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ABSTRACT
The objective of the present work is to use computational fluid dynamics (CFD) to study wind flow around a tall building with one side facing the oncoming flow at different values of Reynolds number based on building length. The method of large eddy simulation is used to model turbulence. The main task of this method is to explore and calculate directly the large-scale vortices (large eddies) by solving the filtered, time-dependent Navier-Stokes equations. The smaller, unresolved scales are modeled with Smagorinsky turbulence model. The finite volume method is used to solve the basic equations of mass and momentum conservation in the primitive form together with the turbulence model equation on a rectangular Cartesian grid of 253x184 nodal points. A smaller grid size is used near the walls of the obstacle. The results include streamlines pattern, mean velocity vector, mean velocity, pressure coefficient, and turbulent quantities. The model is verified by comparing the results for unsteady two-dimensional flow around a long square cylinder at upstream turbulence intensity 2% and length-to-width ratio 1.0 with the experimental data of previous works. Acceptable quantitative agreement between present model data and experimental results are achieved for pressure coefficient. Three different values of length-to-width ratios are used, namely 1, 2, and 3 at Reynolds number 
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 respectively. The results show that the magnitude of negative pressure coefficient within the wake increases with the increase of length-to-width ratio. Different upstream turbulence intensities are used, namely 2%, 6%, 10%, 20%, and 30%. Extreme negative pressure coefficients are shown to increase with the increase of upstream turbulence intensity from 2% to 6%. The pressure distributions show no further effect for the increase of upstream turbulent intensity beyond 6%, and the flow shows turbulence level independence. 
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Abbreviations:

ASM
Algebraic stress model

CFD
Computational fluid dynamics

DM      Dynamic mixed model

DNS     Direct numerical simulation 

DSM    Dynamic Smagorinsky model

EVM    Eddy viscosity model

1-INTRODUCTION:
The study of wind flow around buildings is very important to estimate the aerodynamic forces exerted on buildings and to design safe structures, especially if the building is situated in a region subjected to strong winds, storms, etc. The flow field around a building strongly depends on the nature of the upstream flow. The upstream flow may be characterized by the profiles of the wind velocity and turbulence intensity. Other important factors determining the flow around a building are the shape of the building, the building length-to-width ratio, and its orientation relative to the flow direction.

In most cases, computational predictions are less expensive than comparable field and wind tunnel experiments. With the strong advancements of computers, the predicted velocities and pressures fields can be produced with comparable accuracy. Large eddy simulation (LES) method is originated in the field of atmospheric science. It was presented by Smagorinsky [1] in his general circulation model with unsteady primitive form of Navier-Stokes equations. The method was first applied to engineering flows by Deardorff  [2]. In the early days, its application was limited to simple flows and to a small number of groups enough to have access to supercomputers.

LES is one of the most powerful computational tools available today for the calculation of turbulent flows.  In LES the large-scales are obtained by applying a filter to the full Navier-Stokes equations. Filtering removes the smallest scales. It is important to note that the filtered Navier-Stokes equations must be solved accurately in both space and time. This means that, to describe a turbulent motion quantitatively, it is necessary to introduce the notion of scale of turbulence: a certain scale in time and another scale in space. The magnitude of these scales will be determined by the dimensions of the velocities within the domain in which the turbulent flow occurs. The study of complex flows has reawakened interest in LES.

Most of the experimental investigations performed on the study of flow around a square cylinder. The tall building with a square cross section can be treated in a similar manner.  Lyn, et al., [3] defined the flow around a square cylinder as shown in Fig. 1-2. They also made measurements in a closed water channel supplied by a constant head tank, with a channel of 3900 mm X 5600 mm cross-section, square side  of  40 mm and Reynolds number equals to Re 21400. The experimental results of Lyn et al. [3] showed that the velocity recovers for a while and then nearly levels off at about 0.6Uin, where Uin   is the inlet velocity.
Murakami [4] compared the flow fields around bluff bodies with various turbulence models. The shortcoming of the eddy viscosity modeling the К-ε model was scrutinized in comparison with the results of ASM (Algebraic stress model). The accuracy of the algebraic approximation adopted in ASM was examined using the numerical data given from LES. A new LES model with variable Smagorinsky constant was presented. Some of the computed results show stronger recovery of the velocity than the experiment, including one that levels off and another that continues to rise. 

