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ABSTRACT 

In this study, a generalize canopy model that can consider vegetation, buildings and porous obstacles is proposed. 

Flow field around two obstacles with different porosities are simulated. The results show a good agreement with 

the measurement. A wind tunnel test of the scale model of a city is also performed and simulated flow field by 

proposed mode was verified. The proposed model shows good agreement with the measurement. 
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Introduction 

In order to predict the wind in the urban or dense forest area, canopy models, which 

consider the effect of the obstacles as external forces, have been proposed. However 

conventional urban canopy models have the disadvantage of inapplicability to the high 

packing density canopy. In the prediction of wind in urban area, grids with high packing 

density are often generated. In this study, a new general canopy model which can consider the 

effect of the vegetation and solid buildings simultaneously is proposed and verified by wind 

tunnel test and the onsite measurement. 

Generalized canopy model 

Governing equations 

For the analysis of the flow field with solid inside, two different methods were 

proposed. In the first approach, the governing equations are constructed for the fluid part only. 

In the other approach, the governing equations are constructed for the flow field averaged 

over the computational cell. In this study, the latter approach is used. The account for the 

effect of the buildings and the vegetation, source and sink terms are added to the non-linear 

wind prediction model, MASCOT as follows. 
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where iu  and iu ′  are the mean and the fluctuating component of the wind velocity in the i th 

direction. p  is the pressure, ρ  is the density of the fluid, µ  is the molecular viscosity i ju uρ ′ ′  is 

the Reynolds stress and ,u if  is the fluid force per unit grid volume on the obstacles which will 

be described in the next section.  

The packing density of a computational grid with the volume of gridV  in which the 

volume of 0V  is occupied by an obstacle, can be represented as: 
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The porosity of a grid fγ  can be written as 

 01fγ γ= −  (4) 

The relationship between the physical quantity averaged over whole the grid φ  and the 

quantity averaged over the fluid volume φɶ  can be written as 

 0(1 )fφ γ φ γ φ= = −ɶ ɶ  (5) 

The Reynolds stress i ju uρ ′ ′  is approximated by the linear turbulence viscosity model. 
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The turbulence viscosity tµ  and ijS  can be written as 
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The turbulence of flow is estimated by the standard k - ε  model. 
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In these equations, physical variables are treated as apparent variables. The terms kf  and fε  is 

the generation/dissipation of turbulence per unit grid volume within canopy layer described in 

the next section. 

 

Generalization of external force 

Fluid force on any bluff body is described with the drag coefficient DC  and a 

reference area oA  as, 
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2u i D o i if C A u uρ= −  (11) 

Based on this equation, ,u if  in equation (1) is derived as below. 
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where fC  is also a kind of the drag coefficient, ol  is defined as the representative length scale 

of obstacles. In case of buildings whose cross section is square, ol  corresponds to its depth. In 

this equation, the drag coefficient fC , characteristic length ol  and the packing density 0γ  are 

the physically defined parameters. In the following sections, the relationship between these 

parameters and the parameters in the conventional models are investigated. 

 

 

The modeling of the urban canopy 

Maruyama proposed a model to 

describe the fluid force in urban canopy, in 

which the fluid force per unit volume can be 

written as 
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Table 1 The relationship of the parameters for different obstacle models 
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Maruyama carried out a set of wind tunnel test for building models with different packing 

density and obtained the drag coefficient DC . Figure 1 shows the drag coefficient for different 

packing density. The white circles in the figure show the results of the wind tunnel test. The 

drag coefficient DC  is a function of packing density oγ  and the maximum value is about 3.0, 

when the packing density is around 20% to 30% and it gradually decreases with increasing of 

oγ . Considering those data, the drag coefficient fC  is modeled like below for urban canopy. 

Based on these measurements, in this study, a model for the drag coefficient DC  of urban 

canopy is proposed. 
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In order to prevent numerical instability, the value of oγ  is limited from 0 to 1- δ . δ  takes the 

constant value of 10
-4
. This additional term does not cause significant change in the flow field. 

 

The modeling of the vegetation 

The fluid force by the vegetation is usually described as 

 tree ,
1

2 D t t if C a u uρη= −  (15) 

Where, ,D tC  is the drag coefficient of the vegetation, ta  is the leaf area density and η  is the 

tree crown density and defined as 
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These parameters can be expressed by the parameters in the proposed model and their 

relationship becomes as follows. 
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The modeling of the porous media 

According to Burk-Plummer, the fluid force in the porous media with the packing 

density 0γ  and the average diameter of the porous sphere D  is expressed as 
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Where C  is the empirical constant and usually takes the value of 1.75. The characteristic 

length scale of the porous media can be defined as the ratio of the volume 0V  and the 

projection area 0A  of the sphere. 
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Equivalent drag coefficient fC  can be expressed as. 
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Table 1 summerises the relationship between the model parameters proposed in this 

study and the parameters in the conventional models. As a consequent, any external force 

model can be described by the proposed model. In this sense, this model can be called 

“Generalized canopy model”. 

