Simplified elements for wind-tunnel measurements with type-III-terrain atmospheric boundary layer
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Abstract
In this work, the results of simulating the ABL over a type III suburban terrain in the industrial wind tunnel of the Department of Mechanical Engineering of the Vrije Universiteit Brussel (VUB) are presented. Two different Roughness Barrier Mixing Device (RBMD) methods for simulating the ABL have been used (firstly, the well-known combination of Counihan quarter ellipses and roughness elements, and secondly, a new configuration based on truncated Irwin spires and roughness elements). Counihan quarter ellipses are generally considered as the optimal method for ABL simulation. However, its construction is quite complex. Therefore, an alternative setup, using truncated Irwin spires, was experimentally tested. The results of these two simulated ABLs were compared with international standard applicable for type III suburban terrain. Results showed good agreement between standards and experimental results showing that both techniques give a good representation of the ABL. Finally, the proposed truncated Irwin spires method/configuration is confirmed as a proper way to carry out ABL wind-tunnel simulations, as the results are practically the same as the ones obtained with the well-stablished Counihan method to simulate ABL in wind tunnels.
Keywords: Atmospheric boundary layer; Hot-wire anemometry; part-depth ABL wind-tunnel simulation; truncated vortex generators; type-III terrain.
Introduction
It is generally accepted that allowing the flow to run over a rough surface producing a natural-growth boundary layer is the best method for simulating the Atmospheric Boundary Layer (ABL) in a wind tunnel [1]. Depending on the surroundings of the studied region, a different roughness must be used. When using this technique, the scale of the simulated ABL depends on the length of the roughness fetch. In order to obtain very large scales for the analysis of wind loads on buildings, a specially constructed wind tunnel with a working section that is much longer than its cross-sectional dimension is required [2-4]. The formation of this turbulent boundary layer tunnel can be enhanced by using obstructions upstream that have the ability to absorb energy from the mean flow without introducing large scale disturbance [5]. Many different techniques have been studied since 1960, for instance using spires in combination with roughness elements [2, 6], air jets [7, 8], fences in combination with chains [9] and fences [10] or rods [11]. Finally, a good review of the different techniques to simulate the ABL in a wind tunnel can be found in [12].
The Roughness Barrier Mixing Device (RBMD) method proposed by Cook has simulated successfully the lower third of the boundary layer using turbulence grid, plane barrier wall and roughness elements [13]. These RBMD techniques are renowned for reproducing mean and fluctuating parameters of the atmospheric boundary layer. The RBMD method, suggested by Counihan [14], using elliptic wedge generators in combination with a castellated wall and roughness elements [14-18] allows full-depth boundary-layer simulations. This method is widely used for full-depth ABL simulation [19-25]. An alternative for the RBMD method of Counihan is given by Irwin [26]. Irwin uses the flat triangular spires from Standen et al. [2] as a vortex generator and roughness elements to reproduce full-depth boundary layers with a thickness of about 80% of the spire height. The major advantage of the techniques of Irwin [26] compared to the technique of Counihan [14] is the use of triangular spires as vortex generators, the construction of these elements being much easier compared to quarter ellipses. Finally, the use of the flat triangular spires has been referred as Standen method by some authors [27, 28].
ABL simulations in a wind tunnel represent a quite complex problem. First of all, the researchers have to deal with the length of the wind tunnel, which normally does not allow for a complete development of the required boundary layer. Therefore, spires and vortex generators need to be installed. Also, the ABL simulations can be performed using full-depth simulation or part-depth simulation method [13, 14, 23, 26, 29, 30]. Other problems are the scaling of the Reynolds numbers [31], or the difficulties to simulate the peak suctions on a wind tunnel even with simulated ABL [32], as the conical vortices are incompressible flow-structures that perform like a suction amplifier for wind turbulence [33, 34]. Besides, once the properly scaled ABL simulation has been achieved for a specific wind tunnel, the results of the wind tunnel testing must be carefully scaled, as they are going to be translated to full-scale pressure/forces in a situation where the real boundary layer will never be exactly the same as the one simulated in the wind tunnel. As a consequence, reasonable decisions needs to be taken by researchers when dealing with wind tunnel testing of civil structures, no matter if the facility used is an extremely well-equipped one, or a simple facility, even without ABL simulation, is used [35-39].
In the present work, the design and validation of the simulated ABL in the wind tunnel at the VUB are presented. These ABL simulations were developed in order to find a solution to prevent Exhaust Gas Recirculation (EGR) from happening in a micro Gas Turbine (mGT). That research work [40] required simulation of the local ABL at the Elsene/Ixelles municipality of Brussels, this area being a typical example of a suburban terrain in the Benelux. By simulating the ABL in the industrial wind tunnel of the Vrije Universiteit Brussel (VUB), the wind behaviour around the building where the mGT is located (building Z of the VUB campus, see Figure 1) was analysed (and more in detail around the stack of the mGT). Wind tunnel experiments with a scale model allowed the authors of the study to find a solution for the recurrent problem of EGR, by properly heightening the stack.
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[bookmark: _Ref414611963][bookmark: _Toc414624464][bookmark: _Toc414980113][bookmark: _Toc451760257]Figure 1: Suburban terrain at Brussels (Elsene/Ixelles) for which the ABL is simulated. The building Z at the VUB campus is indicated in the image.
The characterizing parameters of the ABL are introduced in Section 2 of this study. These parameters have specific values, defined in international standards on turbulent boundary layers, depending on the roughness of the location to be analysed. The definition of each parameter is presented, together with their specific values, for the ABL around aforementioned building Z of the VUB campus. Out of these values, the dimensions of the experimental wind-tunnel set up are also determined in Section 2. For the simulations carried out, both Irwin [26] and Counihan [14] RBMD methods were used. In Section 3, the simulated ABLs are validated by measuring and calculating its characteristic parameters and comparing them with the values from the standard codes, in order to select the optimal method to use in wind tunnel simulations. Finally, conclusions are summarized in Section 4.


