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A B S T R A C T

Turbulent flow fields over two typical urban elements, a row of trees with low packing density and an isolated
building with high packing density, are investigated by a modified k� ε model and a LES model. The applicability
of these two models is evaluated by the validation metrics. Instantaneous flow fields are visualized by vortex cores
and examined by quadrant analysis. In the wake region of the row of trees, predicted mean wind speed by the
modified k� ε model shows favourable agreement with the measured data, but turbulent kinetic energy is
underestimated since the modified k� εmodel is not capable of simulating organized motions. In the wake region
of the isolated building, both predicted mean wind speed and turbulent kinetic energy by the modified k� ε
model are slightly underestimated due to lack of the vortex shedding in the simulation. On the other hand, LES
model well predicts both mean wind speed and turbulent kinetic energy since all large vortices are directly
resolved by LES model.
1. Introduction

With increasing requirement on renewable energy, wind turbines are
installed in or near the urban and suburban areas, where the local wind
condition is strongly affected by surrounding trees and buildings. Pre-
diction of mean wind speed and turbulence are important, because mean
wind speed is directly related to potential wind energy, while turbulence
results in fluctuating wind load on the structure components and affects
the fatigue life of wind turbine. Therefore, accurate prediction of tur-
bulent flow fields around trees and buildings is necessary not only for
designing of wind turbine but also for maintenance of wind turbines (IEC
61400-2, 2006).

With the aim of providing accurate prediction of turbulent flow field
in the urban area, modelling of the effect of surface roughness is a key
factor. Surface roughness trees and buildings are dominant and model-
ling them is necessary. As to modelling buildings, the rigid wall approach
was applied by many researches (Gousseau et al. (2011), Blocken et al.
(2012), Philips et al. (2013) and Cheng and Porte-Agel (Cheng and
Port�e-Agel, 2015), Mochida et al. (2002), Tominaga et al. (2008) and
Gousseau et al. (2013)), in which detailed geometry information of each
building are used and wall functions are applied for the boundary con-
dition of building surface. However, this approach requires large effort
on grid generation and calculation, and its application is therefore
.
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limited to a small area. On modelling vegetation, the canopy model is the
only choice, which considers the fluid force and, turbulence generation
and dissipation due to obstacles by introducing source terms into the
momentum equation and turbulence transportation equations. Re-
searches on canopy model with Reynolds average turbulence model
(RANS) for vegetation and unban canopies have been carried out by
Wilson (1988), Green (1992), Liu et al. (1996), Aumond et al. (2013),
Suzuki et al. (2002) and Iwata et al. (2004), Maruyama (1993), Salim
et al. (2015). However, conventional canopy models have a limitation
that they can only be applicable to the canopy with a low packing den-
sity. Moreover, Mochida et al. (2008) provided a detailed comparison of
various RANSmodels for the simulation of the wind flow through the row
of trees, but the organized motions around them and the reason of dis-
crepancies between predicted and measured turbulent flow fields should
be further demonstrated. Enoki et al. (2009) and Enoki and Ishihara
(2012) proposed a generalized canopy model which is able to consider
the effect of the vegetation and buildings simultaneously. The general-
ized canopy model together with a modified k� ε model has been
applied for wind prediction of a single building as well as a real urban
area. Comparing with rigid wall approach, the canopy model relax the
requirement of geometry in the region close to obstacles, and it allows
less computational grid. Furthermore, a simple grid system can be used in
any size of urban areas. However, there are still some discrepancies
2018
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Table 1
Parameters in the conventional and the generalized canopy models.

Type of obstacles Conventional
canopy model

Generalized canopy model

Vegetation (Wilson,
1988)

fu;i ¼ �
1
2
ρCD;t at jujui

Cf ¼ CD;t

γ0 ¼ at l0
l0 ¼ 10�3ðmÞ

Buildings
(Maruyama,
1993)

fu;i ¼ �
1
2
ρCD;bab jujui

Cf ¼ CD;b=ð1� γbÞ3 ¼

1
ð1� γbÞ3

min
�
1:53
1� γb

;2:75ð1� γbÞ
�

γb ¼ Vb=Vgrid γ0 ¼ γb

ab ¼ Sb
4ð1� γbÞVgrid

l0 ¼ 4Vb=Sb ðmÞ
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between predicted and measured flow field and the reasons should be
investigated. Moreover, accuracy of the LES model with the generalized
canopy model has not been evaluated yet.

