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model than that in the SRWT wake, i.e., by mitigating wake 
losses in typical wind farm settings.

1  Introduction

Most of utility-scale wind turbines in nowadays are in 
single-rotor wind turbine (SRWT) design, which has 
three rotor blades mounted onto a hub at front of a turbine 
nacelle. While the long rotor blades of the turbines are aer-
odynamically optimized in outboard region, the blade sec-
tions near turbine hub (i.e., roots of blades) are designed 
primarily to withstand structural loads (i.e., bending and 
torsional). Therefore, very high thickness-to-chord ratio 
airfoils, which are aerodynamically poor, are usually used 
at turbine roots to provide structural integrity. Such a con-
figuration results in a “dead” zone near rotor axis where 
virtually no wind energy is extracted from the incoming 
airflow. Up to 5 % loss in wind energy extraction capability 
is estimated to occur per turbine due to such structure com-
promise at the roots of turbine blades (Selvaraj et al. 2013; 
Rosenberg et al. 2014). These “root losses” occur even for 
wind turbines that operate in isolation, i.e., with no other 
turbine nearby.

Wind turbines sited in modern wind farms are usually 
arranged in an organized pattern. Due to the wake interfer-
ences of upwind turbines, the downstream turbines located 
in the wake regions of the upstream turbines would see 
very different incoming surface wind profiles, in compari-
son with the upwind turbines. As described in Vermeer 
et al. (2003), a turbine wake can usually be divided into two 
regions, i.e., a near wake and a far wake. While turbine near 
wake is the region from the turbine rotor disk to the down-
stream location within the first diameter of the turbine rotor, 
the far wake refers to the region at further downstream 
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beyond the near wake. While the flow characteristics in 
the turbine near wake are mainly determined by the aero-
dynamics and the number of rotor blades (i.e., attached or 
separated flows around the rotor blades, generation and 
shedding of unsteady tip and root vortices), the actual shape 
of turbine rotor blades is not important in the far wake and 
the research topics for far wake flows are primarily focused 
on turbulence models, wake interference and topographical 
effects. Extensive studies have been conducted to exam-
ine the wake characteristics behind wind turbines in recent 
years. For examples, while Whale and Anderson (1993), 
Massouh and Dobrev (2007), Grant and Parkin (2000), and 
Sherry et al. (2013) studied the flow characteristics in the 
near turbine wakes with model turbines placed in uniform 
incoming airflows or water flows, Chamorro et al. (2011), 
Hu et  al. (2011), Yang et  al. (2011), Tian et  al. (2014), 
Howard et  al. (2015) and Xie and Archer (2015) investi-
gated the evolution of the unsteady wake vortex structures 
behind wind turbines sited in turbulent boundary layer 
flows. Chamorro and Porté-Agel (2008, 2009), and Sescu 
et  al. (2015) investigated the effects of thermal stability 
and boundary layer turbulence on the turbine wake char-
acteristics. Ross and Ainslie (1981) and Yuan et al. (2014) 
found that the velocity deficits in a turbine wake over a 
flat surface would recover rapidly within the first six rotor 
diameters (i.e., up to 70 %), and then recovered gradually 
at further downstream region (e.g., reach nearly 80 % at the 
downstream of 8D). Barthelmie et  al. (2003) and Hansen 
et al. (2012) conducted field measurements in an offshore 
wind farm and reported that the velocity deficits in the tur-
bine wake would recover only 10 to 45 % when the spac-
ing between the wind turbines being 1.7D to 7.4D in the 
offshore wind farm. They also found that the recovery of 
the velocity deficits in the turbine wake would be very slow 
when the spacing between the turbines being exceeds 6.5D. 
More recently, Tian et  al. (2014) performed a wind tun-
nel study to examine the effects of turbulence levels of the 
incoming airflows on the recovery rate of the wake veloc-
ity deficits behind wind turbines. They found that the wake 
velocity deficits would recover much faster with a higher 
turbulence level in the incoming boundary layer flow (i.e., 
for the cases in typical onshore wind farms with turbulence 
intensity level being ~20 % at the turbine hub height), in 
comparison with that with relatively low turbulence level in 
the incoming airflow (i.e., for the cases in typical offshore 
wind farms with turbulence intensity level being ~10 % at 
the turbine hub height). Cal et al. (2010) and Lebron et al. 
(2010) investigated the interactions between wind turbine 
arrays and boundary layer flows to reveal the vertical trans-
port of momentum and kinetic energy across the boundary 
layer into the wind turbine arrays.

Lu and Porté-Agel (2011), Ozbay et  al. (2012), 
and Chamorro and Porté-Agel (2011) investigated the 

turbulence properties of turbine wake flows inside and 
above aligned and staggered wind farms and found that 
the recovery rate of the velocity deficits and the turbu-
lence characteristics of turbine wake flows would affect 
the dynamic wind loadings and power production of the 
downstream wind turbines greatly. Since a portion of the 
kinetic energy of the incoming airflow has already been 
harnessed by the upstream turbines, the downstream tur-
bines would see much lower incoming wind speed, thereby, 
less wind energy available for the downstream turbines, in 
comparison with the upstream turbines. The power losses 
of the downstream turbines due to the wake interference 
from upstream turbines are usually called wake losses, 
which have been found to be about 20–40  % in typical 
wind farms (Barthelmie et  al. 2007, 2009; Storm et  al. 
2009; Barthelmie et  al. 2010; Yuan et  al. 2014). The pri-
mary mechanism of the wake losses is due to the ingestion 
of low-momentum wake from upstream turbines by the 
downstream turbines. The wake losses were found to be 
strong dependent of farm location, layout pattern, and sta-
bility conditions of the atmospheric boundary layer (ABL) 
winds. The highest wake losses have been observed in off-
shore wind farms when wind turbines are closely spaced, 
and aligned well with the incoming airflow direction (Wan 
and Wu 2004; Barthelmie et  al. 2007; Barthelmie et  al. 
2010; Hansen et al. 2012; Wu and Porté-Agel 2015).

While the significance of the “root” and “wake” losses is 
evident by the magnitudes as described above, even a small 
improvement in reducing the losses for given wind farm con-
figurations and atmospheric climates is economically sig-
nificant. According to Barthelmie and Jensen (2010), 1  % 
increase in power output of a 100 MW wind farm would be 
equivalent to approximately $0.5 million/year increase in rev-
enue. In comparison with the large body of the previous stud-
ies which were mainly devoted to measuring and predicting 
“root losses” or/and “wake losses”, very little can be found 
in the literature to explore effective strategies for root loss 
reduction or/and wake loss mitigation. Corten et  al. (2007) 
suggested a method of farm control in which upstream tur-
bines are deliberately yawed with respect to wind direction. 
The concept aims to use the lateral force (generated by delib-
erate yawing of upstream turbines) to divert the flow away 
from downstream turbines. More recently, Yuan et al. (2014) 
evaluated the effects of relative rotation directions of turbine 
rotors on the power production performances of the wind tur-
bines when arranged in tandem. They found that the turbines 
in counter-rotating configuration would harvest more wind 
energy from the same incoming wind, in comparison with the 
case in co-rotating configuration.

