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ABSTRACT. The objective of the paper is to study numerically, using k - € model, 
the cirlculation zone behind a building under neutral and stable conditions. The influences 
of wind speed, vert ical gradient of the temperature, surface roughness and building height 
on the length and structure of the recirculation zone are investigated. The research result 
showed that the recirculation area extends from immediately behind the building to a dis­
tance bf about 2.5 times , in maximum, of the dimension of the building. The recirculation 
zone's 1length increases with the increase of wind speed, decreases with the increase of vertical 
gradient of the temperature, decreases with the increase of roughness and increases with the 
increa~e of building height . Some exceptions of two last tendencies may occur for the cases 
of high surface roughness or high building, when the flow shift from a simple one-vortex to 
a complex multiple-vortex structure. 

I 

1. Introd1uction 

For floJ.r approaching to an obstacle, some recirculation zones may be created 
by flow separation from the edges of the obstacle. The largest recirculation zone 
is usually behind the obstacle. The appearance of this zone strongly influences on 
the transp6rt and diffusion characteristics of pollutants around the obstacle. These 
influences have been observed in many expreriments (see e.g. [1], [2], [3]). The 
pollutant 's concentrat ion may be very high as the sources are set in recirculation 
zones. For example, the high air pollution near Ninh Binh power station in the past 
very possibly is concerned with the recirculation zone behind Canh Dieu mountain. 
In the cities, these bad influences also may be observed near building or in street 
canyons. 

Because of undesirable recirculation zone's effects, some studies were performed 
on this problem. The description of the recirculation zones near the obstacles is 
generally based on flow visualization and measurements on experimental models of 
wind and water tunnels. Many of these studies treated cubical obstacles. For flow 
approaching normal to the cubical building face, a recirculation zone is created. 

In light
1

of these studies, there are many qualitative and also quantitative things, 
which are needed to investigate, about the air flow in the vicinity of the building, 
especially -~bout the recirculation behind the building. Therefore the numerical 
studies in ~his field are necessary. 

The air flows near obstacle are very complicated and highly turbulent. To analyse 
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these turbulent flows , it is therefore important to develop specific techniques and 
reliable tools. Most atmospheric models are hydrostatic (see e.g. [4], [5], [6]). They 
cannot be used to treat the recirculation zone, because they neglect the acceleration 
of vertical velocity. In addition, although the application of first-oder turbulent 
closure (K theory) has been widespread in atmospheric studies (see e. g. [7], [8], 
[9]), it is difficult to express K analytically or to measure it for flow over complex 
terrain ([10], [11]). Because of the extreme high sensitivity of the turbulent flow 
field to the varying pressure gradients caused by the terrain, these models are not 
applicable to the case of complex terrain and thus a realistic description of the 
turbulent structure requires considerably more sophisticated closures. 

This paper presents some results of numerical studies of flow structure and recir­
culation zone behind the building. A nonhydrostatic model based on k- F: turbulent 
closure scheme was used. This k - c model includes some Duynkerke 's modifications 
for atmospheric applications. Some factors, which have important influences to the 
flow field near the building including wind speed, vertical gradient of the tempera­
ture (atmosphere stability), surface roughness and building height, are investigated. 

2. Descriptions of numerical simulation 

2.1. Governing equations 
The Reynolds-averaged Navier-Stokes equations governing the motion of turbu­

lent flows may be written as follows: 

(2.1) 

(2.2) 

(2.3) 

where xi are the Cartesian coordinates; Ui are the components of the mean velocity; 
9i = (0, 0, -g) are the components of the gravitational acceleration; 8p is the devia­
tion of density p from its reference value p0 ; 8P is the deviation of pressure P from 
its reference value P0 ; u~ and ()' are the fluctuations of the velocity components and 
potential temperature around their mean; u~uj is the Reynolds stress tensor and 

u~()' is the turbulent heat flux. The subscript 0 refers to the aerostatic and adiabatic 
reference state. The deep equation of Oruga and Philips [9] has been employed in 
the present calculations for the reference pressure and density. 

The pressure is related to the density and the temperature T through the fol­
lowing equation of state: 

(2.4) 
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with the definition of potential temperature 

where P0 is the surface pressure at z = O; Rd is the gas constant for dry air (Rd = 
287Jkg-1K-1

) and Gp is the specific heat at constant pressure for air. For dry air, 
the isobaric specific heat Gp has weak temperature dependence given by [12): 

GP = 1005 + (T - 250) 2 /3364Jkg- 1 K-1
. 

