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HIGHLIGHTS

* Simulation of intermediate terrain between an urban configuration and a meteorological
station with the use of roughness length.

¢ Study of minimum number of surrounding buildings to be included when simulating
wind flow around a target building.

*  Verification of the simulation results with measured wind velocity on building rooftops.

* Examination of the use of these approaches for different wind directions.

ABSTRACT

This investigation used wind information from a meteorological station to conduct a CFD
study of wind distribution in an urban configuration. The study treated the computational
domain with detailed building structures only in the proximity of the urban configuration, and
treated other regions with roughness. The resulting mean wind velocity was 5.5% higher than
that computed with the use of detailed building structures between the meteorological station
and the urban configuration, which is acceptable for most applications. This investigation
then explored the influence of surrounding buildings on the wind flow around the target
building with different geometrical models. The models differed in terms of the geometrical
details around the building. The results showed that the surrounding buildings had a
considerable impact on the wind flow around the target building due to the sheltering and
channeling effect. When the details of the surrounding building structures were not taken into
account, the wind flow around the building was inaccurate and unacceptable. The predicted
wind speed and pressure distributions improved with an increase in the level of detail of the
surrounding building structures. To achieve acceptable results, a CFD simulation should use
detailed building structures around the target building within a radius of at least three times
the length scale, where the length scale is the largest dimension of the target building. The
results of the study can serve as a practical guide for predicting airflow around an urban
configuration or a building.

Keywords: Urban wind flow, Geometric model, Surface roughness, Experimental verification
1. Introduction

The investigation of wind around buildings in an urban configuration in the lower part of
the atmospheric boundary layer (0-200 m) [1] is crucial in many wind environmental
problems, including natural ventilation design, pedestrian comfort, and air pollutant
dispersion [2, 3]. Solving wind-environment problems requires the study of wind flow into an
urban configuration [4, 5]. With the development of computing resources and grid-generation
techniques, an increasing number of researchers have adopted computational fluid dynamics
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(CFD) in their investigation of urban wind environments [6-9]. The accuracy of CFD
simulations relies on many factors, and to the knowledge of the authors, computational
domain and representation of surroundings are the prerequisite to acquire accurate results
[10].

Traditional CFD models for urban flow simulation can be classified as meso-scale models
(10 to 200 km in the horizontal direction) and micro-scale models (100 m to 2 km in the
horizontal direction) [11,12]. Meso-scale models do not provide detailed flow information
below the urban canopy layer. Because these models use parametrization methods for the
building details, the results are not useful for designing natural ventilation in buildings,
pedestrian comfort, or air-pollutant dispersion [13,14]. Micro-scale models use
meteorological data from several kilometer away as the inflow boundary and do not explicitly
consider the effect of the distance from the meteorological station to the urban configuration.
Thus, the simulated wind environment may not be accurate [15,16]. We [17] previously
proposed a full-scale model (typically 2 to 20 km long) that is a cross between a micro-scale
and a meso-scale model. The full-scale model is similar to a micro-scale model in that the
building details are explicitly constructed; however, the computational domain extends from
the urban configuration site to a meteorological station several kilometer away. The full-scale
model was able to produce the wind velocity distribution in the urban configuration with the
use of wind information from a meteorological station 10 km away from the urban
configuration. Although the full-scale model calculated the wind distribution at the urban
configuration site with reasonable accuracy, constructing all the building details in the
computational domain was very time consuming, and the computation required significant
computing resources.

In fact, we are concerned only with the flow distribution inside a particular urban
configuration. Therefore, it would be more practical to only construct building details inside
the urban configuration area, while treating the terrain between the urban configuration and
the meteorological station as some kinds of resistance. The question now is how to
manipulate the urban architecture between the urban configuration and the meteorological
station. Meso-scale models generally use parametrization methods for building details in
order to emphasize the impact of geographical and meteorological conditions on urban wind
environments [18]. These parametrization methods can be classified into three categories,
drag force parametrization [19-21], porosity concepts [22-24] and roughness length
approaches [25-27]. The drag force parametrization and porosity concepts use wind tunnel
experimental data in which roughness elements are simple cubes with given distributions,
whereas actual urban constructions are highly spatially inhomogeneous; thus, the methods
may not be suitable for an actual urban environment. The roughness length method is a very
simple way to include the effects of urban terrain on wind speed and turbulence by using a
prescribed aerodynamic roughness zo in contrast to the urban terrain, which is of great
importance in building and wind engineering applications. However, the performance of the
method in representing building structures in an actual urban area for the purpose of urban
flow simulation has not been thoroughly evaluated.

