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a b s t r a c t

An increase in the efficiency of Small Wind Turbines (SWTs) by aerodynamic optimisation of the blade
geometry is limited (low Reynolds number influence). Solutions such as the Diffuser-Augmented Wind
Turbine (DAWT) and the twin-rotor systems are of increasing interest. A diffuser promotes an increase in
the wind mass flow rate through the turbine, whereas an auxiliary rotor enables extraction of the wind
kinetic energy in the wake.

The paper summarizes the measurements of wind turbine systems performance conducted at the
Institute of Turbomachinery, Lodz University of Technology (IMP TUL). The research incorporated a
spectrum of wind turbine configurations for open and shrouded, single- and twin-rotor systems. The
objective was to compare the performance of the same rotor in different configurations. The influence of
a low Reynolds number flow on the rotor performance is also discussed and quantified.

The study shows that, while augmenting the wind turbine performance (as much as twofold increase),
shrouding rises significantly the rotor loading. A remedy for that may be an application of the second
rotor. Although it provides a rather modest efficiency increase (11e13% for the unshrouded-, 4e5% for
shrouded turbine), it allows loads to be distributed more evenly on turbines.

1. Introduction

Although the concept of a stator-equipped wind turbine was
studied back at the beginning of the 20th century, the first practi-
cally feasible solutions were presented around the 1980s. Igra [1]
was studying diffusers of a long form, inspired by turbomachines.
Gilbert and Foreman [2] proposed a design based on an aero-
dynamic profile. The drawback of those early solutions was their
large size and mass e thus, also the cost. There was little practical
interest in this idea, due to its financial inefficiency. The concept
remained unexplored until the addition of a flange (or a brim) at
the diffuser exit, as proposed by Abe and Ohya [3]. Modern eco-
nomic studies (e.g., Ref. [4]) show the purposefulness of shrouded
wind turbines, as standalone or hybrid installations. It is important
to underline that most of these machines are of small scale and
power up to about 50 kW, falling into the definition of a Small Wind
Turbine [5]. The authors of this article believe that distributed in-
stallations and local ownership of wind turbines will develop

further in the years to come, although these actions must be sup-
ported by the interested parties [6].

1.1. Experimental invesigations in shrouded- and twin-rotor wind
turbines

The majority of the earliest research pertaining to the DAWT
was related to experimental investigations. Igra [1] performed a
profound analysis of various shroud geometries, both in the wind
tunnel and in field tests (a prototype of the rotor diameter D¼ 3m
and the power P¼ 0.66 kWat 5m/s was constructed). Gilbert and
Foreman [2] conducted a series of wind tunnel experiments for
different rotor loadings and sizes (the maximal diameter equal to
0.46m). Nagai validated his analytical research [7] using the results
from earlier prototype measurements, although no precise tech-
nical specification was made available. More recently, diffusers
were shortened into a more compact form and equipped with an
exit flange. This enlarged the underpressure region downstream of
the shroud and further increased the mass flow through the
diffuser. Kosasih and Tondelli [8] observed how their model wind
turbine of Dz 0.2m performed with different shapes of the
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diffuser and with an application of an inlet nozzle in order to in-
crease wind turbine performance. Abe et al. [9] used hot wire
anemometry to reconstruct the velocity field around the open- and
shrouded wind turbine. The flow directly downstream of the blades
was similar in both cases, with only minor differences in the tip
region. In return, strong dissimilarities were observed further on,
with a rapid destruction of the vortexwake in the case of the DAWT,
credited to a damping effect of the diffuser. Wang et al. [10] used
wind tunnel tests to assess the mechanical behaviour of a shrouded
rotor of the 3 kWwind turbine. In telemeter tests, it was possible to
determine stresses in the blades operating at different wind speeds
and yawing angles, and to conclude that an addition of shrouding
increases the said stresses. The DAWT concept also resonates in
vertical-axis wind turbines, where the shroud usually has a form of
vanes directing the flow similarly as in case of classic two-stage
turbines (see, e.g., Ref. [11]). The investigations performed at the
IMP TUL included tests in a low-speed wind tunnel [12]. The
experiment involved PIV flow imaging of an empty diffuser,
pneumatic measurements and determination of the wind turbine
model power.