Lion et al. [5] presented computations of the time-averaged and phase-averaged fluid flow and heat transfer based on large eddy simulation for turbulent flows past a square cylinder with and without a nearby wall at a fixed Reynolds number of 
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. The finite volume technique was used to solve the time-depended filtered compressible Navier-Stokes equations with a dynamic sub grid-scale turbulence model. Results show some improvements in predicting of the long-time-averaged stream wise mean velocity and total fluctuation intensity along the center line over those predicted by using Reynolds stress model.

      Castro and Robins [6] introduced an experimental investigation of the flow around surface-mounted cubes in both uniform, and sheared turbulent flows. Rodi et al. [7] considered a test case for flow over a square cylinder at Reynolds number of  22,000 with inflow turbulence level of  2  percent at  4.5  cylinder widths upstream from the cylinder.. They concluded that the impression of the nature of the flow can be obtained from the phase-averaged streamline pictures taken from selected calculations. They presented the averaged pressure distribution around a square cylinder along with the experimental results of Lee [8] and Bearman and Obasaju  [9]. The pressure on the upstream face is fairly well predicted but the values on the other faces show significant disagreement both with each other and with the experiments, as might be expected from the results for the separation regions. 

Davidson et al. [10] compared different sub grid scale models of LES of flow around a square cylinder at Re of 22,000 at different turbulence intensities less than 2 %. A fixed two-dimensional square cylinder with the side  (h) was exposed to a constant free stream velocity was used.  They summarized the time and span wise-averaged stream wise velocity (u) which calculated along the wake center line (x>0.5, y=0), with the experimental results of Lyn et al. [3] at the center line of the wake. Among the simulations and for the stream wise velocity, case OEDSMF is the closest to the experiments. The recovery of the stream wise velocity in the intermediate wake levels off at approximately 0.87, 0.81, 0.80, 0.75, and 0.70 for cases DSM, OEDSMA, SSM, OEDSM, and OEDSMF, respectively. These values were higher than the experiment obtained by Lyn et al. [3]. They also compared the averaged pressure distribution around a square cylinder by DSM, OEDSMF, OEDSMA, SSM, OEDSM, and OEDSMF with the experimental results of Bearman and Obasaju [9] at a Reynolds number (Re) equals 21400 
 Rodi [11] showed that LES can predict the flow field around a square cylinder much more accurately than the К-ε model does. The prediction results for the flow field around a square cylinder by the К-ε model, Reynolds-Stress Model (RSM) and LES were compared. LES gave the best reproduction of experimental data, next was the RSM, and the К-ε model gives the poorest result.

   Mochida et al. [12] compared several simulations chosen to show the range of the results by Murakami et al., [13] for wind flow around a square cylinder. The recovery of the stream wise velocity in the intermediate wake levels off at approximately 0.8, 0.96, 0.67, and 0.6 for cases Standard Smagorinsky Model (S), Dynamic Mixed Model (DM), Dynamic Smagorinsky Model (DS), Lagrangian Dynamic Smagorinsky Model (LDS), and Lagrangian Dynamic Mixed Model (LDM), respectively. These values were higher than those obtained by Lyn et al. [3]. With respected to, the position of zero velocity along the center line occurred at approximately one diameter downstream of the cylinder axis. Murakami et al. [14] compared the results of time-averaged velocity from several simulations for S model, DS model, and DM model with the experimental results of Lyn et al. [5]. 