LES models are also used with rigid wall approach to predict unsteady
flow fields over buildings (Rodi (1997), Yoshie et al., 2007, 2011 and Xie
and Castro (2006)). They attributed the good performance of LES model
to predict periodic vortex shedding and highlighted the importance of
inflow turbulence on the accuracy of simulation using LES model. On
modelling trees, some efforts were also made by using LES model (Yang
et al. (2006), Bailey and Stoll (2013), Mueller et al. (2014) and Lopes
et al. (2013)). However, accurate prediction with LES model depends on
several issues, such as turbulent inflow condition and grid resolution.
Therefore, a comparison between RANS and LES models for canopy flows
with low and high packing densities is necessary to clarify the applica-
bility of each turbulence model.

In this study, the numerical methods are given in section 2, including
governing equations, fluid force and turbulence models, boundary con-
dition and numerical schemes used in the simulations, as well as analysis
methods applied in the discussion. In section 3, two typical urban ele-
ments are discussed. At first, the experiment in each case is briefly
described, then turbulent flow fields are investigated and applicability of
these two models is evaluated by the validation metrics. Instantaneous
flow fields are visualized by vortex cores and examined by the quadrant
analysis. Finally, conclusions are shown in section 4 based on above
discussions.

2. Numerical method

2.1. Governing equations

For the analysis of the flow field with obstacles inside, two different
approaches are used. The governing equations are constructed for the
fluid part only in one approach, and for the flow field averaged over the
computational grid in the other approach. In this study, the latter
approach is used. The averaged continuity and momentum equations for
incompressible flow with considering the effect of the buildings and
vegetation are given by:

∂ðρuiÞ
∂xi

¼ 0 (1)

∂ðρuiÞ
∂t þ ∂

�
ρujui

�
∂xj

¼ �∂p
∂xi

þ ∂
∂xj

�
μ
�
∂ui
∂xj

þ ∂uj
∂xi

��
þ ∂τij

∂xj
þ fu;i (2)

where ui is the wind velocity in the ith direction (u1 ¼ u; u2 ¼ v and u3 ¼
w). p is pressure, ρ is density of the fluid, μ is the molecular viscosity and
fu;i is the fluid force per unit grid volume due to obstacles which is
described in section 2.2. The overbar indicates time averagedmean value
in the simulation with the modified k� ε model, while it indicates the
resolved value in the simulation with LES model. τij is introduced to
consider difference between uiuj and uiuj, i.e.,

τij ¼ �ρ
�
uiuj � uiuj

	
(3)

Although the expression of τij in Eq. (3) is the same for the modified
k� ε model and the LES model, its meaning is different in the two
models. τij in the modified k� ε model is time-averaged Reynolds stress
and stands for effect from vortex to mean flow field, while τij in LES in-
dicates the subgrid-scale Reynolds stress and accounts for contribution
from unresolved smaller vortex to large size vortex.
2.2. Fuid force model

The generalized canopy model derived by Enoki and Ishihara (2012)
is applied in this study and the fluid force in the momentum equations is:
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fu;i ¼ � Fu;i

Vgrid
¼ �1

2
ρCf

γ0
l0
jujui (4)
where, fu;i is the fluid force in the volume of grid, Vgrid. juj is the absolute
value of mean wind speed per unit volume, Cf is the equivalent drag
coefficient, l0 is defined as the representative length scale of obstacles
and γ0 is the packing density. Canopy parameters for vegetation and
buildings are summarized in Table 1, where CD;t and at are the drag
coefficient and the leaf area density of vegetation respectively, CD;b, Vb

and Sb are the drag coefficient, the total volume and the total side surface
of buildings.

2.3. Turbulence model

For the closure of the governing equations, τij has to be modelled. In
the modified k� ε model, τij is approximated by the linear turbulence
viscosity model, i.e.,

τij ¼ �ρu0
iu

0
j ¼ 2μtSij �

2
3
ρkδij (5)

where δij is the Kronecker delta. Turbulence viscosity μt and rate-of-strain
tensor Sij are expressed as:

μt ¼ Cμρ
k
2

ε
(6)

Sij ¼ 1
2

�
∂ui
∂xj

þ ∂uj
∂xi

�
(7)

In the modified k� ε model, two additional equations are used to
calculate the turbulent kinetic energy, k, and the dissipation rate, ε.