In the present study, we report our recent efforts to explore 
a novel twin-rotor wind turbine (TRWT) concept to improve 
power production of individual turbines as well as wind farm 
efficiency. The TRWT concept employs an additional set of 
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smaller, co-axial auxiliary rotor blades with two objectives: 
(1) to improve power production of individual turbines by 
reducing the root losses incurred in the root region of the 
main rotor blades; and (2) to mitigate wake losses in wind 
farm settings through rapid mixing of turbine wake. Mixing 
rate of TRWT wakes will be enhanced by (a) increasing radial 
shear in turbine wake flows and (b) using dynamic interaction 
among the unsteady wake vortices shedding from the primary 
and auxiliary rotors. The experimental study was performed 
in a large-scale atmospheric boundary layer (ABL) wind tun-
nel located at Iowa State University (ISU). Scaled TRWT and 
SRWT models were placed in a same turbulent ABL wind 
under neutral stability conditions. In addition to measuring 
dynamic wind loads acting on the model turbines, a digital 
particle image velocimetry (PIV) system was used to quantify 
the evolution of the unsteady wake vortices (i.e., formation, 
shedding and breakdown) and turbulent mixing process in 
the turbine wake flows. The power outputs of a same model 
turbine sited in the wake behind the TRWT model at differ-
ent downstream locations were also measured and compared 
quantitatively with those sited in the turbine wake behind the 
SRWT model. The detailed flow measurements were corre-
lated with the dynamic wind loading and power output data 
in order to gain further insight into underlying physics for 
improved power production and durability of wind turbines.

2 � Experimental setup and test models

2.1 � Atmospheric boundary layer (ABL) wind tunnel 
used in the present study

The experimental study was conducted in a large-scale Aer-
odynamics/Atmospheric Boundary Layer (AABL) wind 

tunnel available at the Aerospace Engineering Department 
of Iowa State University (ISU). The AABL tunnel, which 
has a test section of 20  m in length, 2.4  m in width and 
2.3 m height with optically transparent side walls, is capa-
ble of generating a maximum wind speed of 45 m/s in the 
test section. During the experiments, a model wind turbine 
was mounted in the center of the test section. Chain arrays 
were placed on the floor of the wind tunnel test section at 
the upstream of the wind turbine model to trigger the turbu-
lent boundary layer of the incoming airflow to simulate the 
ABL winds over typical wind farms. Further information 
about the generation and characterization of the ABL flow 
in the AABL tunnel is available at Tian et al. (2014).

As described in Kaimal and Finnigan (1994), Jain 
(2010), and Zhou and Kareem (2002), the velocity profile 
of a typical ABL wind over a wind farm can be expressed 
by using a power function, i.e., U (z) = UH (Z/H)α, where 
UH is the wind speed at a reference height of H (i.e., turbine 
hub height for the present study). The power-law exponent 
“α” is a function of the terrain roughness. Figure 1 gives 
the measured velocity and turbulence intensity profiles of 
the incoming boundary layer airflow in the test section of 
the AABL tunnel used for the present study. The meas-
ured mean velocity data were found to be fitted well with 
a power function with the power-law exponent α ≈  0.11, 
which agrees well with the ISO standard for offshore ABL 
wind profile (i.e., α  ≈  1/8.4). The measured turbulence 
intensity of the incoming airflow at the turbine hub height 
was found to be about 10  %, which also agrees with the 
field measurement data reported in Hansen et al. (2012) for 
the wind turbines in Horns Rev offshore wind farm. For 
comparison, Tong (2010) suggested that the typical turbu-
lence intensity levels for offshore wind turbines would be 
about 8 %. To follow up the work of Røkenes (2009), the 

Fig. 1   Flow characteristics of 
the incoming boundary layer 
airflow used for the present 
study. a Mean streamwise 
velocity profiles; b Turbulence 
intensity profiles
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integral length scale of the incoming turbulent airflow at 
the turbine hub height (i.e., H = 225 mm above the wind 
tunnel floor) was estimated to be about 200 mm for the pre-
sent study, which agrees well with the values reported in 
Røkenes (2009).

2.2 � Wind turbine models

Figure 2 shows a schematic of the wind turbine models used 
for the present study. The SRWT model has a hub height of 
H = 225 mm and a rotor diameter of D = 280 mm. With a 
scale ratio of 1:320, the turbine model is used to represent 
a utility-scale turbine with a hub height of 80 meters and 
rotor diameter about 90 meters (i.e., ~2 MW turbines usu-
ally seen in modern wind farms). All the parts of the test 
model are made of a hard plastic material by using a rapid 
prototyping machine. The rotor blades of the turbine model 
are designed with ERS-100 turbine blades (Locke et  al. 
2004) as the prototype. A direct current (DC) generator 
(Kysan, FF-050S-07330) was installed inside the turbine 
nacelle, which can produce electricity when driven by the 
rotating turbine blades. While the primary design param-
eters are listed in Table  1, further information about the 
SRWT model is available in Tian et al. (2014).

As shown in Fig. 2b, the TRWT model is made by add-
ing a set of smaller, auxiliary blades in front of the main 
rotor blades. The auxiliary rotor blades have the same airfoil 
geometry as the main rotor blades, but with a down-scaled 
ratio of 2:1. While two sets of the rotor blades were mounted 

onto the same hub (i.e., to drive the same shaft of the DC 
generator sited inside the turbine nacelle), the auxiliary rotor 
blades and main rotor blades were arranged in a staggered 
pattern along azimuthal direction with the auxiliary rotor 
blades being at 10 mm upstream of the main rotor blades.

In the present study, the incoming airflow velocity at 
the turbine hub height was maintained at UH =  6.5  m/s. 
The corresponding chord Reynolds number of the model 
turbines (i.e., based on the wind speed at the turbine hub 
height and averaged chord length of the main rotor blades) 
was found to be about 9000 (i.e., ReC ≈  9000), which is 
much lower than those of the utility-scale turbines (i.e., 
ReC > 1.0 × 106). As described in Alfredsson et al. (1982), 
while the working Reynolds number of a turbine may affect 
its power production performance, the flow characteristics 
in turbine wakes were found to become almost independent 
of Reynolds numbers when the Reynolds numbers becom-
ing high enough. More recently, Chamorro et  al. (2012) 
proposed to utilize the Reynolds number, ReD, which is 
defined by using the wind speed at the turbine hub (UH) 
and turbine rotor diameter (D), to characterize turbine 
wake flow statistics. They found that mean velocity in a 
turbine wake would reach Reynolds number independence 
at ReD ≈ 4.8 × 104 and that of higher-order flow statistics 
started at ReD ≈ 9.3 × 104. For the test cases of the present 
study, the Reynolds number, ReD, is about 120,000, which 
is greater than the required minimum value to reach Reyn-
olds number independence for turbine wake statistics as 
suggested in Chamorro et al. (2012).