Rodi [15] compared the flows past bluff bodies such as that occurring in many engineering situations involve complex phenomena like separation and reattachment, unsteady vortex shedding, high turbulence, large scale turbulent structures as well as shear layers. The Large Eddy Simulation (LES) approach is more suitable in such situations as it resolves the large-scale motions and requires modeling only of the small scale, unresolvable turbulent motion.  

2-MATHEMATICAL MODELING AND NUMERICAL TECHNIQUE

The flow domain around a long square cylinder considered in the present work is shown in Fig. (2-1).

2-1     Governing Equations: 

The governing equations of fluid flow for two-dimensional incompressible and unsteady turbulent flows at high Reynolds number in Cartesian coordinates in Milovan Peric and Georg Scheuerer [  16] are given by Cebeci and Smith [  17] are

Mass conservation 
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Conservation of momentum in x direction
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Conservation of momentum in y direction
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The fluctuating quantities are denoted by lower case symbols. Averages are indicated by over bars. The viscous terms in the momentum equations are neglected assuming high turbulence Reynolds numbers. This is a customary approximation in the calculation of elliptic turbulent flows. 

For incompressible, Newtonian fluids it is known that the Reynolds stresses are proportional to the rates of deformation (mean strain rates ) and can be expressed in Cartesian coordinates as
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The proportionality factor 
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 is turbulent eddy viscosity. By inserting the definitions given by equations 2-4) - (2-6) into the momentum equations leads to the following conservation laws:
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where the source terms
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2-2     The LES Turbulence Model:


In LES (Galperin B. and Orszag S. [18 ) the large energy-carrying scales are directly computed, and only the effects of the small subgrid ones are modeled. The large scale quantities (indicated by an overbar) are defined by the filtering operation,
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In which G is the filter function and the integral is extended over the entire domain.


Starting from the full Navier-Stockes equations, the flow field is decomposed into filtered and residual fields by:
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where an overbar denotes the resolved (filtered) field and a prime denotes the unresolved (subgrid) one. The mean of the filtered field is the mean of the total field. However, for the total turbulent stresses, 
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For incompressible, isothermal flows the filtered continuity and Navier-Stokes equations can be given in dimensionless form by:
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Equations (2-14) and (2-15) govern the evolution of large scales. The effects of the small scales appear in the subgrid- scale  (SGS) stresses as:
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which must be modeled.


Since small scales tend to be more isotropic than the large ones, it should be possible to parameterize those using simpler and more universal models than standard Reynolds stress models. Thus, most subgrid-scale (SGS) stress models are based on an eddy viscosity assumption. In the most commonly used model, developed by Smagorinsky [1] the eddy viscosity (
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) is obtained by assuming that the small scales are in equilibrium, so that energy production and dissipation are in balance. 


In Smagorinsky’s [1] model the subgrid turbulence stresses are given as:
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where the strain rate of the resolved scale is given by:
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where (
[image: image60.wmf]U

)is the large-scale velocity and (
[image: image61.wmf]t
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) is the eddy viscosity. By dimensional analysis, one can demonstrate that a reasonable form for the eddy viscosity is:
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where 
[image: image64.wmf]D

is the filter width (which is proportional to the grid size), i.e. it is the length that distinguishes a small eddy from a large one.


The Smagorinsky’s constant 
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in equation (2-19) takes the values between, 0.09 – 0.27. The parameter in this expression can be computed from various theories, which suggest that, for isotropic turbulence 
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where 
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2-3
 Boundary conditions:

2-3-1 Wall boundary conditions:

The wall function method (Launder and Spalding [19]), bridging the viscous near-wall zone with empirical assumptions, is used to specify wall boundary conditions.      



a-Tangential velocity: 

The viscous sub layer near solid boundaries is treated using logarithmic wall function for the velocity distribution which is given by:
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Where:
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, is the shear velocity.  E is the logarithmic wall function constant (E = 8.43171)

         K is the Von Karman constant  (K = 0.41) [18]

Three assumptions for the flow in the near wall control volume are considered:

1 Couette flow, with 
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3 Constant stress layer in the near wall viscous region 
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b-Normal velocity:
The normal velocities at the wall as well as its gradient normal to the wall are zero.

c-Wall shear stress: 

The logarithmic law and the three assumptions for the flow in the near wall control volumes are not valid close to and within separation regions. However, no better alternatives are available in the present time.

