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Abstract

The microclimate of a high-density city affects Idiig energy consumption and
thermal comfort. Despite the practical needs indug design and urban planning to
predict conditions inside street canyons, litemtigrsparse for physics-based models
that can support early stage design. Existing teatsh as the Computational Fluid
Dynamics (CFD) method is computationally expensind cannot easily be coupled
with other simulation models to account for solaathgains at urban surfaces and
anthropogenic heat from traffic and building HVAg¢stems. This paper describes a
zonal model developed to assess airflow and aipéeature in street canyons in
high-density cities. The model takes into accounuBban geometries, external wind,
buoyancy, convective heat transfers from urbanased; it can simulate zonal air
temperature, pressure, and airflow patterns byanotsely solving mass, pressure and
energy balance equations. The model was evaluatied) field measurement on a
'mock-up’ site consisted of movable concrete bimmioking buildings and street
canyons in high-density cities. Experiments weradcmted on 3 alternative street
layouts of various height-to-width aspect ratiomdarate (H/W=1), dense (H/W=2),
and high-density (H/W=3). Agreements between ptedicand measured air
temperatures were satisfactory across 3 layouts{RB4). Temperature differences
between simulated and measured results were lawgighyn 1 K. The model can

provide a reliable and quick assessment of the éinplastreet canyons on urban heat
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island (UHI) in high-density cities. The next siefgo couple this model with building

energy models.

Keywords. Zonal Model; Urban Heat Island; Street Canyon Agmperature;

Microclimate; Mock-Up Site
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1. Introduction

The urban microclimate inside street canyons cae laamajor effect on the thermal
comfort of pedestrians as well as building energsfggmance [1] [2]. Previous work
has identified the need to assess urban microcimatelation to the rapid growth of
the urban population worldwide [3]. The growing amization drives the expansion
of the urban area, creating more high-rise builgin@igh-density cities and
mega-cities [4] [5]. Building and urban design ughce the urban microclimate, and
human anthropogenic heat generation generally siftes the differences between
urban and rural microclimates [6]. The urban helainid (UHI) which is characterized
by higher temperatures in urban areas than in aneds is widely reported [6-8].
However, in most of the current building energyigerocesses, the microclimate
around a building is not taken into considerat@amd the energy demand is predicted
using the meteorological data obtained from a dwdouor rural weather station (i.e. a
nearby airport) [9]. This simplification can gengrdead to an overestimation of the
annual heating load and underestimation of theimgdbad compared to the situation
with consideration of the urban microclimate arouhé building [10]. Thus, the
studies of the urban microclimate in street canyamessignificant for the optimization

of urban design and building energy simulation.

Research literature on urban microclimate indicaggperimental and numerical
activities. The experimental approach can providectl measurement data, showing
the effects of different influencing factors suchthe street layout and meteorological
conditions etc. Santamouris et al. [11] measuredattflow and temperature in a deep
pedestrian canyon over a week and found that theme spatial and temporal
variations of the surface and air temperatureslentie canyon. Johansson [12] found
that the average air temperature in the deep steegton was 6 K lower than the

shallow one and thus it was more comfortable inreemKarra et al. [13] conducted
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a field and laboratory study and found that thevffeeld showed a clear sensitivity to
the local geometry. However, the experimental mdthare expensive and only
limited cases can be studied. Moreover, due tdithieed number of the instruments,
the measurement data is discrete in time and sgdmes, numerical methods have
been developed to assess the microclimate in staegons. The computational fluid
dynamics (CFD) model is the most common numerigaukation approach which
can simulate the detailed airflow and temperatuséridution of the urban domain.
Bruse and Fleer [14] introduced a model named EM¥t; in which a
non-hydrostatic microclimate model designed to $ateu the surface-plane-air
interactions in an urban environment. Chatzidimurand Axarli [15] simulated the
effects of geometry on microclimate and comforthe street canons by ENVI-met.
Oguro et al. [16] established a wind environmerntbase for the assessment system
CASBEE-HI (Comprehensive Assessment System for digl Environmental
Efficiency on Heat Island Relaxationy CFD simulation. Yang and Li [17] used a
three-dimensional urban surface energy balance Imaut# studied the impact of
urban geometry on average urban albedo and strdats temperature. The outdoor
thermal environment has also been analyzed using @Bdels[18,19], while the
buoyancy effect of solar radiation is complex aadrot be easily accounted for in
the CFD simulation of external spaces [20], altHowgcent attempts were made
coupling CFD and building energy models togethéj.[2eanjean et al. [22] analyzed
the combined influence of building morphology anckes on air pollutant
concentration in a neighbourhood by CFD. Wen €28l performed CFD simulation
and studied the flow behavior of the aeration adobnildings. Many other studies
used the CFD model to analyze the microclimatédénstreet canyons could be found
[24—26]. The CFD method, despite many merits, ardronted with difficulties when
applied to large districts and complex urban camfigons [27] and it is
computationally expansive, making it practicallyfidult to support building design

5
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and urban planning practices in which reliable gottk assessment are needed at

early stages.