Fig. 2   Schematic of the SRWT and TRWT models used in the present study

Table 1   The design parameters 
of the wind turbine models used 
in the present study

Parameter R H Drod Dnacelle α a a1 a2

Dimension (mm) 140 225 18 26 5o 68 20 35
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2.3 � Dynamic wind loading and power output 
measurements

For the turbine models used in the present study, circular 
aluminum rods were used to support the turbine rotors, 
hubs and nacelles. Through holes on the floor of the wind 
tunnel test section, the circular aluminum rods were con-
nected to high-sensitivity load cells (JR3 load cells, model 
30E12A-I40) to measure the dynamic wind loadings acting 
on the test models. The JR3 load cell is capable of meas-
uring instantaneous aerodynamic forces and the moments 
about each axis with a measurement uncertainty levels 
being smaller than ±0.25  % of the force measurement 
range (40 N). In the present study, the dynamic wind load-
ings acting on the turbine models were measured at a sam-
pling rate of 1000 Hz with the duration of 60 s for each test 
case. The resonant frequencies of the load cells were moni-
tored during the experiments, which were found to be much 
higher than the rotation frequencies of the wind turbines.

During the experiments, a Monarch tachometer was 
also used to measure the rotation speed of the wind turbine 
blades. By applying different electric loads to the electric 
circuits connected to the DC generators installed inside the 
turbine nacelles, the rotation speeds of the turbine rotors 
were adjusted in the range of 0 to 2200 rpm, and the cor-
responding tip-speed ratio (TSR) of the model turbines was 
found to be TSR = 0–6.5. The power outputs of the model 
turbines were determined by measuring the voltage out-
puts of the DC generators inside the turbine nacelles and 

corresponding electric currents in the electric circuits. For 
the test models used in the present study, the optimum tip-
speed ratio of the model turbine was found to be about 5.0 
(i.e., the model turbines were found to have the maximum 
power outputs at TSR ≈  5.0). For comparison, a typical 
utility-scale wind turbine operating in modern wind farms 
usually has a tip-speed-ratio value of TSR ≈  4.0–8.0, as 
described in Burton et al. (2001).

2.4 � PIV measurements to quantify the wake 
characteristics behind the model turbines

A digital particle image velocimetry (PIV) system was used 
in the present study to conduct detailed flow field measure-
ments to quantify the flow characteristics of the wake flows 
behind the turbine models. Figure 3 illustrates the experi-
mental setup for the PIV measurements. A fog generator 
was used to generate small oil droplets of ~1 µm in size to 
seed the incoming boundary layer airflow. A double-pulsed 
Nd:YAG laser (EverGreen200, BigSky Corp.) with a pulse 
energy of 200 mJ/pulse at the wavelength of 532 nm was 
used as the illumination source. A set of mirrors along 
with spherical and cylindrical lenses were used to shape 
the laser beam into a laser sheet of ~1.0 mm in thickness 
to illuminate the tracer particles seeded in the airflow. Two 
high-resolution digital cameras (PCO1600, Cooke Corp) 
were used for PIV image acquisition in order to have a 
larger measurement window to reveal the evolution of the 
unsteady wake vortex structures behind the model turbines. 

Fig. 3   Experimental setup used 
for PIV measurements
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The digital cameras and the double-pulsed Nd:YAG lasers 
were connected to a host computer via a digital delay gen-
erator (Berkeley Nucleonics, Model 565), which controlled 
the timing of the pulsed laser illumination and image acqui-
sition for PIV measurements. During the experiments, the 
PIV image acquisition rate was selected to a frame rate that 
is not a harmonic frequency of the rotation speed of the tur-
bine rotor blades in order to determine the ensemble-aver-
aged flow quantities (e.g., mean flow velocity, TKE, and 
Reynolds shear stress) of the turbine wake flows.

For PIV image processing, a cross-correlation algorithm 
with interrogation window size of 32 ×  32 pixels and an 
effective overlap rate of 50 % was used to derive instanta-
neous flow velocity vectors from the acquired PIV images. 
The ensemble-averaged flow characteristics in the terms of 
mean flow velocity, in-plane turbulence kinetic energy (i.e., 

TKE = 0.5 ∗ (u′2 + v′2)/U2
H

), and normalized Reynolds 

shear stress (i.e., τ = −u′v′/U2
H

) were determined based on 
about 1000 frames of instantaneous PIV measurements for 
each test cases. For the PIV measurement results given in the 
present study, the measurement uncertainty level was esti-
mated to be within 2 % for the flow velocity vectors, while 
that of the ensemble-averaged flow quantities such as turbu-
lent kinetic energy and Reynolds shear stress is about 5 %.

During the experiments, “Phase-locked” PIV measure-
ments were also performed to reveal further details about 
the evolution of the unsteady wake vortices behind the 
model turbines in relation to the positions of the rotating 
rotor blades. For the “Phase-locked” PIV measurements, a 
digital tachometer, which can generate a pulsed signal as a 
pre-marked turbine rotor blade at a pre-selected position, 
was used to trigger the digital PIV system via a Digital 
Delay Generator (DDG). By putting different time delays 
between the input signal from the tachometer and the out-
put signal from the DDG, the “phase-locked” PIV meas-
urements with the pre-marked rotor blade at different rota-
tion positions (i.e., at different rotation phase angles) were 
accomplished. 400 frames of instantaneous PIV measure-
ments at the same phase angle were used to calculate the 
phase-averaged flow velocity and vorticity distributions in 
the turbine wake flows.

In addition to the PIV measurements, a Cobra anemom-
etry system (Turbulent Flow Instrumentation Pty LtD) was 
also used to achieve time-resolved flow velocity measure-
ments at the points of interest (i.e., in the turbine wake of 
X/D =  2, 4, 6, and 8) to supplement the near wake PIV 
measurements. The Cobra anemometry system has a 4-hole 
pressure probe that can measure all 3-components of flow 
velocity and local static pressure in excess of 2.5  kHz 
within a ±45° cone of acceptance. Further technical infor-
mation about the cobra anemometry system is available at 
http://www.turbulentflow.com.au/Products/Products.php. In 

the present study, the Cobra anemometry system was used 
to conduct flow velocity measurements at each prescribed 
points with a data sampling rate of 2.5 kHz for 60 s.