∂ρk
∂t þ ∂ρujk

∂xj
¼ ∂

∂xj

��
μþ μt

σk

�
∂k
∂xj

�
�
�
2
3
ρkδij

∂ui
∂xj

� Pk

�
� ρεþ fk (8)

∂ρε
∂t þ ∂ρujε

∂xj
¼ ∂

∂xj

��
μþ μt

σε

�
∂ε
∂xj

�
� Cε1

ε

k

�
2
3
ρkδij

∂ui
∂xj

� Pk

�
� Cε2

ρε2

k
þ fε

(9)

Parameters in the above equations are the same as those used in the
standard k� εmodel, i.e., Cμ ¼ 0:09, σk ¼ 1:0, Cε ¼ 1:3, Cε1 ¼ 1:44 and
Cε2 ¼ 1:92. In order to settle overestimation of turbulent kinetic energy
at stagnation point, turbulence source term Pk is estimated by Kato and
Launder model (Kato, 1993). The source terms for turbulent kinetic en-
ergy and its dissipation rate are introduced to consider the promoting
process of energy cascade in canopy layer. The model proposed by Enoki
and Ishihara (Enoki et al., 2009; Enoki and Ishihara, 2012) is adopted
and can be expressed as:

fk ¼ 1
2
βpρCf a



u

3 � 1
2
βdρCf a



u

k (10)



Table 3
Numerical schemes.

modified k� ε LES

Turbulence Model modified k� ε model Smagorinsky-Lilly model
Spatial discretization method QUICK CDS
Time discretization method – 2nd order implicit scheme
Pressure-velocity coupling SIMPLE SIMPLE

Y. Qi, T. Ishihara Journal of Wind Engineering & Industrial Aerodynamics 177 (2018) 293–305
fε ¼ 1
2
Cpε1βpρ

ε

k
Cf a



u

3 � 1
2
Cpε2βdρCf a



u

ε (11)

where the model constants βp and Cpε1 are set to 1.0 and 1.5 respectively.
βd and Cpε2 are modelled as the functions of the packing density γ0. The
generation and dissipation of turbulence are assumed to be cancelled out
in high packing density region and then βd and Cpε2 can be obtained
from:

βd ¼ min
�
4:0; αk1exp

�
1� γ0
γ0

�
þ αk2

�
(12)

Cpε2 ¼

8>><
>>:

0:7 ; γ0 � γc

αε1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin

�
π

γ0 � γc
2ð1� γcÞ

�
þ αε2

s
; γ0 > γc

(13)

where the coefficients are identified to be αk1 ¼ 0:5, αk2 ¼ 0:5 , αε1 ¼
0:8, αε2 ¼ 0:7 and γc ¼ 0:312.

In LES model, the subgrid-scale Reynolds stress τij is modelled as:

τij ¼ �2μtSij þ
1
3
τkkδij (14)

where, μt denotes subgrid-scale turbulent viscosity and modelled by
Smagorinsky-Lilly model, and Sij is the rate-of-strain tensor for the
resolved scale.

μt ¼ ρL2
s jSj ¼ ρL2

s

ffiffiffiffiffiffiffiffiffiffiffiffi
2SijSij

q
(15)

where Ls is the mixing length for subgrid-scales, and defined as:

Ls ¼ min
�
κd;CsV

1
3

	
(16)

where κ¼ 0.42 is the von Karman constant. d is the distance to the closest
wall and V is the volume of a computational grid. Cs is Smagorinsky
constant and in this study Cs ¼ 0:032 is chosen based on Oka and Ishi-
hara (2009).

In the case of the modified k� εmodel is used, additional parameters
are introduced in k and ε equations to model turbulence generated and
dissipated by the canopy. On the other hand, LES model directly resovles
turbulence generated and dissipated in the canopy region and doesn't
introduce any new parameters.

2.4. Boundary condition and solution scheme

Boundary conditions and numerical schemes used in simulations with
the modified k� ε model and LES model are summarized in Table 2 and
Table 3. The inlet and bottom boundary conditions for LES model are
much difficult than those for the modified k� εmodel. A numerical wind
tunnel concept is used in this study to generate turbulent inflow for LES
model, in which the same vortex generators, such as spires, fences and
blocks, are used as those in the wind tunnel test. On the other hand, the
measured mean wind speed and turbulence profiles are directly used for
the modified k� ε model as mentioned in Section 3.