In addition to the unresolved issue of representation of the intermediate terrain, another
problem is the size of the region in which building details should be explicitly constructed. In
an urban area, the wind flow around a building is often influenced by surrounding buildings
because of the buffeting, channeling, and sheltering effects [28, 29]. van Hooff and Blocken
[30] observed that the ACH (air change rate per hour) in a building was highly dependent on
the surrounding buildings. Excluding the urban environment in the computational domain can
lead to an overestimation of the ACH. Therefore, to ensure accurate results, it is important to
construct a reasonable representation of the surroundings in the CFD simulations. Tominaga
et al. [10] suggested the modelling of surrounding buildings within a 1H-2H radius from the
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target building, where H is the height of the target building. Moreover, at least one additional
street block in each direction around the assessment region should also be clearly reproduced.
Tong et al. [31] recommended that three layers of buildings in the surroundings (n = 3) be
modelled explicitly for regular street canyons (H/W = 1, where H is the height of the building
on the street side, and W is the width of the street) under normal and oblique wind directions,
while reducing the influence region to two layers (n = 2) for wide canyons (H/W = 1/3) and a
high-rise configuration. However, previous studies were based on simple cubes with given
distributions, whereas the actual building structures in an urban area are extremely complex.
It was also difficult to define surrounding layers on the basis of building blocks, because
buildings could be distributed densely in some directions but sparsely in the other directions.

Previous studies have not determined how to correctly represent the urban architecture
between the urban configuration and the meteorological station, or how many of the
buildings around a target building should be explicitly constructed in a real urban area. This
investigation examined the use of roughness length to simulate the intermediate terrain, in
order to identify a suitable method for accurately calculating the wind distribution in an urban
configuration with limited computing resources. Using the proposed method, this
investigation then compared simulations with different surrounding layers and a simplified
geometric model. The aim was to reduce the effort in constructing the geometric model with
the inclusion of building details and to reduce computing costs, while maintaining the
accuracy of the simulated wind flow at an acceptable level.

2. Research Method

This section describes the construction of a geometric model to represent the region
between an urban configuration and a meteorological station; the numerical model that was
used to compute the wind distribution in the region; the construction of the mesh grid for the
computational domain; the boundary conditions that were used; and the experimental
procedure for obtaining wind information to validate the numerical results.

2.1 Geometric model

This investigation first explored the feasibility of simulating the intermediate terrain with
the use of roughness length. We used a detailed full-scale geometric model that extended
from an urban configuration (Tianjin University) to the nearest meteorological station
(Xiqing station), 10 km away in Tianjin, China. The computational domain was 12.6 km
long, 5.4 km wide and 0.351 km high, as shown in Fig. 1(a). The model divided the
computational domain into three regions: the center region included geometrical details of the
buildings between the urban configuration and the meteorological station, and the buildings
on both sides were represented by roughness lengths. More detailed information can be found
in Liu et al. [17].

For comparison, this study also constructed a simplified full-scale model as shown in Fig.
1(b). The computational domain of this model was the same as that of the detailed full-scale
model, but only the building structures in the urban configuration site concerned (enclosed by
the white box in the figure) were explicitly constructed, as shown in Fig. 1(c), while other
regions were simplified with roughness length. With the use of a satellite map, the
computational domain was partitioned into regions of different roughness length according to
building density and building height. Evaluation of these two cases allowed us to identify a
suitable method of simulating the intermediate terrain with roughness length in order to
accurately calculate the wind distribution in an urban configuration with limited computing
resources.
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Fig. 1. Geometric models used in this study: (a) a detalled full-scale geometric model with building
structures for the entire computational domain from an urban configuration (indicated by the white box) to
the nearest meteorological station (indicated by the star), (b) a simplified full-scale model with detailed
building structures inside the urban configuration and roughness lengths for the rest of the computational
domain; (c) the building structures of the Tianjin University (TJU) model, (d) a single target building (R =
0), (e) with R = L surroundings, (f) with R = 2L surroundings, (g) with R = 3L surroundings, and (h) with
R =4L surroundings.