Assuming Couette flow, the turbulent eddy viscosity relation becomes:
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2-3-2 Symmetry planes:

Along symmetry planes (or lines) the normal gradients (diffusive fluxes) of the dependent variables and the normal velocity (v) are zero:
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2-3-3Inlet planes:

At the upstream zone, the velocity profile has a uniform flow,


[image: image77.wmf]o

in

U

y

U

=

)

(


                                                                             (2-25)

The normal inlet mean velocity (v) is assumed to be zero.
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The turbulence quantities are often related to the inlet velocity 
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typical values of the turbulence intensity 
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are chosen here to be equal to 2%, 6%, 10%, 20%, and 30% respectively.

2-3-4 Outlet planes:

If the exit planes are sufficiently far away from recirculation regions, fully developed free shear flow can be assumed, it means, gradients in the stream wise direction can be neglected satisfying Newman conditions for all variables.
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2-4
The computational grid:
The time-averaged Navier Stokes equations and the transport equations for the LES turbulence model are solved in a rectangular Cartesian grid system. The grid used for the solution is a rectangular and non-uniform with a fine mesh in the regions of high gradients. The highest concentration of grid points and the smaller grid size is located in the shear layer close to the walls of the models. 

The method of finite volume integration proposed by Patanker [20], is used with a control volume of mesh size (253 x 184) in x and y directions respectively for a long square cylinder model. The computational mesh employed is shown in Fig. (2-2) for a square cylinder with a height-to-width ratio (h/ho) equals 1.0. Figure (2-3) shows the computational mesh near the cylinder wall. 
3-The Numerical Technique: 

3-1The General Equations:

The finite difference equation will be deduced by the integrating the differential equation over the finite control volume. Patanker and Spalding [21] described the discretization procedure in two dimensions. The general differential equation can be written as a single equation for a desired variable 
[image: image84.wmf]f

.


[image: image85.wmf]f

f

f

f

f

r

f

f

r

rf

S

y

V

y

x

U

x

t

=

¶

¶

G

-

¶

¶

+

¶

¶

G

-

¶

¶

+

¶

¶

)

(

)

(

)

(

                           (2-29)

Where  
[image: image86.wmf]f

 stands for U, or  V . The exchange coefficients 
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Table (3-1): The exchange coefficients 
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 and source terms 
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The pressure coefficient:

The surface pressure data are converted into a nondimensional pressure coefficient 
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referred to the free stream dynamic pressure at the inlet left section of the domain. The pressure coefficient
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3-2
Numerical Solution Procedure:

The general transport (flow) equations are solved using a conservation finite volume (FV) method as described by  Patanker [20]. The differential equations are integrated  term by term over cells subdividing the flow domain to obtain algebraic equations between the dependent variables at neighboring cells. 

The iterative simple algorithm given by Patanker and Spalding 21] is  used to obtain the pressure and the velocity fields that simultaneously satisfy continuity and momentum equations. Iterations were terminated when the sum of the residual errors satisfy the difference equations, fell below (
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) for all dependent variables. The strongly implicit method (SIM) of Stone [22] is implemented in the program CAST to solve the linear algebraic equations sets just described. It is based on an incomplete LU-factorization of the variable matrix. In this work Computer Fortran-program CAST for the Computer Aided Simulation of Turbulent Flows is described by Milovan Peric and Georg Scheuerer [16].
 4-RESULTS AND DISCUSSION 
The results obtained by the numerical prediction in the present work are taken at inlet velocity Uo= 0.535 m/sec. Building length-to-width ratios   (
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) of 1, 2, and 3 are used. Different upstream turbulence intensity (
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) namely 2%, 6%, 10%, 20% and 30% are considered.
4-1Effect of The Upstream Turbulence Intensity:

4-1-1The mean velocity:

A- The Streamlines Pattern:

The streamlines for a uniform flow around along square cylinder model for length-to-width ratio equals to 1 with a different upstream turbulence intensities  (
[image: image98.wmf]u

T

) of 2%, 6%, 10%, 20%, and 30% respectively are indicated in Fig. (4-1).

