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Abstract.  The present study demonstrates some comparisons of simulated turbulent wind fields over a complex terrain with wind tunnel experiment data. A quasi-hydrostatic model of the mesoscale dynamics, based on the Businesque  approximation was used. The calculations were made for three isolated hills and valleys with different slopes. A large number of numerical experiments were carried out, by which the model sensitivity to input parameters was proved and partially studied.  Reasonable quantitative agreement with wind tunnel experiment data was obtained.  The important qualitative effect of the vortex formation can also be seen in the model results. 
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1. Introduction


	The local wind field disturbances caused by topography obstacles are among the most important and most studied mesoscale effects.  That is why the ability of a numerical mesoscale dynamics model to simulate such effects is one of its basic properties and have to be tested against data from field or laboratory experiments.  One of the popular data sets, used for the purpose is produced by the EPA wind tunnel experiments RUSHIL (Khurshudyan et al., 1981) and RUSVAL (Khurshudyan et al., 1990), which provides complete mean and turbulent field data for a neutrally-stratified flow over isolated, two-dimensional hills and valleys with a variable slope.  Different numerical models have been compared with data from these experiments: Finardi et al. (1993) and Ying et al. (1994).


	Similar comparisons for a three dimensional quasi-hydrostatic model of the mesoscale dynamics (Ganev, 1993), based on the Businesque approximation, formulation of Guthman (1969), are demonstrated in the present work.


2. The EPA Wind Tunnel Experiment


2.1. RUSHIL 


	The data set obtained from the EPA wind tunnel experiment RUSHIL (Khurshudyan et al., 1981), is supposed to reflect the flow structure over isolated two-dimensional hills.  The wind tunnel (Snyder, 1979) simulates a neutrally stratified boundary layer of about 1m in height, characterized by a logarithmic velocity profile, with surface roughness �EMBED Equation.3���, friction velocity �EMBED Equation.3��� and the velocity of the undisturbed flow �EMBED Equation.3���.  A two-dimensional model hill of analytical shape is placed across the incoming flow, spanning the width of the tunnel (in the �EMBED Equation.3��� direction).  Three different model hills with a maximum height �EMBED Equation.3��� and different slopes were used.  Their aspect ratios �EMBED Equation.3��� (ratio of the hill’s half-width �EMBED Equation.3��� to it’s height) were 8, 5 and 3, corresponding to maximum slope angles of 10°, 16° and 26°, respectively. These aspect ratios will be used as hill identifiers: H8, H5 and H3 (Fig. 1.a).


��
�
Figure 1.a.  The shape of the studied hills.


Vertical profiles of the mean horizontal velocity �EMBED Equation.3���, flow angle �EMBED Equation.3��� (angle of the mean velocity with respect to horizontal surface), fluctuating velocity components  and Reynolds shear stress are measured at 16 point with horizontal coordinates varying from �EMBED Equation.3��� to �EMBED Equation.3���, where �EMBED Equation.3��� corresponds to the hill top and �EMBED Equation.3��� is the height above the topography.


	The meteorological profiles used in the present work are smoothed and interpolated in regular vertical levels by Trombetti et al. (1991). 


2.2. RUSVAL 


	Similar wind tunnel experiments were performed (Khurshudyan et al., 1990) for the flow structure over isolated two-dimensional valleys.  The valley’s shapes are mirrored to hill ones (see Fig. 1.b, where �EMBED Equation.3��� denotes the valley’s depth), the only differences being in the laboratory simulated surface roughness (�EMBED Equation.3���) and friction velocity (�EMBED Equation.3���). The corresponding data analysis was made by (Busuoli, 1993).  The three different valleys will be correspondingly referred to as V8, V5 and V3 (Fig. 1.b). 
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�
Figure 1.b. The shape of the studied valeys.