Using the simplified method, we then explored the influence of surrounding buildings on
the wind flow around a target building. The target building was a residential building inside
the urban configuration; it was 65 m long, 15 m wide and 16 m high, as shown in red on the
map in Fig. 2. This investigation chose the maximum dimension of the building, i.e., the
length (L = 65 m), as a scale in the radial direction in order to take into account surrounding
buildings at various distances from the target building. Different layers were defined as
multiples of the scale. Whenever more than 50% of the area of a surrounding building fell
within a given multiple of the radius, it was included in that layer. Fig. 2 shows buildings in
five different layers used in this investigation. Fig. 1(d) depicts the layer with only the target
building (R = 0), Fig. 1(e) the layer with R = L buildings, Fig. 1(f) with R = 2L buildings,
Fig. 1(g) with R = 3L buildings, and Fig. 1(h) with R = 4L buildings. The area outside the
detailed building structures can be simulated by a roughness length corresponding to the
building area. By comparing with the simplified full-scale model, this investigation explored
the influence of different layers around the target building.

Fig. 2. Multiple layers of the surroundings defined for the target building.
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Because of the complexity of the building structures around the target building in different
directions, it was important to perform simulations for other wind directions to confirm the
influence region of the surroundings. For this purpose, we selected the Beichen station and
the Dongli station, as shown in Fig. 3(a). The two stations were located 14.3 km from the
campus in the north-north-west (NNW) direction and 15.1 km from the campus in the east-
south-east (ESE) direction, respectively [32]. Following the same method as was used for the
model shown in Fig. 1(b), Figs. 3(b) and 3(c) depict the corresponding simplified full-scale
models for the two meteorological stations. Again, this study constructed another five
simplified models (with surrounding buildings from R = 0 to R = 4L) for the Beichen and
Dongli stations.

- Z=1.0m

2;=0.5m

z=0.1m
i * - zy=0.05m

) I -o0im

(c)
Fig. 3. (a) Relative locations of three meteorological stations around the Tianjin University campus (TJU)
and computational domains of the other two simplified full-scale models: (b) Beichen model and (c)
Dongli model.

2.2 CFD model

Our CFD simulations utilized a commercial program, ANSYS Fluent 14.0 [33]. The
simulations used the Reynolds-averaged Navier-Stokes (RANS) equations with a realizable
k-g turbulence model [34] to solve the turbulent wind flow in the computational domain. The
model performed well in simulating urban wind flows with an average relative error of 12%
compared with the measured data [35]. The governing transport equations were solved by
means of the finite volume method. The SIMPLE algorithm was used for pressure and
velocity coupling of the transport equations, and second-order discretization schemes were
used for solving all the independent variables. When the scaled residuals reached 10* for
mass conservation, U, V, W, k, g, the solution was considered to be converged. Velocity
magnitude on several specified points were also monitored to confirm that the solution did
not change with the iteration, which was another criterion for convergence. For more detailed
information about the numerical technique, please refer to the program manual [33].
2.3 Grid arrangement and mesh generation

