to study the air pollutiomhdems over urban areas. Although computational
fluid dynamics (CFD) is one of the favourable agmites to the problem, laboratory-scale studies
serve the purpose of validating numerical modetsaifer an effective way to simulate the flows over
different surfaces in controllable environment asllwTogether with CFD findings, complement
solutions with experimental and numerical study regeessary to elucidate our understanding of the
physics of urban air pollution. In our previous wofocus had only been put developing different
numerical models (Liu et al. 2005, Cheng and Li012 Liu et al. 2011) while had unavoidably
overlooked the results of laboratory measuremeniss project is thus conceived to address the
problems using another approach that attempts rieeaa complementary solution. Many of the
literatures (Louka et al. 2002; Kovar-Panskus eR@02; Chang and Meroney 2003 and Caton et al.
2003) had used both laboratory measurements anériecahmodels concurrently. Analogously, the
results obtained from this study are compared withprevious numerical models.

Ahmad et al. (2005) carried out a detailed reviewtlte wind tunnel studies on urban street canyon
flows and air pollution problems. However, mosttloé previous studies only focused on the flows
inside a street canyon with rather limited confagions (Johnson and Hunter 1998, Kovar-Panskus et
al. 2002) and unavoidably overlooked the role dbalence in city ventilation. In order to enrichrou
understanding of the complicated transport prosegsenear-ground urban areas, flow behaviours
over 2D urban roughness surfaces is examined snpigber. Measurements of mean wind velocities
and velocity fluctuations over hypothetical urbamfaces consisting of 2D roughness elements with
various configurations of building-height-to-stre@tith (aspect) ratios (ARs) of 1, 1/2, 1/4, 1/8.A
and 1/12 were performed. The full range of ARset@sh the current study comprises the three key
urban flow regimes (Oke, 1988). The objective @ g8tudy is to investigate how the change in urban
morphology modifies the flow and turbulence behaxgoin a turbulent boundary layer over urban-
like roughness. Besides, the current measuremsultseare compared with our previous LES work to
formulate a complementary solution (Wong and L13).

AR= 1/ AR =1/10 AR =1/12

Figure 1: Different models of urban-type roughface tested.
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2 Experimental Set-up

The experiments were performed in an open-looped wiinnel in the Department of Mechanical
Engineering, The University of Hong Kong. Measurateevere collected in a (movable) test section
of 2,000 mm long, 565 mm wide and 540 mm high. LE§elements were placed upstream of the test
section that represents the ambient surface rogghteegenerate a turbulent atmospheric boundary
layer (ABL) to facilitate the development of thevdtstream ABL over the street canyon models. The
mean velocity profile is fitted into the power law

(U2)/Uy)=(z/H)" (1)
whereUy is the reference wind speed at the reference heigturbulent boundary layer thickness in
this study). The profile exponeantis an empirical constant depending on the nattitkeoroughness
amd the atmospheric stability in thermal stratifima. It is equal to 0.14 and 0.25 for typical flew
over natural terrain and urban surfaces, respdgtiireisothermal conditions. Fitting the wind twain
data to Equation (1) shows that, the profile expbfier the current upstream roughness configuration
is around 0.14 to 0.15, simulating typical ABLVls in the wind tunnel.

A model of hypothetical urban surface was formedrédguced-scale roughness elements which are
made of 25-mm square aluminium bars with their @pal axes normal to the prevailing wind
direction. The AR of the cavities between the heas varied in attempt to simulate different typés o
urban morphology and to examine its effect on tbevd developed above the roughness elements
(response of UBL). Idealized roughness elementapcsing of up to 42 rows (depends on the AR of
street canyons tested), were placed on the flotinetest section. Measurements were performed for
six configurations of urban-type surfaces (ARs /R, 1/4, 1/8, 1/10 and 1/12; Figure 1), covering
the full range of the three key urban flow regini@ke 1988). The first two arrangements correspond
to skimming flow, AR = 1/4 falls into the (sensiivwake interference flow, and the last three kglon
to isolated roughness flow regime. It is our in@mto examine the general behaviours, both thexmea
flow and turbulence, over idealized urban surfaddwerefore, systematic tests on a broad range of
ARs comprising the three key urban flow regimesemeerformed. Finally, in order to evaluate the
changes in UBL over different arrangements of stce@yon models, the mean-flow profiles of the
upstream roughness were also recorded for compapisposes.

