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I.  Introduction 
With rapid increase of urban population and fast 

expansion of urban area in metro-to-mega cities, urban 
atmospheric environmental quality addresses extensive 
attention and plays key role to public health.  Turbulent 
flows around three-dimensional obstacles (buildings) are 
common in nature and engineering applications.  In recent 
years, with the rapid increase of computer property, 
numerical simulation technology is becoming a very 
effective method to study complex turbulent flows. The 
large eddy simulation (LES) is one of the most important 
methods to study complex turbulent flows.  LES can 
capture the turbulent and average characteristics of flow, 
while has higher accuracy than RANS. LES also has 
smaller calculation task than DNS [1-7].  

A commonly used SGS eddy viscosity model is 
Smagorinsky model (SM) which the sub-grid viscosity is 
associated with the norm of the resolved strain rate tensor 
which is large scale, and the filter cutoff length which is not 
the intrinsic mixing length associated with the subgrid scale 
(SGS).  The simulations results show that SM produces 
excessive dissipation near the wall [4-7].  To improve SM, 
Several scholars proposed scale similarity model assuming 
that the statistical structure of the tensors constructed on the 
basis of sub-grid scale is similar to that of their equivalents 
evaluated on the smallest resolved scales but suffering 
fluctuations of results [8-14]. In order to improve the 
instability of DSM in simulation, several SM models were 
proposed to tackle the drawbacks of existing SM models. 
Gu et al. proposed a new SGS model and successfully 
applied to the channel flow simulation, which was entitled 
the universal sub-grid stress model (USM) [15-17].   
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In this work, the USM model is introduced to improve 
the prediction accuracy of wind field and pollution 
dispersion around different obstacle arrays. The geometries 
of the building layout and flow parameters are taken from 
the published wind tunnel experiments by Davidson et al. 
[18]. Subsequently, the results of the USM model are 
compared with published experiments, to show the promise 
of the USM model in simulating the complex turbulence 
flow and high Reynolds number turbulence flow. 

 

II. Model development 
 

There are two core standpoints in USM proposed by 
analyzing the similarities of the eddy viscosity 
formulations for LES and RANS. Firstly, the sub-grid 
eddy viscosity is relates indeed to the norm of the strain 
rate tensor of the smallest resolved scales, while the sub-
grid tensor is still associated with the strain rate tensor of 
large scales like in the classical Smagorinsky model. It is 
verified by the direct numerical simulations (DNS) 
results of channel flows with different Reynolds 
numbers which show that the near-wall turbulence is 
associated not only with the fluctuation of small scales, 
but also with the fluctuation of large scales. The same 
prove was fond in RANS which shows that the eddy 
viscosity of the k-ε mode is related to the turbulence 
energy and dissipation rate of fluctuations. 

The proposed universal SGS eddy viscosity model 
(USM) is described as follows: 

2 3ijij sgs ij kkS     
        (1) 

Where is ijS
 the resolved strain rate tensor which is 

expression by the large scales? The expression formula is 

described as follows: 
 

( ) 2ij i jj iS u x u x    
        (2) 

However, the sub-grid eddy viscosity sgs
 is expression by 

the smallest scale. The expression formula is described as 

follow: 
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sgs sgsl S


 
         (3) 

Where it is the module of smallest strain rate tensor which 

is described as follows: 

1 2(2 )ij ijS S S
  


         (4) 

( ( ) ( ) ) 2ij i i j jj iS u u x u u x


      
      (5) 

Where iu   and  iu  are the resolved velocities in the 

sense of the grid filter and the test filter, respectively. 

 

In order to simulate the wind tunnel experiment by 

Davidson et al, non-uniform grids of the computational 

domain are used for mesh generation of the staggered 

and aligned obstacle arrays. The grid number of the 

staggered obstacle array is 160×170×30 in stream-wise, 

transversal and vertical directions.  The geometrical 

configuration is shown in Fig. 1. 

 

 

a) Top plan views of the staggered array configuration 

(on the left) and the aligned array configuration (on the 

right) 

 

b) Side view of the aligned array configuration 

Fig. 1 Geometry configuration of building arrays 

 

III. RESULTS AND DISCUSSION 
 

In order to validate the USM presented here, numerical 
simulation of the staggered obstacle array is carried out. 
Experimental data of Davidson et al. and numerical 
results of Shi et al. are then compared with our 

numerical result to validate the new SGS modelling. Fig. 
2 shows the flow patterns of air passing through the 
staggered obstacle array. Horizontal streamlines of mean 
velocity at z = H/2 are presented in Fig. 2a. In order to 
make a clear illustration of the flow field, we make a 
magnification of the flow field near the center of the first 
row obstacles, as shown in Fig. 2b. We also make a 
vertical cut along the center line of the simulation 
domain, and the streamlines in this face is shown in Fig. 
2c. It can be clearly observed that behind the first 
building there are vortexes, which indicates that in this 
domain there is a recirculation zone. Fig. 2c also shows 
that the flow is divergent at the front row and convergent 
behind the last row, which is in agreement with the 
findings in Davidson et al.’s work. 

 

 

a) Horizontal profiles of the u-component of mean 
velocity at the height, z = H/2 

 

b) Local streamlines around single block 

 

c) Vertical profiles of the u-component of mean velocity at the 
center line of the staggered obstacle array 
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Fig. 2 Flow patterns of the staggered obstacle array 

 

IV. CONCLUSIONS 
 

The rapid urbanization in the past decades has 
gradually changed the traditional physical sense of urban 
environment. Concerning the continuing population 
expansion and land resource shortage, the condensed, 
high-rise building jungle presents the distinct character 
in most metropolitan cities and, meanwhile, leads to bad 
ventilation situation in the local climate, which causes 
adverse impact on residents’ health. In this paper, wind 
field and contaminant dispersion in two kinds of 
building array geometries are simulated using the 
modelling. The wind tunnel experimental data is used to 
validate the modelling. The relative errors of lateral 
profiles of u-components of mean velocities of flows at 
the last row of the staggered obstacle array and the 
aligned obstacle array at the half height of the obstacle 
(building) along with the stream-wise are 15.2% and 
8.6%, respectively, while the error of Shi et al.’s [19] 
simulation results at the staggered obstacle array along 
with the stream-wise is 46.7%. Velocity fluctuations of 
USM at the staggered and aligned obstacle arrays are in 
agreement with those of experiment. The results indicate 
that the USM can make a more accurate prediction of the 
mean velocity and velocity fluctuations. The USM is 
highly suitable for the simulation of the multi-scale 
turbulent flow of city underlying surface, the high 
Reynolds number turbulent flow and the complex 
turbulent flow. 
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