Gambit 2.4.6 was used to generate a discrete grid for discretizing the governing transport
equations. Because of the complexity of the geometric models, this study used a hybrid grid
scheme with a tetrahedral grid, which was easily adapted to the geometric structures. The
maximum grid size was 20 m near the meteorological station, and it was gradually reduced to
7 m at the urban configuration site in the lengthwise direction. The maximum grid size in the
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vertical direction was 10 m. The grid resolution along the perimeter without buildings was 20
m. For the building structures around the target building, the grid size was refined to 1 m.
This led to a total grid number of 8.9 million for the detailed full-scale model shown in Fig.
1(a). The mesh type for the simplified full-scale model was the same as that for the detailed
full-scale model. Because roughness length was used in place of the detailed building
structures between the urban configuration and the meteorological station, the total grid
number was reduced to 6.1 million for the simplified full-scale models shown in Fig. 1(b) and
Fig. 1(c). With the same method, the grid mesh sizes were 4.7 million, 4.7 million, 4.5
million, 4.4 million and 4.2 million cells for the models shown in Figs. 1(d) to 1(h),
respectively. The grid number for the models with the other two meteorological stations was
slightly higher because the stations were further away from the university campus. Fig. 4
shows the grid cells on the building surfaces and in the perimeter zone for the R = 4L models.

Fig. 4. Grid distribution on the building surfaces and in the periméter zone for the R = 4L models.

2.4 Boundary conditions

The simulations used wind data from the meteorological station in the upwind direction as
the inflow boundary conditions. Table 1 lists the selected data for the three meteorological
stations. The upstream vertical boundaries (western and southern boundaries for the Xiqing
model; northern and western boundaries for the Beichen model; and eastern and southern
boundaries for the Dongli model) in the computational domain were set as inflow. The
vertical velocity profile for the inflow boundary was modeled as a power law, and the vertical
profiles for &z and e: was taking from Richards and Hoxey [36].

VA a
U, = U, (Z) (1)
k, = Uip/ [Cy @)
&, = Uip/k(z + 2p) 3)

where Ur (m/s) is the velocity at reference height z+ (m), and z (m) is height. Because the
meteorological station was located in a suburb, the exponent in the power law was a = 0.22
[37] at the two inlet boundaries. & is the Karman constant ( = 0.4) and U, is the atmospheric
boundary layer friction velocity. Uy,g; is calculated from the velocity U, (m/s) at reference
height z» (m) as

Uzpr = kUy/In((h + 20)/ 20) “4)
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The corresponding two downstream vertical boundaries in the computational domain were
modeled as outflow. The sky was treated as symmetry.

Table 1.
Wind data for the three weather stations

Station Time (GMT+08:00) W'”C(in\q/g;OCIty Wind Direction
Xiqing station 1:00 pm on October 31, 2017 2.8 214° (south-west wind)
Beichen station  1:00 pm on February 25, 2017 2.8 339° (north-north-west wind)
Dongli station 7:00 pm on July 02, 2017 2.7 108° (east-south-east wind)

This investigation used the roughness length method for the ground surfaces to represent
roughness elements between the urban configuration and the meteorological stations. The
roughness length method incorporates the effects of roughness elements on wind speed and
turbulence by using a prescribed aerodynamic roughness zo in contrast to the urban terrain,
where aerodynamic roughness zo is equivalent to the height at which the wind speed
theoretically becomes zero. The zo value can be found in [38]. In ANSYS Fluent, wall
functions with a roughness modification based on the equivalent sand-grain roughness height
ks and the roughness constant Cs can be used to reflect the influence of roughness elements on
the urban wind flow field [33]. Therefore, the prescribed aerodynamic roughness zo can be
defined in ANSYS Fluent after correct conversion to the corresponding &s and Cs values. This
study used the conversion equation from Blocken et al. [1]. Standard wall function was used
for the wall surfaces. And the value of y+ was within the range of 30 to 300 for all cases.

ksCs = 9.793z, (5)

Table 2 lists the zo values for different terrains [37] and the corresponding ks and Cs values as
converted for this investigation. The legends in Figs. 1 and 3 show the different roughness
lengths used for the computational domains according to the building density and building
height as determined from a satellite map. Note that when the detailed building structures in
Fig. 1(c) were replaced by roughness in the simplified models (Figs. 1(d) to 1(h)), zo was set
as 1.0 m because the area was highly dense. The surfaces of the buildings in the
computational domain were assumed to be non-slip conditions for the wind.

Table 2.

