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Horizontal axis wind turbine tip and root vortex measurements

The vortical wake of the Tjaereborg wind turbine has been investigated experimentally in a water channel. Both the upwind and downwind configurations were tested. The hydrogen bubble and particle streak techniques were used to visualize the flow prior to obtaining quantitative data using planar particle image velocimetry. Parameters that describe the helical vortex wake, such as the helix pitch, vortex core radius, vortex circulation and vortex meander, were determined for three tip speed ratios, Ȝ=4,7,10. Particular attention was given to the characteristics of the root vortex, which have not previously been measured experimentally. A key finding of the investigation was the rapid diffusion of the coherent root vortex due to the small radius of curvature of the root vortex filament, interaction with the tower section, when in the upwind configuration, and its location near the nacelle boundary layer. The root vortex signal extends further into the wake in the downwind turbine configuration, as there is no tower-vortex interaction, prior to its being diffused in the strong strain field immediately downstream of the nacelle. A coherent tip vortex signal is present over the entire measurement area x/R<2, however the root vortex signal subsides much closer to the rotor plane. The study is part of a more extensive study of the vortex interactions within the wake. The mechanisms affecting wake stability are also briefly commented on.

Introduction

Horizontal axis wind turbines (HAWT's) are now a universally established means of producing renewable energy. Wind turbines have evolved greatly from the early machines implemented in Denmark in the 1980's to become the largest rotating machinery on earth [START_REF] Vermeer | Wind turbine wake aerodynamics[END_REF]. There are two configurations of industrial scale horizontal axis wind turbines, upwind and downwind; in the upwind configuration the supporting tower structure is downstream of the rotor assembly whereas in the downwind configuration the supporting tower is upstream of the rotor assembly. Upwind turbines are by far the most prevalent in currently installed turbines. Installed wind turbines are almost exclusively clustered in wind farms to yield the greatest energy from a given area. Wind turbine wake effects become especially important for turbines sited in wind farms, as turbines will be subjected to coherent vortical structures shed from a single or multiple other turbines within the cluster. The near wake x/D<2, where x is the axial downstream distance and D is the turbine rotor diameter, is dominated by N counter rotating helical vortex pairs, where N represents the numbers of blades. A counter rotating pair is made up of a tip and root vortex shed from each blade. How these coherent structures evolve and interact needs to be understood as their interaction could lead to coherent structure breakdown and eventual wake breakdown.

HAWT wakes have been extensively studied in the past, with notable experimental studies using particle image velocimetry (PIV) by [START_REF] Whale | A study of the near wake structure of a wind turbine comparing measurements from laboratory and full scale measurements[END_REF] and [START_REF] Dobrev | Investigation of the wind turbine vortex structure[END_REF]. Whilst providing valuable phase averaged data of the tip vortex structure, these studies did not document the root vortex, most probably due to the large relative diameter of the hub section compared to the blade radius and hence blockage in the [START_REF] Dobrev | Investigation of the wind turbine vortex structure[END_REF] study. Thus, the vortex interaction mechanisms affecting HAWT wake structure have yet to be determined experimentally. A comprehensive review of the experimental work conducted in the area can be found in [START_REF] Vermeer | Wind turbine wake aerodynamics[END_REF]. Numerical methods have also been applied to HAWT wakes, providing time resolved information on the interaction and evolution of the tip and root vortices [START_REF] Ivanell | Analysis of numerically generated wake structures[END_REF][START_REF] Troldborg | Actuator line simulation of wake of wind turbine operating in turbulent inflow[END_REF][START_REF] Walther | A numerical study of the stability of helical vortices using vortex methods[END_REF]. The [START_REF] Ivanell | Analysis of numerically generated wake structures[END_REF] and [START_REF] Troldborg | Actuator line simulation of wake of wind turbine operating in turbulent inflow[END_REF] studies are particularly relevant to the results presented here as they also used the Tjaereborg turbine as their model. One drawback to these numerical studies, which use the Actuator Line Method (ACL), is that the simulations simplify the modeled geometry and do not consider HAWT body geometry effects of the tower, hub and nacelle sections [START_REF] Ivanell | Analysis of numerically generated wake structures[END_REF][START_REF] Troldborg | Actuator line simulation of wake of wind turbine operating in turbulent inflow[END_REF]. It is for this reason that an experimental study to gain insight into the tip and root vortex structure and interaction within a HAWT wake is being undertaken. Particular focus is applied to the root vortex structure and its evolution, as these areas have not previously been documented experimentally for HAWT. The current results provide a sound database to establish the differences in wake structure between including the turbine tower and nacelle and the simplified geometries used in numerical studies, which don't include these features.

