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ABSTRACT

A numerical and experimental simulation of flow around a complex, three-dimensional triangular lattice meteorological mast and accompanying anemometer booms has been carried out using the open source CFD code OpenFOAM. The simulation has been compared with results using a 1/20th scale wind tunnel model using 3D hot-wire anemometry probes and satisfactory agreement with the CFD has been found. Three turbulence models commonly applied in numerical external aerodynamics were employed with the one-equation Spalart-Almaras model compared with its more sophisticated two-equation counter parts k- and k-ω-SST. The differences in the results for the velocity field around the mast were found to be marginal and recommendations for the overall suitability of any individual RANS-based turbulence model for such flows were inconclusive. The predicted flow distortion surrounding the lattice mast differed from previously published data using the method suggested in International Electrotechnical Committee (IEC) standards based on the results specifically for the FINO 3 mast. Using the CFD simulation data it was possible to calculate the optimum boom length to place the anemometers outside of any flow distortion field for this mast. Shorter boom lengths than those suggested by the current IEC standard could potentially be used to place the anemometers beyond the flow distortion zone generated by the met mast. The results highlight the potential of using open-source CFD for the assessment of interference effects on masts with intricate, three-dimensional structural patterns.



Keywords

Lattice Meteorological mast; Wind tunnel experiment; CFD simulation; Turbulence modelling

Corresponding author

T. Scanlon, University of Strathclyde University, James Weir Fluid laboratory, Department of Mechanical and Aerospace Engineering, Glasgow, G1 1XJ, UK.
Tel.: +44 141 548 2210
E-mail: tom.scanlon@strath.ac.uk
1. Introduction


The wind speed on a site is the key driver to determine the economic viability of a wind farm. The susceptibility of economic calculations to small variations in wind speed means that changes of a few per cent can make a significant difference in financial terms.  As such, a high quality wind speed measurement campaign is crucial to allow the best possible estimate of the energy potential on a site and reduce the uncertainty in the predicted energy production of a proposed project.  Wind speed assessment is often determined by mounting meteorological masts on a potential wind farm site. The vertical extent of such meteorological masts is often in excess of 90 m due to the increasing hub height and blade diameter of modern wind turbines. For smaller heights a simple tubular structure may be sufficient, however, to reach heights approaching 100 m or more the mast structures need to be particularly robust and lattice structures made of tubular steel sections are normally employed. This brings into question the possible effect of the flow distortion created by the mast structure on the data measured by cup anemometers mounted on the booms attached to the mast. If the separation of anemometers from the meteorological mast or booms is insufficient then the wind speed recorded by the sensor may not be the true value but one that has been influenced by flow distortion from the mast structure itself.
 
The International Electrotechnical Committee (IEC, 2006) provides a standard methodology to ensure consistency, accuracy and reproducibility in the measurement and analysis of power performance by wind turbines. A guideline for the appropriate arrangement of instruments on the meteorological mast is prescribed to ensure accurate measurement. For cup anemometers, recommendations are given about their location relative to the mast so that any effect from the mast and boom interference on their output may be minimised. These recommendations are given for both tubular masts and lattice masts. The IEC study was based on actuator disc theory using momentum sinks to represent energy losses. 

A limited number of numerical studies currently exist in the literature that consider the flow patterns around mast-type structures and assess the distortion effect of such towers on the anemometer. In their 2005 paper, Filippelli and Mackiewicz modelled the flow around a tubular tower with CFD using the standard k- turbulence model with rough wall functions at solid boundaries. Their numerical results were verified with actual meteorological mast data and reasonable agreement with observations was found. Their results suggest that the IEC standard model provides an optimistic estimate for the recommended boom length to provide a distortion-free measurement environment. According to Filipelli and Mackiewicz, a distance of 12 tower diameters immediately upstream of the mast is required in order to obtain less than 1% distortion in the vicinity of the anemometer. This is in direct contrast to the IEC model which predicts a wind speed of 99% of the true speed at a distance of 6.1 tower diameters. Hansen and Pedersen have investigated the flow past a lattice-type tower using a numerical approach based on the actuator disc theory. The presence of the meteorological mast was modelled using volumetric forces with magnitudes determined from the estimated drag force of the three cylindrical main beams and the smaller connecting beams. Combining the numerical results with corrections for the boom on which the anemometer was mounted satisfactory agreement was found with physical measurements made on the mast at Tjaereborg. In their 2011 paper, Tush, Masson and Heraud reported a numerical study of turbulent, atmospheric flow around tubular and lattice meteorological masts. The flow was described by the Reynolds Averaged Navier-Stokes (RANS) equations, complemented by a shear stress transport (SST) turbulence model. Their numerical results were processed to account for the wind direction changes during the 10 min measurement period and have been verified against the mast data. This calculation technique once again produced a more conservative estimate for the distortion-free boom length compared with the IEC standard. 