The k - c turbulent model is used to close the mean flow equations (see [10), [11), 
[12]). The Reynold stresses u~uj and the turbulent heat flux u~()' are estimated by 
means of the Boussinesq's eddy viscosity and eddy diffusivity models: 

-,-, (aui auj) 2 $;' k u .u . =-Vt -+- +-ui · 
i J axj axi 3 J 

(2.5) 

- ae 
u'()' =-Kt-

i axi (2.6) 

where Vt is the eddy viscosity; 8ij is the Kronecker delta; k is the turbulent kinetic 
energy (TKE) and Kt is a turbulent diffusivity coefficient. Experiments indicate that 
Vt and Kt are not constant , but vary within a flow and from one flow to another 
by the way that their ratios - the turbulent Prandtl number Prt = ;t - is roughly 

constant . 
Therefore, the closure problem is reduced to determine the distribution of Vt· 

This question can be empirically related to two parameters that are assumed to be 
characteristics, which characterize the local state of turbulence: a velocity scale and 
a length scale. The k- c models express the turbulence velocity scale as k112 and the 
turbulence length scale as k312c-1 . These permit the formation of the eddy viscosity 
as following:. 

(2.7) 

where cµ is an empirical constant. 
The turbulent kinetic energy k and its dissipation rate c are calculated from the 

following semi-empirical transport equations 

(2.8) 

(2.9) 
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where ae, ae;, C1e;, C2e; and C3e; are constants; Sis the shear production term and G is 
the buoyancy term in the TKE equation, defined as following: 

In the above presented equations, the standard values of the constants, which have 
been used for most engineering applications, are given in Table 1. 

2.2. Two modifications of the k - c model 
The standard k - c model has been shown to work quite well in the engineering 

field for many different flows. However, in its atmospheric applications, based on 
experimental data, some authors recommended making some changes to the stan­
dard k - c model: In a modification [13], Detering and Etling suggested modifying 
the c equation for better reflect characteristic turbulent length seq.le above the re­
gion with strong shear (surface region) in the atmospheric boundary layer. They 
proposed reducing c by modifying the c1e; and the c3e; constants. Instead of them, 
they used the following const ant c'1e; : 

(2.10). 

where L is the scale of the dominant turbulent eddies and h is a characteristic scale 
for the atmospheric boundary layer. 

The k - c turbulence models assume that the scales of the dominant turbulent 
eddies are given by: 

3/ 4k3/ 2 L = _cµ __ _ 
c 

(2.11) 

The characteristic scale for the atmospheric boundary layer h is given as: 

(2.12) 

where u* is the friction velocity; f is the Coriolis parameter, and ch is an empirical 
constant, which was set by Detering and Etling to an optimum value of 0.0015. The 
other modification of Detering and Etling can be seen in Table 1. 

The standard k- c model constant values are also modified by Duynkerke [14] on 
the oasic of atmospheric data. In his modification, the contribution of the buoyancy 
in equation (2.9) is neglected when the term is negative. The values of constants in 
Duynkerke model are given also in Table 1. 
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Tab. 1. Constants used in the conventional k - c turbulence models 

Turbulence model Cµ C1c: C2c: C3c: (jk 0-c: 

Standard 0.09 1.44 1.92 1.44 1.0 1.3 
Detering and Etling [13] 0.026 * 1.90 * 0.74 1.3 

Duynkerke [14] 0.033 1.46 1.90 1.46 1.0 2.38 

* See equations (2.10) - (2 .12) 

2.3. Numerical method 
The above governing equations are solved following the SIMPLE algorithm de­

scribed by Patankar [15] . A finite volume method is applied on a staggered grid. 
The velocity components U, V and W are defined at the cell faces while all other 
scalar-dependent variables are located at the cell centers. The numerical procedure 
uses centered differences for the diffusion and source terms and an upwind scheme 
for the advection terms. The continuity condit ion on mean velocities is satisfied 
by means of the pressure-correction method. Matrix equations are solved by line­
iteration procedures in conjunction with a tridiagonal solver. 

Two new partial differential equations for k and E are needed to be solved. 
According to Ferziger [16] , because the time scales associated with the turbulence 
normally are much shorter than those connected with the mean flow, that is why 
solving numerically the equations for k and E are much stiffer than the flow equations. 
For this reason, in the numerical solution procedure, one first performs an outer 
iteration of the momentum and pressure correction equations in which the value of 
the eddy viscosity is based on the values of k and E at the end of the preceding 
iteration. After this has been completed, an outer iteration of the turbulent kinetic 
energy and dissipation equations is made. After completing an iteration of the 
turbulence model equations, we are ready to recalculate the eddy viscosity and start 
a new outer iteration. 