Roughness and case setup for different terrains [1, 38]

Type Zo (M) ks (m) Cs
Grassland 0.03 0.5 0.59
Few isolated obstacles 0.05 1.0 0.5
Low crops / Occasional large obstacles 0.1 1.0 1.0
Parkland / Shrubs / Numerous obstacles 0.5 1.0 4.897
Densely distributed mid-rise and high-rise buildings 1.0 1.0 9.793

2.5 Field measurements for CFD validation

Validation of CFD simulations with experimental data is essential. This study calculated
wind flow for the university campus with the use of wind information from a meteorological
station. For validation purposes, seven HOBO micro weather stations were used to measure
the wind velocity magnitude and wind direction on the roofs of four buildings on the campus.
The measurement locations were 2 m above the rooftops, and the data was collected from
November 6, 2016, to December 31, 2017, as shown in Fig. 5. The building with locations P4
and P5 was our target building. The wind speed and wind direction was measured once every
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minute. The measured data was averaged hourly for consistency with hourly data from the
meteorological stations. Note that for the wind direction, measured data in one hour may
scattered at 0-90° and 270-360° when measured wind was from the north, directly arithmetic
mean wind direction will be wrong under such circumstances. Therefore, this investigation
processed the wind direction data by plus 360° when the measured data was at the range of 0-
90° when wind was from north. Then the revised data will be used to conduct mathematic
average. The micro weather stations had a measurement accuracy of +£0.4% for wind speed
when it was greater than 0.5 m/s and +5° for wind direction.

@ )
Fig. 5. Seven measurement positions at a height of 2 m above the rooftops of four buildings on the
university campus: (a) building locations and (b) sensor locations.

3. Results

This section describes (1) the comparison of detailed and simplified full-scale geometric
models, (2) the comparison of different layers around the target building with Xiqing model,
and (3) the comparison of different geometric models for other wind directions.
3.1 Comparison of detailed and simplified full-scale geometric models

This study first compared the detailed full-scale model with the simplified full-scale model
in predicting airflow on the university campus, as shown in Fig. 6. The figure depicts the
wind flow fields at a height of 2 m above the ground. The average velocity magnitudes over
the urban configuration area of interest, as shown in the black box area in Fig. 6, from the
detailed full-scale model and simplified full-scale model were 1.28 m/s and 1.35 m/s,
respectively. The wind velocity calculated by the simplified model was 5.5% higher than that
calculated by the detailed model. In some regions the simplified model had higher velocities
in the simplified model than the detailed model. The difference may imply that the roughness
length method cannot fully represent the building structures. Although the two models
obtained different wind flow fields around buildings located in the upwind direction, such as
in the upper wind regions near the bold lines on the left side and at the bottom, this is because
the immediate surroundings of these buildings in the upwind direction were excluded in the
simplified model, the wind fields were very similar in most areas enclosed by the bold lines,
as shown in Fig. 6. Therefore, it can be concluded that the flow field inside the urban
configuration was affected primarily by the immediately surrounding building structures
rather than the urban architecture between the urban configuration and the meteorological
station.
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Fig. 6. Comparison of the wind flow on the university campus as predicted by (a) the detailed full-scale
model and (b) the simplified full-scale model.

Fig. 7 compares the simulated wind speed and wind direction with that measured at the
rooftop locations in Fig. 5. Our measurements demonstrated that although the hourly wind
velocity and wind direction from the meteorological station was the same at all locations,
measured data inside the urban configuration varied because the wind was inherently time-
dependent. In addition, the location of the HOBO systems (2 m above the roof) might be in
the recirculation region above the building so that the measured data would be unstable.
Therefore, the error bars of the experimental data represent the variation range of the wind
magnitude at the seven measurement locations when the wind information from the
meteorological station was the same as that set for the inflow boundary condition. The
squares represent the mean wind speed from the experimental data. The results indicate that
the computed wind speeds and wind direction from the detailed and simplified full-scale
models were within the actual wind variations at most of the positions. The average relative
error for the computed wind speed in comparison with the mean experimental data was
31.6% for the detailed full-scale model and 40.8% for the simplified full-scale model. And
the average relative error for the computed wind direction in comparison with the mean
experimental data was 9.4% and 10.7% for the detailed full-scale model and the simplified
full-scale model, respectively. Neither model considered the trees around the buildings, only
taking into account the influence of the trees by means of the roughness length of 0.03 m
inside the urban configuration, as shown in Fig. 1. In addition, there were differences
between the geometric model and the actual building structures even inside the urban
configuration. Therefore, we considered the computed results acceptable for such a complex
case. The results obtained by the simplified full-scale model were very close to those from
the detailed full-scale model, and thus the simplified model could be used to calculate wind
distribution in an urban configuration.