[bookmark: _Ref405888394]Design of the ABL
The wind tunnel simulations of the ABL were performed in the industrial wind tunnel at the VUB (Table 1). The wind tunnel has a working section of 12 m longitude. The cross section is 2 m wide and 1 m high. The wind velocity can be varied from 0 m/s to 20 m/s by changing the rotations speed of the fan. In the floor of the wind tunnel, a turn table with diameter 2 m is installed to change the approach of the wind on the scale model. The centre of this turn table is located 10 m behind the end of the contraction. The maximum wind speed is 20 m/s, the uniformity of the flow being quite high (160 mm boundary layer thickness, with less than 1% turbulent intensity outside the boundary layer) at the testing section (see Figure 2). 
In the past, wind studies have successfully been performed in this wind tunnel [41, 42]. Birinchi, Vanbockryck and Hirsch performed a wind study on the ‘King Baudouin Stadium’ (Koning Boudewijn Stadion) [41] and also used this set-up to simulate the wind load on the tower of the city hall of Brussels [42].
In following subsections, the characteristics of the ABL over the VUB campus (Figure 1) are included, the testing setups (roughness/vortex generators shape and dimensions for the simulation of the ABL) using Irwin and Counihan RBMD methods being also described and discussed. These testing setups do not include any testing model. In case of testing experiments of a suburban configuration, the surroundings of the studied building/structure would have to be reproduced.
[bookmark: _Ref405198219][bookmark: _Toc414627735][bookmark: _Toc414980132][bookmark: _Toc451760276]Table 1: Main specifications of the industrial wind tunnel at the Mechanical Engineering Department of the VUB.
	Type
	Open Circuit

	Total Tunnel length
	25 m

	Testing chamber length
	12 m

	Testing chamber height
	1 m

	Testing chamber width
	2 m

	Turbine power
	55 kW

	Maximal wind speed
	20 m/s
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[bookmark: _Ref405895279][bookmark: _Toc414624465][bookmark: _Toc414980114][bookmark: _Toc451760258]Figure 2: Flow at testing section of the VUB wind tunnel in clear configuration (i.e., without any ABL simulation).
[bookmark: _Ref411009006]Properties of the ABL over the VUB campus
The ABL is defined by several parameters. In his review paper, Counihan gives an overview of these parameters [43] and the different attempts made by researchers to determine experimentally these parameters, for instance by using a captive balloon [44]. These measurements indicated that an inconsistency existed between the parameters defining the ABL, depending on the roughness of the terrain surrounding the measuring position. By defining from the data four distinct terrain types, these issues could be resolved [43]. The most important parameters for ABL simulation in the wind tunnel are:
· boundary layer height;
· mean velocity profile;
· roughness length;
· intensity of turbulence;
· length scales of turbulence;
· power spectral densities;
· Reynolds stress.
The roughness of the VUB campus surroundings determines the type of boundary layer and the specific value of the different parameters of the ABL. As mentioned by Counihan, four different types of terrain exist [43]: smooth, moderately rough (rural), rough (suburban), very rough (urban). This classification is used in the Belgian/European wind standards [45], with a fifth-type terrain added: type 0, very smooth and correspondent to coastal areas exposed to the open sea. See in Table 2 the description of the terrain types according to the aforementioned standard code (the typical values of the roughness length, z0, and the atmospheric boundary layer power law exponent, , – see equation  – have been also included in the table). For the studied location, the most appropriate, according to the buildings in the neighbourhood, is type III, suburban. This gives the necessary properties of the ABL that should be simulated in the wind tunnel. 
[bookmark: _Ref408322093][bookmark: _Toc414627736][bookmark: _Toc414980133][bookmark: _Toc451760277]Table 2: Different terrain types specified in the Belgian/European wind standards [45]. Values of the roughness length, z0, and the atmospheric boundary layer power law exponent, , according to Dyrbye and Hansen [46] (*) and VDI guideline 3783 [47] (**), have been also included.
	Terrain category
	z0 [m]
	z0 (**) [m]
	 (*)
	 (**)