2.4. Code validat ion 
By the way of comparison with measurement data, the code has been validated 

for a flow near the cube [17] and a flow near the cone ([18], [19]) . The obtained 
results showed that the standard k - E model and two its presented above modi­
ficat ions give a good prediction for mean flow fields and relatively good prediction 
of turbulence. We also performed an comparison among standard model and two 
its modificatons for an air flow around a cone ([18], [19]). From this comparison, 
Duynkerke's modification have given slightly better agreement with measured re­
sults . ThJrefore, Duynkerke modification is used in this study. 

2.5. Simhlated domain and approach flow 
Numerical experiments are performed for flow around a building. T he building 

height and widths are 60 m. The building height may be varied in some case studies. 
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The approach flow is perpendicular to one building's side. For calculation domain, 
the limits of the longitudinal are Xmin = -3.58H and Xmax = 8.33H, where x is 
measured from the center of the building. The limits of the lateral are Ymin = -3.58H 
and Ymax = 3.58H, where y is also measured from the center of the building. The 
limits of the vertical axis are Zmin = 0 and Zmax = 4.06H. 

A grid of 60 cells length (in x axis) , 55 cells width and 37 cells height is used for 
above presented calculation domain. Figure 1 shows the top (a) and side (b) views 
of grid. This variable-spaced grid was used in order to increase the resolution in 
regions where flow gradients are high. The grid was designed to provide the highest 
resolusion near the ground and the obstacle. 

Fig. 1. Grid used in the simulation: (a) top view; (b) side view 

The experimental studies in atmospheric boundary layer have shown that in the 
neutral condition the wind displays nearly logarithmic increase with height above 
the surface ( [12], [20]). The logarithmic wind law is given by following expression: 
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(2.13) 

where u*0 is the frict ion velocity; "'is the von-Karman constant (rv 0.41) ; z0 is the 
aerodynamic roughness length and dis the zern-plane displacement. 

The logarithmic wind law (2.13) has been used for the description of inflow in 
this study. 

2.6 . Initial and boundary conditions 
The initial conditions for the velocity components are set to zero. The initial 

conditon for e, in the case its vertical gradient is known at inflow boundary, is given 
by: 

(2.14) 

where es is the potent ial temperature at the ground surface. 
The turbulent kinetic energy and its dissipation are specified as follows ([21], 

[22]) : 

ko = 0.003u6 (2.15) 

and 

ci14 
E:o = --

K,Z 
(2.16) 

No-slip boundary conditions are applied to all solid surfaces. At the inflow boundary, 
the inflow remains unchanged with time. At the outflow and upper boundaries, the 
gradient of any variable is set to zero. 

3. Calculation results and discussions 

3.1. The effect of the inflow wind speed 
To investigate the effect of inflow wind speed on the fl.ow field , three numerical 

experimen~s are performed with the wind velocity profile are given by equation 
(2.13) . For the fixed surface roughness z0 = O.OOlm, the inflow wind speed at the 
building height are uH = 3m/ s, UH = 5m/ s and uH = 7m/ s, respectively. 

With the time step of 8t = 0.2s, approximately 7h of CPU time on the PC 
500MHZ aFe required to reach the steady-state solutions for each numerical simula­
tion (All rJsults presented in this paper are related to steady-state fl.ow). The real 
time to reach the steady state is about 1.5 h. 

The velocity vector fields at the vertical plane through the center of building for 
different inflow wind speed are shown in Figure 2 (In this and presented later figures 
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of fl.ow fields , x in the range from -H to 3.5H, z in the range from 0 to 1.5H). 
The velocity vector field at the horizontal plane z = H /2 for the case of uH = 7m 
is shown in Figure 3 (x in the range from -H to 3.5H, yin the range from -H to 
H). In according to these three calculations, the lengths of the recirculation zone Lr 