3 � Measurement results and discussions

3.1 � Dynamic wind loadings acting on the wind turbine 
models

In the present study, the dynamic wind loading measure-
ments were conducted with the TRWT and SRWT models 
mounted in the same incoming boundary layer airflow and 
operating at their optimum tip-speed ratios (i.e., where the 
power outputs of model turbines reaching their peak val-
ues). Figure  4 shows typical wind loading measurement 
results in the term of instantaneous thrust coefficients. 
While only the measured thrust coefficient was presented 
here, similar features were also revealed by the other com-
ponents of the measured aerodynamic forces and moments. 
In the present study, the thrust coefficient, CT, and corre-
sponding bending moment coefficient, CM, were defined as 
CT = Fx/

(

0.5ρU2
H
πR2

)

 and CM = Mz/
(

0.5ρU2
H
πR2H

)

, 
respectively, where ρ is the density of air, R is the radius of 
the main rotor of turbine models, and T is the thrust force 
acting on the turbine models. The mean values (i.e., the 
time-averaged values) of the thrust coefficients were also 
given in the plots as the dashed lines for comparison. As 
shown clearly in Fig.  4, the dynamic wind loadings acting 
on the model turbines were found to fluctuate significantly 
as a function of time. While the TRWT and SRWT models 
were mounted in the same incoming boundary layer flow, the 
dynamic wind loads acting on the TRWT model were found 
to become greater (i.e., both the mean values and the fluctua-
tion amplitudes) than those acting on the SRWT model, due 
to the existence of the additional auxiliary rotor blades.

Based on the time sequences of the instantaneous wind 
loading measurements as those shown in Fig. 4, the mean 
and standard deviation values of the dynamic wind load-
ings acting on the two model turbines were determined, 
which are listed in Table  2. It can be seen clearly that 
due to the existence of the auxiliary rotor for the TRWT 
model, while the mean wind loadings acting on the TRWT 
model increased slightly (i.e., ~16 % increase in both the 
time-averaged thrust force and mean bending moment), the 
standard deviation values of the dynamic wind loadings act-
ing on the TRWT model were found to increase much more 
significantly (i.e., ~75  % increase in the dynamic thrust 
force, and 140 % more in the dynamic bending moment), 
in comparison with those acting on the SRWT model.

It should also be noted that as described in Tian et  al. 
(2014), the standard deviation of the dynamic wind 

http://www.turbulentflow.com.au/Products/Products.php
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loadings can be used as a quantitative parameter to evalu-
ate the fatigue loadings acting on the wind turbines. In 
comparison with those of the SRWT case, the much larger 
fluctuations of the dynamic wind loadings would indicate 
much severe fatigue loadings acting on the TRWT models. 
This is believed to be closely related to the more complex 
wake vortex structures and higher TKE levels in the wake 
behind the TRWT model, which were revealed clearly from 
the PIV measurement results to be discussed in the next 
session.

3.2 � PIV measurements to reveal the wake flow 
characteristics behind the TRWT model

Figure  5 shows the PIV measurement results in the term 
of the ensemble-averaged flow velocity distributions in the 
near wakes behind the SRWT and TRWT models. It can 
be seen clearly that since a portion of the kinetic energy of 
the incoming flow was harvested by the wind turbines, the 
magnitudes of the flow velocity in the turbine wakes were 
found to become much smaller than those of the incoming 
flow. The existence of a region with relatively high veloc-
ity in the near wake behind the SRWT is revealed clearly 

from the PIV measurement result at the region right above 
the turbine nacelle (i.e., near the roots of the turbine rotors 
at the region of Z/D < 0.2, and extending up to X/D = 0.5 

Fig. 4   Time history of the instantaneous thrust forces acting on the SRWT and TRWT models. a Thrust coefficients of the SRWT model; b 
Thrust coefficients of the TRWT model

Table 2   The dynamic wind loadings acting on the SRWT and TRWT 
models

Wind load measurement results SRWT TRWT

Mean thrust coefficient, CT 0.346 0.401

The standard deviation of the thrust coefficient, σCT 0.123 0.215

Mean bending moment coefficient, CM 0.411 0.475

The standard deviation of the bending moment 
coefficient, σCM

0.133 0.324

Fig. 5   Ensemble-averaged velocity distributions the SRWT and 
TRWT models. a The wake behind the SRWT model; b The wake 
behind the TRWT model
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downstream). This is believed to be due to the aerodynami-
cally poor design at the root regions of the rotor blades for 
the SRWT (i.e., the blade roots are designed mainly to pro-
vide structural integrity, instead of harvesting wind energy). 
For the TRWT case, since the smaller auxiliary rotor blades 
were appended in front of the main rotor blades to reduce 
the root losses, the flow velocity behind the TRWT model 
were found to become much smaller, especially in the 
region near the roots of the main rotor blades.

Figure  6 illustrates the vertical profiles of streamwise 
velocity extracted from the ensemble-averaged PIV meas-
urement results at the downstream locations of X/D = 0.5, 
1.0 and 2.0, respectively. The mean velocity profile of the 
incoming flow was also plotted in the plots for comparison. 
It can be seen clearly that comparing with the velocity pro-
file of the incoming flow, significant velocity deficits were 
found in the turbine near wakes due to the existence of the 
turbine rotor blades. In comparison with those behind the 
SRWT model, the velocity deficits behind the TRWT model 
were found to be much more significant, especially in the 
downstream of the sweeping area of the smaller auxiliary 
rotors near the roots of the main rotor blades. Based on the 
conservations of momentum and energy as described in Hu 
et al. (2011), with the TRWT and SRWT models mounted in 
the same incoming airflow, the larger velocity deficits in the 
near wake behind the TRWT model would indicate a greater 
thrust force acting on the TRWT model as well as a better 
power production performance of the TRWT design, in com-
parison with those of the SRWT case. While the stronger 
wind loads acting on the TRWT model were revealed quan-
titatively from the measurement results given in Table  2, 
the improved power production performance of the TRWT 
design is due to the existence of the smaller auxiliary rotors 
to reduce the root losses of the main rotor blades.

Based on the measurement results given in Fig. 6a, it can 
also be seen that very little changes can be observed among 
the vertical profiles of streamwise velocity extracted at dif-
ferent downstream locations behind the SRWT model up 
to X/D =  2.0. It indicates that the velocity deficits in the 
wake behind the SRWT model would need a much longer 
distance to recover. However, as shown in Fig.  6b, while 
the velocity deficits behind the TRWT model were also 
found to recover very slowly in the near wake region (i.e., 
X/D ≤ 1.0 region), the recovery of the velocity deficits was 
found to become much faster in the far wake region (i.e., 
X/D > 1.0 region). The much faster recovery of the velocity 
deficits in the far wake behind the TRWT model is believed 
to be closely related to the generation of more complex 
wake vortex structures and enhanced turbulent mixing due 
to the existence of the auxiliary rotor, which were revealed 
clearly from the measured TKE and turbulent Reynolds 
stress distributions in the TRWT wake flow given in Figs. 7 
and 8.

