Flow modifications by groups of buildings - some results from a diagnostic model
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Abstract.  A  diagnostic mass-consistent flow model is used to simulate the main flow patterns in two groups of buildings with the same individual geometry but with different alignment (regular rows and staggered). Possible flow regimes are discussed and parameterization schemes based on wind tunnel data and on �EMBED Equation.3��� model results are introduced. The influence of building heights on flow modification for both arrays is studied and qualitatively compared to wind tunnel results for simple building arrangements.
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1.  Introduction

The study of flow modifications in built-up areas covers a broad range of problems: at one extreme  is the flow around isolated obstacles, at the other extreme  is the flow through group of buildings (building clusters).  The main phenomena around isolated buildings are quite well understood and modelled (for a review see Murakami, 1990).  However, describing the interaction of different neighbouring buildings is still a challenge both from a theoretical and modelling point of view. 

	 The cluster problem can be dealt with in terms of three distinct flow regimes (Hosker, 1985): the "isolated roughness" regime (individual obstacles placed well apart, whose near wakes do not significantly impinge downwind obstacles), the "wake interference" regime (individual flow fields interact) and the  "skimming flow" regime (closely packed obstacles with recirculating flows in the gaps between buildings). The transition between the flow regimes depends on the spacing between the buildings and their geometry and has been studied by wind tunnel experiments for simple building arrangements (Hosker, 1985, Theurer, 1995). 

	The empirical expressions for the critical building parameters governing the transition from one flow regime to another are included in the so called semi-empirical numerical models  - the German Hybrid model (Theurer, 1995), the flow model ABC (Roeckle, 1990), the UK ADMS -Urban model (McHugh et al., 1997). In our previous work (Georgieva, 1998) the results from a �EMBED Equation.3��� model have been included in order to simulate the street canyon flow with the model ABC.  As a first approximation we could treat the canyon flow in narrow streets as a flow around very close buildings.

	The subject of this paper is to parameterize the flow regimes for a simple cluster of buildings in the flow model ABC and to investigate qualitatively the effect of different building arrangement and building height on the flow modifications.

2. A brief description of the model ABC and parameterziations for a building cluster

	The flow model ABC (Roeckle, 1990, Georgieva, 1998) is a diagnostic microscale wind model, based on the variational formalism. The model consists of two steps: producing a first guess flow field (called initial flow field) and adjustment of this flow field under the constraint of mass conservation. In the practical implementation this leads to the solution of a Poisson equation. ABC is realized in  z- coordinate system, which allows better description of different obstacles (buildings). Atmospheric stability can approximately be considered with a weighting factor, which determines the ratio of vertical to horizontal flow modification, as well as with a proper modelling of the initial wind field. Thermal induced flows (e.g. convection, different wall heating) are not taken into account. The numerical method is a differential method using a shifted equi-distant horizontal grid. The vertical grid is not equi-distant and has a higher resolution near the ground. A SOR (Successive Over-Relaxation) method is used for solving the Poisson equation.

	The quality and realism of the results of any diagnostic wind model depends crucially on the first guess wind filed. Since the mass conservation alone is not sufficient to describe the complex dynamics in the vicinity of buildings a proper procedure for the initialization is needed. In the model ABC the starting wind filed is estimated by an analysis, based on the results from wind tunnel experiments (Hosker, 1985) and from a 3D �EMBED Equation.3��� model (Hunter et al., 1992). These investigations have allowed to define the main wind patterns around buildings and to draw some conclusions concerning the extensions of the characteristic  zones (frontal eddy, near wake cavity, far wake - zones).

	Individual buildings are described by the parameters :  �EMBED Equation.3��� - height,  �EMBED Equation.3��� - width (in crosswind direction) and �EMBED Equation.3��� - length ( alongwind direction).  For a group of buildings some other parameters are added to describe the geometry of the buildings arrangement - ratio between buildings spacing (gaps) and their mean height, ratio between the length and width of the buildings, frontal aspect ratio (area of buildings perpendicular to the approach flow / total plan area), type of buildings arrangement.

	Following the theoretical considerations in Jerram et al., 1995 we will divide the flow field around a group of buildings in the following main regions:

Impact region. Here the flow decelerates as it impacts upon the upstream face of the buildings group. The  important  parameters are the height of the obstacles and the crosswind spacing between the buildings;

Inner region. Parameters controlling the flow modifications are the mean height of the buildings, the ratio of spacing to height, the ratio of  length to width of the buildings;

Exit region. The flow begins slowly to reattach the undisturbed wind; important parameters are the mean height and the ratio between mean height and length of the whole buildings group.

	Further our attention will be focused on the inner region, where interactions between buildings  are more pronounced.