. behind the building are 0.814H, 1.559H and 1.781H, respectively. Here and later, 
the length of the recirculation zones refers to the distance from the faces of building 
to the farthest point at which the velocity was reversed. 
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Fig. 2. Velocity vector field in X - z plane through the center of building for 

z0 = O.OOlm and: (a) uH = 3m/ s, (b) uH = 5m/ s, (c) UH = 7m/ s 
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The numerical experiments show that the length of recirculation zone behind the 
building increases with the wind speed. Some other simulations also were performed 
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with larger wind speed and it was found that in these cases the length of recirculation 
zone slowly increases at large wind speed, approaching an asymptotic value Lr ,.._, 
2.SH. 
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Fig. 3. Velocity vector field in x - y through the center of building for 

zo = 0.00lm and UH = 7m/ s 
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3.2 . The effect of temperature gradient in stable atmospheric boundary 
layer 

It is well known that the vertical gradient of potential temperature (} has very 
significant effects on the atmospheric flow. The importance of the vertical gradient 
of (} in the atmospheric boundary layer lies in the relation with thermal stability 

criteria. Thefore, investigating the influence of ~: on the recirculation zone's length 

is one of the objectives in this study. Firstly, this investigation is limited in the 
. . ae 

neutral and stable atmospheric boundary layer , i.e. oz ~ 0. 

Three sets of numerical simulation using different approach flow were carried 
out. These three sets of numerical simulation were performed with three different 
aerodynamic roughness lengths. The surface friction velocity held fixed (0.15m/s). 
According to Garrat [12], three values of aerodynamic surface roughness are chosen: 

1. z0 = O.OOlm - smooth soil surface. 
2. z0 = 0.05m - roughness soil surface or thick grass surface. 
3. z0 = 0.05m - thin grass surface. 
In each set of numerical simulation, there are eight numerical simulations using 

different vertical gradients of the potential temperature, ranging from ~~ = 0° K / m 

(neutral) to ~~ = 0.15° K / m (extremely stable). It is neccesary to note that the 

vertical gradient of potential temperature is almost always smaller than 15° K/lOOm 
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[12]. The calculated length of the recirculation zone behind the building as a func-
8(} 

tion of Bz is plotted in Figure 4 for these three sets of numerical simulation. The 

calculated results show that the length of the recirculation zone decreases with the 
8() 

increase of az' i.e. the length of recirculation will decrease if the atmospheric stabil-

ity increases. The atmospheric stability also strongly influences to the structure of 
the fl.ow in recirculation zone. Under neutral and slightly stable conditions, nearly 
horizontal flow is observed behind the building, whereas under the strongly stable 
condition, clear down fl.ow is observed. Extremely strong thermal stability dramati­
cally suppress the recirculation zone behind the building, especially at the distances 
far from the lee side of the building. 
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Fig. 4. The length of the recirculation zone as a function 

of the vertical potential temperature gradient 

3.3. The effect of surface roughness 

15 

The surface roughness is direct cause of the nonuniform vertical structure of wind 
speed in the atmospheric boundary layer. The logarithmic wind law (2.13) involves 
the aerodynamic roughness length parameters, which are determined by the physical 
nature of the ground surface. 

The effect of the surface roughness on the length of the recirculation zone can 
also be seen in Figure 4. In general, the length of the recirculation zone will decrease 
if the surface roughness increases. However, there are some cases which do not follow 
this tendency. These occur in three cases of high surface roughness (z0 = 0.05 m) 
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and neutral or slightly stable conditions (~~ :S 0.03° K/m). From the observation 

of the simulated flow fields, it was found that this exception has a concern with the 
transition of the structure of the recirculation zone behind the building. 

The velocity vector fields in the vertical plane through the center of building for 
z0 = 0.001 m, 0.01 m and 0.05 min the neutral condition are shown in Figure 5. It 
is clear that there are some differences in the structure of the recirculation zones 
among these three simulated results. In the case of z0 = 0.001 m, the velocities 
in the reversed flow region are nearly horizontal, but the reversed velocities are 
more vertical in the cases of higher surface roughness. In the vertical plane through 
the center of building, only one vort ex can be seen in Figure 5 for z0 = 0.001 m 
and z0 = 0.01 m , whereas two vortices can be seen for z0 = 0.05 m. The unique 
vortex for the cases of z0 - 0.001 m and z0 = 0.01 m is clockwise. For the case of 
z0 = 0.05 m, the small vortex near the t op-down edge is clockwise and the larger 
one is counter-clockwise. A transition between two above structures occurs at a 
threshold aerodynamic surface roughness between 0.01 m to 0.05 m. 