The steady simulation is conducted with the modified k� ε model.
The measured wind speed and turbulent kinetic energy are directly used
for the inlet boundary. On the other hand, the unsteady simulation is
Table 2
Boundary conditions.

modified k� ε LES

Outlet Boundary Outflow Outflow
Side Boundary Symmetry Symmetry
Top Boundary Symmetry Symmetry
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conducted with the LES model. Statistical values of wind speed and
turbulent kinetic energy are calculated and compared with the measured
data. A non-dimensional time step ΔtUref =H ¼ 0:005 is used for both
cases in this study. The averaged wind speed is obtained by calculating
the time average over a non-dimensional time tUref =H from 200 to 800.
The turbulent kinetic energy is calculated as TKE ¼ 0:5� ½σ2u þ σ2v þ σ2w�.
A stationary condition can be achieved by evaluating relative errors of
streamwise mean wind speed and turbulent kinetic energy at selected
point in the wake region (x/H¼ 3, y/H¼ 0, z/H¼ 0.643 for the row of
tree; x/H¼ 1, y/H¼ 0, z/H¼ 0.5 for the isolated building). The first 200
non-dimensional time data are removed to eliminate the transit data. For
the non-dimensional time period of 600, the relative error of streamwise
mean wind speed is less than 1% and the turbulent kinetic energy is less
than 3% for all cases of LES simulations.
2.5. Validation metrics and analysis methods

In order to quantify the agreement between computational and
experimental results, validation metrics, including the hit rate q and the
fraction of the prediction within a factor of 2 of the observation, FAC2,
were used (Schatzmann et al., 2010). The definition of q and FAC2 are
given in Eqs. (17) and (18), respectively and the boundaries of accurate
region are shown schematically in Fig. 1.

q ¼ 1
N

XN
i¼1

niwithni ¼
8<
: 1





yi � xi
xi





 � Dqor


yi � xi



 � Wq

0 else

(17)

FAC2 ¼ 1
N

XN
i¼1

niwithni ¼
8<
:

1 0:5 � yi
xi
� 2

0 else
(18)

In these definitions, xi and yi are the obvserved (measured) and
predicted (computed) values of a given variable for smaple i, respec-
tively, and N is the number of data points. The ideal values of the metrics
that correspond to perfect agreement are 1.0 for q and FAC2. The
Fig. 1. Validation Metrics. The lines in blue and green mark the boundaries
defined by q and FAC2, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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thresholds for q are Dq ¼ 0.15 for mean wind speed and Dq ¼ 0.3 for
turbulent kinetic energy since the squared variable gives error as twice as
the variable itself.Wq ¼ 0:05



max


 is used for both mean wind speed and

turbulent kinetic energy, in which jmaxj is a maximum value supposed in
the obvservation and the prediction as shown in Fig. 1.

Vorticity defined as Eq. (19), is usually used to identify vortices.
However, as mentioned by Kida andMiura (1998), solely vorticity cannot
distinguish between swirling and shearing motions. The λ2-criterion
proposed by Jeong and Hussaion (Jeong and Hussain, 1995) is used in
this study, which searches a local pressure minimum due to vortical
motions. It defines a vortex core as a connected region with two negative
eigenvalues of system defined by Eq. (20), in which Sij is the
rate-of-strain tensor shown in Eq. (7) and Ωij is the vorticity tensor
defined in Eq. (21). This definition equals the requirement that λ2 is
negative when three eigenvalues are ordered as λ1 � λ2 � λ3.

ωij ¼ ∂ui
∂xj

� ∂uj
∂xi

(19)

SikSkj þ ΩikΩkj ¼ 0 (20)

Ωij ¼ 1
2

�
∂ui
∂xj

� ∂uj
∂xi

�
(21)

In this study, the quadrant analysis is also applied for the quantitative
evaluation of organized motions as shown by Oikawa and Meng (1995).
Four quadrants of the Reynolds stresses are defined in Eq. (22). The
quadrant analysis of SnðuvÞ and SnðuwÞ are widely used to clarify orga-
nized motions in the vertical and horizontal cross sections, respectively.
The quadrants S2ðuwÞ and S4ðuwÞ represent ejection and sweep motions
respectively and make positive contributions to the Reynolds stress,
while quadrants S1ðuwÞ and S3ðuwÞ express outward and inward motions
respectively and make negative contributions to the Reynolds stress. The
difference, ΔS, between S4 and S2 indicates the intensity of organized
motions. When the turbulent flow is fully developed and proceeds in a
randomway, the value of ΔS is close to zero, while it is not zero when the
organized motions appear.

SnðuwÞ ¼
�uw
�uw

for ðu > 0;w > 0Þ if n ¼ 1
for ðu < 0;w > 0Þ if n ¼ 2

�uw
�uw

for ðu < 0;w < 0Þ if n ¼ 3
for ðu > 0;w < 0Þ if n ¼ 4

8><
>: (22)

3. Numerical results and discussion

In this section, two typical urban elements are discussed. Firstly, each
case is briefly described, then turbulent flow fields are investigated and
applicability of these two models is evaluated by using the validation
metrics. Finally, instantaneous flow fields are visualized by vortex cores
and examined by the quadrant analysis.