Wind turbine power is proportional to the rotor area A (see Eq.
(1)), which can be increased by elongating the blades or adding the
second rotor. An advantage of the latter solution is a more even
distribution of stresses between multiple stages of the turbine, as
stated by Curtis in his patent of an impulse turbine [13]. A signifi-
cant obstacle in optimising a multi-rotor wind turbine system re-
mains the wake phenomena, since most studies are oriented
towards wind farm optimisation and far wake exploration [14]. Due
to a lack of nozzle blades, twin-rotor wind turbines are usually
Counter-Rotating Open Rotor (CROR) devices. Appa [15] proposed a
CROR wind turbine composed of two rotors of the same geometry
(D¼ 4m). The prototype installation managed to increase the
system aerodynamic efficiency by 25e40% (compared to the single
rotor), and this gain was most visible for low rotational velocities.
Jung et al. [16] proposed to place a smaller, auxiliary rotor upstream
of the main rotor, resulting in a 30 kW-CROR of the total efficiency
around 50%. Several studies proposed a CROR in which the up-
stream rotor diameter was bigger than that of the downstream one
[17e19]. The wind tunnel measurements permitted optimisation of
the entire system by a proper choice of the number and size of
blades, types of aerofoils, chord and twist angles, etc. The wind
turbines were designed to work with a custom-made generator, in
which both armatures were rotating. Field tests were also

performed, with promising results, yielding 430Wat 12.6m/s
(Dupstream¼ 2m, Ddownstream¼ 1.33m).

A combination of the DAWT and CROR concepts seems a natural
idea, as it would enable one to profit further on from the diffuser-
enhanced wind velocity by placing the second rotor in the
augmented velocity region. An example of a (failed) attempt at this
concept was the so-called Elena Energie wind turbine (see, for
instance, Ref. [20]) installed and tested in Paris Belleville park. No
scientific data concerning its geometry or performance was shared.
A different approach, a multi-DAWT array, was explored by
G€oltenbott [21]. An interaction between neighbouring shrouded
wind turbines was examined in a wind tunnel. It was reported that
the array could obtain higher power than individual DAWTs, which
was attributed to the flow acceleration between neighbouringwind
turbines, measured with hot-wire anemometry.

The current study proposes a novel approach to the investiga-
tion of DAWTs and CRORs, as the rotors studied for all the cases
have the same geometry. Thus, the results can be easily compared.
The machine being their combination, the CRSR (Counter-Rotating
Shrouded Rotor), is examined profoundly to determine a possibility
of its employment in modern wind turbine systems. The objective
was therefore to compare the performance of the very same rotor at
different configurations by using experimental analysis in the wind
tunnel. The quantification of a low Reynolds number flow influence
on the rotor performance is another important aspect under dis-
cussion. In total, 9 cases were examined, as shown in Table 1.

1.2. Definition of the dimensionless variables

The shrouded wind turbine operates at the local wind velocity
higher than that of an open rotor. This enables it to attain relatively
higher power values at the same reference wind speed, compared
to an open rotor. Even a small change in thewind velocity V exerts a
significant effect on the power outcome P and the thrust force Ft, as
they are expressed as (see, e.g., Ref. [22]):

Nomenclature

ABS Acrylonitrile butadiene styrene
CROR Counter-Rotating Open Rotor
CRSR Counter-Rotating Shrouded Rotor
DAWT Diffuser-Augmented Wind Turbine
FFT Fast Fourier Transform
IMP Institute of Turbomachinery
SWT Small Wind Turbine
TUL Lodz University of Technology
A, m2 Rotor area
Cp, - Power coefficient
Ct, - Thrust coefficient
D, m Diameter
Ft, N Rotor thrust (axial force)
P, W Power

Q, N$m Rotational torque
Re, - Reynolds number
RH, - Relative humidity
T, K Temperature
TSR, - Tip speed ratio (also l)
V, m/s Wind velocity
c, m Chord length
l, m Characteristic length
p, Pa Pressure
pabs, Pa Ambient pressure
pdyn, Pa Dynamic pressure
r, J/kg$K Individual gas constant
v, m/s Velocity
n, m2$s Kinematic viscosity
r, kg/m3 Density
u, rad/s Rotational velocity

Table 1
Overview of the analysed cases.

