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ABSTRACT: The pressure and flow field around a target low-rise model immersed in a large 
group simulating various area densities were investigated using three-dimensional numerical 
RANS turbulence models. Wind pressure coefficients obtained from the numerical results were 
compared with those of wind pressure measurements, and the flow fields around the model were 
compared with those obtained from flow visualization. The results show that for the wind pres-
sure coefficients for the isolated model, more reasonable results were obtained when the rng k-ε 
model was used, but there was little difference between turbulence models for the target model in 
a large group. For the flow field around the model, the RANS turbulence models were able to re-
produce the overall flow pattern generally, even though some differences were found. 
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1 INTRODUCTION 

As low-rise buildings are normally built in large groups, the flow field around a low-rise building 
of interest is totally different from that around an isolated building. The significance of this dif-
ferent flow field should be focused on not only from structural but also from environmental 
viewpoints because the flow field determines wind pressure distributions and the degree of scalar 
dispersion. Flow field conditions are strongly dependent on building geometry and arrangement 
characteristics, more or less incident flow conditions, by interacting and overlapping, which gov-
erns the wind force/pressure characteristics as well as the nature of ventilation and dispersion of 
pollutants in urban street canyons. 

Wind pressure measurements for a low-rise building in a large group have been performed 
by many researchers (Sun et al., 2008; Kim et al., 2011, 2012). Sun et al. (2008) investigated 
peak pressure coefficients through a number of wind tunnel tests, and reported that shielding ef-
fects generally depend on area density and relative height ratio between the target building and 
surrounding buildings, and although the shielding effects were significant in most cases, the 
positive peak wind pressure coefficients were increased by 100% in some cases. Most recently, 
Kim et al. (2011, 2012) measured fluctuating wind pressures applied to a cubical low-rise build-
ing immersed in various area densities and long upstream distances under suburban flow condi-
tions. After a detailed examination of wind pressures and forces characteristics, methodologies of 
wind load estimation were suggested based on the interference factor for the structural frame and 
zoning interference factor for components and cladding. 

The remarkable growth in computer technology has enabled increasing application of nu-
merical simulations to a large group of low-rise buildings to the problems including wind loads, 
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flow conditions and pollutant dispersion. Much of the works have focused on investigating the 
flow and pollutant dispersion problems within urban street canyons using the RANS turbulence 
model. Chang and Meroney (2003) investigated the effect of surrounding buildings with differ-
ent separation distances on flow distributions and transport from steady point sources of pollu-
tants, or chemical and biological agents, in an idealized urban environment. Lien and Yee (2004) 
studied the neutrally-stratified flow within and over a large group of 3-dimensional cubical 
buildings using two turbulence models: the standard k-ε model and the Kato-Launder k-ε model. 
Santiago et al. (2007) examined the wind flow and pollutant dispersion inside and above a three-
dimensional cubic array to describe and explain the flow structure and tracer dispersion using the 
standard k-ε turbulence model. 

Most recent numerical studies have discussed flow and pollutant dispersion, and although 
some previous studies have discussed the pressure and flow field for a target low-rise building in 
large group, the simulated area density was very limited, mostly an area density of 25%. The 
purpose of the present study was to investigate the pressure and flow field for a target low-rise 
building immersed in various area densities ranging from 6% to 44% by comparing numerical 
results with wind pressure measurements and flow visualizations using a DPIV system. For the 
numerical simulation, three-dimensional RANS turbulence models were implemented. 

2 WIND TUNNEL TEST AND COMPUTATIONAL FLUID DYNAMICS 

Wind tunnel tests were conducted at the Tokyo Polytechnic University in Japan. A 0.1m cubical 
building model was used for the target low-rise building, and the same sized cubes made of 
wood were used as dummy models. Area density, CA, was defined as the ratio of the area cov-
ered by the building to the building lot area, and varied as 6%, 11%, 16%, 25%, and 44%. A 
schematic of the wind tunnel test is shown in Figure 1, and the experimental procedures were as 
follows.  
 

 
Figure 1. Schematic of wind tunnel test 

 
As shown in Figure 1, half the wind tunnel was used as an incident flow generating section using 
spires, barriers, and three different-sized blocks. The incident flow was measured at Lf=0H. To 
clarify the effect of surrounding buildings, the wind pressure measurement of the isolated model 
was conducted at Lf=0H. After arranging the dummy low-rise models, the wind pressure meas-
urements for the target model were conducted by moving it downstream at specified intervals de-
termined by area density. Here, the term “target model” is used to indicate the model surrounded 
by dummy low-rise models in order to differentiate it from “isolated model”. In previous studies, 
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3 RESULTS AND DISCUSSION 

3.1 Results for isolated model 
Mean wind pressure coefficients are defined as: 
 

25.0 ref

ref
p

U
PPC
ρ
−

=                                  (1) 

 
where, P  is the time-averaged surface pressure and refP  is the time-averaged reference static 
pressure in the computational domain, which is at exactly the same position as the pitot tube in 
the wind tunnel test. 