Figure 7 shows the normalized in-plane turbulent kinetic 
energy (TKE) distributions in the turbine wake flows, which 
can provide further insights to explain the differences in 
the recovery of the wake velocity deficits behind the two 
compared turbine models. Lignarolo et al. (2014) and Tian 
et  al. (2014) suggested that the evolution of the unsteady 
wake vortices (i.e., generation, shedding, breakdown and 
dissipation) would play an important role on the TKE pro-
duction in a turbine wake. As shown clearly in Fig. 7, the 
regions with relatively high TKE levels were found to con-
centrate in the wake flows immediately behind the turbine 
towers and nacelles due to the formation and shedding of 
unsteady wake vortices from the turbine nacelles and tow-
ers. The TKE levels were also found to be quite high at the 
upper regions behind the rotation disks of the turbine rotor 

Fig. 6   Vertical velocity profiles in the wakes behind the SRWT and TRWT models. a In the wake of the SRWT model; b In the wake of the 
TRWT model
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blades, which is correlated well to the shedding paths of the 
tip vortices at the tips of the rotating blades. The expansion 
of the turbine wakes with the increasing downstream dis-
tance was also seen clearly from the TKE distributions.

While the TKE distribution pattern in the wake flows 
behind the two turbine models was found to be quite simi-
lar in general, some obvious differences can also be identi-
fied from the comparison of the TKE distributions behind 
the TRWT and SRWT models. Corresponding to the tip 
vortex shedding from the smaller auxiliary rotor blades, an 
additional region with relatively high TKE levels was also 
found to exist in the wake behind the TRWT model (i.e., 
X/D  <  1.0), in comparison with those behind the SRWT 
model. The onsets of the tip vortex breakdown (i.e., the 
starting points of the regions with much higher TKE levels 
as described in Tian et  al. (2014)) were also found to be 
quite different in the wakes behind the TRWT and SRWT 
models. While the breakdown of the tip vortices in the wake 
behind the TRWT model was found to take place earlier 
than the SRWT case, the absolute TKE values in the wake 

behind the TRWT model were become greater than those 
in the SRWT wake, especially in the region of X/D > 1.0. 
As suggested by Tian et  al. (2014), since the TKE level 
can usually be used as an indicator to evaluate the extent 
of turbulent mixing in a turbulent flow, the higher TKE lev-
els in the TRWT wake would indicate more intensive mix-
ing in the wake flow, resulting in the faster recovery of the 
velocity deficits in the wake behind the TRWT model. It 
should also be noted that the absolute TKE values along the 
shedding paths of the tip vortices in the near wake region 
(i.e., X/D  <  1.0) were found to be relatively low in gen-
eral, where concentrated tip vortices were observed in the 
“phase-locked” PIV measurement results to be discussed 
later. The measurement results were found to agree well 
with the findings reported in Medici (2005), who suggested 
that the concentrated tip vortices would act as a shield pre-
venting turbulent mixing and TKE production in the near 
wake behind a wind turbine.

Meneveau and his co-workers (Lebron et al. 2010; Calaf 
et al. 2010; Cal et al. 2010; Meyers and Meneveau 2012) 
conducted a series of experimental and numerical studies 

Fig. 7   Normalized TKE distributions in the wake flows behind the 
SRWT and TRWT models. a Normalized TKE distribution behind 
the SRWT model; b Normalized TKE distribution behind the TRWT 
model

Fig. 8   Reynolds shear stress distributions behind the SRWT and 
TRWT models. a Behind the SRWT model; b Behind the TRWT 
model
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on the wake characteristics behind wind turbines and sug-
gested that the energy extracted from a turbine array is less 
a matter of wind passing through one turbine to the next, 
but more of turbulence created behind one turbine draw-
ing down high velocity wind from above. Wu and Porte-
Agel (2012), Calaf et al. (2010) and Cal et al. (2010) also 
suggested that the Reynolds stress levels in a turbine wake 
would play a very important role in promoting the verti-
cal transport of the kinetic energy from above into a tur-
bine wake. Higher Reynolds stress levels in a turbine wake 
will draw down more high velocity airflow from above to 
“re-charge” the low-momentum wake flow behind the wind 
turbine.

Figure  8 shows the measured Reynolds stress distribu-
tions in the wakes behind the SRWT and TRWT models. 
As shown clearly in the figures, the regions with rela-
tively higher levels of Reynolds shear stress were found 
to exist in the turbine wakes at the top tips of the turbine 
main rotors, similar to the TKE distributions given in 
Fig.  7. As the downstream distance increases, the Reyn-
olds shear stress levels in the turbine wakes were found to 
increase rapidly. Higher levels of the Reynolds shear stress 
were also observed in the wakes behind the turbine tow-
ers and nacelles, corresponding to the generation and shed-
ding of unsteady vortex structures in these regions. While 
the general features of the Reynolds stress distributions in 
the wakes behind the two compared turbine models were 
found to be quite similar, the absolute values of the Reyn-
olds shear stress in the wake behind the TRWT model were 
found to be greater than those of the SRWT case, especially 
in the far wake region (i.e., X/D > 1.0).

Based on the comparisons of the TKE and Reynolds 
stress distributions described above, it can be seen clearly 
that due to the existence of the smaller auxiliary rotor 
appended in front of the main rotor blades, the TKE and 
Reynolds shear stress levels in the wake behind the TRWT 
models were found to become much higher than those of 
the SRWT case, especially in the far wake region (i.e., 
X/D > 1.0). As suggested by Wu and Porte-Agel (2012), 
Calaf et  al. (2010)and Cal et  al. (2010), the higher TKE 
and Reynolds shear stress levels in the turbine wake 
would indicate more intensive mixing in the wake flow, 
which would cause a faster vertical transport of kinetic 
energy by entraining more high-speed airflow from above 
to re-charge the lower momentum wake flow behind the 
TRWT model. As a result, the velocity deficits in the wake 
behind the TRWT model would recover much faster than 
those behind the SRWT model, especially in the region 
of X/D > 1. The faster recovery of the velocity deficits in 
the far wake behind the TRWT model was revealed more 
clearly from the measurement results of the Cobra ane-
mometer system in the turbine far wakes, which will be 
discussed later.

3.3 � “Phase‑locked” PIV measurements to reveal the 
evolution of the turbine wake vortices

As described above, “phase-locked” PIV measurements 
were also conducted in order to reveal the evolution of the 
unsteady vortices in the turbine wakes in relation to the 
phase angle of the turbine rotor blades more clearly. The 
phase angle of θ =  0.0° refers the situation with the pre-
marked rotor blade in the most upward position. As the 
phase angle increases, the pre-marked rotor blade would 
rotate out of the vertical PIV measurement plane. Figures 9 
and 10 give the “phase-locked” PIV measurement results in 
the term of the vorticity distributions in the turbine wakes 
at the phase angles of θ =  0.0°, 30.0°, 60.0°, and 90.0°, 
respectively. It can be seen clearly that the wake flows 
behind the turbine models are actually very complex vortex 
flows, which filled with various unsteady vortices in differ-
ent sizes and orientations.