The experiments were performed in isothermal camdit The prevailing wind speed was kept atU
2.5 m set throughout the experiments. The Reynolds numbsedan the prevailing wind speed and
the height of the test sectioD)(or buildings ) is about 112,500 and 4,150 (in room temperatace a
pressure) that both are large enough for flowspeddent from molecular viscosity. Vertical profiles
of velocities of each model were measured withrahduse made 90<-hot wire anemometry. The
measurements were recorded on the mid-plane aipdwenwise domain along the streamwie direction
(Figure 2). A sample street canyon is selected theaend of the streamwise domain. Its roof leivel,
the transverse between the mid-points of the umstrand downstream buildings, is divided into eight
equal segments. Vertical profile measurementsirsggat the roof level of the building elements ap t
the top boundary of the test section were performedeach segment in order to minimise the
streamwise instrumentation errors. At each measememoint, the two-component (streamwise and
vertical) mean and fluctuating velocities were ectéd for the duration of 45 sec (80,000 data). The
core objective of this paper is to examine the qggaund boundary layer response to the changes in
urban morphology. Therefore, particularly in theamground region (0 mm to 125 mm measuring
from the building roof level), up to 20 samplingims were recorded with the help of a precise
traversing system (a XYZ table with a LabVIEW motmntrol unit) in order to reveal the near-
ground flows in details. LabView software was enygld to convert the analogue bridge output from
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hot-wire into digital signal and all the data asion processes were handled by the NI data
acquisition modules, NI 9239 and CompactDAQ-918&IWware. Velocity mapping was carried out in
the post-processing stage on a desktop PC.

Boundary Layer

Upstream test section  Extended working test section Side view
J J / (Not in scale)
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Figure 2: Schematic of the experimental setup

3 Resultsand Discussion

In this section, preliminary results of the mead #actuating velocities are reported. In particula

the model of unity AR, its experimental profile maeements are compared with our previous large-
eddy simulation (LES, Wong and Liu, 2013) resulishvthe aim to test the accuracy of both the

numerical model and current experimental work, & as to formulate a complementary solution

approach. Afterward, the effect of different urb@morphology on the near-ground boundary layer
structures (both mean flows and turbulence prog®rts discussed.

3.1 Comparison of experimental and LES results

Our previous LES study used a computational dorafimeight,D = 8h, whereh is the height of the
roughness elements. Free-slip boundary conditioapislied to the upper boundary and periodic
boundary condition is applied to the horizontal dinmextent so that an infinitely repeating 2D stree
canyon is modelled. The prevailing flow is drivendbackground pressure gradient. The information
of the LES models and the numerical methodologieisiled elsewhere (Wong and Liu, 2013).
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Figure 3: Profiles of the normalized streamwise £U; and vertical w> /U; velocities
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As shown in Figure 3, both the streamwise and eartmean wind velocitiesu> and <w> are
normalized by the free-stream velocily which is measured at the top of the boundary |éygure

2), while the characteristic length scale is thartary layer thicknesd (= 260 mm; approximately
10 times of the height of roughness elements).cLineent experimental results are generally in good
agreement with our LES results. Whereas, a miner-predicted value in the streamwise velocity is
observed in the current measurements that coulthbsed by the difference in domain size between
the LES and the wind tunnel. The current wind tuicioenain height is approximately R@aluminium
bars of heighth = 25 mm are used) while the LES model isdhly. In addition to the horizontal
direction, though the measurements are taken omitkglane in the spanwise direction, the width of
the building models are relatively finite compareith the periodic boundary condition in the
spanwise direction in the LES model. Besides, tbe field in the LES model does not experience
any end/side wall effects. Whereas, in the expartsjehe side wall of the wind tunnel test section
may exert additional shear on the flows. Therefsegpndary flows may evolve due to the interaction
between the street-canyon vortices and the sidks whthe wind tunnel. This limitation in the wind
tunnel experiments could possibly cause a slightlyer value of streamwise velocity as observed.
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Figure 4: Normalized streamwise'@” >u” . and vertical sw"w” >"2w” ., velocity
fluctuations

On the other hand, Figure 4 compares the velokigtifations, €@”u” >*? and <w"w” > above the
roughness elements. Alike the mean velocity prefithe characteristic length scale is the boundary
layer thickness. It is noticeable that the results of LES and wimdnel agree well with each other.
A local maximum is observed slightly above the dhnify roof level that decreases in the vertical
direction. Moreover, both results consistently shibw trend that w’w” >'? is peaked at a higher
elevation compared with that of the peakaa’w’ >“2 This difference can be explained by the
prevailing flow in the streamwise direction, hentiee energy transfer is in the order from the
streamwise to spanwise and then to vertical dowastfinally.