40 | ®mExp. @ Detailed model 350 1" mExp. @ Detailed model

= s + Simplified model " o + Simplified model

E’Y =250

- =

£10 ] } ; g

L 2150

S 1.0 4 % ; =

P1 P2 B M P55 P M Pl PP PP M P55 P P
Position Position
(a) (b)



349
350
351

352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385

386

Fig. 7. Comparison of the wind speed simulated by the detailed and simplified full-scale models with that
measured at seven locations on building rooftops inside the urban configuration: (a) wind velocity and (b)
wind direction.

This study also compared the computing time required by the two CFD models. All the
simulations were performed on a workstation with 24 cores and 128 Gb memory. The
computing times for the detailed and simplified full-scale models were 41.8 h and 28.7 h,
respectively. The simplified full-scale model used a grid number that was only 69% of that in
the detailed full-scale model. Thus, the simplified model can reduce computing time by at
least one third. In addition, the effort required to construct the geometric model was much
smaller for the simplified model, because it did not require detailed building information
outside the urban configuration concerned. Therefore, the simplified full-scale model is a
better choice for numerical simulation of an urban wind environment.

3.2 Comparison of different layers around the target building

After validating the method used to represent the intermediate terrain with roughness, this
investigation studied the influence of surrounding layers on the wind flow around the target
building. Next, the performance of the other five geometrical models with different
surrounding layers for predicting the wind speed and static pressure around the target
building was explored. The prediction by the simplified full-scale model was used as the
baseline for comparison. All the models used the same wind velocity profiles from the
meteorological station as the inlet boundary conditions and the same roughness length on the
ground surface without building details.

Fig. 8 depicts the wind flow around the target building (the black rectangle) as predicted by
the models at a height of 2 m above the ground. The wind flow field computed by the R =0
model was very different from the fields computed by the other models. The R = 0 model
could not take into account the effect of the surrounding buildings on the wind direction and
velocity magnitude around the target building. The wind velocities around the building
predicted by the R = L and R = 2L models were larger than the velocity predicted by the R =
0 model because of the channeling effect generated by the adjacent buildings. With the
inclusion of the surrounding buildings in the R = 3L and R = 4L models, the wind speed
decreased because of blockage by the buildings in the outer layer. The wind flow fields
obtained by the R = 3L and R = 4L models were similar to that obtained by the simplified
full-scale model (or TJU model, as shown in Figs. 8-12), which was considered to be the
most accurate because it took into account the large, detailed building structures. The
surrounding area incorporated by the R = 3L model seemed to be the minimum required for
obtaining acceptable wind flow around the building in the CFD simulation.

Velocity R=10 ) R=L R=2L
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Fig. 8. Comparison of the wind flow around the target building as predicted by the six models.
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Fig. 9 compares the static pressure distributions around the target building as computed by
the six models. Since the wind struck the target building directly in the R = 0 model, the
pressure distribution in the windward direction was the highest, as shown in Fig. 8. Because
of the very different airflow pattern in the leeward direction, the R = 0 model also predicted a
very different pressure distribution, as shown in Fig. 9(b). As an increasing number of
surrounding buildings were included in the simulations, the pressure distributions gradually
became similar to those produced by the TJU model. Again, the results indicate that
surrounding area incorporated by the R = 3L model seemed to be the minimum necessary for
obtaining acceptable pressure distributions around the building.

Static Pressure (Pa) _ | ‘ ‘ ‘ | | ‘ -

-24.0 -23.0 -22.0 -21.0 -20.0 -19.0 -18.0 -17.0 -16.0 -15.0 -14.0 -13.0

(b)
Fig. 9. Comparison of the static pressure distributions around the building as simulated by the six
models: (a) in the windward region and (b) in the leeward region.