Experimental studies of the mast distortion effect on anemometers have been carried out by Orlando et al using wind tunnel measurements and Farrugia and Sant using in-field data. Both studies highlighted that the mast “shadow” effect had a significant influence on the anemometer readings at certain angles of attack but neither study contained a numerical equivalence to their experimental findings.  

It is important to highlight that the numerical lattice mast studies considered above are all based on either a two-dimensional numerical model and/or actuator disc theory and does not take into account the true, three-dimensional nature and complex geometry of the actual meteorological mast. The IEC standard methodology also assumes that the booms are mounted normal to and upstream of the face encountering the flow which is not always the case. 

This paper attempts to address these issues by incorporating the real mast geometry in a rigorous numerical analysis (CFD) which is backed-up with physical experimentation (wind tunnel).The objective of this study is to determine the flow distortion encountered on instrumentation mounted on a triangular lattice meteorological mast using a CFD simulation which takes into account the true, 3-dimensional, complex nature of the actual mast. The wake from the anemometer is not considered in this study as it would require a general parametric analysis of all anemometer types over all wind speeds. The goal of this study is to consider the general effect of mast wakes and not the interference between the mast and anemometer wakes. The open source C++ CFD toolbox OpenFOAM was used for the CFD simulation and wind tunnel experiments provided physical experimental data to verify the numerical results. This more detailed study improves upon the simplified assumptions of actuator disk theory by incorporating the real mast structure to produce a more rigorous data set. The results also provide an assessment of the efficacy of the current IEC standards in relation to the recommended boom-mounted anemometer location for distortion-free measurement.


2. Experimental data


The facility used in all physical experiments was a closed circuit wind tunnel with an open working section of 2.5 m length and a nozzle of 1.5 m diameter. The wind tunnel flow speed could vary up to 40 m/s while the turbulence intensity was measured as below 1%.

A 1/20th scale model of part of a triangular lattice mast was constructed and is shown in figure 1. The model was based on the offshore meteorological mast FINO 3 mounted on a raised platform and located off the west coast of Denmark. The wind tunnel model dimensions were 90 cm high with a horizontal boom length of 27 cm. Blockage effects were considered negligible as the blockage ratio, defined as the ratio of the projected cross sectional area of the mast to the cross sectional area of the tunnel, was calculated as 3.5%. A blockage ratio of 5% is considered to be the limiting factor according to Barlow, Chen, Hirai and Schreck so blockage effects were discounted. Air velocity measurements around the model were made using hot wire anemometry (HWA). The HWA technique allows point measurements of velocity to be taken in a turbulent flow and the working principle is based on the cooling effect of a flow on a heated body. HWA provides a continuous output signal, which is directly related to instantaneous velocity acting on the heated sensor. Conversion of the output voltage into velocity components was executed on the basis of both a velocity and directional calibration with voltage readings being taken at a sampling rate of 10 kHz.
12 different wind directions were considered and the wind tunnel model was rotated around the mast vertical centreline as shown in figure 1. The upstream wind speed was maintained at 15 m/s during each run.

 Two types of probes were used for the experimental study:

- A single sensor probe, recommended for most measurements in one-dimensional flows of low turbulence intensity. The probe was mounted upstream but out of the flow path of the model under test and measured the mean velocity of the flow delivered by the wind tunnel. Readings from this probe were used to normalise all velocities measured around the model.

-	A tri-axial sensor (or 3D hot wire probe) designed for measurements in highly turbulent flow for the 3-components of the wind velocity vector. This probe was attached to a traverse and positioned above the boom in close vicinity to the actual cup anemometer location. The model was rotated around its centre in 30 degree increments and, for each specific position, the 3D hot wire probe was positioned with the u-component of the velocity vector always parallel with the undisturbed free stream direction, as shown in Figure 1. 
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Figure 1. (a) Physical mast model, (b) 3D hot wire probe, (c) mast rotation positions.