3.1. Turbulent flow field over a row of trees

The field measurement conducted by Kurotani et al. (2001) is selected
Fig. 2. Layout and measurement positions in
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for numerical simulations. The turbulent field for a row of trees in Izumo,
Japan, was measured in detail to investigate windbreak effect. The
thickness, length and height the row of trees is 2 m, 74m and 7m
respectively. Fieldmeasurements were conducted at the same place twice
with different covering ratios of leaves. The second field measurement
with covering ratio of 81% is used in this study. The mean wind speed
and turbulence were measured at 35m upstream from the front of the
row of trees and at the heights of 1 m, 3m and 9m. The wind direction
was almost normal to the row of trees. The mean wind speed and tur-
bulence in the region behind trees were measured at the locations of 7m,
14m, 21m, 28m and 35m downstream of the row of trees at the heights
of 1.5 m, 3m, 4.5m and 6m. The trees were covered by the leaves from
1.2m to 7m. The layout of the row of trees in the vertical cross section
and the locations of measurement are shown in Fig. 2.

For the simulation with the modified k� ε model, both simulations
with real scale trees and scaled trees are conducted. It is found that the
Reynolds number effect is weak, so the simulation with a ratio of 1:100 is
used in this study. The computational domain Lx, Ly and Lz are1.1m, 1m
and 1.1m, respectively. For the LES simulation, the row of trees is scaled
down with a ratio of 1:100. The length, width and height of computa-
tional domain are 13.5m, 1.8 m and 1.5m, respectively. Three spires and
a fence are used to generate turbulent inflow profiles as shown in Fig. 3. A
canopy layer with the height of 0.026m is introduced to adjust the mean
wind speed profiles at the low elevation. The canopy parameters are set
as Cf γ0=l0 ¼ 60, which corresponds to the same effects as a staggered
cubic array with a packing density γ0 ¼ 29%.

A structural grid system is used in simulation with the modified k� ε
model, and 39 � 5 4 � 20 grid nodes is used in the streamwise, lateral
and vertical directions, respectively. An uniform grid with resolution of
0.02m is used in the lateral direction, and a non-uniform grid is adopted
in the streamwise and vertical directions. The minimum grid resolutions
in the streamwise and vertical directions are 0.01m and 0.005m,
respectively. In LES simulation, a structural grid system is also used in the
region around the row of trees, while an un-structural grid is used around
spires and fence. In the region around the row of trees, the minimum grid
resolutions in the streamwise, lateral and vertical directions are 0.002m,
0.005m and 0.00025m, respectively. Grid dependency is checked for
both simulations by using twice finer grid around the row of trees. The
same profiles are obtained, indicating the present grid is fine enough.

Boundary conditions at outlet, side and top of computational domain
for the simulations with the modified k� εmodel and the LES model are
summarized in Table 2. In the simulation with the modified k� εmodel,
z0 ¼ 1� 10�4m is used for the ground surface. The measured mean wind
speed and turbulence are used at the inlet boundary. In the simulation
with LES model, uniform wind speed of 10m/s is set at the inlet
boundary as shown in Fig. 3(a). The canopy parameters are the same as
those used by Enoki and Ishihara (2012). The packing density, γ0, is
1:17� 10�3, and the representative length scale, l0, is 1� 10�3m, in real
scale, which correspond to at ¼ 1:17m�1 in the conventional fluid force
model for vegetation. The equivalent drag coefficient is Cf ¼ 1:6. The
representative length scale is also scaled down with a ratio of 1:100.

The predicted and measured profiles of mean wind speed and tur-
bulent kinetic energy at the location P0 are shown in Fig. 4. The turbulent
the field measurement of a row of trees.



Fig. 3. Configuration of the numerical simulation of a row of trees with LES model.

Fig. 4. Predicted and measured profiles of mean wind speed and turbulent kinetic energy at the location P0 for the case of a row of trees.

Y. Qi, T. Ishihara Journal of Wind Engineering & Industrial Aerodynamics 177 (2018) 293–305
wind flow at the front of the row of trees has been favourably reproduced
by the modified k� ε model and LES model.

The mean wind speed profiles, as shown in Fig. 5 (a), are normalized
by Uref , which is the mean wind speed at z/H¼ 1 and x/H¼�5. H is the
height of the row of trees. It is found that the predicted mean wind speed
by the modified k� ε model and LES model show good agreement with
the measured data. The fluid forces model are the same in both models,
thus it provides the same momentum loss in both simulations. This might
be a reason why both simulations show good agreement with the
measured mean wind speed. The speedup at the top and bottom of the
trees are simulated well and becomes weak at the downstream locations.
Moreover, the mean wind speeds in the near wake region are almost
constant, which imply the turbulence in this region cannot be generated
by the wind shear.