Fig. 10 further compares the wind velocity at P4 and P5, which were located on the roof of
the target building, and the average static pressure difference in the windward region (south
and west walls) and leeward region (north and east walls) as computed by the six models. We
have not included other data because the R = 0 model did not incorporate information about
the other buildings. Because of the channeling effect created by the surrounding buildings,
the wind velocity at P5 increased from the R = 0 to the R = L. model. The velocity magnitude
at the two locations then decreased with the increase in the number of surrounding buildings
and gradually approached the experimental data (mean wind speed measured at P4 and P5)
from the R = 3L to R = 4L to TJU model. The velocity magnitude decreased with the increase
in the number of buildings around the target building. When R > 3L, the results were the
same as those of the TJU model, and therefore the R = 3L model seems sufficient. The
pressure difference (AP) of the target building decreased from 6.9 Pa in the R = 0 model to
5.5 Pain the R = L model. This is because the target building was no longer struck directly by
the approaching wind. The pressure difference decreased with the increase in the number of
the surrounding buildings and gradually became stable at 2.3 Pa when R = 3L, because of
the sheltering effect of the surrounding buildings. Both the velocity magnitude and pressure
difference decreased with the increase in the number of buildings around the target building.
When R = 3L, the results were the same as the TJU model, and therefore the R = 3L model
again seems sufficient.
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Fig. 10. Comparison of (a) wind speed and (b) static pressure difference as simulated by the six
models.

3.3 Comparison of different geometric models for other wind directions

Sections 3.1 and 3.2 discussed the performance of the roughness method in representing
the immediate terrain, and the influence of surrounding layers of buildings on the wind flow
around the target building from one wind direction. In order to verify that the results are
sufficiently universal, this study also performed simulations for the other two wind
directions.

Fig. 11 compares the simulated wind speed and wind direction on the rooftops of the
buildings on the campus with the measured data for the other two simplified full-scale
models shown in Figs. 3(b) and 3(c). Again, the error bars of the experimental data represent
the variation range of the wind magnitude at the seven measurement locations when the wind
information from the meteorological stations was the same as that set for the inflow boundary
conditions. The squares represent the mean wind speed from the experimental data. The
results show that the wind speeds computed by the simplified full-scale models for the
Beichen station (Fig. 11(a) and Fig. 11(b)) and Dongli station (Fig. 11(c) and Fig. 11(d))
were within the actual wind speed and wind direction variations at most locations except for
P4 in Fig. 11(d). This is probably because P4 was located in the vortex zone due to the block
of the pitched roof, as shown in Fig. 9, on the east side of the target building. Therefore, it
was difficult to accurately calculate the wind direction as well as wind speed. The average
relative errors of computed wind speed compared with the mean experimental data for the
two simplified full-scale models were 26.0% and 22.6%, respectively. And the average
relative errors of computed wind direction compared with the mean experimental data for the
two simplified full-scale models were 3.5% and 31.3%, respectively. Because of the
simplifications of the geometric models, we considered the computed results acceptable for
such complex cases. These two simulations confirmed the results shown in Section 3.1, i.e.,
that the simplified full-scale model can be used for numerical simulation of an urban wind
environment.
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Fig. 11. Comparison of the wind speed and wind direction as simulated by the simplified full-scale models
with that measured at seven locations on building rooftops in the urban configuration: (a) wind speed
computed by Beichen model, (b) wind directioncomputed by Beichen model, (c) wind speed computed by
Dongli model, and (d) wind direction computed by Dongli model.