Open rotor DAWT CROR CRSR

No. of rotors 1 1 2 2
Diffuser no yes no yes
No. of locations 1 2 3 3



P ¼ Pwind Cp ¼ rAV3

2
Cp

Ft ¼ Ftwind Ct ¼ rAV2

2
Ct

(1)

In the above formulae, Pwind and Ftwind denote, respectively, the
power and axial force of an air stream of the same cross-section
area as the rotor. r denotes fluid density. Ct is referred to as the
thrust coefficient, whereas Cp is the so-called power coefficient,
which can be understood as rotor efficiency. It can be demonstrated
(see ex. [23]) that the maximal Cp for an open rotor is attained
when the wind velocity in the wake becomes 1/3 of the reference
velocity V. Then:

Cpmax ¼16
27

z0:593 (2)

The above formula defines the so-called Betz limit, the maximal
open rotor efficiency. The situation changes, however, when
shrouding is applied, as it modifies locally velocity and pressure
fields (e.g., Nagai [7]). Similarly, when considering a twin-rotor
system (e.g., Newman [24]), it is possible to demonstrate that the
maximal total Cp is equal to 0.64, that is 8% more than for a single
rotor wind turbine (assuming the same rotor area for both wind
turbines).

In order to compare the performance of wind turbines operating
at different flow conditions, it is also necessary to recall the Rey-
nolds number Re definition:

Re ¼ vl
n

(3)

In the above equation, v is the velocity (local wind speed in the
current study), l is the characteristic length (equal to the chord
length c in this case) and n is the kinematic viscosity.

In order to assess an influence of the wind turbine rotational
velocity u, the so-called tip-speed ratio TSR is defined as:

TSR ¼ uD
2V

(4)

Note that in (4), u is placed in [rad/s] in order to represent the
linear velocity of the blade tip. Thus, in theory the above formula
should bemultiplied by [1/rad] to obtain the TSR as a dimensionless
parameter. This is usually omitted, since radian is an SI dimen-
sionless unit (see, e.g., Ref. [22]).

2. Experimental apparatus

Experimental investigations of SWTs constitute a significant
challenge due to numerous aspects. As observed by Saetran (e.g.,
Ref. [25]), the low-local Reynolds number flow around aerofoil
causes boundary layer transition and separation to be much more
unpredictable and dependent on external factors, such as turbu-
lence intensity. Additionally, as tested models become smaller, the
surface quality becomes an important factor to be considered.
Roughness is an important issue [26] in certain 3D-prinitng tech-
nologies, as layers of materials are placed on one another, resulting
in a non-smooth surface.

2.1. Methodology

The measurement system (Fig. 1) involves devices used to
evaluate flow properties (ambient pressure patm, temperature T,
relative humidity RH, dynamic pressure pdyn) used to estimate the
flow velocity V and perform temperature compensation;

aerodynamic forces (the rotor thrust or the axial force Ft); and rotor
performance (the rotational torque Q and the angular velocity u).

