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Abstract
The effects of Reynolds number (Re) on the flow around bluff bodies have been studied intensively and it is commonly known that the lift and drag of sharp edged bodies do not have a strong dependency on Reynolds number whilst the effects on smooth circular shaped bodies can be very significant. 
This study investigates the dependence of the Mean Moment Coefficients with Reynolds number, for partially rounded, 1/400 wind tunnel models with a range of low Reynolds number (i.e. Re about 50,000), as well as the effects of increased freestream turbulence.
The wind tunnel experiments presented in this study indicate that the wind flow and hence lift and drag around rectangular shaped structures with rounded corners are dependent on the Reynolds number. However, this dependency has been shown to reduce with the addition of surrounding structures which increased the free-stream turbulence and provide similar effects as an increase in the Reynolds number. It is therefore demonstrated that a larger scale model is not always necessary to accurately model the lift and drag properties around a smooth rectangular shaped structure with rounded corners for aeroelastic wind loading studies.   
Introduction 
The designs of many of today’s buildings and structures are moving away from the typical building shapes described in most codes and standards. Therefore, the need for wind tunnel testing is on the rise and correctly modelling these artistically inspired building designs and shapes is important to ensure the reliability and accuracy of the results.
In most major cities, there is limited availability of vacant/available land that pushes developers to either maximise their sites by building taller or developing in areas located around the boundary of a city. Such new building developments have minimal shielding from existing surrounds and are commonly faced with challenges such as adverse environmental wind conditions and high wind loads due to direct wind flow onto the faces of the building. A common solution for these wind issues is to round or articulate the corners of these buildings to reduce both the alongwind and crosswind loads [5,6].
It is well known that the wind tunnel testing of a rounded/cylindrically shaped structure can be more complicated compared to a rectangular shaped structure with sharp edges because of  the absence of a clearly defined separation point and potential Reynolds number effects [7]. If the flow around a curved structure is incorrectly modelled, the results from the wind tunnel testings could be erroneous which may potentially lead to disastrous outcomes if applied to the design development of a structure. 
The Reynolds number is a dimensionless number that expresses the ratio of inertial forces to viscous forces within a fluid and is defined by

                         (1)
where ρ is the density of the fluid (1.2 kg/m3 for air), u is the velocity of the fluid with respect to the object (m/s), L is a characteristic linear dimension (m), μ is the dynamic viscosity of the fluid (1.845E-5 kg/m.s for air at 21°C), ν is the kinematic viscosity of the fluid (m2/s).
Rounded shaped tower buildings with sufficient roughness on their facade, such as balconies or architectural features, are less likely to have Reynolds number effects because these elements disturb the flow increasing the local turbulence [1]. For environmental pedestrian comfort and facade design pressure wind tunnel studies, Reynolds number effects can be reduced by increasing the velocity of the testing wind speed which would increase the Reynolds number proportionately. However, for structural wind load studies, a range of wind speeds is required for testing (comprising of the return period wind speeds at serviceability and ultimate limit state). In some cases the required serviceability test wind speeds may fall in the Reynolds number, Re < 50,000 range which raises concerns on the reliability and accuracy of the wind tunnel test results.
This study investigates the structural wind loads on partially rounded wind tunnel models with low Reynolds number (i.e. Re about 50,000) and the effects of increased freestream turbulence.
Methodology
Wind tunnel tests were conducted on two rectangular shaped tower building models with rounded corners and an octagonal shaped model as shown in Figure 1.  
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Figure 1. Shape of the models investigated
The basic natural wind model was for flow over suburban terrain (TC3), the characteristics of which are given in Figure 2.
[image: X:\User Directories\James\Publications\Reynolds number\Rounded Towers\Flow profile.png]
Figure 2. Terrain Category 3 boundary layer turbulence intensity and mean velocity profiles in the MEL Consultants Boundary Layer Wind Tunnel 5m x 2.4m working section, scaled to full scale dimensions. 
Wind Tunnel Facility and Measurement Techniques
The models were tested in a model of the natural wind generated by flow over roughness elements augmented by vorticity generators at the entrance of the wind tunnel working section (Figure 3). 
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Figure 3. MEL Consultants wind tunnels.
The models were mounted on linear mode aeroelastic balances as shown in Figure 4. The linear mode aeroelastic technique takes into account aeroelastic effects that include displacement effects and aerodynamic damping in the measurements, neither of which can be obtained using a rigid base balance. This is particularly important for tall slender towers that are going to respond to wind excitation across the peak of the crosswind force spectrum. Mean, standard deviation, and peak moments are measured about two axes at ground level and the vertical axis.
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Figure 4. 1/400 model mounted on a linear mode aeroelastic balance.
For Models A and B, tests were undertaken for the wind directions perpendicular to the X and Y axes over a wind speed, vh, range of 4m/s to 12m/s (i.e. Reynolds number range of approximately 22,500 to 62,000). Reference tests using “flat plates” on the faces of the model were conducted to allow comparison with a sharp edged rectangular shaped model. Subsequently, surrounding buildings of similar size were included to increase the freestream turbulence. 
For Model C, tests were undertaken for the wind direction perpendicular to the X axis over a Reynolds number range of approximately 3.7×105 to 7.3×105.