3. Numerical Experiments


	A two-dimensional version of the quasi-hydrostatic model of the mesoscale dynamics (Ganev, 1993) is used for simulations of air flows above isolated hills and valleys, geometrically similar (including the roughness parameter) to those in the wind tunnel experiments with a scale factor of 1000.  The calculations are performed in a domain with a fixed upper boundary �EMBED Equation.3���, for �EMBED Equation.3���, with the hill or valley center situated in the point �EMBED Equation.3���.  Following the requirement for geometrical similarity with the wind tunnel experiments the ratios  �EMBED Equation.3���=8, 5, 3 are used for calculating the corresponding �EMBED Equation.3��� values for the different hills and valleys.  


	For the initial wind profile in the model the vertical wind profile in point �EMBED Equation.3��� from the wind tunnel experiment is used. 


	The physical approach on which the model is based, as well as the numerical methods applied, require the background potential temperature gradient �EMBED Equation.3��� to be positive, so some small positive values were chosen as input parameters.  Since simulations of flows in a neutrally stratified atmosphere (�EMBED Equation.3���) were aimed at, the disturbances in the surface potential temperature �EMBED Equation.3���were determined by the choice of  S  in an obvious way:�EMBED Equation.3��� .


	The set of variables used in the basic numerical experiments is given in Table 1. 


Table 1.  Input parameters for numerical run


Parameters�
Hill�
Valley�
�
Free stream velocity �EMBED Equation.3����
4 ms-1�
4ms-1�
�
Boundary-layer depth  �EMBED Equation.3����
1000 m�
1000 m�
�
Roughens parameter �EMBED Equation.3����
0.158 m�
0.160 m�
�
Vertical gradient of the background potential temperature �EMBED Equation.3����
0.002 deg/m 


(for H8 and H5)


0.0025 deg/m  (for H3)�
0.002 deg/m


 (for V8 and V5)


0.0015 deg/m (for V3)�
�
Obstacle half-width  �EMBED Equation.3����
936 m (for H8)


585 m (for H5)


352 (for H3)


�
936 m (for V8)


585 m (for V5)


352 m (for V3)�
�
	The vertical model levels were calculated by the formula:


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


where �EMBED Equation.3��� is the total level number, �EMBED Equation.3��� and �EMBED Equation.3��� are variable parameters.  Formula (1) was chosen in order to provide, hopefully, a sufficient resolution for the linear-logarithmic profiles generally expected near the earth’s surface.  After a great number of numerical experiments the following sets of parameters at which best agreement with the experimental data is achieved were chosen:


�EMBED Equation.3��� for hills H8 and H5 and for valleys �EMBED Equation.3���and �EMBED Equation.3���;


�EMBED Equation.3��� for hill H3 ;


�EMBED Equation.3��� for valley �EMBED Equation.3���.  


3.1. Air flows above isolated hills


The vertical profiles of the horizontal and the vertical wind components, computed for hills H8 , H5, H3, are compared with the available experimental profiles at different points.  Fig. 2,3,4 show these profiles at different locations - upstream, top hill and downstream.


The profiles of the horizontal and vertical velocity for H8, are plotted in Fig. 2, for 8 points in which wind tunnel data are available.
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�
Figure 2.  Vertical profiles of the horizontal - �EMBED Equation.3��� (a) and vertical - �EMBED Equation.3���(b) velocity at different points with horizontal coordinates �EMBED Equation.3��� for H8.  The experimental profiles are plotted with solid line.


The general impression is of a good coincidence with the experimental profiles.  It should be noted that in the uphill points the simulated horizontal wind is slightly bigger than the measured one near the surface, on the contrary in the downhill points it becomes slightly bigger with height.  Surprisingly the coincidence is also a good one for such a delicate flow characteristic as the vertical velocity.  The agreement is practically not worse for the steeper hill H5 (Fig. 3). 