The flow velocity V is evaluated on the basis of pneumatic
measurements with a Pitot tube (Prandtl type). The obtained (dy-
namic) pressure is recomputed into the wind velocity V as [27]:

V ¼
ffiffiffiffiffiffiffiffiffiffi
2 dp
r

s
(5)

To account for changes in flow thermodynamic conditions in the
wind tunnel, the density r is calculated separately for every test
point [27]. Humid air is treated as a mixture of two ideal gases: dry
air andwater vapour. The flowmedium density is a sum of densities
of both constituting ideal gases:

r¼ rdry þ rvap ¼ pdry
rdry T

þ pvap
rvap T

(6)

pdry ¼ patm � pvap (6a)

pvap ¼ RH pp (6b)

In formula (6), rdry¼ 287.05 J/kg$K and rvap¼ 461.50 J/kg$K are
individual gas constants for dry air and water vapour, respectively.
pdry and pvap are the partial pressures of dry air and water vapour,
correspondingly. The former is computed basing on the Dalton's
law (6a), the latter e the relative humidity RH and the saturation
vapour pressure pp (6b). pp can be computed with empirical
formulae. In this case, the so-called Buck equation [28] was used
(with temperature expressed in �C):

pp ¼ 611:21 exp
��

18:678� T
234:5

� �
T

257:14þ T

��
(7)

Wind turbine performance was determined by measuring the
shaft angular velocity u and the torque Q. The product of both the
quantities is the rotor power:

Fig. 1. Wind turbine experimental measurement system; colours distinguish main
elements of the measurement chain; first three columns show measured quantities,
captors and transducers used, respectively.



P ¼ Q u (8)

Before the measurement campaign, the idle test setup torque
(coming from friction, bearings, etc.) was determined. For this
purpose, the rotor was detached and torque was measured at
different rotational velocities. Similarly, the rotor thrust measure-
ments were preceded by test platform drag evaluation. Those steps
enabled to compensate the obtained results for local losses.

The measurement acquisition rate was equal to 1000Hz, with
65536 samples collected. This enabled a rudimentary signal anal-
ysis with the Fast Fourier Transform (FFT) and creation of a simple
2nd order band reject Butterworth filter, targeting the dominant
signal frequencies (coming from, e.g., a wind tunnel ventilator and
the wind turbine rotational velocity).

Standard procedures were used in order to assess the mea-
surement uncertainty. The assessment took into account the sta-
tistical evaluation of the collected data (type A uncertainty) and the

accuracy of the measuring equipment/system (type B uncertainty).
The combined standard uncertainty for TSR, Cp and Ct for single
rotor cases are represented in Figs. 6 and 7 as error bars for all
measurement points. The relative uncertainty is especially high for
Ct at low wind speeds (e.g., 7.7m/s and 10.0m/s in Fig. 6), which
proves that the results in these cases may be biased and must be
considered mostly for qualitative analysis. For twin-rotor configu-
rations, the uncertainties are not presented in the graphs so as to
not obscure them. In these cases, the order of magnitude of relative
combined standard uncertainty for TSR values is 1%, Cp: 2%, Ct:
3e4%.

2.2. Wind turbine test platform

The IMP TUL subsonic wind tunnel [29] has an open test section
operating in the blowmode. Air is moved by a centrifugal fan of the
nominal volume flow rate equal to 6.25m3/s. An installation of

Fig. 2. Various components of the test platform: rotors (R1 downwind, R2 upwind), test setups (T1 upstream, T2 downstream), diffuser.

Fig. 3. Schematic view of the complete test platform in the DAWT measurements (elements not in scale).



honeycomb [30] and recent renovation works adapted the wind
tunnel structure for current aerodynamic projects conducted at the
IMP TUL. The wind tunnel outlet (test section inlet) is of circular
shape. The test section has the diameter of 0.8m and the length of
2m. The maximal achievable air velocity is equal to approximately
18m/s.

The test platform consists of three principal elements (Figs. 2
and 3):

� T1 upstream wind turbine e the default wind turbine used for
the tests, placed closer to the test section inlet, at the default
distance of 1m from it,

� T2 downstreamwind turbinee the second wind turbine, whose
streamwise position with respect to T1 can be adjusted,

� Diffuser e a divergent duct; wind turbines are placed at its inlet
and inside.