Experimental Set-up

The experiments were conducted in a free surface water channel with dimensions of 4000u600u800 mm. The free stream speed is adjustable in a range of 90mm/s to 460mm/s. A scale model of the Tjaereborg wind turbine which operated in western Denmark between 1988 and 1998 was constructed for the experiments. The original 3 blade upwind HAWT had a rotor diameter of 61 m and blades with both taper and twist (1 R /3m) [START_REF] Ivanell | Analysis of numerically generated wake structures[END_REF]. The design tip speed ratio which is ratio between the tip speed and the free stream velocity, as defined in equation 1 was 7.07.
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where : is the rotational speed of the turbine blades, R is the rotor radius and U f is the freestream velocity. The model turbine has a diameter of 230mm with the swept area of the model producing a channel blockage ratio of 8.6%. The model is powered by an 18V d.c. motor situated above the water channel surface and is connected to the main shaft of the model turbine by a toothed timing belt. The turbine is synchronised with the data acquisition process through an optical encoder which also serves to regulate the rotational speed of the turbine with an accuracy of r1rpm. The uncertainty of the rotational speed is minimal and is incorporated into the measurement uncertainty in the final results. The optical encoder allows measurements to be captured with a minimum angular displacement of 1 R , however here phase averaged measurements (1 image acquisition per rotation) will be presented. Three tip speed ratios, O=4,7,10, were investigated, providing insight into both a lightly loaded rotor and heavily loaded rotor around the design condition. The tip speed ratio range gave a corresponding experimental Reynolds number range of 1 322<Re c <3 223. Where the Reynolds number,

(2) is based on the tip speed ratio, O, free stream velocity, U f and the blade tip chord, c tip . The Reynolds number of a wind turbine in atmospheric conditions is several orders of magnitude different from those in the experimental setting. Therefore, it is expected that viscous forces will be more pronounced in the experiments accelerating the diffusion of the vortical structures. Another phenomenon that is present in the field but less so in the experiments is the higher turbulence seen in the atmospheric boundary layer, which will result in higher levels of turbulent diffusion of the coherent structures. Hydrogen bubble and particle streak flow visualisation techniques were initially used to confirm the areas of interest (tip and root vortex locations) within the flow. Subsequent measurements employed two component planar particle image velocimetry (PIV) to obtain quantitative information about the tip and root vortices. The PIV measurement plane is aligned with the rotational axis of the helical vortex wake such that the axis of rotation of the helical vortex filaments orthogonally intersects the measurement plane. Thus planar PIV can capture the required velocity components needed to characterize rotational motion in the plane of the vortex. From the sectional velocity data, vortical wake properties such as vortex radius, circulation, strength and vortex meander in the axial and radial directions for both the tip and root vortices can be deduced. Measurements are recorded at and then phase averaged when a blade is aligned with the tower structure, and thus within the measurement plane. Only the top half of the wake is measured as depicted in figure 1.

Previously validated [START_REF] Fouras | Target free stereo piv: a novel technique with inherent error estimation and improved accuracy[END_REF] in-house multi-pass cross-correlation PIV software was used to produce the displacement and vorticity fields . A 50% window overlap was used in the final pass of the PIV software. A 25mJ double pulsed Nd-Yag laser with a CCD camera (4008u2672pixels) was employed for the phase averaged measurements. The laser was situated under the channel on a moveable trolley and directed into the channel by a mirror and lens set.