The model shows that the size of the recirculation zone at downstream of the building extends about 0.62 building height and does not depend on the turbulence intensity. There is a secondary vortex which takes place at the downstream zone at a distance equals to 5.02, 5.11, 5.15, 5.21, and 5.3 of building height downstream respectively. It is clear, that the increase in the turbulence intensity causes an increase in the fluctuation velocity and also in the Reynolds stresses.
   

The center of the recirculation zone is kept constant at 0.35 building height behind the building model, and it is not dependent on the turbulence intensity (
[image: image99.wmf]u

T

). The region near the cylinder walls is not measured in the measurements, so the computed flow behavior in this region, which contains a number of vortices, is performed in this work.

B-The Velocity Vector:

Figure. (4-2), shows the velocity vector around the cylinder at different values of upstream turbulence intensity (
[image: image100.wmf]u

T

) of 2%, 6%, 10%, 20%, and 30% respectively with a length-to-width ratio of 1. The model shows that the zones of recirculation at the top surface, bottom surface, and at the downstream zone, by a densely number of velocity vectors and rotate around a center core similar to the center core of the streamlines for the same zones respectively.

At the downstream region, at 5.02, 5.11, 5.15, 5.21, and 5.3 length-to-width ratio, there are changes in the values and directions in the velocity vectors due to the secondary vortex, where the length of the vector indicates of same value of the velocity. 

C-The Mean Velocity Along The Wake Center Line of The Building :

Figure. (4-3) shows the effect of increasing the turbulence intensity  (
[image: image101.wmf]u
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) of 2% to 6%, 10%, 20, and 30% respectively on the mean velocity distribution along the centerline of the cylinder with a building length-to-width ratio of 1. 

The mean velocity equals zero in the following interval [-0.5,0.5], which represents the solid cylinder body in x-direction.  

In the upstream zone the values of the mean velocity along the center plan of the cylinder model for the present cases decreases from the velocity ratio (
[image: image102.wmf]o
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) which is equals to 1.0 to a value of zero velocity at the stagnation point, which lays along the middle line of the upstream surface. The present data is matched with the experimental result given by Lyn et al. [5] in this zone, at 2% turbulence intensity only and is independent of the turbulence intensity level.


In the other hand, for the downstream zone, the position of zero velocity along the center line for the present cases occurred at values of 1.00, to 1.14, 1.16, 1.17, and 1.17 building height at turbulence intensity 2%, 6%, 10%, 20% and  30% respectively. This means that with the increase of turbulence intensity  (
[image: image103.wmf]u
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) the position of the zero velocity increases at the downstream zone along the centerline of the cylinder.  It is observed that the results are in good agreement with experimental data obtained by Lyn et al., [5] where the position of zero velocity of the experimental result occurred at approximately one building height downstream the cylinder
As the turbulence intensity  (
[image: image104.wmf]u

T

) of the approaching stream increased from 2% to 6%, 10%, 20, and 30% respectively, the maximum value of reverse velocity in the downstream zone for the present cases increases from –0.4, to-0.5, -0.57, -0.59, and –0.6 inlet free stream velocity (
[image: image105.wmf]o
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) respectively as it shown in Fig. (4-5). It means, that the weaker recirculation region depends on the turbulence intensity  (
[image: image106.wmf]u
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) which have opposite effects on the predicted velocity by decreasing along the center line of the cylinder models, as it shown in Fig. (4-6).


