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Abstract — This study establishes an experimental capability in the boundary layer wind tun-
nel at The University of Sydney to measure fluctuating power output from scaled wind turbine
farms. As a first step, measurements are performed on a single scaled wind turbine, modelled as
a porous disk with 58% solidity. The novelty in this study is the calibration procedure, wherein
the power output of a wind turbine is directly related to the measured strain on its post. The
wind turbine model is subjected to a range of wind speeds, while time-varying velocity U (t),
thrust force F'(¢) and strain e(¢) are simultaneously measured using a Pitot-static tube (con-
nected to a differential pressure transducer), a six-axis load balance and a strain gage assembly,
respectively. Results show that the coefficient of thrust C' for the wind turbine model varied
between 0.75 and 0.85 as a function of wind speed; similar behaviour of C has been reported
previously in the full-scale wind turbine farms [1]. Velocity measurements in the wake region
of the porous disk show identical characteristics of the wake behind a rotating disk model, thus
establishing that the porous disk model chosen here can be used as a surrogate to a rotating
wind turbine.
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1. Introduction

One of the challenges of wind energy generation is the power output variability, which is largely
due to unsteady atmospheric surface layer conditions under which wind turbines operate. It
is known that the power output variability of a single wind turbine can be compensated by
addition of multiple wind turbines in an array, forming what is known as a wind farm. The
fluctuating power output P(t) is related to the product of incoming time-varying flow velocity
U (t) and the thrust force F'(¢) acting on the wind turbine, i.e., P(t) = U(¢)X F(t). Substituting
known relationship for drag force, it can be shown that P(t) is proportional to U 3(t). Thus,
a challenge this study aims to address is to measure both the instantaneous velocity and drag
force simultaneously for accurate estimation of power fluctuations.

2. Experimental details

Measurements are carried out in the Boundary Layer Wind Tunnel (BLWT) in the School of
Civil Engineering at the University of Sydney. The BLWT is a closed-circuit wind tunnel with
a working section of 19 m long, 2.5 m wide and 2 m high. The roof height is constant in the first
12 m of the test section, followed by a 5 m long blockage tolerant section, which consists of an
arrangement of horizontal slats. The flow is driven by a 250 kW fan. Flow induced by the fan
passes through a flow-straightener and a series of mesh screens before entering the contraction
(with an area ratio of 4.5:1) and then the test section. In its current configuration, the wind
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Figure 1: A schematic of the experimental setup used in this study.

tunnel is capable of generating free-stream velocity in the range of 1.4 - 27 m/s. In the current
study, the flow developed on a nominally smooth surface resulting in a boundary layer thickness
0 = 0.31 m at the measurement location. Most of the measurements in this study are conducted
at a free-stream velocity of 10 m/s, where the free-stream turbulence intensity is found to be
about 0.5%.

Based on the actuator disk concept, a scaled wind turbine, modelled as a porous disk is
used to approximate the full-scale wind turbine wake characteristics in the wind tunnel. Under
turbulent inflow conditions, simplified porous disks for laboratory-scaled wind turbine studies
have been reported to be sufficient for creating a closely similar far-wake as rotating wind
turbine models [2, 3, 1]. In this study, a 30-slot-blade steel disk of 0.1 m diameter (D), 0.003 m
thickness and a solidity of 58% is used to reproduce a horizontal axis wind turbine response. An
acrylic rod of 0.15 m height, 0.012 m diameter and a low Young’s modulus of 3.2 GPa is used as
the turbine tower support, offering good strain response. To instantaneously measure the strain,
a pair of FLA-5-23-3LT-type strain gages with 120 {2 gage resistance and 2.16 gage factor are
bonded to the bottom part of the turbine model post (cf. figure 1). The strain gages are connected
in a half-bridge configuration to a National Instrument CompactDAQ data acquisition system
by using a NI-9237 module with a maximum sampling rate of 50 kS/s/ch and 24-bit resolution.