In light of many practical limitations of CFD modebther alternatives methods were
developed to assess airflow or temperature in tstteeyons. De La Flor and
Dominguez [28] presented a numerical urban canyon ntodedsess the modification
of climatic variables in an urban context. Musyakt[29] proposed a zonal model to
assess the indoor air temperature and flow. Thihadewas also meaningful to the
model development of outdoor microclimate simulatio street canyons. Bozonnet
et al. [30] developed an empirical model to astessirflow within the street canyon.
Djedjig et al. [31] proposed a hygrothermal modetjeen walls and coupled it with
the model of mass flows in street canyons to agbesthermal impact of green walls
on buildings as well as the surrounding microcle&fiasson [32] presented an urban
surface scheme for atmospheric mesoscale modedsetyal. [20] developed a nodal
network method to model the urban microclimates aatidated it against field
measurement data on the campus of Chongqging Uitiwdt®wever, the vertical air

temperature and flow profiles could not be prediatéth this method.

This study describes the development of a zonalemodsimulate the dynamic urban
microclimate of street canyons in high-density esti The horizontal and vertical
temperature distributions across the simulation alamair exchange between zones,
can be simulated. Mathematical models and bounclamgitions of the zonal model
are described. Scale-model outdoor field experimdrgve been carried out and
compared with the simulation results. The resulitngal model is able to predict the
time varying air temperature in street canyons kijuiavith acceptable accuracy,

which has promising applications in the stagesrb&n and building design.

2. Method of the mathematic model

The basic idea of zonal modelling is to divide gieet canyons into multiple zones
6
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connected with each other. The air in each zorssssimed to be well-mixed with a
uniform air temperature. The vertical division aines is used to account for the
vertical distribution of temperature within deepest canyons. Fig. fllustrates a
typical zonal division for the outdoor environmenhe height in the same level of the
zones is set to be identical. Dimensions and dimsiof the zones describe the
building and canyon geometries and layouts of threain. Pressure, temperature and
air density in each zone of the domain follow tteal gas law. The zonal method is

based on mass and heat balances for the macrosaiyices.
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Fig. 1 Schematic depiction of the zonal urban microclemabdel.

2.1 Mass and heat balances

2.1.1 Mass balance in the network

Airflow takes place across the inter-connected gpméth mass variations due to air
density differences assumed negligible in an udanronment. Thus, the zonal mass

balance equation can be expressed as:

j=N

(m; -m)=M, 1)

-

J =
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wherem; andm; are the mass flow rate from zonéo zonej and zong to zonei
respectively (kg/s), and both are defined as “pasitvariables;Mg; is the rate of

mass accumulation in zongkg/s), whileN is the number of the zone.
2.1.2 Heat balance in the network

Heat transfer occurs between zones due to massamyed or between air and
surfaces, i.e. building walls, roofs and the grauRge zonal heat balance equation is

expressed as:

d j=N k=M a=S
VG =S (Mg T-m ety hA T - T+ & @)

dt J =1 k= a=1

[y

where the term in the left hand is the heat charigbe air, the first term in the right
hand represents the heat exchange due to masgXidvange, the second term in the

right hand is the convective heat flux, the thedcht is power of heat generation from
anthropogenic sourceg is the zonal air density (kgfn V. is the zonal volume
(m); c, Is the specific heat capacity of the air (J/kg.Kj);and T; are the air
temperature of zoneand zong (K); hy is the convective heat transfer coefficient
between the surface and air (W/K); A is the area of the surface YmTsyt is the
surface temperature (K)Q, is the power of heat generation from anthropogenic

source within zone (W), i.e. traffic, air conditioning (AC) units, arooking. The
surface temperaturk,s can be obtained by an energy balance equatioheosurface

or measured onsite directly.