The instantaneous vortex core positions were identified by Gallilean invariant local analysis techniques applied to the velocity gradient tensor, u. Spatial derivatives were evaluated using a second order central differencing scheme. These techniques have been used to elucidate fixed wing tip vortices [START_REF] Carmer | Identification of vortex pairs in aircraft wakes from sectional velocity data[END_REF] and coherent structures (CS) in turbulent boundary layers [START_REF] Chakraborty | On the relationships between local vortex identification schemes[END_REF]. The near field of a wind turbine wake is dominated by strong pressure gradients (i.e. tip and root vortices), however strong velocity gradients (i.e. shear) exist at both the tip and root vortex radial locations. Application of the velocity tensor methods allow us to accurately determine the instantaneous vortex core locations, minimising the effects of user defined inputs and assumptions (such as in circulation based methods whether the integration path is circular). The background level of the invariant is determined and this value is used as a base value to determine the presence of vortical structures.

Planar PIV captures the velocity fields in two axes (here the axial and radial) {x,y} which gives u as,

(3) Error!

If the discriminant, ', of matrix 3 is less than zero, the characteristic equation O 2 + PO + Q= 0, will have a complex conjugate eigenvalue pair, O r rO ci . [START_REF] Zhou | Mechanisms for generating coherent packets of hairpin vortices in channel flow[END_REF] determined that vortices correspond to regions with O ci >0, as particle trajectories about the real eigenvector axis have a finite time period of revolution 2S/O ci . Regions of shear in a fluid field have infinite revolution time periods and correspond to O ci =0. The method is thus able to discern between regions of shear and vortical motions and O ci is a measure of the 'swirling strength' of a vortex [START_REF] Zhou | Mechanisms for generating coherent packets of hairpin vortices in channel flow[END_REF]). An alternate Galillean invariant vortex identification technique is that of [START_REF] Weiss | The dynamics of enstrophy transfer in two-dimensional hydrodynamics[END_REF] which extended the earlier Q criterion work by [START_REF] Hunt | Eddies, stream, and convergence zones in turbulent flows[END_REF] (see [START_REF] Carmer | Identification of vortex pairs in aircraft wakes from sectional velocity data[END_REF]. For two component velocity planar PIV, the Weiss parameter is given by

Q w { Error! (4) = T 2,1 +T 2,2 Z 2,z
where T 2,1 represents normal strain rates, T 2,2 represents shear strain rates and Z 2,z is the squared out of plane vorticity. Vortical structures are identified as regions with a negative Weiss value as the magnitude of vorticity in equation 4, exceeds that of the strain terms. Conversely regions with a positive Weiss value indicate strain dominated regions [START_REF] Carmer | Identification of vortex pairs in aircraft wakes from sectional velocity data[END_REF]. The background level of the Weiss parameter due to experimental noise is determined and used as the minimum threshold level, Q w th . The area of the centroid of the minimum threshold Q w th contour which encapsulates the Q w minimum is taken as the instantaneous vortex core location [START_REF] Vollmers | Detection of vortices and quantitative evaluation of their main parameters from experimental velocity data[END_REF]. The minimum Weiss value is preferable to finding the maximum out of plane vorticity Z z as it distinguishes vortical motions within a shear flow. Also, for instantaneous data describing the dynamic process of the tip vortex roll up, there are often numerous vorticity maxima/minima. For planar PIV data, the swirling strength criteria and the Weiss criteria are directly proportional by Q w =4O 2,ci [START_REF] Carmer | Identification of vortex pairs in aircraft wakes from sectional velocity data[END_REF]. The Gallilean invariant vortex identification methods described above give no indication of the sense of rotation of the vortical structures they identify. The vorticity in the fluid regions where the Weiss parameter locates a vortex is thus checked to determine the orientation of the vortex.