The wind turbine model is attached to a highly-sensitive six-axis load cell (JR3, model
30E12A4) by using a specially designed mating plate. The force-moment sensor is held by
a plate located below the tunnel floor level at the measurement location and it is used to directly
measure the time-varying thrust force F'(t) acting on the wind turbine model. The JR3 multi-
axis load cell provides analog representation of the forces along the three orthogonal axes. In
addition, it also provides information about the fluctuating moments about those axes. The wind
turbine model is subjected to a range of wind speeds, while U(t), F'(¢) and €(¢) are simultane-
ously measured. Thus, the power output (P) is related to the micro-strain (¢) through an in-situ
calibration.

In order to establish the porous disk model as an equivalent representation of a rotating disk
model for wind tunnel studies, we have conducted two sets of measurements - (i) to quantify
the wake behind the turbine and (ii) to document the coefficient of thrust force as well the
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relationship between power output and the strain on the wind turbine post. These are discussed
in detail in the following sections.

3. Wake measurements

In order to measure the wake characteristics, the
porous disk model is tested in the scaled wind-
turbine assembly (as shown in figure 2) so that
the influence of developing boundary layer on the
wake structure is truly quantified. Wake measure-
ments are performed using a Cobra-probe (TFI,
Australia) and a single-axis traversing system. The
Cobra probe is a four-hole pressure probe, which
resolves all the three velocity components and lo-
cal static pressure over a range of wind speeds (2-
100 m/s), with a frequency response up to 2000
Hz. The single-axis traversing system has a res-
olution of 1-micron and is mounted in different
orientations to carry out velocity measurements
in the transverse and vertical directions. Mea-
surements are taken at three downstream locations

Figure 2: Experimental setup used for (/D = 1,3 & 5), as well as at /D = -1

measuring the wake profile behind the to characterise the incoming velocity profile. For
porous disk. the present study, 21 linearly spaced measurement

points are taken in the spanwise direction between
Omm < y < 200 mm, fixing the disk centroid as the horizontal reference (y = 0). Same number
of points are measured in vertical direction between 25 mm < z eq 200 mm (2 is distance from
the ground), with reference hub height, hy,;, equal to 0.125m. At each measurement point,
data are acquired for 180 seconds with a sampling frequency of 8192 Hz after passing through
a digital low-pass filter at 4096 Hz.

Figures 3 (a & b) show the comparison of mean streamwise velocity defect and turbulence
intensity, respectively against the results for stationary and rotating wind turbine models from
the literature [1, 4]. Note that figure 3(a) is normalised by the maximum velocity defect and
the half-wake thickness, y,/,. Results from the current study are in very good agreement with
those for rotating and non-rotating turbine models. It appears that the velocity defect profiles at
x/D = 3 and 5 closely resemble the Gaussian profile that is expected in the far-wake region.
On the other hand, there are clear discrepancies in the turbulence intensity profiles for different
turbine models at z/D = 3 (refer to figure 3b), which are primarily due to differences in
the incoming flow conditions and the thrust coefficients of turbine models. Nonetheless, the
profiles of turbulence intensity are qualitatively similar. Although the measurements are limited
to a maximum distance of x/D = 5, it is expected that the agreement between stationary and
rotating wind turbine models will improve further downstream.