As shown clearly in Fig. 9, a tip vortex would be induced 
in the wake flow behind the SRWT model from the tip of the 
pre-marked rotor blade at the phase angle of θ =  0.0°. As 
the phase angle increases, the tip vortex was found to shed 
from the tip of the pre-marked rotor blade. As indicated by 
the oblique dashed lines in the figures, the tip vortices were 
found to align themselves nicely along with other tip vorti-
ces induced by other rotor blades to form moving tip vor-
tex arrays in the turbine wake. An additional row of concen-
trated vortex structures were also found to be generated in 
the wake flow at approximately 60–70 % span of the turbine 
rotor blades. The vortex structures were found to move out-
ward with the expansion of the SRWT wake flow, merging 
with the tip vortex structures and dissipated eventually fur-
ther downstream. Similar wake vortex structures at approxi-
mately 60–70 % span of the rotor blades were also observed 
in the previous studies of Hu et al. (2011), Tian et al. (2014) 
and Whale et al. (2000). It can also be seen that unsteady vor-
tices would also be generated and shed periodically from the 
roots of the turbine rotor blades as root vortices. Other wake 
vortex structures, such as those generated over the upper and 
lower surfaces of the turbine nacelles as well as the unsteady 
von-Karman vortex streets shedding from the turbine towers, 
can also be seen clearly from the phase-locked PIV meas-
urement results. As described in Tian et al. (2014), the flow 
characteristics in the turbine wake were found to be domi-
nated by the evolution (i.e., formation, shedding, breakdown 
and dissipation) of the unsteady wake vortices.

Due to the existence of the auxiliary rotor blades 
appended in front of the main rotor blades, the wake vortex 
structures behind the TRWT model were found to become 
more complicated, in comparison with those behind the 
SRWT model. As shown in Fig. 10, in addition to the wake 
vortex structures similar as those behind the SRWT model 
(i.e., the tip and root vortices shedding from tips and roots 
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of the main rotor blades, the concentrated wake vortices at 
60–70 % blade span of the main rotor, and unsteady vortices 
shedding from the turbine nacelle and tower), a new set of 
wake vortices were also found to be generated and shed peri-
odically from the tips of the smaller auxiliary rotor blades of 
the TRWT model. Induced by the new tip vortices shedding 

from the tips of auxiliary rotor blades, the concentrated vor-
tices at 60–70 % span of the main rotor blades were found to 
move inward as they travel downstream in the wake behind 
the TRWT model, whereas the vortex structures were found 
to move outward for the SRWT case. The root vortices 
shedding from the roots of the main rotor blades were also 

Fig. 9   Phase-locked PIV meas-
urement results in the wakes 
behind the SRWT model

Fig. 10   Phase-locked PIV 
measurement results in the 
wakes behind the TRWT model
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found to become smaller and weaker due to the existence of 
the auxiliary rotor blades. Corresponding to the more com-
plicated interactions among the wake vortices behind the 
TRWT model, the breakdown of the concentrated tip vorti-
ces and the wake vortices at 60–70 % span of the main rotor 
blades were found to take place earlier in the wake behind 
the TRWT model (i.e., vortex breakdown at X/D ≈ 0.6 for 
the TRWT case, while at X/D ≈  0.9 for the SRWT case). 
The earlier breakdown of the concentrated wake vortices in 
the wake behind the TRWT model was found to be in good 
agreement with the earlier appearance of the regions with 
elevated TKE and Reynolds stress levels in the wake behind 
the TRWT model, as shown in Figs. 7 and 8.

3.4 � Flow characteristics in the far wakes behind the 
TRWT model

As described above, a Cobra anemometry system was 
also used in the present study to conduct flow velocity 

measurements in the turbine far wakes to supplement the 
near wake PIV measurements. Figures 11 and 12 give the 
measured vertical profiles of the streamwise velocity and 
turbulence intensity in the far wakes behind the SRWT 
and TRWT models (i.e., at the downstream locations of 
X/D = 2.0, 4.0, 6.0 and 8.0, respectively). The streamwise 
velocity and turbulence intensity profiles of the incoming 
airflow were also given in the plots for comparison.

As described above, with the smaller auxiliary rotor 
appended in front of the main rotor, the TRWT design 
would be able to harness more wind energy from the same 
incoming airflow by reducing the root losses of the main 
rotor blades. As a result, the incoming flow was found 
to decelerate more severely in the near wake behind the 
TRWT model, especially in the region near the roots of the 
main rotor blades, in comparison with that of the SRWT 
case. The greater velocity deficits in the wake flow near 
the TRWT model were also revealed quantitatively from 
the measurement results of the Cobra anemometry system 

Fig. 11   Streamwise velocity profiles in the wakes behind the SRWT and TRWT models

Fig. 12   Turbulence intensity profiles in the wakes behind the SRWT and TRWT models
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at the downstream of location of X/D =  2.0, as given in 
Fig. 11a. The measured turbulence intensity profiles given 
in Fig. 12a reveal clearly that the turbulence intensity levels 
in the wakes behind both the SRWT and TRWT models at 
the downstream location of X/D = 2.0 were much higher 
than those of the incoming airflow. The elevated turbulence 
intensity levels are believed to be closely related to the gen-
eration and shedding of various unsteady vortex structures 
in the turbine wakes as visualized clearly in the “phase-
locked” PIV measurements described above. It can also be 
seen that corresponding to the more complicated wake vor-
tex structures in the TRWT wake, the turbulence intensity 
level in the TRWT wake was found to be much higher than 
that in the SRWT wake at the same downstream location 
of X/D = 2.0, especially in the region near the roots of the 
main rotor blades. The higher turbulence intensity levels in 
the TRWT wake would indicate more intensive turbulent 
mixing in the wake flow to promote a faster vertical trans-
port process of kinetic energy from above to re-charge the 
low-momentum turbine wake flow, as suggested by Wu and 
Porte-Agel (2012), Calaf et al. (2010) and Cal et al. (2010). 
This would result in a faster recovery of the velocity defi-
cits in the wake flow behind the TRWT model.

Due to the faster recovery of the velocity deficits in the 
far wake behind the TRWT model, the flow velocity in 
the TRWT wake at the downstream location of X/D = 4.0 
was found to become greater than that in the SRWT wake, 
as shown in Fig.  11b. It suggests that the TRWT wake 
flow would become more energetic, in comparison with 
that of the SRWT case, at the same downstream loca-
tion of X/D =  4.0. A higher wind power generation can 
be expected for a wind turbine sited in the wake behind a 
TRWT, in comparison with the case having the same tur-
bine sited in the SRWT wake at the same downstream loca-
tions. It implies that the TRWT design can also be used to 
mitigate wake losses in wind farm settings. The measure-
ment results given in Fig. 12b reveal that, while the turbu-
lence intensity levels in the TRWT wake were still found to 
be much higher than those behind the SRWT model at the 
same downstream location of X/D =  4.0, the differences 
in the turbulence intensity profiles between the two com-
pared cases were found to become smaller than those at the 
upstream location of X/D = 2.0.