Results

The phase averaged wakes for the design O, are shown in figures 2 and 3 for a downwind and upwind turbine configuration respectively. These figures depict tangential vorticity, Z z within the near wake. The flow is from left to right with the dominant vortical structures clearly evident. In both figure 2 and3, six tip vortices are visible in the shear layer near the unit radius. In addition, several root vortices are also present at small vortex ages (VA), close to the axis of rotation (y/R=0). The vortex age is defined as the angular displacement of the helical vortex filament since creation in degrees (e.g. for the first tip vortex in figures 2 and 3; VA = 120°, for the 2 nd ; VA = 240° etc.).

Figure 2: Phase averaged wake of the Tjaereborg wind turbine operating in an downwind configuration at its design tip speed ratio (O=7) depicting the coherent vortical strucutres within the near wake, contours of tangential vorticity, Z z . Individual blade wakes can also be seen in the region between the root and tip vortices. The blade wakes are the remnants of the bound blade circulation shed into the wake that do not roll up into coherent tip and root vortices; they indicative of a non-uniform radial circulation distribution [START_REF] Ivanell | Analysis of numerically generated wake structures[END_REF]. The blade wakes also indirectly reveal the wake radial velocity gradient. It is clear that the alignment differential between the tip and root vortex locations increases with axial distance [START_REF] Ivanell | Analysis of numerically generated wake structures[END_REF]. As the tip vortices are in close proximity to the higher velocity freestream fluid they advect faster downstream compared to the root vortices, which are situated adjacent to the low velocity wake core fluid.

The wake structure of an upwind turbine operating at the lower and upper tip speed ratios tested (O 4 and O = 10, respectively), which encapsulate the design tip speed ratio, are shown in figures 4 and 5 respectively. The helical pitch reduces with increasing tip speed ratio, as more vortices are shed into the wake. As the pitch of the helix reduces the helical filaments are likely to become susceptible to the mutual induction instability [START_REF] Widnall | The stability of a helical vortex filament[END_REF]. Thus, the wake for a turbine operating above the design tip speed ratio appears more unstable, with the non uniformity of the spacing of the tip vortices in figure 5 being in both the radial and axial directions. Figure 5: Phase averaged wake of the Tjaereborg wind turbine operating in an upwind configuration above its design tip speed ratio (O=10) depicting the coherent vortical structures within the near wake and the onset on instability, contours of tangential vorticity, Z z .

Phase average smoothing effects

In investigating the characteristics of the vortices the effects the phase averaging of the data has on educed vortex properties needs to be considered. The phase average data allows accurate elucidation of the mean position of the individual vortices, as shown in figure 6. The vortex extraction methods were used on the instantaneous frames and on the phase averaged data; the difference between these in terms of the mean position coordinates was at all times less than 5%. Due to vortex meander, phase averaging leads to undesired spatial smoothing of individual vortex properties. Performing the vortex extraction techniques on the phase averaged data and comparing to results obtained from the instantaneous realisations gives a good indication of the resulting degree of smoothing. Figure 7 indicates the percentage change between the mean value calculated using the instantaneous realisations and the phase averaged data of the minimum Weiss parameter, 'Q w min , with increasing vortex age. It is clearly evident from figure 7 that even at small vortex ages, the phase average is significantly different to the instantaneous realisations and this difference increases with vortex age. Therefore to investigate the characteristics of the tip and root vortices, the vortex identification schemes are used in conjunction with the instantaneous PIV realisations. A slight wake expansion is also seen in figures 3 and 5, with the tip vortices moving radially outward with increasing vortex age. The axial position of the tip vortices follows a linear trend as shown in figure 6 whereas the radial core positions (not shown) vary more with vortex age. The figure also highlights that as the pitch of the helix system decreases with increasing tip speed ratio, the axial advection velocity of the tip vortices increase. There is good agreement between the downwind and upwind axial positions of the tip vortices with the pitch of the upwind results slightly less than that of the downwind results. The difference is minor and within the bounds of uncertainty of the measurements. Looking at individual vortex properties, stronger vortices are shed into the wake with increases in tip speed ratio. The evolution of tip vortex strength with increasing vortex age can be seen in figure 8. It is evident that in the near wake investigated here the rate of vortex diffusion is a function of the initial strength, with the stronger vortices produced by a higher tip speed ratio diffusing faster. From approximately VAt500 R , the rate of diffusion between cases is approximately equal, indicating a possible end to an initially transient decay.