The 3D hot wire probe was positioned for horizontal traverse at a height above the boom such that the boom itself did not create interference with the flow as shown in Figure 1 (b). The 3-velocity vector components were recorded for each measurement point and then used to determine the velocity magnitude.  The uncertainty in the measurement was estimated to be  1.5% (Jørgensen 2002) while the repeatability of a measurement with the 3D hot wire probe was within  0.5% (Fabre, 2011).


3. Numerical model


3.1. Governing equations

In our CFD model, steady, incompressible, isothermal flow was assumed using partial differential equations to describe the conservation of mass (continuity) and conservation of momentum (RANS equations) given by equations (1) and (2), respectively.


Continuity
	(1)
				
Mean momentum transport

		(2)
	
Due to the influence of fluid turbulence, via the presence of the Reynolds stress term, the RANS equations contain more variables than there are equations. In order to close the system of equations, approximations for the Reynolds stresses are introduced using a turbulence model. To assess the influence of the chosen turbulence model, a range of models commonly encountered in the aerodynamics of external flows have been applied. These are the one-equation Spalart-Almaras turbulence model and the two-equation standard k- and k- shear stress transport (SST) models. 

The transport equation for the Spalart-Allmaras model is shown in equation (3).


   (3)

where  is the turbulent kinematic viscosity, G is the production of turbulent viscosity and Y is the destruction of turbulent viscosity.    and C2b are constants and  is the laminar kinematic viscosity, while  is a user-defined source term (Fluent user’s guide, 2006).

In the standard k- model, the turbulent kinetic energy k and the turbulent dissipation  are the two transported variables. The general form of the transport equations for k and  can be described respectively using equations (4) and (5):


 	 	(4)

 	(5)


In these equations, t is the eddy viscosity and Pk is the production of turbulence kinetic energy. Gk with Gb are the generation terms for the production of turbulence kinetic energy and YM is the dilatation dissipation term which is the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate (Fluent user’s guide 2006).
Finally, the k-ω-SST model is considered as this has been used extensively in the field of external aerodynamics (Menter et al, 2003) and can be described by the following equations:


			(6)

	(7)


The blending function F1 is defined by:

 = tanh		(8)

This function activates the Wilcox (k- ω) model near the wall and the k- model in the free stream. This ensures that the appropriate model is utilized through the flow field. 
Standard wall functions were used to capture turbulent boundary layer effects at solid surfaces and the values of the wall function parameter y+ were checked during each solution to verify that the criteria 30 < y+ < 300 was satisfied in order to capture correctly any turbulent skin friction effects (Versteeg and Malalasekera, 2007).


3.2. Implementation and numerical methods

The OpenFOAM CFD code (OpenFOAM official website) used in this study is a flexible set of efficient, object-oriented C++ modules for solving complex fluid flows. It is freely available and open source under the GNU general public licence and run under the Linux operating system. 


3.2.1. Numerical technique

OpenFOAM uses the finite volume discretisation method to solve the set of partial differential equations described above and the discretisation of the flow domain in this study was carried out using an unstructured mesh of computational cells. The spatial discretisation was carried out using the OpenFOAM meshing utility snappyHexMesh. This meshing algorithm can easily accommodate irregularly shaped boundaries such as those found in the complex mast geometry. In order to capture steep flow gradients and skin friction effects the mesh was refined locally to give enhanced resolution in regions of particular interest, principally around the mast’s complex structural features. A representative section of the FINO 3 mast corresponding to a mast height at approximately 70 m was constructed and Figure 2 shows the computational mesh in the fluid zone and on the surface of the mast.
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Figure 2. (a) Computational domain mesh,(b) Surface mesh on the mast, (c) Vertical  cross section and (d) horizontal cross section to illustrate the meshing in the vicinity of the lattice structure.