The normalized turbulent kinetic energy profiles in the wake region
of trees are shown in Fig. 5 (b). It is found that the predicted turbulent
kinetic energy by the modified k� ε model in the wake region of trees is
significantly underestimated. On the other hand, the predicted turbulent
kinetic energy profiles by LES model show good agreement with the
measured data. One possible reason is that the modified k� εmodel does
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not generate the turbulence in the region without the wind shear as
discussed above.

Scatter plots of numerical results against experimental data are shown
in Fig. 6. The validation metrics are summarized in Table 4. The FAC2
does not show the difference between the predictedmean wind speeds by
the modified k� ε model and LES model, but it is close to zero for the
predicted turbulent kinetic energy by using the modified k� ε. q is a
more strict criteria and present how much the LES model performs better
than the modified k� εmodel for both mean wind speed and turbulence.

The contours of normalized mean wind speed and the streamlines in
the vertical cross section from the simulation with LES model are shown
in Fig. 7 (a). The dashed rectangular block marks the region occupied by
trees. The contours of turbulent kinetic energy in the vertical cross sec-
tion from the simulation with LES model are shown in Fig. 7 (b), and the
size of near wake region is identified as about 3H.

The instantaneous flow field is investigated by vortex cores to clarify
the organized motions in the wake of the row of trees. The iso-surface of
λ2 is used to represents the vortices generated by the trees as shown in
Fig. 8. The block in light blue marks the canopy region occupied by trees
and the iso-surface in green represents vortex cores with a value of



Fig. 5. Predicted and measured profiles of mean wind speed and turbulent kinetic energy behind the row of trees. The rectangular in gray marks the canopy region
occupied by trees.
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λ2 ¼ -2000. To represent the vortices in the wake region clearly, the
central part of the computational domain with 50m in lateral direction is
used. In the bird's eye view as shown in Fig. 8, the roller structures of
vortex generated at the top and bottom of trees are almost two dimen-
sional and merge at the downward locations.

Fig. 9 shows the results of ΔS at the selected locations in the
streamwise direction at the height of z/H¼ 0.643. In the upstream region
of the row of trees, the values of ΔSðuwÞ and ΔSðuvÞ are close to zero,
which indicate that the organized motions in this region are weak, as
shown in Fig. 8. However, in the wake region, the organized motions in
the vertical direction become strong. It is also worth to note that the
value of ΔSðuwÞ is positive, indicating that the sweep motion is stronger
than the ejection motion, thus the downwardmotion is dominant and the
main source of turbulence in the wake region is transported from the top
of tress. On the other hand, the values of ΔSðuvÞ are small not only in the
upstream region but also in the wake, which express the organized mo-
tions in the lateral direction are weak because the flow field is almost two
dimensional. Considering k� ε models are designed and calibrated for
fully developed flow fields, this analysis shows a possible reason why the
modified k� ε model is incapable of reproducing the turbulence in the
wake region.
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The modified k� ε model underestimates the turbulent kinetic en-
ergy in the wake region due to lack of the organized motions generated at
the top and bottom of trees. The LES model improves the accuracy of
prediction because all large vortices generated are directly resolved in
the simulation.
3.2. Turbulent flow field around an isolated building

The experimental data around an isolated building from the wind
tunnel test as shown in Fig. 10 carried out by Meng and Hibi (1998) was
selected to evaluate the performance of turbulence models (Mochida
et al., 2002). The experiment was conducted in a return wind tunnel with
a test section of 1.1m wide, 0.9 m high and 7m long. The dimensions of
the isolated building in longitudinal, lateral and vertical directions are
0.08m, 0.08m and 0.16m, respectively. The neutrally stratified atmo-
spheric boundary layer was generated by five spires and a fence of height
0.6 m and 0.1m respectively, which are designed following the method
proposed by Irwin (1979). Three types of cubic blocks with heights of
0.06m, 0.02m and 0.01m, are used downstream of the fence to adjust
the lower part of boundary layer. Reynolds number based on the width of
the isolated building and the mean velocity of the incident flow at the



Fig. 6. Scatter plots of numerical results against experimental data for the case of the row of trees. The lines in blue and green mark the boundaries defined by q and
FAC2, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 4
Validation metrics for the case of the row of trees.