Figure 8: Decay of the tip vortex strength with increasing vortex age, dashed lines and hollow symbols -downwind results, solid lines and symbols -upwind results O=4, O=7, O=10

Vortex meander is a phenomenon that affects both the tip and root vortices. In a multi-vortex system, such as a wind turbine wake, the induced velocity field of a single vortex acts as a perturbation to all other vortices in the field. In addition, it is thought that the wakes of the tower structures will also promote meander of the coherent tip and root vortex structures. Vortex meander is characterised by the standard deviation of the instantaneous vortex cores' position fluctuations in each measurement axis, V x and V y . A probability density function of the instantaneous vortex core position fluctuations was created and a Gaussian profile fitted to the profile [START_REF] Devenport | The structure and development of a wing tip vortex[END_REF]. The standard deviation V i is then extracted as a fitting parameter for each axis and presented in figure 9 versus the vortex age. The trend lines in figure 9 indicate that tip vortices meander increase with vortex age. In a physical sense, increased vortex meander is a possible indication of instabilities that arise within the helix.

The trend lines indicate that a stronger vortex is capable of resisting meander, as a tightly wound vortex will restrict intrusion by turbulent fluid at the outer of the vortex core. The large deviations from the trend, particularly evident in the O=10 case, can be attributed to the wake becoming unstable past x/R>0.7 or VA>360 R . It is thus reasonable to say that at a tip speed ratio greater than the design condition, stronger vortices are created with a reduced helix pitch leading to the wake becoming unstable closer to the rotor plane. This is evident from the qualitative flow visualisations and the quantitative date presented in figure 5.

Root vortex behavior

Coherent root vortices can be seen in figures 2, 3, 4 and 5 at early vortex ages (0°<VA360°) but they diffuse soon thereafter. The numerical study by [START_REF] Ivanell | Analysis of numerically generated wake structures[END_REF] indicated that the small radius of curvature of the root vortex helix and the close proximity of adjacent helix turns are the primary reasons for instabilities arising in the root vortex signal. Also, for the early onset of instabilities arising in the root vortex signal, the helical vortex filaments emanating from field turbines will be affected by the tower support structure. The numerical studies of [START_REF] Troldborg | Actuator line simulation of wake of wind turbine operating in turbulent inflow[END_REF] and [START_REF] Ivanell | Analysis of numerically generated wake structures[END_REF], did not model the support structures of the rotor (nacelle, hub and tower sections). Here, these structures are included allowing us to make some further comment on the enhanced rate of diffusion of the root vortices due to the supporting structures.

It is hypothesised that the enhanced diffusion of the root vortices in an upwind turbine wake is primarily due to three phenomena. Firstly, the root vortices are in close proximity to the nacelle boundary layer, secondly, the root vortex must interact with the tower section and lastly the root vortices envelop the low velocity wake core fluid immediately downstream of the nacelle. The root vortices of a downwind turbine will be subjected to the first and third phenomena only. The three effects will now be discussed in terms of an upwind turbine configuration.

The vorticity within the nacelle boundary layer is of the same order of magnitude and opposite sign to the coherent root vortices, which will result in cross annihilation of vorticity as discussed by [START_REF] Ebert | The near wake of a model horizontal-axis wind turbine part 3: properties of the tip and hub vortices[END_REF]. In the model configuration used in the [START_REF] Ebert | The near wake of a model horizontal-axis wind turbine part 3: properties of the tip and hub vortices[END_REF] study the hub vorticity created by the blades is cross annihilated by x/R=0.64.