	 The following criteria for the transition between different flow regimes (from isolated to wake interference, and from wake interference to skimming flow regimes) are introduced in the model ABC while producing the initial wind field:

isolated roughness to wake interference :

The critical spacing �EMBED Equation.3��� between the buildings in alongwind direction is given by the expression: 

		�EMBED Equation.3����EMBED Equation.3���		for     �EMBED Equation.3���      	 (1)

wake interference to skimming flow :

The critical spacing  �EMBED Equation.3��� between the buildings in alongwind  direction is given by the expression:

		�EMBED Equation.3���		for	�EMBED Equation.3���				�EMBED Equation.3���			for 	�EMBED Equation.3���	(2)

skimming flow

For  �EMBED Equation.3��� the flow is expected to be in a skimming regime with well developed secondary flows in the gaps and a mean flow with little penetration into the "street canyons".  Thus the parameterizations for street canyons as in (Georgieva, 1998) are used.

	It should be noted that this division is highly tentative and spacing to height ratios �EMBED Equation.3���that are close to the threshold values could fall in either class. Furthermore exactly speaking this division applies only to the aligned arrangement of obstacles (blockwise buildings in rows), for staggered array these threshold values could be smaller (Hosker, 1985).

	The wind components of the initial wind filed are modified looking first which flow regime dominates the grid point in consideration.  For example for the skimming flow regime the component normal to the wall is reversed and decreased in function of distance to the wall, the other horizontal component remains unchanged, the vertical component is set as a function of distance to the walls and to the ground.

3.   Numerical results and discussion

	Two types of building arrangement with rows of  rectangular obstacles have been studied - aligned layout (the buildings in one row lay directly behind the building in the previous row) and staggered layout (the buildings in one row lay behind the gaps of the previous row). The buildings are with horizontal dimensions �EMBED Equation.3��� = 40m, �EMBED Equation.3��� = 15m  and  the height is selected to be a constant (�EMBED Equation.3��� = 20m), or variable from 10 to 40m.  These are relatively simple arrangements for which wind tunnel experiments have been performed (Theurer, 1995, Jerram et al., 1995) and some parameters like the aerodynamic roughness parameter �EMBED Equation.3��� and displacement level �EMBED Equation.3��� have been estimated.  We used values for �EMBED Equation.3��� from 0.6 to 1.8m (depending on the mean building height) and a value of 10m for the displacement level. The approaching wind profile is assumed neutral and is calculated using a logarithmic law with velocity of 10 m/s at roof-level height, ensuring that the threshold speed of 2 m/s for the development of canyon vortices is exceeded. The approaching flow for both building patterns is set normal to the building rows (the strongest building effects).

	The model domain has a horizontal size of 335 x 225m, the top model is set to 180m, the grid spacing is 5m in both horizontal directions and between 2 and 16 m in the vertical direction.



3.1.  Aligned array

	The obstacles used are 12 with spacing alongwind  �EMBED Equation.3��� =  �EMBED Equation.3��� = 40m and with spacing crosswind  �EMBED Equation.3��� = 2�EMBED Equation.3��� = 30m.  Numerical experiments with different buildings height have been performed:  a) �EMBED Equation.3��� = const. = 20m; b) two buildings of height �EMBED Equation.3��� = 2�EMBED Equation.3��� = 40m, the remaining ten of height �EMBED Equation.3��� = 20m, the average height is 23.3m; c) three buildings of height  �EMBED Equation.3��� = �EMBED Equation.3���/4 = 10m, two buildings of height  �EMBED Equation.3��� = 2�EMBED Equation.3��� = 40m, the remaining seven of height �EMBED Equation.3��� = 20m,  the average height is 20.8m.

	For the selected obstacles (�EMBED Equation.3���/�EMBED Equation.3��� = 0.75) and the threshold spacings for the case (a) (uniform height of the obstacles) estimated from (1) and (2) are �EMBED Equation.3���= 46m and  �EMBED Equation.3���= 27.3m. That means that using alongwind spacing of 40m the flow regime is expected to be wake interference.  In case b) for the building with a height �EMBED Equation.3���= 40m, the thresholds spacing �EMBED Equation.3��� is  52.3m, which is  greater than the obstacles spacing �EMBED Equation.3���= 40m. That means we could aspect skimming flow around this building.

	To demonstrate the three-dimensional characteristics of the flow a series of horizontal and vertical cross- sections of the simulated flow have been plotted and analysed.  Fig.1 represents the wind velocity distribution at 3m above ground level (a.g.l.) for �EMBED Equation.3���= const =20m (a); for�EMBED Equation.3���mean height of 23.3m (b), and for mean height of 20.8m (c). The case with constant heights is characterized by almost symmetrical flow modifications typical for the wake interference regime - the flow retardation zone behind the upwind buildings interact with the frontal zone of the successive buildings creating a large area of decreasing winds. The presence of two higher buildings (Fig.1b) leads to flow speed up along the higher building, up to 1.3 of the corresponding undisturbed wind value and even up to 1.8 in the presence of buildings of 10 and 40m close to each other (Fig.1c).  These speed-up factors are somewhat overestimated  in comparison to the  observed  ones  in the wind tunnel  (Lawsen and Penwarden, 1975) - 0.95 (performed for a group of only two buildings).  These modifications remain up to a height of 15m (0.75�EMBED Equation.3���). The distribution of the vertical velocity in a vertical cross-section (Fig.2a-c) gives an idea for the zones of recirculation and eddies. The case with constant height buildings (Fig.2a) demonstrates that each obstacle is characterized by its individual lee-eddy system. The pattern changes significantly in the presence of buildings with different heights:  the presence of a lower building upwind of a taller one (Fig.2b) leads to a well-expressed cavity zone typical for the skimming flow regime. In the opposite case - a low building placed closely behind a tall one (Fig.2c) the flow seems not to 'recognize' the lower building, the gap between the both is characterized by positive vertical velocities above about 4m a.g.l., the recirculation zone remains flattened close to the ground.