Both the three-bladed rotors under consideration share the
same geometry, based on SG6040 and SG6041 aerofoils. The blade
geometry of a spanwise-variable chord and a twist angle (Fig. 4, see
Ref. [31]) is an in-house IMP TUL design for a DAWT. The rotor
diameter D is equal to 0.32m. This value was chosen in previous
analyses conducted at the IMP TUL [32] as a compromise between
small scale and wind tunnel blockage. At the wind velocity of
15.95m/s and the optimum TSR, the local Reynolds number
calculated on the basis of the chord length is of the order of
magnitude equal to 105. The diffuser is a divergent duct of cut-cone
shape of the total length of approximately 0.86 D, cone angle of 22�

and the tip clearance around 2.2% D (Fig. 3). The diffuser inlet is
equipped with a convergent section (“throat”). It attracts more
mass flow through the diffuser inside and tranquilizes the flow to

prevent additional separations. The diffuser outlet is equipped with
a brim, installed to increase the low-pressure zone downstream of
the diffuser and, additionally, to increase the mass flow rate
through the rotor.

Each wind turbine is controlled and measured separately, on a
test setup composed of four principal components (Fig. 5), namely:

� Rotor e composed of three blades, fixed to the hub. The blades
and the hub are 3D-printed (Fused Deposition Modelling tech-
nique), using acrylonitrile butadiene styrene (ABS) as the ma-
terial, and surface-treated to decrease roughness (see Ref. [33]
for more details on the process). This ensures high fidelity of
depiction of the designed geometry. Two rotor specimens are
used, R1 and R2, the latter being a mirrored geometry of the
former one.

� Bearing unit e supporting the rotor shaft. Three straight ball
bearings constitute an over rigid arrangement to minimize the
vibrations coming from the rotor and to increase robustness.

� Torquemeter e captor-transducer used to measure the torque
produced by the wind turbine rotor and transported via the
shaft.

� Permanent magnet motor/generator e used to impose actively
the system rotational velocity. The device itself is regulated by a
dedicated four-quadrant controller working in a closed loop,
maintaining the rotational velocity. It also governs if the energy
transformer works in the motor mode (propelling the rotor) or
the generator mode (converting mechanical energy into elec-
tricity). A connection of the electric circuit to the battery accu-
mulator enables electric energy supply and storage in the same
source.

All the aforementioned components are housed in tailor-made
holders, manufactured in 3D printing technology. This process
ensures rapidity and gives virtually unlimited possibilities of
adapting the holders’ shapes. All elements are mounted on a C-
profile, which in turn is mounted on a pillar. The test setup and the
pillar are enclosed in covers made of a plastic pipe, to decrease their
aerodynamic drag.

3. Results and discussion

The measurement campaign consisted of several steps: in-
vestigations of the SWT behaviour at low wind speeds, results of

Fig. 4. 3D printed blades view: top, pressure side, leading edge side.

Fig. 5. T1 test setup overview (without covering).



employment of the diffuser and the second rotor.

3.1. Small wind turbine operation in low-Re flows

The low Reynolds number observed at the SWT operation
means that its blades will usually function in the transitory region
between laminar and turbulent regimes (estimated to be around
the Re order of magnitude 105, see, e.g., Ref. [34]). The Reynolds
number influence is most significant at low wind speeds and be-
comes less evident with an increasing wind speed. Fig. 6 presents
wind turbine measurement results (Cp and Ct as functions of the

TSR) for the wind speeds V in the range 8e18m/s, with a step of
approximately 2m/s.

The characteristics for all wind speeds share a common region
for the maximal Cp and Ct at approximately TSR¼ 3.5e4. All Cp
curves remain very close at a low TSR (up to approximately
TSR¼ 2). With an increasing TSR, the curve traces start differing,
yet this variation is inconsiderable. The difference in Cpmax be-
tween the reference velocities of 7.7m/s and 17.9m/s is equal to
approximately 9%. As expected, the differences become less sig-
nificant with an increase in the wind velocity. The characteristics
captured for the reference wind speeds of 14.0m/s, 16.0m/s and
17.9m/s share almost the same traces. The Cp values for 16.0m/s
and 17.9m/s vary by no more than 2% along the entire TSR range
under consideration. For all wind speeds, the predicted idle