Due to the small radius of curvature of the root vortex helix, the root vortices are susceptible to adverse effects caused by their interaction with the tower section, here denoted as root vortex-tower interaction (RVTI). A vortex cannot pass through a solid surface (tower section) and this interaction will have detrimental effects on the root vortex structure, possibly leading to instability and early breakdown. The onset of RVTI can be estimated by simulating the theoretical helical pathline (simple helix) of the root vortex core location using parameters obtained from the experimental data, namely the helix pitch and vortex cylinder radius.

For the current model configuration, a turbine operating at its design tip speed ratio, the onset of RVTI occurs at a vortex age (VA) of approximately 270 R . The root vortices in the measurement plane shown in figure 3 will be affected by the RVTI phenomena at an axial distance greater than 0.44R. The root vortex signal diffuses quickly after this point such that it is not evident by VA=480 R . For the turbine model operating at O=4, the onset of RVTI occurs at a vortex age of approximately 225 R . Thus the root vortices in figure 4 will be affected by RVTI phenomena at an axial distance greater than 0.61R. For the turbine model operating at O=10, the onset of RVTI occurs at a vortex age of approximately 315 R . Thus the root vortices in figure 5 will be affected by RVTI phenomena at an axial distance greater than 0.36R.

At axial locations greater than the length of the nacelle the root vortices are subjected to the low velocity fluid immediately downstream of the nacelle section. Flow visualisations have shown this region to be highly turbulent and three dimensional due to the pulsatile inflow created by the rotating blades and the momentum transfer occurring between the outer regions of the wake and the wake core. The three-dimensionality of the fluid in this region promotes instabilities leading to breakdown of the coherent root vortex structures. A combination of the three different phenomena all contribute to the fast breakdown of the root vortex signal.

Conclusion

The wake structure of a model horizontal axis wind turbine based on the Tjaereborg field turbine has been investigated in a water channel facility using planar particle image velocimetry. Three different tip speed ratios were investigated corresponding to a lightly-loaded, design-load and heavily-loaded rotor condition. In addition to characterising the tip vortex structure, particular attention was given to the root vortex. The results indicate a weaker vortex is more susceptible to vortex meander. The meander is a possible indication of instabilities which arise along the helix. With a reduction in helix pitch, at tip speed ratios above the design condition, the wake is susceptible to the mutual induction instability and becomes unstable closer to the rotor plane. The rapid diffusion of the coherent root vortex is hypothesised to be due to three primary factors, namely the root vortex-tower interaction, vorticity within the nacelle boundary layer and the low momentum fluid directly behind the nacelle section. It has been shown that phase-averaged data gives accurate general information on wake structure. However, due to vortex meander, the spatial smoothing which results from phase-averaging can mask a vortex's true properties. Thus it has been shown that instantaneous PIV realisations and suitable vortex identification schemes are required to characterise vortex properties.
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 1 Figure 1: Experimental setup of the wind turbine in an upwind configuration in the FLAIR water channel
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 3 Figure 3: Phase averaged wake of the Tjaereborg wind turbine operating in an upwind configuration at its design tip speed ratio (O=7) depicting the coherent vortical structures within the near wake, contours of tangential vorticity, Z z .
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 4 Figure 4: Phase averaged wake of the Tjaereborg wind turbine operating in an upwind configuration below its design tip speed ratio (O=4) depicting the coherent vortical structures within the near wake, contours of tangential vorticity, Z z .
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 67 Figure6: Mean axial position of the tip vortices with increasing vortex age indicating increase in vortex convection speed with tip speed ratio, dashed lines and hollow symbols -downwind results, solid lines and symbols -upwind results O=4, O=7, O=10
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 9 Figure 9: Axial (left) and radial (right) tip vortex meander increase with vortex age indicating stronger vortices less prone to meander in the near wake, dashed lines and hollow symbols -downwind results, solid lines and symbolsupwind results O=4, O=7, O=10
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