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Figure 3.3: Power spectral density (PSD) from hot-wire measurements. Normalized PSD
(PSD/ Ui) at mean inflow velocities of Uy, = 2.61, 4.86, and 8.3 ms™!: (a) Open Tunnel, (b)
Near wake of model (1D), and (c) Far wake of model (9.6D); (d) PSD for all three configura-
tions at a single mean velocity Uy, =4.86 ms™!.

Figure 3.3(A) shows the PSD of the velocity signal u normalized by the variance of
instantaneous streamwise velocity (PSD/c2) for the open-tunnel configuration. Figures
3.3(B) and 3.3(C) contain normalized PSD of data taken within the near and far wake of the
rotor model, respectively. Figure 3.3(D) represents PSD for all three model configurations
at a single inflow velocity of Uy, = 4.86 ms™!. The variation in near wake energy content at
frequencies <20 Hz and spike for the lower inflow velocity is likely due to slight offset of the
hot-wire probe from tunnel center. The line with slope f~°'3 represents Kolmogorov-based
inertial range. Differences can be seen in terms of energy content between the open-tunnel

and model cases, with the broadest range within the near wake. The near wake also more
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closely follows the f~%'3 slope than either the open tunnel or far wake cases. Also notable

here is the mean streamwise velocity deficits which even in the far wake show 25%, 18%,
and 15% decreases for the U,, = 2.6,4.86, and 8.3 ms™!, respectively. These differences
point to lingering wake effects due to the presence of the rotor model even at a distance of
9.6D downstream. As seen in Figure 3.3(D), energy content increases within the model
wake versus the open-tunnel configuration, with the largest difference represented by the
near wake location. This emphasizes the effect of the rotor on turbulent energy within the

flow.

3.3 Phase Doppler Interferometry

PDI measurements were taken within the near and far wake downstream of the turbine at the
rotor hub height, 12 cm (1 D) and 115.2 cm (9.6 D), respectively, for each of the shaded cases
in Table 3.1. PDI operates on detection of light refraction scattered due to particles passing
through the intersection point of two laser beams of known frequency, resulting in a phase
shift in the two beams observed by a receiving device. The difference in phase for each of
the beams, along with the refractive properties of the particle, is then used to deduce particle
diameter and velocity for each respective occurrence, assuming a spherical particle shape
[32]. The PDI system used here was the PDI-200MD series from Artium Technologies,
Inc., which uses two diode pumped solid state lasers, here green at a wavelength of 532
nm and blue at 491 nm, each split into two beams of equal intensity. The green beams
were vertically aligned and captured vertical velocity and particle size, while horizontally
positioned blue beams captured streamwise velocity measurements. This system can detect
particle diameters between 0.3 and 8000 pm with a dimensional accuracy of £0.5 um. The
transmitter and receiver were positioned on opposing sides of the tunnel with respective
focal lengths of 1000 mm and 500 mm, fixated on the laser intersection point at hub height

downstream of the turbine model. The PDI system remained stationary during all tests and
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the turbine was translated streamwise in reference to the intersection point for near and

far wake locations. Receiver aperture was set to 200 pm. Signals induced from particle
interactions within this intersection were then sent to the Artium advanced signal analyzer
(ASA), which uses a Fourier-based Doppler burst detection algorithm to determine particle
diameter and velocity for each instance. Maximum sampling frequency for the ASA is 320
MHz, with a resolution of 0.01% of sampling frequency and 0.5 degree in phase. The
resulting data were collected, organized, and exported within the proprietary Automated

Instrument Management System (AIMS) version 5.2.

U (m/s) 2.6 49 8.3
Rep 2.0 x 10* 3.8 x 10* 6.5 x 10*
Re, 49.06 66.58 87.90
FlowRate(L/min) | 0 [ 12 [1.7] 2 ] 0 [ 12 ] 1.7 ] 2 0 1217 ] 2
@, [x107°] NA | 077 | 1.1 | 1.3 | NA | 0.41 | 0.58 | 0.69 | NA | 0.24 | 0.34 | 0.4

Table 3.1: Experimental cases: All cases represent PIV measurements, in both the near and
far wake. Gray cells represent corresponding PDI measurements.

PDI data were obtained varying spray grid flow rates and inflow velocities for a min-
imum of 100,000 observations within the near and far wake of the turbine, where sam-
pling frequency was dependent on particle crossing. Volume fractions (®,) range from
~9.7x107% to 2.58x107°. Figure 3.4(A) represents the probability density function (PDF)
of particle diameter for three inflow velocities. The top two subfigures represent measure-
ments within the far wake of the turbine, and bottom two show near wake. The two left
subfigures represent a uniform injection rate of 1.7 L/min and the right at 2 L/min from the
spray grid. In this figure, dotted lines denote measurements taken in the model wake. Solid
lines represent measurements taken with no model present (open-tunnel) immediately prior
to their wake counterparts. The bar plot in Figure 3.4(B) expresses mean diameter for a sin-
gle inflow rate of Rey = 66.58. Shaded bars indicate results within the turbine wake, white
bars represent open-tunnel, bars with and without slanted stripes are at injection rates of 1.7
L/min (®; 7) and 2 L/min (®,) respectively, and bars with and without horizontal stripes

represent near and far wake locations.