Fig. 12 further compares the velocity at P4 and P5, which were located on the rooftop of
the target building, as computed by the different models with different surrounding layers.
Fig. 9 shows the sheltering effect of the baffle on the roof of the target building. The wind
velocity at P4 and P5 decreased from the R = 0 model to the R = L model because these
points were located in the recirculation zone in the Beichen model, as shown in Fig. 12(a). As
the number of surrounding buildings increased, the velocity magnitude at the two locations
increased because of the change in wind direction and velocity magnitude around the
building, and gradually approached the experimental data from the R = 3L to R = 4L to TJU
model. Fig. 9 also indicates that the pitched roof on the east side of the target building may
block most wind from the southeast for the Dongli model. Fig. 12(b) shows that the wind
velocity at P4 and P5 did not change greatly from the R = 0 to the R = 4L model. A
comparison of the wind flow and static pressure distributions around the target building with
different surrounding layers again shows that the R = 3L models performed as well as the
TJU model.
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Fig. 12. Comparison of the wind speed simulated by the simplified full-scale models with that measured at
seven locations on building rooftops in the urban configuration: (a) Beichen model and (b) Dongli model.

4. Discussion

This investigation further compared the region where surrounding buildings should be
explicitly constructed according to our investigation with the other two earlier guidelines
from Tominaga et al. [10] and Tong et al. [31]. The comparison was performed using the
same urban configuration. The region from Tominaga et al. [10] was the smallest, as shown
in Fig. 13(a). They suggested using the height of the target building as radius to cover
surrounding buildings. However, for the urban configuration used in this study, the target
building exhibited a low height of 16 m but a large length of 65 m. The region from Tong et
al. [31] was the largest, as shown in Fig. 13(b). But it was difficult to define surrounding

13



492
493
494
495
496

497

498
499

500
501

502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530

layers based on building blocks because buildings were densely distributed in some
directions while sparsely in other directions. This investigation chose the maximum
dimension of the building as a scale in the radial direction to cover surrounding buildings.
The results of this investigation may be more practical for use.

I Target Building B Target Building I Target Building
R=2H 1t Layer R=L
I One Additional I 2 Layer Bl rR-2L
Street Block 3% Layer R=3L
(a) (b) (©)

Fig. 13. Comparison of the region where surrounding buildings should be explicitly constructed
according to: (a) Tominaga et al. [10], (b) Tong et al. [31] and (c) our investigation.

The full-scale model performed quite well for the complex cases presented in this study.
However, the model had several limitations:

The location of the HOBO systems (2 m above the roof) might be in the recirculation
region above the building. Therefore it might be difficult to obtain a good agreement
between the simulation results and the measurement data.

The detailed full-scale geometrical model was established with the aid of a satellite
image because no geometric models were publicly available. The roughness partition
of the simplified full-scale model was based on this image. The model used
approximations that may have affected the wind profiles. We were unable to estimate
the errors that may have resulted.

This study used a realizable k-¢ model to simulate the urban wind flow under steady-
state conditions. However, wind constantly changes in direction and magnitude.
Should a transient simulation method be used, it could improve the accuracy but
would significantly increase the computing costs.

There were only three weather stations located close to the university campus. In
actual practice, wind could flow into the urban configuration from all directions. Can
we reliably use wind information from the three stations for calculating airflow on the
university campus? If there were only one weather station in the city, could we use the
wind information from this station as the boundary condition if the wind came from
the opposite direction?

5. Conclusions

This investigation conducted CFD simulations of the wind environment in an urban
configuration to identify a suitable method for simulating intermediate terrain with the use of
roughness length. Next, this investigation conducted CFD simulations of the wind
environment around a building to identify the minimum size of the surrounding area, with
detailed building structures, that should be included in the geometric model. The study led to
the following conclusions:
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e The velocity flow fields obtained with the detailed and simplified full-scale models
were very similar. The mean wind velocity computed by the simplified model was
5.5% higher than that computed by the detailed model inside the urban configuration.
This may imply that the roughness length method cannot fully represent the building
structures, but the error was not significant.

e The simplified full-scale model used only 69% of the grid number used by the
detailed full-scale model. Thus, the simplified model can reduce the computing time
by at least one-third, as well as the effort required to construct the geometric model.

e The airflow and pressure distributions around the target building computed with the
use of only the building and different roughness lengths for the surroundings (the R =
0 model) did not generate acceptable results. By using the maximum dimension of the
building, L, as the scale, this study found that the region within at least a 3L radius of
the building should be simulated with detailed building structures in order to obtain
sufficiently accurate wind flow and pressure distributions around the building.
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