4. Force and strain measurements

In practice, the fluctuations in the power output of a wind turbine occur at a wide range of
time scales or frequencies, which is due to turbulence in the incoming flow, weather conditions
and wind-structure interactions in the upstream wind turbines. Hence, a second most important
requirement for a scaled wind turbine model is the measurement of thrust force with high fre-
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Figure 3: Wake measurements of normalised (a) streamwise velocity defect and (b) turbulence
intensity at three downstream distances, x/D = 1,3 and 5, compared against previous experi-
mental results of rotating and non-rotating turbine models [1, 4].
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Figure 4: Experimentally obtained functional relationship between (a) F, and U, ,; (b) F}, and
€; (¢) P?ande. (d) Comparison of measured and estimated forces.
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quency response. Further, it is crucial to truly capture the large-scale or low-frequency eddies
in the flow as they are most energetic. To this end, a second set of experiments are conducted
to characterise the dynamic behaviour of the porous disk model used in this study. The time-
varying force, strain and velocity are simultaneously measured using a six-axis load cell, strain
gage assembly and a Pitot-static tube connected to a fast-responsive pressure transducer with
an accuracy of £0.1%. In our initial tests, it is found that the characteristic frequency of the
porous disk assembly is approximately 60 Hz and hence all the instrumentation (with frequency
response greater than 300 Hz) used in this study are able to sufficiently measure all the ener-
getic eddies corresponding up to 150 Hz. For improving the sensitivity of the strain-gages as
well as to eliminate any temperature effects on strain, a set of two strain-gages are arranged
in a half-bridge configuration, giving a strain output twice that obtained from a single strain-
gage. Further, the strain-gages are mounted very close to the mounting point, where the strain
is expected to be the maximum for a beam fixed at one end. Finally, the Pitot-static tube is
positioned at the hub height as one would expect the velocity at that location to be the important
reference velocity.

Measurements are performed over a range of wind speeds between 3 m/s and 23 m/s for a
period of 180 seconds to quantify the variation of thrust force, strain, power output as a function
of wind speed. Figure 4(a) shows the time-averaged force F), plotted as a function of Uy,,. It
is clearly evident that F), increases with Uy, in a quadratic relationship. The thrust coefficient,
Cr7, is then calculated using F), as,

Fy

=—"2 1
1/2PU§ubAD M

T
where p is the density of air and Ap is the swept area of the disk. It is observed that the
thrust coefficient varied between 0.75 and 0.85 as a function of wind speed. These results
are consistent with previous wind tunnel studies of non-rotating turbine models, e.g., [1] and is

within the range of thrust coefficient values reported for the commercial full-scale wind turbines
[5, 6].

4.1. Validation of calibration procedure

One of the key contributions of the current study is the dynamic calibration of the strain gages,
which is later used to estimate thrust force and power output of the turbine model. The cal-
ibration relationship between F), and e is shown in figure 4(b), which clearly indicates linear
behaviour between the thrust force and the strain measured on the model post. To establish
the accuracy of this procedure, we have compared the force (directly measured using six-axis
load cell) and the force (F), — estimated) estimated by applying calibration on the strain-gage
data. These results are presented in figure 4(d), which shows excellent agreement between the
measured and estimated forces establishing the accuracy of the calibration procedure.

4.2. Estimating power output from strain

With the availability of measurements of F'(¢), U(t) and e, it is possible to establish a link
between time-averaged power output P and strain. At first, power is computed using the rela-
tionship, P(t) = U(¢) - F(¢), which implies that P(t) oc U®(t) as it was shown in figure 4(a)
that F(t) o< U>(t). Further, it is seen that F'(¢) o< e, which implies that P* and € are related
via a third-order polynomial. Indeed, the results presented in figure 4(c) clearly establish this.
Now, one can use the functional relationship between P? and € to estimate the time-varying
power output using the fluctuating signal from the strain-gage assembly as done in figure 5.
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Figure 5: Power estimated using the fluctuating strain signal.

5. Conclusions

An experimental facility has been developed and tested to study the power output fluctuations
of a single wind turbine model. A novel calibration procedure has been implemented, wherein,
the force acting on the wind turbine is related to the strain measured on its post. Results show
excellent agreement between measured and estimated forces. The procedure is further devel-
oped to estimate the power output variations based on the strain measurements on the wind
turbine post. In conclusion, the results clearly establish the experimental method developed for
studying the power output fluctuations of a single wind turbine. As a future goal of this study,
this experimental procedure will be further expanded to study the power output variations of a
wind turbine farm consisting of an array of porous disk models similar to the one studied here.
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