	Type 0. Sea or coastal area exposed to the open sea
	0.003
	-
	-
	-

	Type I. Lakes or flat and horizontal area with negligible vegetation and without obstacles
	0.01
	105 - 0.005
	0.12
	0.08 - 0.12

	Type II. Area with low vegetation such as grass and isolated obstacles (trees, buildings) with separations of at least 20 obstacle heights
	0.05
	0.005 - 0.1
	0.16
	0.18 - 0.18

	Type III. Area with regular cover of vegetation or buildings or with isolated obstacles with separations of maximum 20 obstacle heights (such as villages, suburban terrain, permanent forest)
	0.3
	0.1 - 0.5
	0.22
	0.18 - 0.24

	Type IV. Area in which at least 15 % of the surface is covered with buildings and their average height exceeds 15 m
	1.0
	0.5 - 2.0
	0.30
	0.24 - 0.40




Measurements of the ABL showed a boundary layer thickness, , depending on the site, of 400 m, up to a maximum of 600 m [43]. Since the maximal height of the wind tunnel at VUB is 1 m, this height was used as boundary layer thickness regarding the first calculations to stablish the ABL simulation set up in the wind tunnel. 
The mean wind velocity profile can be determined, as a function of the height over the terrain, z, according to the power law:

[bookmark: ZEqnNum528971]	[2] 	
where a suburban wind profile (type III) corresponds to an exponent of the power law  = 0.21 [48]. In this paper, the mean velocity in the x-direction U is calculated as

	 	
When simulating the ABL in the wind tunnel, a shift appears in the profile. This shift is indicated by the zero plane displacement, d. This zero plane displacement will slightly change the power law definition from  into

	 	

Additionally, the roughness length, , of the wind profile is defined as suggested by Thuillier and Lappe:

	[49] 	



where is the friction velocity, and is the von Kármán constant ( 0.41). Norms indicate a roughness length z0 = 0.3 m for the suburban region (see Table 2).


The turbulence intensity, , in the -direction can be calculated as follows:

	 	
where

	 	
and

	 	

According to Iyengar and Farell, the integral length scale of turbulence, , can be determined in three different ways [50]:
· the value of the spectrum at frequency f = 0;
· 
the area under the autocorrelation curve, , which can be calculated using the following formula

	 ;	
· the location of the central peak. 
Out of the integral length scale of turbulence, the scale of the simulated ABL can be determined using the formula of Cook [51]:

[bookmark: ZEqnNum149174]	 	


Both turbulence intensity, , and integral length scale of turbulence, , can be verified, in relation to the height over the terrain, z, using international standards [48, 52, 53]. It should also be mention that, according to Kozmar, there is a considerable scatter of recommended values for suburban wind characteristics [54].

Finally, the power spectral density of the longitudinal velocity fluctuations at a certain height, , where

[bookmark: ZEqnNum981182]	 	
should match a specific profile. Lungu and Gelder pointed out the existence of numerous proposals for the spectral density of along-wind gustiness [55]. In this thesis, the profile of the power spectral density will be validated using the formula given by Kaimal et al. [56] for the lower parts, while the ESDU85020 [53], Eurocode1 [48] and von Kármán [57] formulas will be used for the entire thickness of the boundary layer. 