The steady-state solver simpleFoam, used for incompressible, turbulent flow, has been employed in this study which uses the SIMPLE algorithm for pressure-velocity coupling and a second-order accurate upwind scheme was activated for the discretisation of convection terms. Velocity inlet and constant pressure outlet boundary conditions were applied in conjunction with symmetry boundaries at the top and bottom surfaces. Under-relaxation factors of 0.3 for pressure, 0.7 for momentum and 0.5 for the turbulence parameters were employed and the solutions were declared converged when the sum of the global residuals fell below 10-4 for all transported variables.


3.2.2. Boundary conditions for turbulence quantities
The one-equation Spalart-Almaras turbulence model requires the specification of the turbulent kinematic viscosity which is calculated using equation (9).

 				(9)


For the standard k- model, values of k and  were set as constants on the flow inlet patches of the model and were determined using the equations (10) and (11).


				(10)

 				(11)

The k--SST model uses identical boundary conditions for k as the k- model and the specific turbulent dissipation rate  is defined as:


		(12)


A wind-tunnel-scale CFD study was carried out in conjunction with a large-scale, real physical size atmospheric CFD flow study. Table 1 summarises the turbulence boundary conditions values used in both analyses and these were calculated using the following assumptions:
· The turbulence intensity I was 1% in the wind tunnel and 10% for the large scale, atmospheric external flow.
· The wind tunnel and real-size atmospheric mean flow speed, U, was uniform at 15 m/s.
· The turbulence length scale l was selected to be 10% of the wind tunnel diameter for the wind tunnel study and 10% of the equivalent inlet height for the large scale external flow simulation. 
· C is a turbulence constant equal to 0.09.

Table 1. Inlet conditions for Spalart-Almaras, k- and k--SST turbulence parameters.
	Turbulence parameter
	
	Wind tunnel study
	Large scale study

	Turbulent kinetic energy 
	k [m2/s2]
	0.03375
	3.375

	Turbulent dissipation rate 
	 [m2/s3]
	0.007
	0.34

	Specific turbulent dissipation 
	 [s-1]
	2.236
	1.12

	Turbulent viscosity  
	 [m2/s]
	0.027
	5.51


4. Results


4.1. Mesh sensitivity study
Good CFD practice necessitates that a mesh sensitivity study be undertaken. This was performed using the k--SST turbulence model with conditions described using the wind-tunnel scale model. The investigation was performed using computational meshes of varying densities in the range of 0.3 million to 1.7 million cells. The near wall refinement was kept identical during this study in order to maintain the correct y+ range. The velocity profile along the boom, with the mast at the position angle 0o as shown in Figure 1, was used as the assessment metric for the grid sensitivity analysis. These results are summarised in Figure 3.



[image: F:\publication\Fino-mast\final format for Journal of wind engineering and industrial aerodynamics\Sylvie-Fabre-Figure-3.tif]

Figure 3. Mesh sensitivity analysis: velocity profile along the boom.


Figure 3 demonstrates that from a mesh density of 0.8 million cells there were marginal changes in the velocity profile along the boom. The difference in the peak value of velocity between the 1.4 and 1.8 million cells was approximately 2.5% which was considered to represent a sufficient degree of mesh insensitivity. Subsequently, a grid of 1.4 million cells was selected for all models as it provided the best compromise between the computational requirements and model accuracy.


4.2. Comparison of numerical results to experimental data 
The wind speed magnitude was measured in the wind tunnel at the location where the cup anemometer is mounted on the FINO 3 mast (as shown in Figure 1(c)) with the wind flow issuing from 12 different directions. From this data, the non-dimensional velocity magnitude, U, was calculated using the tunnel free stream speed from the single hot wire probe located upstream as the normalising factor.  For the OpenFOAM CFD simulations the computed velocity in the vicinity of the boom was non-dimensionalised using the inlet velocity. The experimental data and CFD results are shown in Figure 4.
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Figure 4. Comparison of dimensionless velocity magnitudes: CFD versus wind tunnel.


From Figure 4, it may be observed that the CFD simulation data in general is in satisfactory agreement with those from the wind tunnel. The significant flow distortion effects, when the model was between the angles 255 and 300, have been captured in a reasonable manner by the equivalent CFD simulation. 