Discussion
The Mean Moment Coefficients and Reynolds numbers for each test configuration are presented in Figures 4, 5 and 6.
Rectangular shaped structures with rounded corners
For Model A (Figure 4), these results show the effects of the Reynolds number for Re < 50,000 for wind flow directly perpendicular to the wide face of the model (Config A1). This is apparent by the variation in the Mean Moment Coefficient, which should remain relatively constant as shown by the results from the “flat-plate” reference test (Config A3). The Mean Moment Coefficient for the “flat-plate” (Config A3) was shown to be approximately 0.6 which is in agreement to that for a rectangular tower building given in the design standards.
Variation in the Mean Moment Coefficient can also be seen for the for wind flow onto the narrow face of the structure (Config A2) at Re about 50,000, however this change is less pronounced compared to that of Config A1. However, for Config A4, the Mean Moment Coefficients, over the range of tested Reynolds Numbers, were shown to be relatively consistent. This demonstrates that with the addition of surrounding buildings of similar massing and size to the test model, the effects of Reynolds Number diminish due to the increased turbulence in the upstream wind flow.
Reduced Mean Moment Coefficients for the rounded shaped tower tests (Configs A2, A3 and A4) compared to the “flat-plate” reference test were also pronounced, particularly with the addition of surrounding buildings which provided shielding, indicating reductions in design loads.

Figure 4. Mean moment coefficients against Reynolds number for Model A.
For Model B (Figure 5), the effects of Reynolds number were also most apparent for wind flow directly perpendicular to the wide face of the model (Config B1) at Re < 50,000. These effects of Reynolds number once again diminish with the addition of surrounding buildings of similar massing and size as shown by the results of Config B3. These results are in agreement with previous studies [2-4] which concluded that an increase in the free-stream turbulence intensity has, qualitatively, similar effects on the separated shear layer as an increase in Re. The pronounced reduction in the Mean Moment Coefficients for the Config B3 test would be associated to the shielding effects by the surrounding buildings. 
The Mean Moment Coefficients for the narrow face test (Config B2) were relatively consistent but were distinctively lower compared to that of the wider face.

Figure 5. Mean moment coefficients against Reynolds number for Model B. 
Octagonal shaped structure
For Model C, the effects of Reynolds number were shown by the variation in the Mean Moment Coefficient at the lower Reynolds number test range. At a higher Reynolds number, the Mean Moment Coefficient of the octagonal model was shown to approach 0.3 which is similar to that for circular tower buildings from the design standards.

Figure 6. Mean moment coefficients against Reynolds number for Model C.
Turbulence Intensity with and without surrounding buildings
The turbulence intensity was measured in the wind tunnel at the height of Models A and B for the configurations with and without surrounding buildings at various wind speeds and the results are shown in Figure 7.
For the configuration without surrounding buildings (i.e. Terrain Category 3 approach wind flow), it was shown that the turbulence intensities were similar over the increasing wind speeds and agrees well with theoretically calculated turbulence intensities.
On the other hand, the turbulence intensities with surrounding buildings were shown to be significantly higher compared to those without surrounding buildings, and that they also increased with wind speed. These results emphasize the importance of wind tunnel testing as code based wind loads and accelerations use turbulence intensities that are independent of wind speed and do not accurately model and account for the variability of turbulence off buildings in the near and far fields.   

Figure 7. Turbulence intensity with and without surrounding buildings.
Conclusions
Wind tunnel experiments presented in this study indicate that the lift and drag of rectangular shaped structures with rounded corners are dependent on the Reynolds number. This is shown by the variation in the Mean Moment Coefficient around Re = 50,000. However, the Reynolds number dependency has been shown to reduce with the addition of surrounding structures of similar massing and size which increased the turbulence in the upstream flow. This effect has been anticipated, but these results are crucial in today’s wind tunnel modelling studies as the designers are often faced with time critical tests whereby there is uncertainty as to whether a larger scale model would be necessary to correctly model the wind flow around rounded structures to avoid the effects of Reynolds number. 
This study have provided additional experimental insight to this matter, demonstrating that for smooth rectangular shaped models with rounded corners, the addition of surrounding structures of similar massing and size would provide qualitatively similar effects as an increase in the Reynolds number, removing the need for a larger scale model test. 
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Mean Moment Coefficient Vs Reynolds Number
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Turbulence intensity with and without surrounding buildings
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Turbulence Intensity, I




oleObject1.bin

image2.png
600

500

HEIGHT z (m)
© IS
8 8

N
8

100

TERRAN
CATEGORY.

03 04

%,

TURBULENCE INTENSITY PROFILE

02 04 06 08

MEAN VELOCITY PROFILE.

1

600

500

400

300

200

100

HEIGHT z (m)




image3.jpeg




image4.jpeg




image1.wmf
n

m

r

uL

uL

=

=

Re