Figure 4 compares the mean wind pressure coefficients from the wind tunnel test with the 
simulation results from the coarse and fine grids. Differences are observed near the stagnation 
point on the windward surface and on the leading edges of the roof and side surfaces where large 
suctions occur due to the separated shear layer. On the leeward surface, the simulation results 
show slightly larger values than the experimental values (smaller absolute value). From the dif-
ferent turbulence models, clear differences are also observed near the stagnation point and lead-
ing edges. For the standard k-ε model, the mean wind pressure coefficient near the stagnation 
point is larger than unity, which is theoretically impossible and which is also much larger than 
the experimental values. Contrary to the results of the standard k-ε model, those of the rng k-ε 
model show relatively good agreement with the experimental results on the windward surface. 
On the side surfaces, the variation trend of the rng k-ε model is similar to that of the experimental 
value, but the values are much larger than the experimental results and the standard k-ε model re-
sults. Focusing on the smallest mean wind pressure coefficient (larger absolute value), it seems 
that the standard k-ε model results in more reasonable but slightly conservative values. There is 
little difference between the pressure coefficients on the leeward surface given by the two turbu-
lence models, and it is interesting to note that almost the same results were obtained for the two 
different grids, although the fine grid gives slightly larger absolute values. 
 

      
(a) Mid-width center of isolated model                (b) Mid-height center of isolated model 

Figure 4. Comparison of mean Cp for isolated model 
 

Wind pressure coefficients at mid-width center were compared quantitatively using three 
statistical parameters, normalized mean square error (NMSE, Eq. (2)), fractional bias (FB, Eq. 
(3)), and correlation coefficients (R), and the results are summarized in Table 2. For comparison, 
the numerical results corresponding to pressure tap positions were selected. NMSE indicates a 
value of normalized discrepancies between the computed and experimental values, and FB gives 

A
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C

B
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A
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information about overestimation (negative value of FB) or underestimation (positive value of 
FB). 
 

( )
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∑
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=
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−
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As shown in Table 2, the NMSE of the rng k-ε model is very small compared to those of the 
standard k-ε model on the windward and roof surfaces, while that on the leeward surface is al-
most the same. As expected, the FB of the windward surface is negative, while those of the roof 
and leeward surfaces are positive, meaning that the numerical results are overestimated for the 
windward surface and underestimated for the roof and leeward surfaces. The FB of the rng k-ε 
model is smaller than that of the standard k-ε model, showing especially large differences on the 
windward surface. Like NMSE, FB shows little difference on the leeward surface. Similar obser-
vations can be made for correlation coefficient R. Considering the different grids, NMSE and FB 
obtained from the coarse grid are smaller than those obtained from the fine grid, implying that 
the numerical results from the coarse grid better correspond to the experimental results, but the 
differences between them are not significant. The statistical parameters at mid-height center 
show a similar trend to the mid-width center, generally showing numerical results from the 
coarse grid using the rng k-ε model in better correspondence with the experimental values. 
 
Table 2 Comparison of normalized mean square error (NMSE), fractional bias (FB) and correlation coefficient (R) 

  
NMSE FB R for all points 

std k-ε rng k-ε std k-ε rng k-ε std k-ε rng k-ε 

Fine  
Grid 

Windward Surface 0.1 0.01 -0.23 -0.09 

0.90 0.97 Roof Surface 0.15 0.06 0.36 0.23 

Leeward Surface 0.04 0.04 0.21 0.19 

Coarse  
Grid 

Windward Surface 0.08 0.01 -0.21 -0.06 

0.91 0.97 Roof Surface 0.12 0.06 0.26 0.2 

Leeward Surface 0.03 0.04 0.18 0.18 

 
Using the numerical results obtained from the rng k-ε model with the coarse grid, predic-

tion of peak pressure coefficients on the windward and roof surfaces were attempted, considering 
that the largest maxCp occurred on the windward surface (maxCp≈2.95) and the smallest minCp 
occurred on the roof surface (minCp≈-4.75). The largest maxCp was obtained near the stagnation 
point, and the smallest minCp was obtained at pressure tap near the edges. For the pressure taps 
shown as solid thick lines in Figure 5, the relationship between normalized turbulent kinetic en-
ergy (k/Uref

2) and fluctuating wind pressure coefficients (rmsCp) were examined, and the results 
are shown in Figure 5. There is a clear linear relationship between them, implying that rmsCp can 
be estimated by k/Uref

2. From these relationships, peakCp values were obtained from various peak 
factors (g). The comparisons are shown in Figure 6, showing good agreement with the experi-
mental data when gmax=5 for windward and gmin=-6 for roof surface. 
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Figure 5. Relationship between k/Uref
2 and rmsCp Figure 6. Comparison of peakCp from numerical and 

experimental results 
 

The flow conditions on the roof are shown in Figure 7 using contours of mean wind speed 
and streamlines for the coarse grid. The black rectangle indicates the isolated model, and the 
gray region in Figure 7(a) indicates a mask region where the particles cannot be captured by the 
high-speed digital video camera. From the DPIV result in Figure 7(a), it is not clearly ascertained 
but there is a reverse flow region on the roof. This region is well reproduced by the rng k-ε model 
(Fig. 7(c)), but not by the standard k-ε model (Fig. 7(b)). 
 