The wind velocity in the ABL was only measured in the -direction (see Section 3), making it not possible to calculate the Reynold shear stress

	 	










In addition, the turbulence intensities, , and integral length scales, , of turbulence in y-direction and z-direction could also not be calculated. Nevertheless, some estimations of these variables can be found in the literature [4]:  0.75;  0.5;  0.3-0.4; and  0.5-0.6. Besides, it should be also mentioned that quite serious wind tunnel ABL simulation studies, even measuring the three components of the flow velocity, only use as comparison parameters the ones directly related to the x-direction of the wind velocity [58].
Design of truncated Counihan ellipses
A series of test was performed using the method of Counihan [14]. As described by Counihan, the height of the elliptic wedges should be equal to the height of the simulated ABL. For large scales (thus large ABLs), this requires a high wind tunnel cross section. Kozmar suggested the use of truncated elliptic vortex generators instead of the pure Counihan elliptic wedges [59]. After further improving on these techniques, this author was able to perform successfully part-depth wind tunnel simulations of the urban [58, 60, 61], rural and suburban [58] ABL. Analysis of the obtained results indicated the adequacy of redesigned `Counihan [18]' vortex generators for part-depth ABL simulations [58].
Both elliptic vortex generators (Figure 3) and the castellated barrier wall (Figure 4), were constructed following Counihan’s suggestions [14]. The angle of the elliptic vortex generators is at every height 12° [14], these generators being truncated based on recommendations of Kozmar [58]. The castellated barrier is designed using the properties of the ABL in suburban regions, that is,  = 0.21 [48]. For the spacing between the elliptic vortex generators, Counihan suggested a distance of /2 [18]. For the placement of the barrier wall, a distance of /3 between the barrier wall and the intersect of the working section and the contraction of the wind tunnel, is recommended. Tests of Counihan also suggested a 5/6 distance between the barrier wall and the elliptic vortex generators [18]. However, the industrial wind tunnel at the VUB is short, so the relative positions of the barrier wall and generators were adapted. For the spacing and the size of the roughness elements, recommendations of Counihan [17], Gartshore and Croos [62] and Fang and Sill [63] were used. As a result, 0.05 m cubes were distributed along the wind tunnel floor. The method described by Gartshore and Croos gives a centre to centre distance for these elements from 27 to 31 cm [62]. For the construction of the surface roughness, polyurethane cubes were attached to a thin wood plate. The Irwin requires a centre to centre distance of 28 cm (see Section 2.3) [26]. To save construction time, for both methods, 28 cm spacing has been used. The complete adapted experimental set-up is shown in Figure 5. Total occupied cross section by the elliptic vortex generators was below 5%. To mitigate a new smoother internal boundary layer growing over the 500 mm between the end of the roughness elements and the turntable, normally roughness elements need to be placed the upstream edge of the turntable. In the specific setup in the wind tunnel of the VUB, this 500 mm is reserved for a scale model of the surroundings, to get accurate simulation of the local surroundings. 
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[bookmark: _Ref405199064][bookmark: _Toc414624466][bookmark: _Toc414980115][bookmark: _Toc451760259]Figure 3: Dimensions of the elliptic vortex generators.
[image: D:\Documents\Dropbox (BURN)\Mijn papers\Measurement 2016\Version 2\Figures\Figure4.eps]
[bookmark: _Ref405199280][bookmark: _Toc414624467][bookmark: _Toc414980116][bookmark: _Toc451760260]Figure 4: Design of the castellated barrier wall for ABL simulation in the wind tunnel.
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[bookmark: _Ref405199323][bookmark: _Toc414624468][bookmark: _Toc414980117][bookmark: _Toc451760261]Figure 5: Arrangement of the truncated vortex generators according to recommendations from Kozmar [58].
[bookmark: _Ref409012083]Design of the Irwin spires
A second series of tests was performed using Irwin spires in combination with roughness elements, according to the recommendations of Wooding, Bradley and Marshall [64]. The necessary height of the spires can be calculated, using the formula from Irwin:

[bookmark: ZEqnNum734676]	 [26] 	
Using  = 0.21 and  = 1 m and for Equation  results in a spire height of 1.25 m. The working section of the wind tunnel is however only 1 m height. Therefore, it was necessary to truncate the spires at 0.95 m.
The frontal plate base b can be calculated using the formula suggested by Irwin:

[bookmark: ZEqnNum942905]	 [26] 	
with  and  from Equation  equal to

[bookmark: ZEqnNum339891]	 	

	 	

and  is equal to the height of the wind tunnel.