The agreement is not so good for the steepest hill H3 (Fig. 4).  The calculated horizontal velocity profiles are somehow spoiled at the top hill and downstream, where the vertical velocities coincide surprisingly well with the measured  ones.  The  important  effect  of  vortex  formation  along  the down-
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�
Figure 3.  Vertical profiles of the horizontal - �EMBED Equation.3��� (a) and vertical - �EMBED Equation.3���(b) velocity at different points with horizontal coordinates �EMBED Equation.3��� for H5.  The experimental profiles are plotted with solid line.
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�
Figure 4.  Vertical profiles of the horizontal - �EMBED Equation.3��� (a) and vertical - �EMBED Equation.3���(b) velocity at different points with horizontal coordinates �EMBED Equation.3��� for H3.  The experimental profiles are plotted with solid line.


stream side hill, however, is qualitatively well described by the model (Fig. 5).


��
�
Figure 5.  A vertical cross-section of the air flow at the downstream side of H3.


3.2. Air flows above isolated valleys


	The same comparisons between simulated and measured profiles were 
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�
Figure 6.  Vertical profiles of the horizontal - �EMBED Equation.3��� (a) and vertical - �EMBED Equation.3���(b) velocity at different points with horizontal coordinates �EMBED Equation.3��� for V8.  The experimental profiles are plotted with solid line.
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�
Figure 7.  Vertical profiles of the horizontal - �EMBED Equation.3��� (a) and vertical - �EMBED Equation.3���(b) velocity at different points with horizontal coordinates �EMBED Equation.3��� for V5.  The experimental profiles are plotted with solid line.


��
�
Figure 8.  Vertical profiles of the horizontal - �EMBED Equation.3��� (a) and vertical - �EMBED Equation.3���(b) velocity at different points with horizontal coordinates �EMBED Equation.3��� for V3.  The experimental profiles are plotted with solid line.


also made for the valleys V8 ,V5 and V3, the results demonstrated by Figs. 6, 7, 8. The general conclusions which can be drawn are not much different from those concerning the flows above hills.  The agreement for V5 is unfortunately  a  bit  worse  in  the  valleys center than in the corresponding hill case H5


The qualitative effect of vortex formation along the upstream valley side again can be seen (Fig. 9).


��
�
Figure 9. A vertical cross-section of the air flow in V3.


4. Conclusions


	Numerical simulations of turbulent flow, over two-dimensional hills and valleys, with different slope, are performed using a three dimensional quasi-hydrostatic model of the mesoscale dynamics.  The simulated flows have been compared with measurements from the EPA wind tunnel experiments RUSHIL and RUSVAL.  The agreement between the simulated and measured horizontal and vertical velocity profiles is reasonably good, especially for not very steep hills and valleys.  The agreement obtained by the present experiments is, in general, not worse than those demonstrated by Finardi et al. (1993) and Ying et al. (1994).  The experiments show that the model is adequate and sensitive enough to describe the qualitative effects of vortex formation.


	The model’s sensitivity to the input parameters, first of all to the vertical discretization,  should be noted.  Perhaps the optimal vertical discretization is not find yet and this can be one of the possible reserves for improvement of the model’s simulation abilities.


 	As there is actually only a geometric similarity between the numerical and the laboratory models, the comparisons performed should be considered with some caution.  Nevertheless the agreements obtained can be interpret as an evidence of the model consistency, which makes it reasonable to test it in the future against data from some field experiments.
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Числена симулация на потоци над двумерни хълмове и долини и сравняването им с данни от лабораторен тунелен експеримент 


Р. Димитрова


Резюме.  Работата демонстрира сравнение на симулиран турбулентен поток над комплексен терен с данни от лабораторен тунелен експеримент. Използван е квази-хидростатичен модел на мезомащабната динамика. Изчисленията са направени за три изолирани хълма и долини с различен наклон. Проведени са голям брой експерименти с цел изучаване и определяне на най-подходящите входни параметри за модела. Получено е добро качествено и количествено съвпадение с експерименталните данни, включително и формирането на вихър при хълма и долината с най-стръмен склон.
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