At the downstream zone behind the location of the zero velocity point along the wake center line, at a turbulence intensity  (
[image: image107.wmf]u

T

)  of a value equals to 2% the behavior of the velocity curve variation between 0.6 and 0.75 of the inlet free stream velocity (
[image: image108.wmf]o

U

) within a approximately distance equals to 5.0 building height, which starting from a distance equals to two building width downstream. The fluctuations take place due to the secondary vortices and the increase of the turbulence intensity. It is also observed that the velocity curve for the experimental result of Lyn et al. [5] fluctuated along the wake centerline at the same distance.


As the turbulence intensity of the approaching stream is increased from 2%, to 6%, 10%, 20%, and 30% respectively, the velocity curve in the upstream zone matches with the experimental result, unlike the downstream zone the range of the fluctuations of the curves increased and also at the recirculation zone the velocity decreases. This means that the velocity at the downstream zone is dependent on the turbulence intensity, as indicated in the Fig. (4-6).

D-The Mean Velocity Near The Building Wall:

Fig.(4-7), indicates the vertical distribution of the velocity at turbulence intensity  (
[image: image109.wmf]u

T

)  equals to 2% at a five different streamwise positions equal to 0.0, 0.25, 0.5, 0.75, and1.0 of the building height respectively near the body at the top surface of the square cylinder with length-to-width ratio of 1.

There is a good agreement between the present results at the different locations and the mid-plane experimental results of Lyn and Rodi [13]. The difference between the present predictions and the experimental data is relatively small.

The maximum reversed flow velocity occurs at the first grid point from the wall, this values is equal to –0.035, -0.8, -1.8, -2.25, and –0.94 of the inlet free stream velocity (
[image: image110.wmf]o

U

) respectively corresponding to the five different positions. At the zone that indicates the thickness of the reversed flow region which included in the separation region. The closest measuring points were 3 mm from the cylinder walls so, the maximum reversed flow velocity may not be measured. The maximum negative values of the velocity can not be measured throw the experimental field.

The height of the region with reversed flow varies along the surface of the body up to 0.15 of building width along the body side. (at x/h=0.5).

4-1-2 The pressure coefficient distribution:
1-Along The Wake Center Line of The Building:

The pressure coefficient distribution (
[image: image111.wmf]p

C

) along the wake center line of the cylinder model for a different turbulence intensity at building length-to-width ratio of 1, are shown in Fig. (4-8), compared with the experimental results of Nakamura and Ohya [16] at a turbulence intensity of 2% and Reynolds number equals to 67000. As the turbulence intensity (
[image: image112.wmf]u
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) of the approaching stream is increased from a value equals to 2%, 6%, 10%, 20%, and 30% respectively, the maximum suction pressure coefficient behind the cylinder on the wake center line at a distance equals to 0.51 building height, increases from  –1.9, to -1.99, -2.09, -2.11, and –2.14 respectively, it is shown in Fig. (4-9). Also, there is a reduction in the (
[image: image113.wmf]p
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) at a distance of 6.5 building height due to the secondary vortex zone.

It means that the maximum suction pressure coefficient(
[image: image114.wmf]p
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)  at the lee-ward region a long the wake center line is dependent on the upstream turbulence intensity, as it is shown in Fig. (4-10). On the other hand , the situation of the maximum suction pressure coefficient is not dependent on the upstream turbulence intensity (
[image: image115.wmf]u
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).

With respected to the comparison between the experimental results of Nakamura and Ohya [16] and present results, there is a best agreement along the distance of 2.0 building height behind the square cylinder directly. The difference refers to the value of Reynolds number. Along the wake center line  starting from a distance of 2.8 building height in X-direction, the pressure coefficient values (
[image: image116.wmf]p
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) is kept constant approximately and equals to –1.11. At a distance equals to 6.5 building height behind the square cylinder, there is a small decreasing in the pressure coefficient values which increases with the increase in  the upstream turbulence intensity (
[image: image117.wmf]u
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), it occurs duo to the secondary vortex. After this zone of the secondary vortex the pressure coefficient values is kept constant approximately again.