Fig. 6. Cp and Ct vs TSR for different relative wind speeds V; R1 open rotor (upwind).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 7. Cp and Ct vs TSR for different relative wind speeds V; R1 DAWT (downwind), R1
open rotor (upwind). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)



rotational velocity is at about TSR¼ 6, but this value becomes
higher as the relative wind speed rises. It is also visible that for the
TSR above optimal, the Cp values remain globally higher for higher
wind velocities. Under those conditions, the aerofoil operates at a
low angle of attack, where the lift coefficient depreciates and the
drag increases rapidly as the Reynolds number plummets (see, e.g.,
Ref. [35]). Consequently, at the same TSR, the resulting performance
decreases with an increase in Re.

Concerning the values of Ct, differences are significantly more
visible. The curves for the two lowest wind speeds (i.e., 7.7m/s and
10.0m/s) are located significantly lower than the rest of the curves.
Since such significant differences are not reproduced in the Cp
graph, this behaviour may be partially due to a low magnitude of
the measured force and consequent limits of the measuring
equipment, which is also confirmed by the prohibitively high level
of uncertainty observed for this wind speeds. The characteristics for
the reference wind speeds of 12.4m/s, 14.0m/s and 16.0m/s share,
once again, very similar traces, with differences up to approxi-
mately 5%. Note that the lack of the Ct(STR) curve for the wind
speed 17.9m/s comes from technical issues during data collection.

The above-mentioned observations permitted the reference
velocity of about 16.0m/s to be picked for further tests (except the
cases when stated otherwise). On one hand, this velocity will
contain the Reynolds number influence within acceptable limits,
and, at the same time, the torque generated in the DAWT config-
uration will not surpass the generator-controller limits. The tests
also show that e at extremely low Re flows e an increase in the
wind speed through the rotor can dramatically improve the wind
turbine performance, which is the principle of the DAWToperation.

3.2. Diffuser-Augmented Wind Turbine (DAWT)

Fig. 7 compares the performance of the DAWTand an open rotor
wind turbine. The shrouding permitted the Cp to increase for the
same wind velocity (16m/s) by a factor of 2e3, which is not
observed even for the examined twin-rotor systems (see Tables 2
and 3). This translates to an increase in the flow speed through
thewind turbine rotor up to 40%. The obtained Cp increase is higher
than that mentioned in literature: Kosasih and Tondelli [8]
observed the maximal Cp rise by about 63% for a throat-equipped
diffuser. In the current case, a significant amelioration is attrib-
uted to the fact that the rotor-diffuser assembly was optimised to
operate together from the design stage. As a result, the ensemble is
able to surpass the Betz limit for an open rotor. This is due to the
fact that the local modification of pressure and velocity fields
effectively violate the assumptions of the one-dimensional flow
theory, as there is an additional contribution to the flow mo-
mentum due to the force exerted by the diffuser (see, e.g., Ref. [36]).

Following a higher flow velocity through the rotor, u is also
higher, achieving values of the order of magnitude of 10 000 rpm
and more. At such high rotational velocities, the test operation
becomes unstable and a blade fixation rupture is possible. Thus, the
characteristics in this measurement campaign end mostly before
reaching the idle operating conditions (at approximately TSR¼ 10).

The wind turbine performance depends strongly on its position
relative to the diffuser inlet. Location 1 in Fig. 7 denotes rotor
placement directly at the diffuser narrowest cross-section. In
location 2, the rotor is shifted upstream (by a distance of about 0.05
D) to permit accommodation of the downstream wind turbine in
further tests. Consequently, in the latter case it operates at a lower
local wind velocity (approximately 5%, as computed from the po-
wer difference), which in turn results in its lower power production
(by about 15%).