2.2 Pressure and airflow balances

The airflow between zones is driven by pressure gerkity differences. Flows are
calculated for 1) horizontal and 2) vertical opgnaccordingly. The inclined opening

could be equivalent to a horizontal opening ané@rical opening with different areas

8



165

166

167

168

169

170

171

172

173
174

175

176
177
178

179

180
181
182
183
184
185

according to the projection.
2.2.1 Airflow model at horizontal opening
For horizontal openings, the hydrostatic variatodrpressure between the horizontal

connected two zone@p, ) is expressed below [22] [24] [25]:

AR =R - P-

N

o2 h+p h) (3)
whereP;, p andh are the pressure, air density and overall heiftiteoupper zong

Pi. o andh; are thepressure, air density and overall height of theédmotzone. g is

the gravitational acceleration (rfy's

Thus mass flow rate across the horizontal operamgoe expressed as:
3. M =0 AR >0 (4)

m, = uAJ2p,AR
m =uAf20|aR|, m =0, ifAP<0 (5)
wherey is the discharge coefficient of the openiAgs the area of the opening Im

The discharge coefficient is depended on the ogerReynold number, wind

incidence angle and direction of air flow, size ahdpe of the opening [35,36].

2.2.2 Airflow model at vertical opening

For vertical openings, when there is temperatufeerénce between zones, this
temperature difference will result in an air depdltfference, leading to a positive
pressure difference at the top of the opening andgative pressure difference at the
bottom (or vice versa) [37]. Two-way airflow mayooe according to the position of
the neutral level. At the neutral level, the ailoe#ty is zero, which can be determined

according to the following equation.
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whereZ, is the neutral level (m)AP is the pressure difference between zones (Pa).
The airflow model may vary in different conditioregscording to the position of the

neutral level, therefore the airflow rate is catgggd into the following situations.

(1) When 0<Z_ <h, the neutral level is within the opening. Two-wayflow

occurs at the vertical opening, which can be cateal by:

2 3

m =S M2 | - A (k- 2)° (7)
2 3

m, =2 W29 |2 -A[(7) (8)

(29 When Z <0, the neutral level is below the opening. The airfl is

unidirectional and flows from zondo zong, which can be calculated by:
2 : 3
m -gﬂW\/ZQO.‘P' ~A \{(h- 7) - Z)Z} 9

m; =0 (10)

(3) When Z, = h, the neutral level is above the opening. Air flofxem zonej to

zonei, which can be calculated by:

m; =0 (11)

_2 N C (7 W
my =S HW\2 0| pj\{m (7 h} (12)

where h is the overall height of the vertical opening (i, is the width of the

opening (m).
10
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2.3 Boundary conditions

To solve the above mass and heat balance equatimnboundary conditions of the
model need to be provided or calculated, whichudelthe wind, temperature and
pressure boundary conditions. There are five zamemected to the simulation
domain from the adjacent surroundings, which, faarmeple, can represent the

boundary zones in the north, south, east, westtihres and the upper boundary zone.

2.3.1 Wind boundary condition

The wind direction and speed will affect the wingegsure around the simulation
domain. The wind velocity in the rural boundarypeescribed by a power law

distribution, which is widely used in horizontalnwi speed estimation[38—41]:

2y,
Z (13)

wherev, is the reference wind speed at heigh{m/s); vy is the wind speed measured
at the weather station (m/sJp is the height of the weather station (m).is an
empirical constant depending on atmospheric canditilow stabilities and surface

configurations.
2.3.2 Temperature boundary condition

The air temperature of the boundary zone influenthesheat transfer between the
boundary and the simulation domain induced by thdloa, while surface
temperatures within the domain affect the heatstenfrom the surfaces to the
specific zones. Thus, both air temperatures of ibandary zones and surface
temperatures of the exterior building envelopes, thie exterior ground temperatures
need to be provided. Air temperature of the bouedazrones, such as north, south,
west, east, and upper zones of the simulated doragnassumed to be the same as

that at the local weather station. The surface &atpres of the buildings and ground
11
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can either be calculated by a building energy amdase temperature models or

measured onsite.
2.3.3 Pressure boundary condition

The static air pressur®d) at a given heigh can be inferred from a local weather

station after adjusting for the stack effect dugravity:

R=R-pdZ- %) (14)

wherePy is the measured barometric pressure at the opeahtiveather station (Pa)

andp is the density of the air (kgfn

The wind pressure at the boundary surfaces ofithelated domain can be calculated
according to the wind profile. The main differendetween east, west, south and
north surrounding zones are the values of the wnedsure coefficient which varies

according to the wind direction. Thus, wind press@#,; at the boundary surfaces

can be calculated by the following equation:

_ pVZ_ pVOZ Z 2a
P =0Fz = =
=05 (15)

3. Model evaluation

3.1 Experimental setup

In order to evaluate the performance of the zonadleh scale-model outdoor field
experiments were conducted in a mock-up site of Batrsen university campus in
suburb region of Guangzhou, China (23% 113°23E). Fig. 2 shows the plan of the
mock-up site. The mock-up street canyons were it hollow concrete bins of 0.5
m x 0.5 m x 1.2 m (width x length x height) withetlwall thickness of 1.5 cm.
During the experiment, a total number of 620 cotect®@ns were aligned in parallel

rows along the east-west direction. Each row hasd@rete bins numbered 1 to 20
12
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starting from the east to west. The space in thekrup street canyons could be
subdivide as 20 zones in accordance with the numibtre concrete bins. Zone No.
12 was used as the target zone to validate theamcwof the model. The widths of
the “street canyons” were made to 1.2 m, 0.6 m, @Addm, which result in aspect
ratios H/W) of 1, 2 and 3, respectively. The effect of thpteof the street canyon on
the microclimate around the buildings can be stlidiEhese are simplified cases
compared to the actual street canyons in city. ddheantages of carrying out a field
experiment on the mock-up site are that it allowfable measurement of air
temperature, surface temperatures of the grounili,and the roof, whereas in a real
city these variables cannot be easily measuredtaaciimost impossible to account
for anthropogenic heat emissions from traffic antheo activities accurately.

Simulations have been compared with the measuredatat which were obtained in

the experiment conducted on-24 July 2016.

13
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(©) (d)

Fig. 2 The experiment site. (a) Schematic illustrationhef plan of the mock-up street
canyons with aspect ratios of moderat#\W=1), dense H/W=2), and high-density
(H/W=3), (b) Aerial photo of the mock-up site taken b8 July 2016, (c) & (d)

Horizontal photos of the mock-up site taken on al§ 2016

Measurements were conducted simultaneously anld¢agons of all the instruments
were the same for the three different aspect ratenarios. Air temperatures were
measured by iButton (DS 1922L) with shielding & thterval of 1 min. Two of them
were placed in the center of zone No. 12 at thghtesf 0.1 m and 0.6 m to measure
the air temperature in the mock-up street canyamtider was placed at the height of
1.3 m to measure the air temperature above theocanyhe measurement range and
error of this instrument wered0 to 85 °C and 0.5 °C. Thermocouples were mounted
on the vertical walls, the ground and roof surfatesmeasure the time-varying
surface temperatures. These surface temperatuaendgie recorded continuously by
Agilent 34972A data loggers at intervals of 3 setrDue to limited numbers of
available equipment, only the surface temperatofesoncrete bins No.-43 were
measured. Thus, surface temperatures of concretd Nand other concretes near it

were measured in detail, which could assure tharacg of the boundary conditions
14
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of the target zone No. 12. Surface temperaturepotretes No.-18 and No. 1420
were assumed to be the same as that of concreteS Biod No. 13, respectively.
Several lines of thermocouples were placed alore"wall” and “roof” surfaces to

measure the temperature gradation as they werensimokiig. 3(b)

Fig. 3. The positions of the thermocouples in the oppositall” and “roof” surfaces
of the mock-up street canyon were the same. Fnertbcouples were place evenly at
the central line of the ground surface of zone Nbat the north-south direction. To
double-check surface temperature measurement fl@mbcouples, an infrared
camera (FLIR P635) was used to take thermal imagérthe mock-up site on a
regular basis. Comparison of the surface temperangasurement results between

these two methods has been illustrated in Fig.f$lieosupporting information.
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(b)