	�

Fig. 1.  Wind velocity field at height 3 m a.g.l. - aligned pattern

a) �EMBED Equation.3��� = const: h = 20m;  b) �EMBED Equation.3��� variable: h = 20m, m = 40m; 

c) �EMBED Equation.3���variable: h = 20m, m = 40m,  s = 10m
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Fig.2.  Vertical velocity component in x-z cross section aligned pattern

a) �EMBED Equation.3��� = 20m;  b) �EMBED Equation.3��� variable:   20m  and =40m;  

c) �EMBED Equation.3��� variable:  20m, 40m and  10m

3.2. Staggered  array

	The same numerical experiments have been performed for the staggered building arrangement. Although the threshold values, given by the expressions (1) and (2) are valid strictly for a regular gridlike array we used the same parameterisations expecting that the model ABC could capture effects, which in this arrangement correspond to a skimming rather than to a wake interference flow regime.

	Comparing the horizontal distribution of the velocity field at 3m a.g.l. (Fig.3a-b) with the corresponding one for  the aligned array (Fig.1a-c) the following characteristics have to be pointed out. In the case of  buildings with constant heights (�EMBED Equation.3��� = 20m) the retardation zones are better expressed, with larger velocity gradients in crosswind direction. Looking at the vertical distribution of the vertical wind component (Fig.4a) we can conclude that in the gaps between the buildings a well pronounced cavity zone is formed, which reaches almost 0.75�EMBED Equation.3���. This is typical for the skimming flow and could be seen in the results from a �EMBED Equation.3��� model, too (Johnson and Hunter, 1995). So, while in the corresponding case of  aligned array wake interference regime dominates, the staggered array is characterized by a skimming flow regime. With variable building heights (Fig.3b and Fig.4b) the effects of a speed-up flow around the higher buildings and the cavity zone between a low and a tall building are better expressed.

�

Fig. 3.  Wind velocity field at height 3 m a.g.l. - staggered pattern

a) �EMBED Equation.3��� = const: h = 20 m;  b) �EMBED Equation.3��� variable: h = 20m, m = 40m, s = 10m; 

�

Fig. 4.  Vertical velocity component in x-z cross-section; staggered  pattern

a) �EMBED Equation.3��� = 20 m;  b) �EMBED Equation.3��� variable:   20m  and =40m;  

4.  Conclusion

	In this paper the semi-empirical mass-consistent flow model ABC  is applied  to simulate the main flow  modifications by two simple groups of buildings - blocklike obstacles of equivalent horizontal dimensions and variable heights, arranged in either an aligned or a staggered pattern. The threshold values for the spacing between the obstacles, which govern the type of flow regime, are parameterised on the basis of wind tunnel data and the results form a more sophisticated �EMBED Equation.3��� model. The numerical results have shown that the arrangement of the buildings can change the dominating flow regime and thus the flow modifications could be very different around a single building from the group.  The qualitative comparison with wind tunnel results shows an acceptable degree of model performance. The model is capable to simulate the main zones of flow channelling, flow retardation and vortex building. The numerical experiments have demonstrated that even for simple buildings arrangement the height of the individual obstacles can significantly change the flow modifications. Although the model results are not quantitatively evaluated, they give some hints and suggestions that can be used  to estimate  a “crude” mean flow filed and hence determine the approximate path of air pollution. Moreover such analyses may be useful in determining critical locations for observations, or sites of unusual behaviour for further experimental set up - in wind tunnel or in field programs.
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Модификации на потока от група сгради – някои резултати от диагностичен модел

Е. Георгиева

Резюме.  Използван е диагностичен мас-балансов модел за симулиране на потока около две групи от сгради с еднаква геометрия , но с различно подреждане (в редици една зад друга, и в редици – шахматно). Дискутирани са възможните режими на обтичане и са въведени параметризационни схеми, основани на данни от аеродинамични тръби и резулатати от �EMBED Equation.3��� модели. Изследвано е влиянието на височината на сградите за модификациите на потока при двата типа подреждане; резултатите са сравнени качествено с наблюдения в аеродинамични тръби за опростени подреждания на сгради.
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