There appears to be some stability issues in the region around the angle of 270. Figure 5 shows the CFD velocity fields for the angles of 270 and 300. The white lines represent the position of the boom in the wake. The velocity measurements were taken at the end of the boom for both the experimental and numerical cases. It is evident from the case of 270 that the end boom position in the wake is located immediately downstream of 2 of the 3 main vertical mast struts. This region is likely to be highly turbulent and possibly transient in nature (vortex shedding effects) and may explain the instability in the results for this location. As the flow angle increases to 300 the end boom position is now located downstream of a single vertical strut in an environment with a relatively less complex, more stable flow structure resulting in a smaller divergence between the CFD and experimental results. 

[image: ]

Figure 5. OpenFOAM CFD-predicted velocity fields for angle 270° and 300°.

Surprisingly, there is little difference observed in the results for each of the turbulence models employed, with the one-equation Spalart-Almaras model performing as effectively in most locations as its more sophisticated two-equation equivalents.

The velocity profile along the boom with the model in the 0 and 90 positions is shown in Figure 6.
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Figure 6. Dimensionless velocity profiles along the boom: experimental and CFD data.
In figure 6, the experimental data are shown with the repeatability error bars included. In general, the OpenFOAM CFD solution has captured the velocity profile along the boom in a reasonable manner for the two different flow directions considered. All of the CFD results fall more or less within the experimental data containing the repeatability range. Once again, it is evident that the one-equation Spalart-Almaras turbulence model has performed well in comparison with its more complex two-equation cousins. However, there appears to be a sufficiently marginal degree of difference in the results for any general conclusion on the RANS turbulence model suitability to be made with confidence. This verification of the CFD modelling in comparison with the physical experimentation velocity field gives confidence that the numerical model has captured the effects of the complex geometry and general flow features around the FINO 3 triangular lattice mast.



4.3. Scale effects on the simulation 

A study involving the effects of scale was conducted to assess its influence on any flow-distortion. The velocity profile data along the boom was extracted from both the small and large scale CFD simulations and the results compared.  The inlet velocity for both cases was set as a uniform value of 15 m/s. To complete the data set, as an average wind speed of approximately 6 m/s is expected in the North Sea where the FINO 3 mast is located, a third CFD simulation with a full scale model was run with an inlet velocity of 6m/s.  
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Figure 7. Scaling effects: CFD-predicted velocity profiles above the boom. 


The influence of scaling effects is shown in Figure 7 and this demonstrates that a similar velocity profile has been found for the 3 cases considered. These results confirm that the CFD solutions are independent of scale effects and that the CFD simulation may be used with confidence to analyse the interference effects due to the structure of the mast on the boom-mounted anemometers.


5. Discussion


5.1. Distortion effect on the instrumentation
The FINO 3 mast is equipped with cup anemometers installed at the end of the booms with a triangular lay-out as shown in Figure 8 (a). Velocity magnitude contours are also shown in this figure for illustrative purposes. The boom length can vary from 3.2 to 8.5 m depending on the height location of the booms while model used for this study represents part of the FINO 3 mast where the length of the booms attached to this specific part of the mast is 5.4 m.

The numerical study of the flow around this part of the mast was performed using the k--SST turbulence model as described in section 3.1. It is the intention of this part of the study to determine the boom length/anemometer position required to mitigate any flow distortion effects on the measured data. Figure 8 (b) shows the horizontal non-dimensional velocity magnitude data along lines a, b and c where each line represent the actual boom.
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Figure 8. (a) Contour velocity and (b) Non-dimensional velocity along booms a, b, and c for angle 0o.



The dashed lines in figure 8 indicate 99% and 101% of the free stream speed. It is recommended that flow distortion induced by the mast should be not greater than these limits (IEC, 2006). Similar plots were created for all flow angles and the limit of the distortion field was therefore determined.  For certain flow angles, the normalised velocity never fell within the range of the free stream due to the boom being aligned immediately downstream of the free stream wind direction and therefore totally enclosed in the distortion of the mast wake. Figure 9 shows the velocity profile along each boom for angle 270o with the boom a situated in the wake zone.
[image: ]


Figure 9. (a) CFD-predicted contours of velocity (b) CFD-predicted non-dimensional velocity along booms a, b and c for the angle 270o.


Taking the data from figures 8, 9 and for all other flow angles, it was possible to plot the distance from the mast before the flow was consistently within 1% of the free stream value along the length of each boom.  Figure 10 shows the necessary distortion-free distance for each individual boom.