As shown clearly in Fig. 11c, due to the more intensive 
turbulent mixing in the TRWT wake, the flow velocity, 
thereby, kinetic energy of the wake flow behind the TRWT 
model at the downstream location of X/D = 6.0 were found 
to become greater than those of the SRWT case. The meas-
ured turbulence intensity profiles given in Fig.  12c reveal 
that at the downstream location of X/D =  6.0, while the 
turbulence intensity levels in the TRWT wake were still 
found to be higher than those of in the SRWT wake, the 
differences between the two compared cases became much 

smaller, in comparison with those at the upstream loca-
tions. This suggests a shrinking differences in the wake 
velocity deficit recovery between the two compared cases 
at the further downstream locations of X/D > 6.0.

With the downstream distance increase further to 
X/D = 8.0, velocity deficits were still found to exist in the 
wake flows behind both the TRWT and SRWT models, as 
shown clearly in Fig.  11d. It indicates that in comparison 
with that of the incoming airflow, the flow velocity profiles 
in the turbine wakes have not been fully recovered yet even 
at the further downstream location of X/D = 8.0. However, 
the differences in the vertical profiles of streamwise veloc-
ity of the wake flows behind the TRWT and SRWT models 
were found to become very small at this downstream loca-
tion. The measurement data given in Fig.  12d reveal that 
while the absolute values of the turbulence intensity levels 
in the turbine wake flows were found to decrease greatly and 
become almost comparable to those of the incoming airflow, 
the turbulence intensity levels in the wake flows behind the 
two compared turbine models were found to become almost 
the same at the downstream location of X/D =  8.0. Such 
measurement results suggest that the flow characteristics 
in the wakes behind the TRWT and SRWT model would 
become very similar at the further downstream region of 
X/D  >  8.0. It also implies that the benefits of the TRWT 
design to augment turbulent mixing for a faster recovery of 
the velocity deficits in the turbine wake would fade away 
gradually in the further downstream region of X/D > 8.0.

Based on the transverse profiles as those shown in Figs. 11 
and 12, the upper boundaries of the turbine wakes behind the 
turbine models can be identified easily, which are indicated 
as the dash lines in Fig. 11. Since the wake expansion rate 
behind the TRWT model is mainly determined by the larger 
primary rotor, the upper boundaries of the wakes behind the 
SRWT and TRWT models were found to be almost identical. 
Figure  13 shows the measured upper boundary location of 
the turbine wakes as a function of the downstream distance. 
As expected, the turbine wakes were found to expand mono-
tonically with the increasing downstream distance. More 
specifically, as indicated in the plot, the relationship between 
the measured upper boundary location of the turbine wakes 
and the downstream distance away from the turbine rotor 
disk was found to be fitted well by a power function with the 
power-law exponent being about 2.0.

3.5 � Comparison of the power outputs of the same 
downstream turbine sited in the wakes of the 
TRWT and SRWT models at different downstream 
locations

In the present study, a set of experiments were also con-
ducted to directly measure and compare the power outputs 
of the same wind turbine model sited in the wake flows 
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behind the TRWT and SRWT models (i.e., aligned with 
the incoming airflow direction) at different downstream 
locations. The experimental study is aimed to simulate 
the worst scenario in wind farm settings to experience the 
greatest wake losses as reported in Bartherlmie et al. (2007, 
2009). As described above, since the Reynolds numbers 
of the model turbines used in the present study are much 
smaller than those of utility-scale turbines operating in 
modern wind farms, the power coefficients of the small tur-
bine models used in the present study (i.e., CP ≈ 8–12 %) 
were found to be much lower than those of the utility-scale 
wind turbines (i.e., CP ≈ 40–45 %). Instead of using abso-
lute values of the power coefficients, normalized power 
outputs of the model turbines (i.e., normalized by the 
power output of the same turbine model operating in iso-
lation without wake effects from upstream turbines) were 
used in the present study to reveal the characteristics of the 
power losses of the same downstream wind turbines due to 
the wake interference in typical wind farm settings, as sug-
gest in Barthelmie et al. (2007).

Figure  14 gives the normalized power outputs of the 
same turbine model sited in the wakes behind the TRWT 
and SRWT models as a function of the downstream dis-
tance away from the upstream turbines. Corresponding to 
the significant velocity deficits in the wake flows behind 
the TRWT and SRWT models, the downstream turbine 
was found to experience significant wake losses due to 
the ingestion of the low-momentum wake flows of the 
upstream TRWT and SRWT models. The wake losses were 
found to be as high as 60–70 % when the downstream tur-
bine model was sited at about 2.0 rotor diameters away 
from the upstream SRWT or TRWT model. As revealed 
from the vertical profiles of streamwise velocity given in 
Fig.  11, the velocity deficits in the turbine wakes would 
recover gradually as the downstream distance increases, 

the power losses of the downstream turbine due to the wake 
interference were found to become less and less as the 
downstream turbine moved further away from the upstream 
turbines. Based on the interpolation of the measurement 
results given in Fig. 14, the power loss of the downstream 
turbine due to the wake interference was found to be about 
35, 27 and 23 %, respectively, as the distance between the 
upstream and downstream SRWT turbines being about 
7.0D, 9.4D and 10.5D. The values of the wake losses 
were found to agree well with the field measurement data 
reported in Barthelmie et  al. (2007), who measured the 
wake losses of conventional single-rotor wind turbines (i.e., 
SRWTs) sited in Horns Rev offshore wind farm.

The feasibility of using TRWT design to reduce the 
wake losses in typical wind farm settings was demonstrated 
clearly from the comparison of the measured power outputs 
of the same turbine sited in the wakes behind the SRWT 
and TRWT models, as given in Fig. 14. Due to the exist-
ence of the additional auxiliary rotor, the TRWT design 
would harness extra wind energy from the same incoming 
flow (i.e., by reducing the roots losses incurred in the region 
near the roots of the main rotor blades), in comparison with 
the conventional SRWT design. As a result, the velocity 
deficits in the near wake behind the TRWT model were 
found to be much more significant than those in the SRWT 
wake. With the turbine sited at the same downstream loca-
tion of X/D = 2.0, corresponding to the much lower flow 
velocity in the near wake behind the TRWT model, the 
downstream turbine was found to have less power output 
when sited in the TRWT wake, in comparison with that in 
the SRWT wake, as expected. However, since the TRWT 
design with an extra auxiliary rotor can generate more 
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complicated wake vortex structures to augment the turbu-
lent mixing in the TRWT wake, the velocity deficits in the 
far wake behind the TRWT model were found to recover 
much faster than that of the SRWT case. As a result, the 
magnitude of the flow velocity in the TRWT wake at the 
downstream location of X/D =  4.0 was found to become 
greater than that in the SRWT wake, as shown clearly in 
Fig.  11b. Corresponding to the higher wake flow veloc-
ity, thereby, more kinetic energy, in the TRWT wake at the 
downstream location of X/D = 4.0, the same downstream 
turbine model was found to be able to produce about 5 % 
more power when sited in the TRWT wake than that in 
the SRWT wake. It indicates that the TRWT design with 
an extra auxiliary rotor appended in front of the main rotor 
would not only be able to harness extra wind energy from 
the same incoming airflow (i.e., by reducing the root losses 
in the region near the roots of the main rotor blades), but 
also be capable of mitigating wake losses for downstream 
turbines in typical wind farm settings, in comparison with 
those of the conventional SRWT design.