 

The modeling of the source term of turbulent kinetic energy 

For the source terms for turbulent kinetic energy and its dissipation rate, Green’s 

model that considers the promoting process of energy cascade in canopy layer is adopted. 
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where the model constants pβ , 1pC ε , 2pC ε  are set to 1.0, 1.5, 1.0 respectively. Although 4.0  is 

used for dβ , generally, dβ  should be the function of the packing density oγ . In this study, the 

generation and dissipation of turbulence in the equation (15) assumed to be canceled out in 

high packing density region. Then next equation is obtained. 

 ( )
22
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In this study, numerical simulations for high packing density (more than 0.5) are 

conducted to estimate the relationship between dβ  and oγ  under the assumption of the 

equation (9). At last dβ  is modeled like, 
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Model parameters are identified and result to be 1mC =0.489 and 2mC =-0.4796. Finally 

model parameter dβ  is introduced like 

 min(4.0, )d dβ β ′=  (26) 

 

Verification of the proposed model 

In order to verify the proposed generalized canopy model, three different flows with 

different porosities were calculated and compared with the measurement.  

Flow behind a tree 

The first example is the flow behind a pine tree with 7m height (Figure 2). Kurotani et 

al. measured the mean and fluctuating wind speed behind the pine tree at the height of 1.5H, 

3.0H, 4.5H and 6.0H. In this study, as the drag coefficient and leaf area density, 0.8 and 1.17 

(m
-1
) are used respectively, which correspond to 0 0.0427l = (m) and 0.8fC =  assuming that 

the packing density in the crown ,o cγ  is 0.05. As the inlet boundary condition, wind speed 

profile is given as in table 1, which is based on the measurement data by Suzuki et al.. The 

surface roughness length at the ground is set to 0.0858(m).  
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Figure 4 and 5 shows the vertical profile of the measured and the simulated mean 

wind speed and turbulent kinetic energy. The dash-dot line shows the height of the tree. The 

mean wind speed and the turbulent kinetic energy in the figures are normalized by the inflow 

wind speed (5.3m/s) and its square respectively. The simulated mean wind speed shows a 

good agreement with the measurement. On the other hand, the turbulent kinetic energy 

slightly underestimates 

Flow behind a prism 

The second example was a flow behind a prism (Figure 6). The aspect ratio of the 

prism is 1:1:2 and the width is 8cm. The length, width and height of the computational 

domain is 21.0b, 13.75b and 11.25b respectively. The minimum vertical grid size near the 

prism is 0.05b and the minimum horizontal grid size is 0.07b (Figure 6). The vertical profile 

of the mean wind speed and the turbulent kinetic energy at the inlet boundary is shown in 

figure 7. As the bottom boundary condition, the surface roughness 4
0 1.8 10z −= × (m) was 

used. At the prism, no surface roughness was set. The simulation results are shown in Figure 

4. For the grids which overlap with the prism, the packing density 0γ  and the length scale 0l  

was calculated and the drug coefficient was calculated. 

Figure 8 shows the vertical and horizontal profile of the mean wind energy and the 

turbulence kinetic energy. The black dashed lines show the reference line along which the 

wind speed was measured. The simulated wind field shows good agreement with the 

measurement although slight underestimation of the wind speed in the wake region can be 

found. The simulated turbulent kinetic energy also shows good agreement with the 

measurement especially at the front and the side of the prism.  

 

Flow in urban area 

In order to verify the proposed model for the flow around multiple obstacles, the 

proposed model was verified by a wind tunnel test with an urban model. 

The computational domain is 10.3km(x)×7.3km(y)×1.5km(z) and the wind speed was 

measured at the center of the model. The minimum horizontal grid size is 30m at the center of 

the model and the minimum vertical grid size is 3.0m at the ground surface, which results in 
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 Figure 2 The flow behind a pine tree Figure 4. The mean wind speed behind a pine tree 
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 Figure 3 The inflow used for the simulation Figure 5. The turbulent kinetic energy behind a pine tree
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the total grid number of 194,000. At the 

inlet boundary, measured vertical profile of 

the wind speed was given. 

The shape, height and the position 

of the buildings in the city are decided by 

using a digital map “Zmap-TOWN2” issued 

by Zenrin Corporation. It contains vector 

outline and the number of floors of the 

building. The average floor height is 

assumed to be 3.5m. Figure 5(a) shows the 

digital map of the city near the center of the 

model and (b) shows the calculated plan 

area for each grid. Perimeter and average 

building heights are also calculated.  

Figure 6 shows the wind speed ratio 

at the height of 13.5m. In addition to the 

wind tunnel test and the result of the 

proposed model is shown. The proposed 
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Figure 8 The vertical and the horiaontal profile of mean wind speed and turbulent kinetic energy 
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canopy model shows agreement with the 

measurement. 

 

Conclusions 

In this study, a generalize canopy 

model that can consider different kind of 

obstacles (vegetation, urban canopy and 

porous obstacles) is proposed. Flow field 

around two obstacles with different 

porosities are simulated. The results show 

good agreements with the measurement. A 

wind tunnel test of the scale model of a city 

is also performed and simulated flow field by proposed mode was verified. The proposed 

model shows good agreement with the measurement.  
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