Irwin suggests that the boundary layer is fully developed after six times the height of the spires [26]. By reducing the skin friction term  from Equation , Lopes, Gomes and Ferreira transformed the formulas for the calculation of the thickness of the spires in order to be able to use Irwin spires in a shorter wind tunnel [65]. Lopes, Gomes and Ferreira suggested a proportional coefficient to the distance reduction of x/6. By means of an iterative loop, the optimal positioning of the spires and roughness elements in the tunnel was calculated. The goal was to have at least 50 cm between the scale model and the end of the roughness elements on the tunnel floor, but also to have an optimal use of the total tunnel length. Calculations showed an optimal x/6, which results in a frontal plate base b = 0.182 m. The separated plate (plate perpendicular to the base plane, supporting the base to hold the force of the wind) base is 0.314 m, a quarter of the spires height (Figure 6).
The equations of Irwin for the design of the spires already take into account the existence of roughness elements along the wind tunnel floor [26]. To define the cubes side, k, and the spacing between the cubes, D, the formula of Wooding, Bradley and Marshall should be used:

	 [64] 	

where Cf corresponds to the friction coefficient needed to obtain an -power-law velocity profile and is defined as follows:

	 	
For the 0.05 m side cubes used for the simulations, 0.23 m spacing between them is necessary.
Spacing between the different spires is equal to h/2 from centre-line to centre-line. Initial tests were carried out using four spires with a centre-line distance of 0.5 m. The initial test results however showed that the spires were placed too short to each other, resulting in a too high power law exponent ( = 0.25). This value corresponds to urban terrain rather than suburban terrain (see Table 2). For the final experiments, three spires were used with a centre-line distance of 0.67 m. The final set-up used to simulate the ABL in the wind tunnel using Irwin [26] spires is shown in Figure 7. The blockage ratio obtained with the Irwin-method is 15.7%.
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[bookmark: _Ref405199658][bookmark: _Toc414624469][bookmark: _Toc414980118][bookmark: _Toc451760262]Figure 6: Dimensions of the truncated Irwin [26] vortex generators.
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[bookmark: _Ref405199675][bookmark: _Toc414624470][bookmark: _Toc414980119][bookmark: _Toc451760263]Figure 7: Arrangement of the vortex generators according to recommendations from Irwin [26].
[bookmark: _Ref405207374]Characterisation of the simulated ABL
A Dantec Mini Constant Temperature Anemometry (CTA) (accuracy ±1%) of the reading above 5 m/s when calibrated in the wind tunnel with a pitot-static tube [66]), with 10 kHz maximal sample rate, was used in the determination of the properties of the ABL. All tests were carried out with a mean free velocity of about 8 m/s. Depending on the application, a different data acquisition rate was used. Used sample rates are specified when discussing the experimental results. The CTA is calibrated using a pitot tube, a four-degree calibration curve was fitted to the data. Since no temperature compensation was foreseen in the calibration, the CTA was calibrated on a daily basis. 
Mean velocity profile
Measurements of the simulated ABL using the truncated ellipses were performed over a measuring period of 20 s, averaged over four periods, using a sample ratio of 10 kHz, while the measurements using the proposed truncated spires configuration were performed over a larger measuring period of 200 s with a sample ratio of 2.5 kHz. Also, the wind profile corresponding to the truncated spires configuration was measured with a quite high density of points, that is, with measurements taken every cm. The wind profile regarding the truncated Counihan ellipses configuration was measured with a lower density of points (every 2.5 cm, except the lower part, below 0.25 m, where measurements were taken every cm). The height of the ABL is equal to the height of the tunnel. In the upper part of the ABL, a second boundary layer, due to the ceiling is formed. It is thus not possible to use the free wind velocity as reference for the power law. The reference height is taken at zref = 0.20 m. This height was arbitrary chosen: high enough to eliminate local effects from the roughness elements and low enough since the ABL is there the strongest. Measurement along the entire wind tunnel height indicated that the effect of the upper boundary layer was noticeable from a height of 0.8 m. Therefore, all measurements above 0.8 m were discarded.
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[bookmark: _Ref414628253][bookmark: _Toc414624471][bookmark: _Toc414980120][bookmark: _Toc451760264]Figure 8: Simulations of the ABL using truncated Counihan [14] ellipses in combination with roughness elements. Curve fitting indicates a power law exponent  = 0.21, and coefficient of determination R2 = 0.9898.
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[bookmark: _Ref405202289][bookmark: _Ref405202281][bookmark: _Toc414624472][bookmark: _Toc414980121][bookmark: _Toc451760265]Figure 9: Simulations of the ABL using truncated Irwin [26] spires in combinations with roughness elements. Curve fitting indicates a power law exponent  = 0.21, and coefficient of determination R2 = 0.9995.
Both methods show good accordance with the power law profile in the lower part of the wind tunnel (Figure 8 and Figure 9). For the upper part of the simulated ABL, it is clear to see that the profile simulated using truncated Irwin [26] spires keeps following the power law, while measurements with the truncated ellipses of Kozmar [58] start to divert from the profile at a certain height, around z = 0.28 m. From this height results indicate a more linear behaviour of the average wind speed. This indicates that not enough vorticity is introduced in the boundary layer due to a too low energy absorption by the ellipses.