3.4. Comparison of the length of recirculation zone for the different 
roughness surface with the same wind speed at the building height 

Indeed, the surface roughness influences to the wind speed at every height of 
the atmospheric boundary layer more or less. This influence is formulated in the 
logarithmic wind law (2.13) . According to the numerical simulations described in 
the Section 3.3, it was concluded that the length of recirculation will decrease if 
the surface roughness increases. It is easy to understand this behaviour, because in 
according to this the wind speed at the same height will decrease when the surface 
roughness increases. 

However, in reality, the wind speed is usually known at a fixed height above the 
ground surface, for example, at z = 10 m. Therefore, it is necessary to know the 
influence of the surface roughness to the length of the recirculation zone with the 
same wind speed at a given height. To understand this, three numerical simulations 
are performed with the same wind speed at the building height H = 60 m: UH = 

7 m/ s and the aerodynamic surface roughness z0 = 0.001 m ; 0.01 m and 0.05 m. 
In according to these three calculations, the length of the recirculation zone 

behind the building equal 1.776 H , 1.782 Hand 2.304 H , respectively, i.e. the length 
of the recirculation zone for the case with smaller aerodynamic surface roughness is 
shorter. From the numerical results it can be seen also that the influence of z0 is 
not noticeable in the range from z0 = 0.001 m to z0 = 0.01 m, but very noticeable 
in the range from z0 = 0.01 m to z0 = 0.05 m. 

3.5. The effect of the variation of the building height 

In the numerical studies, which are described in the previous sections, the cubical 
building was chosen to investigate the effects of some important factors. However, it 
is easy to believe that the the recirculation zone behind the building will be change 
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Fig. 5. Velocity vector field in x - z plane through the center of building u*o = 0.15 m .s: 
(a) zo = 0.001 m , (b) zo = 0, 01 m, (c) z0 = 0.05 m 

more or less if the height of building increases or decreases. To investigate this effect, 
three numerical simulations are carried out for the new heights of the building HB, 
which are chosen to be equal 0.5 H, 1.5 H and 2 H. The approach flows for these 
numerical simulations are completely equivalent to the approach flow of the ~first 

set presented in the Section 3.2. These simulations are carried out for the neutral 
atmospheric boundary layer. 

The velocity vector fields in the vertical plane through the center of building are 
shown in Figures 6a-c for the cases of HB = 0.5 H, HB = 1.5 H and HB = 2 H, 
respectively. For the case of HB = H, the velocicy vector field has been plotted in 
Figure 5a. 
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Fig. 6. Velocity vector field in x - z plane through the center of building UH = 7 m/ s 
and zo = 0.001 m: (a) HB = 0.5 H, (b) HB = 1.5 H, (c) HB = 2.0 H 

From the calculated results, it can be seen that the lengths of the recirculation 
zone, which refer to the distance from the lee side of the building to the farthest point 
having the reversed velocity, for the cases of H8 = 0.5 H, H8 = H, HB = 1.5 H 
and H8 = 2 H equal 1.907 H, 2.343 H, 2.570 H and 2.547 H, respectively. To show 
this effect more clearly, the dependence of the length of the recirculation zone on 
the height of the building was plotted in Figure 7. It is necesssary to note that, in 
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this study, it keeps constant (and equal) for either the width or the length of the 
building. 

Figure 7 showed that the length of the recirculation zone behind the building 
strongly increases with increasing H B from 0 to H, and slowsly increases with in­
creasing HB from H to 1.5 H and, surprisingly, slightly decreases with increasing 
HB from 1.5 H to 2 H. 

/ 

I 

F 

0.5 I 
Bu il.d in.g Height (H) 

1.5 2 

Fig. 7. The length of the recirculation zone as a function of the height of the building, 

H stand for either the width or the length of the building 

The slightly decrease of the length of the recirculation zone as H B increases from 
1.5 H to 2 H can be understood from Figures 6 and Figure 5a. The structure of the 
recirculation zone in the case of H B = 2 H is clearly different from the structures of 
the recirculation zone in the cases of H B < 2 H. In the central section through the 
building center, only one vortex is observed in the cases of HB = 0.5 H, HB = H 
and HB = 1.5 H, whereas two vorties are observed in the case of HB = 2 H. A 
transition from 'one-vortex' flow structure to 'two-vortex' flow structure occurs at 
a threshold ratio (HB/ H) between 1.5 to 2. It is neccesary to note that the words 
'one-vortex' and 'two-vortex' only refer to the observation in the central vertical 
plane, because the observed and calculated three-dimensional vortices is usually 
very complicated. It is clearly that, beside the height, the width of the building also 
have strong influence on the structure and size of the zone of recirculation flow. In 
this concern, the thickness of the building may have less important role. 