Fig. 3 Instrument layout in the mock-up street canyohllfastration of the locations

of the instruments (theo™ represents the thermocouples), (b) Photo of émsars

A weather station (RainWise PortLog) was used tasuee the local air temperature,
barometric pressure, solar radiation, rainfall, dvairection and speed, which could
serve as the input boundary conditions for the rtiode It was located at the central
of the experiment site at north-south directione Tistance between the west edge of
the mock-up street canyons to the anemometer wam.13he monitoring time
interval was set to 1 min. The sensors of the warastation were located at a height
of 2.4 m above the ground. Theurer [41] concluded for interrupted rows and row
like buildings, thea value in equation 13 is recommended to be 0.36 (add,
respectively. Thea was assumed to be 0.4 for the mock-up site in shisly.
Consequently, with the wind speed and height ofwieather station are given, the
vertical profile of the wind speed at different giei could be calculated and thus the

wind boundary condition could be obtained.
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3.2 Measurement results

The hourly average local air temperature and bamaecr@essure are presented in Fig.
4(a). The air temperature ranged between-300 K (2737 °C) during the
measurement period. Air temperatures at 14:00,nt024 July decreased noticeably
due to the sudden showers at the period of ¥t34:92, 19 July and 13:524:04, 21
July recorded by the local weather station. Asviager absorbed by the concrete bins
could not be accurately estimated when it was mginhor the amount of moister
evaporating from the surfaces after the rain, tet lexchange at the concrete surfaces
due to this factor could not be well consideredusthe effect of rain was not
considered in our simulation. Consequently, theutated temperatures supposed to
be higher than the measured data at the rainy {@@r80-14:00) and several hours
after (14:00-17:00).

The hourly average wind speed and direction arevsha Fig. 4(b). Wind from the
north direction corresponds to 0 ° in the figurecBded wind direction ranged from
76° to 250°, allowing assessment of conditions imcv wind are parallel, transverse
or oblique to the street canyon. The actual winelespand direction vary over time.
To simplify, hourly average wind direction and sp&eere used as the input boundary
conditions of the model to calculate the wind puessaround the mock-up street
canyons. The wind speed varied between @®B.0 m/s and the wind direction

varied between 76 to 250 ° during the experiment.
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Surface temperatures for different aspect ratiespagesented in S2 and Fig. S2 of the
Supporting Information. Air temperatures at the kiap street canyons are presented
in Fig. S3 of the Supporting Information. There weslight differences among

different scenarios.

3.3 Computer simulation

The “street canyons” of the mock-up site were digied as inputs for the zonal
model. The linear space of the “street canyon” segmented into 20 zones of equal
size, numbered 1 to 20 starting from east to waste No. 21 was added on the top
of the street canyon and two rows of concrete bihe. height of this upper zone was
assumed to be 1.2 m and the length was 10 m. Thikl consider the heating or
cooling effects of the roof to the upper zone oé tbanyons. 21 zones of the
simulation domain, five boundary zones, namely #ast, west, north, south and
upper boundary zones were included in the simuiattog. 5 shows the division of

the zones for the mock-up street canyon.

Generally speaking, the discharge coefficiemt!n the equations for sharp-edged
openings are in the range of 0.6-0.65 [35,42,48Jour case, we have a continuous
street canyon which is manually divided into zoné&kere are no valves nor
obstructions other than the canyon walls, thusvtidae is supposed to be larger. A
value of 1 was adopted in our simulation. Sensjtignalysis of discharge coefficients
on the simulation results were also included in $lupporting Information. The air
temperatures in the mock-up street canyon are easitive to the discharge

coefficient according to the results.

By inputting the surface temperatures of each zumkethe measurement data of the
local weather station, together with the airflow dah heat and mass balance
equations in the zones, air temperature in eack aod airflow rates between zones

were simulated. The simulation results for zone H®.were compared with the
19



370 measured air temperature data. The calculation wmescuted using Python
371 programming language. For condition in each hdwa,dalculation tooks less than 10
372 seconds to reach convergence, in which the presseneperature and air flow
373 residuals are less than 0.01 Pa, 0.0001 K andkg@6respectively. Fig. 6 shows the

374 convergence conditions of pressure, temperaturearidw at a typical hour.

|—> A A-A

[T~ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T L,
| ] |
: North boundary zone : : Uity s :
: : : 1
: Concrete bins : R R !
| West East | : I
| boundary | Zove | ZA]);B ...... Zone 2| Zone 1| boundary : : Zone 21 1
: “one 2 zone : I North South :
: Concrete bins | : boundary boundary :
i : : zone Mock-ug zone :
| | treet
: South boundary zone : : cin;fm :
| ! I !
I —————— I

3 7 5 L> A

376 (a)