     

 
(a) DPIV                      (b) Standard k-ε                    (c) Rng k-ε 

Figure 7. Contours of wind speed and streamlines on roof of isolated model 
 

The flow fields measured and simu-
lated at mid-height center are shown in 
Figure 8 for the coarse grid. The three 
black rectangles indicate half the isolated 
model adjusted to the same scale, making 
direct comparison possible. The flow 
field including the circulation in the wake 
seems to be simulated appropriately, but 
some differences were found. The circu-
lation center (red solid circle) and wake 
center (red solid square) move to the 
downstream side for the simulation re-
sults, and the deviation is more for the 
rng k-ε model. There is reversed flow on 
the side surface for the rng k-ε model as 
on the roof, and these reverse flows are responsible for the larger mean wind pressure coefficient 

 

 
 
(a) DPIV 
 
 
 
 
(b) Standard k-ε
 
 
 
 
(c) Rng k-ε 

Figure 8. Comparison of flow field of isolated building for 
 mid-height center 

WIND

WIND
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(smaller absolute value) on the leading edge on the roof and side surfaces, as shown in Figure 4. 
The results for the flow fields of the fine grid show a similar trend.  

Summarizing the above results, it was found that there is clear dependence of wind pres-
sure on the turbulence models, but little dependence on grid, meaning that the numerical simula-
tions for the grids with (30~61)<y+ result in almost identical results. Thus, the simulation of the 
target model surrounded by a large group of dummy models was conducted for the grid with 
(30~62)<y+<(roughly 400). 

3.2 Results for target model 
Figure 9 shows the variation of mean wind pressure coefficients derived from wind tunnel tests 
(solid and open circles), the standard k-ε model (solid and open squares), and the rng k-ε model 
(solid and open stars) at mid-width and mid-height center at Lf/H=8 and 24 for various area den-
sities. Note that as only half of the target model was used in the simulation, the results from half 
the windward and leeward surfaces were used for the mid-height center. For all area densities, 
the variation trends of the numerical results along the two centers are similar to the experimental 
results, and correspondence becomes better at higher area density. For example, the mean wind 
pressure coefficients on the windward surface decrease with area density, and at higher area den-
sity the coefficients at all surfaces become similar. However, large differences were found near 
the separation region on the roof and side surfaces as for the isolated model, showing larger val-
ues than the experimental results (smaller absolute value). But the differences in the turbulence 
models are generally small for all surfaces at different upstream distances, showing similar de-
grees of correspondence to the experimental results. 
 

      
(a) Area density 11% 

 

      
(b) Area density 16% 
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(c) Area density 25% 

 

      
(d) Area density 44% 

Figure 9. Comparison of meanCp for various area densities (Mid-width center (left) and mid-height center (right)) 

3.3 Flow over large group of low-rise buildings 
The variations of mean wind speed and turbu-
lence intensity are shown in Figure 10. In simu-
lation and experiment, the profiles were meas-
ured without the target model, and in the wind 
tunnel tests the profiles were measured from 
0.1m (model height) to 0.4m using hot wire. 
The mean wind speed profiles from the wind 
tunnel tests and simulations agree well with 
each other, showing little differences depending 
on the turbulence models. But in the turbulence 
intensity profiles, the turbulence intensity for 
the standard k-ε model is slightly higher than 
that for the rng k-ε model when the height is 
less than 0.4, and is more consistent with the wind tunnel test results. The profiles from the 
standard k-ε model seem to be more similar to the wind tunnel test results. For other area densi-
ties, similar results with a similar degree of correspondence to the experimental results were ob-
tained. 

Figure 10. Comparisons of mean wind speed and 
turbulence intensity profiles at CA=25% 
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4 CONCLUSIONS 

Mean wind pressure coefficients of the isolated model obtained from the rng k-ε turbulence mod-
el match well with those from the pressure measurement. However, the differences in turbulence 
models were small for the target model in a large group, and the correspondence to experimental 
data was generally good, still showing some discrepancy near a large suction area. Using a lim-
ited number of pressure taps on the windward and roof surfaces, the prediction of peakCp was at-
tempted, and the results agreed with the experimental results, once the peak factors were given 
appropriately. For the flow field, the RANS turbulence models were able to reproduce the overall 
flow pattern around the model generally, but some differences were found i.e., the rng k-ε model 
provided reasonable simulation near the regions where large suctions occur, and in other many 
regions the standard k-ε model gave more similar results to experiment. 
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