[image: ]

Figure 10. Boom length to fall within 1% of the free stream speed based on dimensionless CFD data.
Our CFD prediction indicate that a boom length of approximately 6.8 m is necessary in order to have at least one cup anemometer data to fall within 1% of the free stream value whatever the flow direction. 


5.2. Comparison with the IEC recommendations

The IEC has analysed the flow around a lattice structure based upon actuator disc theory. In the actuator disc model, the flow distortion is a function of the assumed thrust coefficient, CT, which in turn depends upon the porosity of the mast and the drag on the individual members. CT can be regarded as the total drag force per unit length of the tower divided by the dynamic pressure and face width, L. 

CT is also function of the solidity t and can be estimated by the following equation (IEC, 2006) for a triangular cross section with a round member mast:

		(13)


t is defined as the ratio of the projected area of structural members on the side of the tower to the total exposed area. 
Figure 11 shows a description of the model with the dimensions of interest being R and L.
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Figure 11. Representation of the IEC model. 



The effect of the lattice mast on wind measurement was quantified in terms of flow distortion effects located immediately upstream the incoming flow direction and can be estimated by the following equation reported in the International Electrotechnical Committee document (IEC, 2006):

	(14)

Taking the geometry of the FINO 3 mast section, the solidity was calculated as t = 0.35 and the thrust coefficient was estimated from equation (13) to be CT = 0.47.  Figure 12 shows the comparison of the flow distortion predicted using the laminar flow, actuator disk model of the IEC and the OpenFOAM CFD model incorporating the k-ω-SST turbulence model and full 3D geometry.
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Figure 12. Comparison of IEC-predicted distortion and CFD data.


From figure 12 it is evident that the IEC-based calculation would recommend cup anemometers to be placed at a distance of 14 m from the mast (R/L) in order to have a flow distorted by less than 1%. The CFD results are less conservative and would recommand cup anemometers to be mounted approximately 10 m away from the mast. In the IEC standard, it is assumed that the measurement boom is pointing perpendicular to the face normal to the free stream. However, for various reasons this is not usually the case. For the FINO 3 mast, the booms are mounted parallel to each of the mast faces and this orientation can allow an enhanced mitigation of any flow distortion effects. For example, Figure 9 shows booms b and c pointing into a region which is relatively unaffected by the flow distortion. With this type of triangular boom lay out, it can also be shown in Figure 9 that the length of the boom could be further shortened to 6.8 m without any degradation in wind distortion effects. It should be noted that these conclusions are for the FINO 3 mast specifically and 
 mast geometries should be considered using the methodology adopted in this paper.


6. Conclusions


A CFD simulation of a complex, three-dimensional triangular lattice meteorological mast has been carried out using the open source CFD code OpenFOAM. The simulation was verified in terms of its velocity field by comparison with a 1/20th scale wind tunnel model using hot-wire anemometry probes. Although the results are specific to the FINO 3 mast they do demonstrate the potential of applying open-source CFD to other intricate mast geometries. The CFD data was broadly in satisfactory agreement with the flow field captured by the wind-tunnel experiments. Three turbulence models commonly applied in numerical external aerodynamics were employed with the one-equation Spalart-Almaras performing surprisingly well compared with its two-equation counterpart k- and k-ω-SST. However, no general conclusion could be made as to the overall suitability of any individual RANS-based turbulence model for such flows. In order to assess the influence of free-stream turbulence on interference effects it is suggested that further work be carried out to investigate this effect.

The CFD analysis of the flow field for 12 different azimuth angles of attack predicted a minimum boom length to 99% free stream of 6.8 m. The IEC standard predicted a boom length of 14 m for the same mast configuration.
Based on the results of wind tunnel and CFD simulation, it has been shown that the flow distortion surrounding the lattice mast was over-predicted using the method suggested in Appendix G of IEC61400-12-1. Using the CFD simulation data it was possible to determine the optimum boom length to place the anemometers outside of any flow distortion field for the FINO 3 mast.  By careful consideration of the simulation data, it was possible to suggest that much shorter boom lengths be employed for this mast to place the anemometers outside the flow distortion created by the mast structure. For the first time, the complex structure of a meteorological mast has been successfully incorporated into a CFD analysis and it is suggested that such analyses can play an important role in the creation of future IEC standards related to flow distortion effects on boom-mounted anemometers.
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