/
—
377 S

379 Fig. 5 (a) Division of zones for the mock-up street cany) Wind vertical profile
380 of the study site (alpha = 0.4)
381
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Fig. 6 Convergence of pressure, temperature and air #Hova typical hour. (a)
Pressure residual (Pa), (b) Temperature resid@a) (&) Airflow residual (kg/s)

3.4 Comparison between the simulation and measurement results

Fig. 7 shows the air temperature comparison betweersimulated and measured
data for the aspect ratio of H/{\=1). The correlation and root mean square error
(RMSE) value for the simulated and measured dataakso presented. Simulated air
temperature in the mock-up street canyon showeddhee variation trend as the air
temperature measured at the local weather staliba. air in the mock-up street
canyon was heated by the surface of the concrétenos and can result in a higher
value than the air temperature at the local weathsion sometimes. It could raise
2-6 K at noon. Correlation analysis suggested ttastmulated temperatures were in
good agreement with the measured data. Differebeéseen them were generally
within 1 K (the RMSE was 0.0025 for this case),itating the acceptable accuracy of
the outdoor zonal model. Fig. 8 and Fig. 9 show divetemperature comparisons
between the simulated and measured data for actasp® of 2 and 3, respectively.
Same as the case of moderate aspect ratio, goeegragnts between the simulated

and measured data were also achieved in the dedg@gh-density scenarios.
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402 Fig. 7 Comparison of the air temperatures in the moclstuget canyon between the
403 simulated and measured data for the moderate asygexriH/\W=1). (a) Comparison
404 between the measured and simulated air temperat@iogsCorrelation analysis

405 (RMSE=0.0035)

22



—eo—Simulated ——Measured —e—\Weather data

316
314
< 312
g 310
2
o
5 308
3
@ 306
304
302
300
0:00 12:00 0:00 12:00 0:00 12:00
406 Time
407 (@)
314 v
'
//
o 32 o o
~ y = 0.8653x +40.711 R4 // °
3O R2=0:9397 ————— » e s T~
-.?5 00, g °
= ‘// )
Q 308 - A e
5 P
F 306 f--—————————- > —,;—/.;—'— ——————————————
5 %
& 304 F———~- P T
£ e
" 302 ——ifv ——————————————————————————
[ ]
'
300 ¥ I I I I 1 1
300 302 304 306 308 310 312 314
408 Measured Temperature (
409 (b)
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412 between the measured and simulated air temperat(iogsCorrelation analysis

413 (RMSE=0.0029)
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Fig. 9 Comparison of the air temperatures in the moclstoget canyon between the
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analysis (RMSE=0.0041)
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3.5 Strength and limitation of the zonal model

The strength of the zonal model lies in its abilidyestimate urban buoyancy flow

driven by solar heat gains and anthropogenic hmatss. This model is not intended

to replace CFD modelling; rather, it can serve asupplement to the existing

state-of-the art methods for rapid calculation oe@ger time periods, for example,

providing hourly values for a whole year. It is cjuiand it can be easily coupled with

other simulation platform such as building energydeds. Results can be convenient

illustrated for practical applications. The airflgpattern as well as temperature profile

of the street canyon with aspect ratio of 3 at @301.20 are presented in Fig. 10. The

air from the boundary zone came from the west toegcheated by the ground and

vertical surfaces of the mock-up street canyon. #imperature in the canyon

increased from the west to east consequently.

! Zonal Air Temperature (*C) i = ___._.--‘::"’f 058
! Color Tone Propeortional to Temparature — 0.18 o = | d

Horizontal Airflow {wind-driven) (kg/s)
Arrow Size Proportional to Flow Rate

Vertical Airflow (buoyancy-drven) (ke/s)

Arrow Size Proportional to Flow Fate

2\
W
E
@) e

W
IEX
-

Fig. 10 Visualization of predicted zonal air temperaturd arier-zonal airflow rate in

the mock-up street canyon with aspect ratio of B3ab0 Jul.20, 2016
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439 The limitation of the zonal model lies in its laok turbulence model. In order to
440 examine the impact of turbulence characteristics camyon temperature, we
441 conducted CFD simulation of the study site usingSM$ Fluent as well as tracer-gas
442 experiment. Results show that the zonal model ptiedi has limitations in the
443 presence of strong turbulence introduced by petipalaat wind in medium density
444  urban configuration (H/W=1). This effect is mor@minent with wind perpendicular
445 to street canyon consisted of uniform height badgi where prediction from the
446 zonal model can be over 1 °C higher than measurenea under our study site
447  conditions. However, the impact of turbulence ibdited in high-density conditions
448 (aspect ratio H/W=3) or under parallel wind, in ahipredictions from the zonal
449 model agree very closely with those from the CFDdelcand measurement data
450 (within 0.3 °C). Detailed analysis and discussi@ms featured in the Supporting