2-Around The Building Walls:

Fig. (4-11), present the averaged pressure coefficient (
[image: image118.wmf]p

C

) distribution around the cylinder walls with the mid-plane experimental results of Bearman and Obasaju [12] at the upstream turbulence intensity (
[image: image119.wmf]u
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) of  2%, 6%, 10%, 20%, and 30% respectively. The pressure coefficient (
[image: image120.wmf]p
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) on the upstream face is fairly well predicted but the values on the other faces specially the top and bottom faces show significant disagreement with the experimental results, as might be expected from the results of the separation regions. As the upstream turbulence intensity increases from  2% to 6%  the pressure coefficient  decreases and the trend of the variation is generally increases. On the other hand ,  the pressure coefficient is kept constant approximately with the upstream turbulence intensity increases from 6% to 10%, 20%, and 30% respectively, which indicated in Fig. (4-12).  

4-2 Effect of the length-to-width ratio:
4-2-1 The mean velocity:

1- The Streamlines Pattern:

The streamlines pattern for a uniform upstream flow around a long square cylinder at three building length-to-width ratio of 1, 2 and 3 at turbulence level 2% is shown in the Fig. (4-13. The three models have  a Reynolds numbers of 21400, 42800, and 64200 respectively at a free stream velocity equals to 0.535 m/sec, and a numerical domain of size (30 x 13) m.

 Figure (4-13) also shows that the size of the recirculation zone behind the cylinder are extends about 0.62, 0.8, and 1.0 building height respectively. The center of the recirculation zone at which the velocity will be equal to zero placed at 0.35, 0.7, and 1.0 building height respectively. It is clear that the increase in the length-to-width ratio causes an increasing in the recirculation zone. In the windward surface, with the building length-to-width ratio increases, it causes a slight deflection in the streamlines pattern and it is getting closer respectively. It refers to, the cylinder models will be as the flat plate behavior into a flow fluid. 

2- The mean velocity along the wake center line of the building:

Fig.(4-14), shows the predicted mean velocity distribution on the wake center plan at three different values of length-to-width ratio of 1, 2 and 3 respectively, at a building width equals to 1.0 m and turbulence intensity (
[image: image121.wmf]u
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) equals to 2%. In the upstream zone the values of the velocity on the center plane of the three models is decreases from 1.0 

4-3The turbulent quantities:
1-Along The Wake Center Line of The Building: 

Fig.(4-17), shows the effect of  the building length-to-width ratio 
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 on the rms of horizontal  velocity fluctuations along the center plane of the cylinder at turbulence intensity 
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. The largest value of normal stresses 
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 for the present cases are found in the wake region behind the building. 
As the building length-to-width ratio 
[image: image125.wmf]o
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 is increased from 1, to 2 and 3 respectively, the maximum rms velocity fluctuations increase from 0.375 to 0.49 and decreased again to be 0.45 respectively. The variations in the present cases duo to the increasing in the aspect ratio refers to the variations in the mean velocity.
2-At the Downstream Zone: 

Fig.(4-18-A), indicates the effect of the upstream turbulence intensities  (
[image: image126.wmf]u
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) on the root mean square (rms) of horizontal velocity fluctuations at a distance of 0.5 building height downstream at building length-to-width ratio equals to 1.0. With the increasing of the upstream turbulence intensities from 2%, to 6%, 10%, 20%, and 30% respectively, the maximum root mean square (rms) of velocity fluctuations increases from 0.3 to 0.45 and then it is kept constant.

It can be noted that there is a correspondence between the root mean square levels of near-wake velocity fluctuations and the forces on the cylinder wall. As the upstream turbulence intensities  (
[image: image127.wmf]u
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) increases from 2%,to 6%, 10%, 20%, and 30% respectively, the maximum root mean square of velocity fluctuations occurs at y/h= 0.54, and 0.6 building height respectively and kept constant,   measured  from the center line of the cylinder, which refers to the vortex at the wake flow as it shown in Fig. (4-1). At y/h=1.0 building height there is a good agreement between the  present case  and the experimental data of Lyn et al [5]. 