4. Conclusions 

In this study, the recirculation zone behind the building was investigated using 
a three-dimentional non-hydrostatic model with the k - c turbulent closure scheme. 
The Duynkerke's modifications of the equations for the atmospheric application 
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were used. Several series of numerical simulations have been performed in order 
to investigate the effect of approach flow velocity, thermal stable degree, surface · 
roughness and height of building. 

The results of numerical simulations show that with keeping the same the other 
parameters the length of the recirculation zone behind the building will increase as 
the wind speed inreases, and, in the presented in the paper example, will approach 
to an asymptotic value ,...., 2.5 times of the height of cubical building. 

The study also indicated that the length of the recirculation zone will decrease 
as the vertical gradient of the temperature increases. The strong thermal stability 
will suppress not only the length but also the height of the recirculation zone behind 
the building (i.e. it change the wake zone configuration). The recirculation zone's 

length and associated parameters become weakly dependent on :: when this value 

is greater than 10° K / lOOm. 
The effects of the surface roughness on the flow behavior behind a building are 

more complex than the effects of the wind speed and the vertical gradient of the 
temperature. In general, the length of the recirculation zone will decrease as the 
surface roughness increases. However, in some cases, this length will increase as the 
the surface roughness increases. This exception from the general tendency concerns 
with a transition (in the central vertical plane through the building center) from 
the simple 'one-vortex' structure to the complex 'two-vortex' structure of the fl.ow 
field in the recirculation zone. The complex 'two-vortex' structure may occurs in 
the case with a high value of the aerodynamic surface roughness in the neutral or 
slightly stable atmospheric boundary layer. 

Indeed, the wind speed at reference height will decrease as the surfac;e roughness 
increases. Therefore the effects of the surface roughness will include the effects the 
wind speed more or less. From the results of the numerical simulation, this study 
also noted that for the approach flows, which have the same wind speed at a fixed 
height, the longer length of the recirculation zone correspond to the higher value of 
the surface roughness. 

In addition to the numerical simulations for the building of cubical shape, the 
height of the initial building also is changed in some simulations (at the same time its 
width and thickness are kept constant) to investigate the effects of the variation of 
the building height . The results of the numerical simulations show that the length of 
recirculation zone will strongly decrease as the height of the initial cubical building 
decreases. Clearly, there is not the recirculation zone (Lr = 0) when HB = 0. At 
the same time, as the height of the initial building increases (and the width and 
thickness are constant), the length of the recirculation zone will only slowly increase 
to a maximum value,...., 2.5 times of the heigh of the initial cubic. A transition from 
simple 'one-vortex' structure to complex 'two-votex' structure occurs at a threshold 
value of the building ratio (height/width) between 1.5 to 2. After this transition, 
the length of the recirculation zone slightly decreases. 
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NGHIEN CUU SO VUNG QUAN GIO SAU MQT TOA NHA TRONG 
, '"" ,.., , ,,J , ' ,J 

CAC DIEU KI~N KHI QUYEN TRUNG TINH VA ON :oiNH 

Bai bao trlnh bay ca.c nghien cuu so SU d\'[ng m6 hlnh k - € vimg qua'.n gio sau 
v~t can hlnh h<}p trong dieu ki~n khi quyen trung tinh va 6n d!nh. Nhung anh 
hu&ng clia v~n toe gio, gradient nhi~t de} theo chieu dung, d9 rap be m~t va chieu 
cao cua toa nha hlnh h<}p duqc nghien cuu. Ket qua nghien cuu cho thay r~ng doi 
v&i v~t can d~ng hlnh h<)p vu6ng, vung qua'.n gio trru r<)ng tu ngay sau v~t can t&i 
m<}t v! tri each v~t can toi da khoang 2.5 lan kich thu&c v~t can. De) dai vung quan 
gio tang len khi v~n toe gio tang len, giam di khi gradient nhi~t de) theo chieu dung 
tang len, giam di khi be m~t rap han va tang len khi chieu cao cua toa nha hlnh 
h<)p tang len. Hai khuynh hu&ng chung cuoi noi tren d6i khi kh6ng con hoan toan 
dung cho nhung truang hqp be m~t co de) rap cao ho~c chieu cao cua toa nha l&n. 
Trong nhfmg tnrang h<)p do , dong chuyen tu cau true 'm<?t xoay' dan gian sang cau 
true 'nhieu xoa.y' phi.le ti?-P· 
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