It should also be mentioned that, to achieve the power law exponent, Equation  needed to be modified, since  is not known. Modifying the power law results in the formula given by Wang et al.:

	[67] 	
Fitting the above equation to the measurements, indicated a power law exponent for both methods of  = 0.21 and a displacement height of d = 15 mm for the Irwin method and d = −1 mm using the truncated ellipses from Kozmar. As aforementioned, a power law exponent of  = 0.21 corresponds to suburban wind profiles (type-III terrain, see Table 2). Within this curve fit, both power law exponent  and displacement height d were obtained simultaneous.




On the other hand, fitting the profiles to the logarithmic law allows the determination of the roughness length  (Figure 10 and Figure 11), resulting in z0 = 1.2 mm for the Irwin method and z0 = 1.4 mm for the Kozmar method. When using the scales calculated from the integral length scale (see Section 3.3), full-scale roughness length for both methods are 0.43 m and 0.55 m, which is close to the 0.3 m given in the Eurocode1 for the suburban terrain category (see Table 2). The friction velocity  in both cases is equal to 0.526 m/s and 0.554 m/s respectively. Both profiles show good accordance to the logarithmic law for the lower part of the simulated boundary layer, as was indicated in literature [13]. For higher values, the measurements start to diverge from the logarithmic law, as it was indicated by Cook [13], since the logarithmic law is only valid in the lower part of the ABL. Similar to the curve fit with the power low, for the log law curve fit, again both roughness length  and friction velocity  were obtained simultaneous. For the value of the displacement height d, the value obtained in the power low curve fit was used. 
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[bookmark: _Ref414628299][bookmark: _Toc414624473][bookmark: _Toc414980122][bookmark: _Toc451760266]Figure 10: ABL simulation using truncated Counihan [14] ellipses in combination with roughness elements. Non-dimensional wind speed, U/Uref, as a function of the height over the wind tunnel floor, z, related to the reference height, zref, (taking also into account the displacement height, d).
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[bookmark: _Ref405365564][bookmark: _Ref405365563][bookmark: _Toc414624474][bookmark: _Toc414980123][bookmark: _Toc451760267]Figure 11: ABL simulation using truncated Irwin [26] spires in combinations with roughness elements. Non-dimensional wind speed, U/Uref, as a function of the height over the wind tunnel floor, z, related to the reference height, zref, (taking also into account the displacement height, d).
Turbulence profile

As said in Section 2.1, next to the correct average wind speed profile it is necessary to produce a correct turbulence intensity profile in order to perform a correct ABL simulation. Using the measurements taken for the velocity profile, the turbulence intensity  was calculated in both studied cases, see Figure 12 and Figure 13. These results are compared with turbulence intensity data from ESDU74031 and ESDU85020 international codes [52, 53], for the corresponding roughness of the terrain. In both standards, the turbulence profile is defined within two boundaries.
For the comparison with ESDU74031 and ESDU85020 standards, the measurement data was scaled to actual height. The scaling factor obtained for the Counihan method is 1:390, while a scale of 1:363 was obtained for the Irwin method. These scaling factors were calculated from the measurement data. More details about the scale determination are included in the following subsection. Both measurement data from Figure 12 and Figure 13 show good correspondence to the standards. Both profiles follow the given trend. However, results are close to the lower boundary defined in the aforementioned standards, indicating that a minimum of turbulence is introduced in the simulated boundary layer.
In order to compare more precisely the results from both configurations studied the following variable has been defined:

	 	