This section serves as a preliminary comparisowdsat the wind tunnel and numerical simulations. It
should be emphasised that the wind tunnel setnptigailor made to the numerical model, or the othe
way round. It is our intention to enrich our cutrenderstanding of the flow and pollutant dispetsio

mechanism over urban areas with two different aggtes. Moreover, it is expected that both
methods, arriving consistent results, could comstita complementary solution. The reasonable
agreement shown proves that the current methodatogy the right course of work and the results
could serve as the preliminary data base for oueldpment of future experimental modelling design

on the dispersion study. Furthermore, our LES maglef a good accuracy on predicting the flow
structure over 2D idealized roughness.
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3.2 Mean flows and turbulence behaviours over wamiorban-like surfaces

In this section, the measurements of the currend winnel experiments are presented. The proffles o

mean streamwise velocities and vertical velocitgtilations measured at the sample street canyon of
different ARs near the end of the streamwise doraeénshown in Figures 5 and 6, respectively. Each
of the profiles represents the ensemble averagrdtseof the eight segments over the sample street

canyon in the streamwise direction.
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Figure 5: Comparison of the streamwise mean vadscét ARs of 1, 1/2, 1/4 1/8, 1/10 and 1/12.

For the mean velocity, the profiles in the devalgpsection upstream the urban roughness elements
are also depicted in the figure. The measured saoe normalized by the characteristic velocityesca

Us which is the free-stream velocity along the sedmehe characteristic length scale is the boundary
layer thicknes# (= 260 mm; approximately 10 times of the heightafghness elements) for all the
street canyon models tested. When the flows amxiagtthe urban-like surfaces, the original upstrea
ABL structure is modified by the changes in surfemeghness (towards a rougher surface). For all the
cases tested, a zone of reducing flow speed is\@asin-between the roof level and the mid-level of
the turbulent boundary layer (H5which is approximately equal td5n the RSL). For the cases of
wider streets (smaller ARs), the mean flow speedsdaopped comparatively greater than those of
narrower streets. This finding could be explaingdhe higher aerodynamic resistance exerted from

the street canyons of smaller ARs (rougher surjemeshe flows.
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Figure 6: Comparison of the vertical velocity fluations at ARs of 1, 1/2, 1/4, 1/8, 1/10 and 1/12.

Profiles of vertical velocity fluctuationswe'w” > are depicted in Figure 6. Similar to the mean
velocity profiles, the ensemble average of the teigditical segments is plotted whose values are
normalized byJ;. Consistent with the mean wind profiles, the RSkeivealed at the near-ground level
(2h < z < 5n). The dimensionless vertical velocity fluctuationw” >“4U; increases with decreasing
ARs (widening in street width). Comparing the twegtreme cases, ARs equal 1 and 1/12, the
difference in the near-ground turbulence levelapgsto 50% that agrees well with the classification
available in literature (Oke, 1988). In the skimmiflow regime (AR equals to 1 or 1/2), the
interaction between the street-level recirculagod the outer prevailing flows aloft is limited bese

of the closely packed building elements, resulimghe reduced turbulence levels. When the AR is
decreasing, the flows change to the wake interberemd isolated flow regimes. The prevailing flows
in the UBL core could reach down to the street lleesecondary flow is then initiated by the
downward entrainment, reinforcing the street-;leeglirculation. As a result, the interaction betwee
street-level recirculation and outer flows is erdehthat in turn promotes the near-ground turb@enc
levels.

For both the mean and turbulent flow propertieg, ¢fffects of the roughness elements are rather
shallow that are mainly limited in the RSL regi@n the other hand, the flow properties in the UBL
core are fairly uniform. These results provide Hartevidence for the influence of urban morphology
on the near-ground structure of the turbulent bamnthyer.

4 Conclusions

Flows over various idealized urban-type surfacestidet canyons of ARs 1, 1/2, 1/4, 1/8, 1/10 and
1/12 were modelled in a laboratory-scale wind tlinfiee turbulent boundary layer over the idealized
urban roughness elements is measured with in-hoase 90 X-hotwire anemometry. The mean flow

and turbulence characteristics of unity AR stremtyon arrangements were compared with our
mathematical modelling results for validation puee. The current experimental results agree
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reasonably well with our previous LES data. Besitles effect of urban morphology on the boundary
layer structure is also examined. The result sugdbat the level of turbulence generated, padrtyl

at the near-ground level, is of an increasing treitd widening street width (i.e. a decrease in AR)
However, this increasing trend is stopped at theefjRal to 1/8 and a broad peak is observed across
ARs 1/8, 1/10 and 1/12. Additional measuremergsuaidertaken on a variety of urban surfaces with
a broad range of ARs, building height variabilignd friction velocity in order to elucidate the
complicated transport processes and pollutant gispemechanism over urban areas.
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