Turbulence Model U=Uref TKE=Uref
2

q FAC2 q FAC2

Modified k� ε 0.70 1.00 0.13 0.17
LES 0.96 1.00 0.78 1.00
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building height is 2:4� 104.
The computational domain for the simulation with LES model as

shown in Fig. 11 is set as the same as the wind tunnel test. Spires and a
fence with the same size as those in the wind tunnel test are used to
generate turbulent inflow. Effects of cubic blocks are simulated by using
the canopy model. According to the size of each type of cubic blocks,
representative length scales are selected as l0 ¼ 0.06m, l0 ¼ 0.02m and l0
¼ 0.01m respectively. The same packing density γ0 ¼ 6:25% and
equivalent drag coefficient Cf ¼ 1:981 are adopted. In the simulation
with the modified k� ε model, the dimensions in lateral and vertical
directions are the same as those in the simulation with LES model. One
typical problem in the simulation with the modified k� ε model, as
discussed by Blocken et al. (2007), is unintended longitudinal gradients
of the mean wind speed through the computational domain. A short
longitudinal length for the simulation with the modified k� ε model is
set as 21 h¼ 1.68m. The size of computational domain Lx, Ly and Lz
are1.68m, 1.1m and 0.9m, respectively.

A structural grid system is used in simulation with the modified k� ε
model, and 100 � 86 � 52 grid nodes is used in the streamwise, lateral
and vertical directions, respectively. A non-uniform grid is adopted in
each direction. The minimum grid resolutions in the horizontal and
vertical directions are 0.008m and 0.004m, respectively. In LES simu-
lation, a structural grid system is also used in the region around the
isolated building, while an unstructured grid is used around the spires
and the fence. In the region around the isolated building, the minimum
grid resolutions in the horizontal and vertical directions are 0.004m and
0.002m, respectively. Grid dependency is checked for both simulations
by using twice finer grids around the building. The same profiles are
obtained, indicating the present grid is fine enough.

The boundary conditions summarized in Table 2 are used for the
simulations with the modified k� ε model and LES model. In the
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simulation with the modified k� ε model, z0 ¼ 1:8� 10�5m is used for
the ground surface. In the simulation with LES model, an uniform wind
speed of 6.75m/s is set at the inlet boundary. The isolated building is
treated as a canopy region. The canopy parameters, Cf , γ0 and l0, are
calculated following Enoki and Ishihara (2012). To avoid dividing by
zero, the packing density inside the isolated building is set as γ0 ¼
99:9999%.

The predicted and measured profiles of mean wind speed and tur-
bulent kinetic energy at the location P0 are shown in Fig. 12. The tur-
bulent wind flow at the front of the isolated building is favourably
reproduced well by the modified k� ε model and LES model.

The normalized mean wind speed and turbulence kinetic energy
profiles over isolated building in the vertical cross section at y/H¼ 0 and
the horizontal cross section at z/H¼ 0.625 are shown in Fig. 13 and
Fig. 14. Here, Uref is the mean wind speed at x/H¼ 0 and z/H¼ 4 in the
absence of isolated building. In case of the modified k� ε model, the
speed up phenomenon at the roof height and the mean wind speed in the
wake region of the isolated building are slightly underestimated, while
the predicted turbulent kinetic energy are overestimated at the region
close to the isolated building and slightly underestimated in the wake
region. The discrepancy in the wake region may be accounted by
inability of the modified k� ε model to simulate the organized motion,
such as vortex shedding. This is discussed later. On the other hand, in
case of the LES model, both mean wind speed and turbulent kinetic en-
ergy are well predicted.

Scatter plots of numerical simulation results against experimental
data are shown in Fig. 15, and the validation metrics are summarized in
Table 5. All validation metrics give the same conclusion that the LES
model provides better accuracy than the modified k� ε model with the
generalized canopy model.

The contour of predicted mean wind speed and turbulent kinetic
energy in the vertical and horizontal cross sections from the simulation
with LES model are shown in Fig. 16 and Fig. 17. The streamlines are also
plotted to describe reverse flow at the roof, side and wake of the isolated
building. The contour of turbulent kinetic energy represents the turbu-
lence generated in the region close to the building and transported to the
wake region.

The iso-surface of λ2 is used to represents the vortices generated by
the isolated building as shown in the bird's eye view in Fig. 18. The block
in light blue marks the canopy region occupied by the isolated building



Fig. 7. Statistical Flow fields over the row of trees in cross section of y/H¼ 0.