451 Information.

Predicted by CFD (°C) ® Predicted by Zonal Model (°C) = Measurement Data (°C)

° o - -

g 582 2% S

E S A

g 2

) o0

% % _ ~ ~ % o«

5 B 5 om0

5

3

5 H/W=1 H/W=3 H/W=1 H/W=3

§ Perpendicular wind (south) Parallel wind (east)

v 5:00 July 19, 2016 15:00, 19 July, 2016
Time 5:00, 19 July 15:00, 19 July
Dominant wind direction Perpendicular  winéParallel wind

(south) (east)

Aspect ratio H/W=1 H/W=3 H/W=1 H/W=3
CFD predicted temperature (°C) 27.89 27.72 30.2129.85
Zonal model predicted temperature (°C)  28.90 27.77 30.08 29.82
Measured air temperature (°C) 27.73 28.09 29.7830.05

452 Fig. 11 Predicted street canyon air temperatureCtp and zonal model in
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comparison with measurement data.

4. Conclusion

This paper described a zonal model developed taulaten urban microclimate
conditions in street canyons. Outdoor field measergs have been carried out for
mock-up street canyons constructed from concrate bicluding zones with three
different aspect ratiodH{W=1, 2, 3) on a campus environment to evaluate tbéem
performance. Air temperature in the mock-up stoagtyons could increase up to 6 K
above the ambient conditions at the noon, suggeshtia necessity to consider the
urban microclimate around the buildings. Predia@gdemperatures for the mock-up
street canyons showed satisfactory agreement wasorement data (within 1 K) for
all three aspect ratio cases. The zonal model cadiqh in-situ air temperature in
high-density cities, and, due to its fast compuspged, can potentially support early
stage design. The next step is to couple the zondel with building energy models
to simulate annual hourly solar radiation, surfaoergy balance, and anthropogenic

heat sources for a cluster of buildings in urbamext.
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Figure captions

Fig. 1 Schematic depiction of the zonal urban microclinratalel. (The solid blocks

describe the buildings)

Fig. 2 The experiment site. (a) Schematic illustrationhef plan of the mock-up street
canyons with aspect ratios of moderat#\W=1), dense H/W=2), and high-density
(H/W=3), (b) Aerial photo of the mock-up site taken I July 2016, (c) Horizontal

photos of the mock-up site taken on 18 July 2016

Fig. 3 Instrument layout in the mock-up street canyohllfastration of the locations

of the instruments (theo” represents the thermocouples), (b) Photo of émsaers

Fig. 4 Boundary conditions measured by the local weatstation during the
measurement. (a) Air temperature and barometrisspre, (b) Wind speed and

direction
Fig. 5 Division of zones for the mock-up street canyon

Fig. 12 Convergence of pressure, temperature and air #bow typical hour. (a)

Pressure residual, (b) Temperature residual, (dlpmi residual

Fig. 7 Comparison of the air temperatures in the moclstoget canyon between the
simulated and measured data for the moderate asgieriH/W=1). (a) Comparison
between the measured and simulated air temperat@ogsCorrelation analysis

(RMSE=0.0025)

Fig. 8 Comparison of the air temperatures in the moclstoget canyon between the
simulated and measured data for the dense aspgert(fiW=2). (a) Comparison
between the measured and simulated air temperat(@gsCorrelation analysis

(RMSE=0.0029)
Fig. 9 Comparison of the air temperatures in the moclstuget canyon between the
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simulated and measured data for the high-densipedcsratio H/W=3). (a)
Comparison between the measured and simulatecerapetratures, (b) Correlation

analysis (RMSE=0.0041)

Fig. 10 Visualization of predicted zonal air temperaturd arier-zonal airflow rate in

the mock-up street canyon with aspect ratio of B3a0 Jul.20, 2016
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Research Highlights

Developed a zonal model to assess street canyon air temperature of high-density
cities

The model was evaluated in field measurement on a mock-up site with 3 aspect
ratios

Good agreements between predicted and measured air temperatures were
observed(<1 K)

Peak warming between 2-6 K above the ambient air temperature were observed

in mockup street canyons