where  is the measured turbulence intensity, and  is the turbulent intensity defined in the ESDU standard. Obviously, if the measured turbulence profile is between the upper and lower limits of the ESDU standards data from Figure 12 and Figure 13, the value of  will be in the bracket [1, 1]. In Figure 14 the values of , calculated for both ESDU74031 and ESDU85020 data are plotted as a function of the full-scale height. It is quite clear from Figure 14 that results obtained with the configuration based on the proposed truncated Irwin spires, are closer to the data from the aforementioned ESDU standards.
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[bookmark: _Ref414265796][bookmark: _Toc414624475][bookmark: _Toc414980124][bookmark: _Toc451760268]Figure 12: ABL simulation using truncated Counihan [14] quarter ellipses in combinations with roughness elements. Turbulence intensity, Iu, as a function of the full-scale height (scale of 1:390 was used, scale calculation is based on turbulence length scale calculations). Data compared to results from ESDU74031 [52] and ESDU8502 [53].
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[bookmark: _Ref405204172][bookmark: _Ref405204165][bookmark: _Toc414624476][bookmark: _Toc414980125][bookmark: _Toc451760269]Figure 13: ABL simulation using truncated Irwin [26] spires in combination with roughness elements. Turbulence intensity, Iu, as a function of the full-scale height (scale of 1:363 was used, scale calculation is based on turbulence length scale calculations). Data compared to results from ESDU74031 [52] and ESDU8502 [53].
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[bookmark: _Ref414269739][bookmark: _Toc414624477][bookmark: _Toc414980126][bookmark: _Toc451760270]Figure 14: Difference between the measured turbulence profiles and data from ESDU74031 [52] and ESDU85020 [53], analysed with variable  , defined in equation (19).
Integral length scale of turbulence


The integral length scale of turbulence is important to determine the final length scale of the simulated ABL. As previously mentioned, the integral length scale of turbulence, , can be determined in three different ways: Method I: the value of the spectrum at frequency ; Method II: the area under the autocorrelation curve; and Method III: the location of the central peak. 

According to Iyengar and Farell, the errors involved in the determination of the sample spectral values at  (Method I) are quite significant unless one has adequate resolution and definition of the spectra at low frequencies [50]. In their work, these authors measured the velocity fluctuations over three intervals of 2, 0.2 and 0.05 ms with inline low-pass filters set at frequencies of 0.2, 1 and 5 kHz. Such filters were not available. Therefore, the integral length scale of turbulence was calculated using Methods II and III. 
The autocorrelation curve (Method II) and the location of the central peak (method III) were obtained using Matlab®. The measurement intervals were split in different additional intervals of 2 s, using a Hamming window. The final autocorrelation was calculated using the pwelch-function [68]. Ideally, the integral turbulence length scales are calculated taking the complete surface under the autocorrelation curve. This means taking the integral between limits zero and infinity (Equation ). However, since velocity was measured over a finite period, the autocorrelation curve was cut off after 1000 samples, given that it seemed to be sufficiently converged (see in Figure 15 the autocorrelation curve of velocity measurements taken at three different heights of the wind profile corresponding to the truncated Irwin spires configuration). Regarding Method III, rather than directly taking the central frequency, which introduces errors due to the noise, the frequency was determined by fitting the data to the von Kármán-spectrum [57]. This allowed for a more correct determination of the maximum frequency.
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[bookmark: _Ref405204810][bookmark: _Toc414624478][bookmark: _Toc414980127][bookmark: _Toc451760271]Figure 15: Autocorrelation curve of velocity measurements at different heights (20, 40 and 60 cm), corresponding to the truncated Irwin spires configuration wind profile.
The integral lengths scale profiles of the simulated ABL using the analysed Counihan and truncated Irwin spires configurations correspond with each other (Figure 16 and Figure 17). The simulation results agree moderately with the ESDU74031 data, even when taking into account the 30% spread on the standard data. The experimental results are not compared with ESDU85020 data, since Kozmar indicated that the recommended turbulence length scales are much larger in the ESDU85020 standards, compared to other standards [54]. A linear increase of the turbulence integral length scales with height, similar to full-scale results, is however not observed. Experimental results increase strong in the near-ground region, but with further increase in height, the turbulence length scale remains nearly constant. This trend was reported in other wind-tunnel studies as well [50, 54]. The different mechanisms of boundary layer development in wind tunnel simulations and in full-scale is indicated as a possible explanation by Kozmar [60].
Integral length scales from Figure 16 and Figure 17 are shown on full-scale using the same scales as for Figure 12 and Figure 13 (1:390 and 1:363). These scales were obtained by using Equation  to calculate the scale [51], using the integral length scales from Figure 16 and Figure 17. Since the results of the integral length scales show some significant variation, rather than calculating the scale for one single value (at 0.20m height), as final scale value, an average value over an interval around this reference height was taken to reduce the effect of this variation.
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[bookmark: _Ref414628715][bookmark: _Toc414624479][bookmark: _Toc414980128][bookmark: _Toc451760272]Figure 16: ABL simulation using truncated Counihan [14] quarter ellipses in combinations with roughness elements. Integral turbulence length scale, , as a function of the full-scale height. Data from ESDU74031 has been added. Blue circles indicate scales calculate with the area under the autocorrelation curve (Method II in the text, “auto” in the figure); green triangles indicate scales calculated based on the location of the central peak (Method III in the text, “” in the figure).
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[bookmark: _Ref405204202][bookmark: _Ref405204194][bookmark: _Toc414624480][bookmark: _Toc414980129][bookmark: _Toc451760273]Figure 17: ABL simulation using truncated Irwin [26] spires in combination with roughness elements. Integral turbulence length scale, , as a function of the full-scale height. Data from ESDU74031 has been added. Blue circles indicate scales calculate with the area under the autocorrelation curve (Method II in the text, “auto” in the figure); green triangles indicate scales calculated based on the location of the central peak (Method III in the text, “” in the figure).
Power spectral density
For the comparison with the wind power spectral density, several formulas are formulated by different authors in literature [45, 53, 56, 57]. 
Close to the surface, the power spectral density should correspond to the Kaimal-spectrum:

	 [56] 	


where  , the reduced frequency, is defined as  
The Kaimal spectrum gives a good approximation of the power spectral density, up to 50 m [56]. For heights above 50 m, it is more appropriate to compare the power spectral density curve with the spectrum given in Eurocode1:

	  [45]	

Where . This spectrum is similar to the von Kármán-spectrum:

	 [57] 	
The ESDU74031 standard proposes the von Kármán-spectrum to be used to match the power spectral density [53], while ESDU85020 proposes the use of the theoretical model of Kolmogorov [69], where the power spectral density follows a 2/3 slope in the inertial subrange.
Power spectral density results regarding both studied ABL simulation methods (Figure 18 and Figure 19) show good correspondence to the norms close the ground [56] and over the entire boundary layer [45, 52, 53]. For the determination of the power spectral density of the two simulation methods (truncated Irwin spires and truncated Counihan ellipses) at different heights of 5, 45 and 70 cm, additional measurements were performed. For each simulation method and at each different height, 10 additional time series of 200 s, using a sample frequency of 2.5 kHz were recorded and processed. The power spectral densities show maxima between frequencies of 2 and 10 Hz and they follow the Kolmogorov 2/3 slope [69] in the inertial subrange indicating a similar path in turbulent boundary layer structure not dependent on the simulation length scale. With increasing height, the power spectral density maximum shifts to higher frequency. For both analysed ABL simulation methods and the different height, the power spectra die-off at the same frequency. 
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[bookmark: _Ref414629495][bookmark: _Toc414624481][bookmark: _Toc414980130][bookmark: _Toc451760274]Figure 18: ABL simulation using truncated Counihan [14] quarter ellipses in combinations with roughness elements. Power spectral density measured at three different heights. Kaimal [56], Eurocode 1 [48] and Von Kármán spectrums [57] and the Kolmogorov −2/3 slope [69] have been included in the graphs. 
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[bookmark: _Ref411009203][bookmark: _Ref411009194][bookmark: _Toc414624482][bookmark: _Toc414980131][bookmark: _Toc451760275]Figure 19: ABL simulation using truncated Irwin [26] spires in combination with roughness elements. Power spectral density measured at three different heights. Kaimal [56], Eurocode 1 [48] and Von Kármán spectrums [57] and the Kolmogorov −2/3 slope [69] have been included in the graphs.
[bookmark: _Ref405888375]Conclusions








In the present work two different wind-tunnel ABL simulations are compared. The full-scaled ABL was identified as suburban (terrain type III). The ABL was simulated in the wind tunnel using two simulations techniques: truncated Counihan-ellipses in combination with a castellated barrier wall and roughness elements, and truncated Irwin-spires in combination with roughness elements. Despite the limitations of measuring only the x-direction of the wind velocity, the different characteristics of the simulated ABLs showed good correspondence to data from international standards. These ABLs are enough to performed quite accurate wind load analysis on buildings if the proper scaling of the mock-up is achieved. However, if more sophisticated testing is planned (i.e., smoke diffusion) checking of the proper vertical and lateral turbulence levels would be required ( 0.75;  0.5;  0.3-0.4; and  0.5-0.6), together with the horizontal pressure gradient compensation.
Both analysed methods showed to be able to simulate a representative boundary layer with scales of around 1:390 (Counihan-method) and 1:363 (Irwin-method). The ABL simulated with the truncated Irwin spires showed slightly better results than the ones from the truncated Counihan spires, when compared to velocity and turbulence intensity profiles from the standard codes of practice. Therefore, it can be said that the more simple method to develop the wind tunnel ABL simulation seems to be a good, quick and inexpensive solution. Besides, the testing configuration setups might be a starting point for other researchers when doing wind tunnel testing with ABL simulation.
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