Fig. 8. Bird's eye view of instantaneous vortices with λ2 ¼ �2000 around the row of trees.
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and the iso-surface in green indicates vortex cores with the value of λ2 ¼
� 10000. It is clear that the large vortices generated by the edge of the
isolated building move into the near wake region and then break into
smaller pieces in the downstream region. The vortices shed from the edge
of the isolated building are composed of a group of vortices and generate
300
the high turbulence in this region.
Fig. 19 shows ΔSðuwÞ and ΔSðuvÞ at the selected locations and height

of z/H¼ 0.5. It is found that both ΔSðuwÞ and ΔSðuvÞ shown in Fig. 19
(a) are small in the upstream of isolated building since organized motions
are weak in the front area of the isolated building as shown in Fig. 18. In



Fig. 11. Configuration of the numerical simulation of an isolated building with LES model.

Fig. 10. Layout and measurement positions of an isolated building.

Fig. 9. Variation of ΔS with the downstream distance at the height of z/H¼ 0.643 for the case of the row of trees.
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the wake region, ΔSðuvÞ become strong and reaches the maximum at the
location of x/H¼ 1. These strong horizontal organized motions corre-
spond to the vortex shedding from the side edges of the isolated building
as discussed above. With increasing of the downstream distance the value
of ΔSðuvÞ decreases, indicating the decrease in intensity of horizontal
organized motion. On the other hand, ΔSðuwÞ are small not only in the
upstream region but also in the wake region at the height of z/H¼ 0.5.
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Therefore, it is concluded that the turbulent kinetic energy at this height
are mainly generated from the side edges of the isolated building.

As a conclusion, the modified k� εmodel slightly underestimates the
turbulent kinetic energy in the wake region due to lack of the vortex
shedding in the simulation, while the LES model improves the accuracy
of prediction since all large vortices are directly resolved.



Fig. 14. Predicted and measured profiles of mean wind speed and turbulent kinetic energy around the isolated building in the horizontal cross section at z/H¼ 0.625.

Fig. 13. Predicted and measured profiles of mean wind speed and turbulent kinetic energy around the isolated building in the vertical cross section at y/H¼ 0.

Fig. 12. Predicted and measured profiles of mean wind speed and turbulent kinetic energy at the location P0 for the case of the isolated building.

Y. Qi, T. Ishihara Journal of Wind Engineering & Industrial Aerodynamics 177 (2018) 293–305

302



Fig. 15. Scatter plots of numerical simulation results against experimental data for the case of the isolated building. The lines in blue and green mark the boundaries
defined by q and FAC2, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 5
Validation metrics for the case of an isolated building.

Turbulence Model U=Uref TKE=U2
ref

q FAC2 q FAC2

Modified k� ε 0.74 0.89 0.70 0.92
LES 0.98 0.97 0.86 1.00
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4. Conclusions

In this study, turbulent flow fields over two typical urban elements, a
row of trees with low packing density and an isolated building with high
packing density, are investigated by the modified k� ε model and the
LES model incorporated with a generalized canopy model. The following
conclusions are obtained.

1) The applicability of the modified k� ε model and LES model is
evaluated by the validation metrics. Two turbulence models provide
Fig. 16. Statistical flow fields around the isolated building in cross section of y/H¼
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accurate mean wind speed and turbulent kinetic energy in the front
areas of the row of trees and the isolated building. However, in the
wake region, LES model shows better performance than the modified
k� ε model.

2) The turbulent flow fields predicted by LES model around the row of
trees and the isolated building are visualized by vortex cores and
examined by the quadrant analysis. It is found that the organized
motions generated at the top and bottom of trees are dominant in the
wake region of the row of trees, while the organized motions due to
the vortex shedding from the building surface are dominant in the
wake region of the isolated building. The mean wind speed and tur-
bulent kinetic energy for two cases are well predicted by LES model.

3) The mean wind speed in the wake region of the row of trees is
favourably predicted by the modified k� ε model, but the turbulent
kinetic energy is significantly underestimated due to the deficiency of
the organized motions in the simulation with the modified k� ε
model. The mean wind speed and turbulent kinetic energy by the
modified k� ε model in the wake region of the isolated building are
0. The block in gray marks the canopy region occupied by the isolated building.



Fig. 18. Bird's eye view of instantaneous vortex with λ2 ¼ �10000 around the isolated building.

Fig. 19. Variation of ΔS with the downstream distance at the height of z/H¼ 0.5 for the case of the isolated building.

Fig. 17. Statistical flow fields around the isolated building in cross section z/H¼ 0.625. The block in gray marks the canopy region occupied by the isolated building.

Y. Qi, T. Ishihara Journal of Wind Engineering & Industrial Aerodynamics 177 (2018) 293–305

304



Y. Qi, T. Ishihara Journal of Wind Engineering & Industrial Aerodynamics 177 (2018) 293–305
also slightly underestimated due to lack of the vortex shedding in the
wake region.
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