   Fig.(4-18-B), shows the effect of the upstream turbulence intensities  (
[image: image128.wmf]u

T

) on  the root mean square of horizontal  velocity fluctuations at 0.5 building height at the top roof of the  cylinder at length-to-width ratio of 1. The maximum rms of velocity fluctuations occurs at y/h=0.06 building height from the wall surface, which decreases from 0.48 to 0.43 respectively with the increases in the turbulence intensities from 2% to 6% and kept constant. The decreasing in the value of rms at y/h=0.14 due to the center of the reversed flow region. 

Fig.(4-19-A), indicates the effect of the building length-to-width ratio  on the root mean square (rms) of horizontal velocity fluctuations at 0.5 building height downstream at turbulence intensity of 2% . With the increasing of the building length-to-width ratio from 1 to 2 and 3 respectively, the maximum root mean square (rms) of velocity fluctuations increases from 0.36 to 0.3 and 0.43 respectively. 

As the building length-to-width ratio is increases from 1, to 2 and 3 respectively, the maximum root mean square of velocity fluctuations occurs at 0.54, 0.7, and 0.6 building height respectively, which measured from the centerline of the cylinder.
3-Near Building Wall:

Fig.(4-19-B), shows the effect of the building  length-to-width ratio on  the root mean square of horizontal  velocity fluctuations at 0.5 building height at the top roof of the building at turbulence intensity equals to 2%. The maximum rms of velocity fluctuations occurs at 0.06 building height from the wall surface. As the length-to-width ratio is increases from 1, to 2 and 3 respectively, the maximum rms of velocity fluctuations increases from 0.48, to 0.5, and 0.56 respectively.
There is a poor variation in the curve profile of the root mean square of horizontal velocity fluctuations at 0.5 building height near the  building  wall with the increase in the length-to-width ratio and the turbulence intensity. Also, there is no an experimental data for comparison with our present data. So that, we hope in the near future the study should be carried out experimental to cover this point.   

Figure (4-20) shows that the present work by LES method can predict the mean velocity for the flow field around a square cylinder much more accurately than the predicted results using the К-ε model, and  Reynolds-Stress Model (RSM), given by Rodi [17], and Murakami [3]. As it shown the Large Eddy Simulation (LES) method gives the best reproduction of experimental data.     

5-CONCLUSIONS

The results of computations using LES to simulate normal flow over a square cylinder came out with the following conclusions:

5-1 Effect of upstream turbulence level
1- The results show that as the upstream turbulence level increases, the maximum negative value of the mean velocity at the weak zone increases. In the mean time, the maximum suction pressure coefficient behind the cylinder on the wake centerline, and the size of the recirculation zone are also increased.

2- On both side surfaces of the cylinder, the maximum suction pressure coefficient increases as the upstream turbulence level increases.

3- On the windward zone, the upstream flow velocity or pressure ratio are not affected by the upstream turbulence level. 

5-2 Effect of length to width ratio

1- The flow in the upstream zone is not affected by the cylinder length-to-width ratio. 

2- In the downstream zone, the reversed flow velocity increases with the increase of length-to-width ratio.

3- On the side surfaces of the cylinder, the reversed flow velocity near the cylinder wall decreases with the increase of length-to-width ratio. The size of the vortex also increases with the increase of length-to-width ratio.   

4-At the downstream zone, the maximum suction pressure coefficient behind the cylinder on the wake centerline increases with the increase of length-to-width ratio
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LDS	Lagrangian dynamic Smagorinsky model


LES	Large eddy simulation


RANS	Reynolds-averaged Navier-Stokes


RSM	Reynolds-stress model


S           Standard Smagorinsky model


SSM	Smagorinsky subgrid model


К-ε	Two equation Kappa-epsilon model
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