The measurement results given in Fig.  14 also reveals 
that the benefits of the TRWT design in reducing the wake 
losses for the downstream turbines would be maximized 
when the spacing between the upstream and downstream 
turbines being about 6.0 rotor diameters, where the same 
downstream turbine model was found to be able to gener-
ate about 7 % more power when sited in the TRWT wake 
than that in the SRWT wake. With the downstream turbine 
model moving further away from the upstream turbine 
model, the advantage of the TRWT design over the conven-
tional SRWT design in reducing the wake losses was found 
to shrink gradually, and the difference in the power outputs 
of the same downstream turbine between the two compared 
cases were found to become only about 2.5  % when the 
spacing between the upstream and downstream turbines 
being about 12.0 rotor diameters. The smaller and smaller 
benefits of the TRWT design in mitigating the wake losses 
in the far wake region of X/D > 8.0 was found to be cor-
related well with the continually shrinking differences in 
the flow velocity and turbulence intensity profiles behind 
the TRWT and SRWT models as shown in Figs. 11 and 12. 
It should be noted that the spacing between the upstream 
and downstream wind turbines is about 7–10 rotor diam-
eters in a typical offshore wind farm, as described in Bar-
thelmie et al. (2007). Based on the measurement data given 
in Fig.  14, with the spacing between the upstream and 
downstream wind turbines being 7–10 rotor diameters, the 
TRWT design with an extra auxiliary rotor appended in 
front of the main rotor would be able to improve the wind 
farm efficiency by mitigating the wake losses of the down-
stream turbines by about 4–6  %, in comparison with the 
conventional SRWT design.

4 � Conclusion

An experimental study was conducted to characterize 
the aeromechanic performance and wake characteristics 
of a novel twin-rotor wind turbine (TRWT) concept for 
improved power production performance and wind farm 
efficiency. Unlike conventional single-rotor wind turbine 
(SRWT) design, the TRWT design employs an extra set of 
smaller, co-axial auxiliary rotor blades appended in front of 
the main rotor blades with two objectives: (1) reduce root 
losses incurred in the root region of the main rotor blades 
and (2) mitigate wake losses of downstream turbines in 
wind farm settings through enhanced turbulent mixing of 
turbine wake.

The experimental study was performed in a large-scale 
atmospheric boundary layer wind tunnel with scaled TRWT 
and SRWT models placed in the same incoming boundary 
layer airflow. In addition to measuring the dynamic wind 
loads acting on the model turbines, a digital particle image 
velocimetry (PIV) system was used to make detailed flow 
field measurements to quantify the wake flow characteris-
tics and reveal the evolution of the unsteady wake vortices 
in the near wakes behind the TRWT and SRWT models. 
A Cobra Probe Anemometry system was also used to con-
duct velocity measurements in the far wake flows (i.e., in 
the downstream locations of X/D = 2.0–8.0) to supplement 
the PIV measurements. Furthermore, the power outputs of 
a model turbine sited in the wake behind the TRWT model 
at different downstream locations were also measured and 
compared quantitatively with those of the same model tur-
bine sited in the wake behind the SRWT model.

The measurement results reveal clearly that while 
the TRWT design was found to be capable of harvesting 
more wind energy from the same incoming boundary layer 
flow by reducing the root losses of the main rotor blades, 
the dynamic wind loads acting on the TRWT model were 
found to be much greater (i.e., ~16  % increase in time-
averaged wind loads, up to 140 % increase in the fluctuat-
ing amplitudes of the instantaneous wind loads) than those 
acting on the SRWT model. The much larger fluctuating 
amplitudes of the dynamic wind loads would indicate more 
significant fatigue loads acting on the TRWT model.

It was also found that due to the existence of the addi-
tional auxiliary rotor appended in front of the main rotor, 
the flow characteristics in the near wake behind the TRWT 
model were found to become significantly different (i.e., 
much larger velocity deficits in the near wake, more com-
plex wake vortex structures, earlier breakdown of the con-
centrated wake vortices, and higher TKE and turbulent 
Reynolds stress levels), in comparison with those behind 
the SRWT model. Thanks to the more complex wake vor-
tices generated behind the TRWT model, the turbulent 
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mixing process in the wake flow behind the TRWT model 
was found to be enhanced substantially, which greatly aug-
ment the vertical transport of kinetic energy by entrain-
ing more high-speed airflow from above to re-charge the 
low-momentum wake flow, causing a much faster recov-
ery of the velocity deficits in the far wake behind the 
TRWT model. Therefore, the TRWT wake flow was found 
to become more energetic in the far wake region (i.e., 
X/D > 3.0) than that of the SRWT wake. As a result, the 
power outputs of a downstream turbine sited in the far 
wake behind the TRWT model were found be substantially 
greater than that of the same turbine sited in the wake 
behind a conventional SRWT model (i.e., up to 7 % more 
power output at the downstream location of 6.0 rotor diam-
eters away from the upstream turbine). It indicates that the 
TRWT design with an extra auxiliary rotor would not only 
be able to harvest more energy from the same incoming 
wind by reducing the root losses of the main turbine rotor, 
but also be capable of improving wind farm efficiency by 
mitigating the wake losses for the downstream turbines 
through enhanced turbulent mixing of the turbine wake 
flows.

It should be noted that while the TRWT design were 
demonstrated to be capable of both improving turbine 
power production performance and mitigating wake losses 
in typical wind farm settings, the present experimental 
study was conducted in a wind tunnel with scaled wind tur-
bine models. The corresponding Reynolds number of the 
scaled turbine models is about two orders lower than those 
of the utility-scale wind turbines, due to the inherent lim-
itations of the wind tunnel testing with scaled model tur-
bines. While the findings derived from the present study are 
believed to be very helpful to elucidate underlying physics 
related to aeromechanic characteristics of wind turbines, 
more comprehensive studies are still needed to explore/
optimize design paradigms of TRWT design for higher 
power yield and better durability of the wind turbines oper-
ating in atmospheric boundary winds.
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