As in the case of the open rotor, traces of the Cp characteristics
tend to increase with an increasing wind velocity and, as previ-
ously, these differences become less significant as the wind speed
increases. Overall, the differences between the 4 collected datasets
are less significant than in the case of the open rotor configuration.
This is also observed on the Ct graphs, where the differences are of
the order of magnitude of 3% between 16.1m/s and 17.8m/s. It is
also clearly seen that the results obtained for the open rotor are
much lower than those for the ducted wind turbine. This mimics
the situation observed previously for the open rotor examined at
different wind speeds. It also shows that for the DAWT the price for
increasing Cp is a drastic increase in axial loads (the maximal Ct
higher by more than 130% at the wind speed of 16m/s). The ob-
tained results are coherent, for example, with the observations of
Wang et al. [10], who saw an increase in the maximal tensile strains
of the blade root by as much as 2e2.5 when a diffuser was applied.
This is an important remark that needs to be considered when
designing a DAWT rotor, as its blades have to withstand higher
loads and stresses.

3.3. Counter-Rotating Open Rotor (CROR) wind turbine

In twin-rotor experiments, the two rotors face each other, as
seen in Fig. 2. The upstream rotor remains at location 2 (see Section
3.2). The downstream rotor is placed at the distances 32mm¼ 0.1D
(diffuser inlet, case a), 96mm¼ 0.3D (diffuser middle, case b),
200mm¼ 0.625D (diffuser outlet, case c), respectively. The spher-
ical cups topping the shafts were dismounted for the smallest
separation distance. Fig. 8 compares the Cp characteristics for each
wind turbine. Cptot (the arithmetic sum of both power coefficients)
and Ct for R1 are visible in Fig. 9.

The Cp1 and Cp2 coefficient distributions take a form of saddle-
shaped surfaces. The Cp1 surface shape follows roughly the trace of
the Cp1 curve without R2. The optimal TSR1 remains in the vicinity
of the same value (approximately 3.7) as for the open rotor. Cp1 is
globally lower than Cp of the open rotor, by approximately 20%e
30% in the region of the optimal TSR. This is not a surprise, since the
rotor separation distance is shorter than the rotor diameter. Thus,
an interference of R2 and R1 cannot be neglected. This influence is
best visible in case a, for which the saddle shape deepens as R2
approaches its optimal operating conditions. Contrarily, in case c
the surface trace is almost constant along the entire TSR2 range. In
all, as the distance between the rotors increases, the attainable Cp1
values increase as well, which once again can be attributed to a
decreasing influence of R2 on R1.

As for Cp2, the distribution surface shapes remain very similar in
all three locations, with a form of a relatively deep saddle. It is
noticeable that, surprisingly, the Cp2 values at CROR operation get
lower with an increasing separation distance. As seen in the case of
Cp1, a low separation distance promotes a strong interaction

Table 2
Maximal total Cp for the CROR.

Separation distance Maximal Cptot Optimal TSR1 Optimal TSR2

a 0.251 3.66 3.16
b 0.251 3.66 3.08
c 0.256 3.64 2.94

Table 3
Maximal total Cp for the CRSR.

Separation distance Maximal Cptot Optimal TSR1 Optimal TSR2

a 0.582 5.32 4.52
b 0.515 5.16 3.82
c 0.579 5.12 3.44



between the two rotors. Thus, the loads aremore evenly distributed
between the two rotors.

The R2 standalone characteristic curve attains lower values than
that of R1e this is because R2measurements were performed with
T1 in place. This characteristics attains higher maximal values with
an increasing separation distance, since an influence of T1 de-
creases with an increasing distance.

Generally, the total power characteristics (Cptot in Fig. 9) shows
global maximawhen the T1wind turbine operates near the optimal
point and T2 at a lower rotational velocity. The exact numerical
values are seen in Table 2. In all three configurations, the CROR
system achieves the maximal total Cp higher than that for a single
wind turbine, by approximately 11%e13%. This observation proves
that there is a potential in using CROR wind turbine systems, even

Fig. 8. Cp(TSR1,TSR2) for the upstream (R2, left) and downstream (R1, right) rotor operating in the CROR mode; rotor separation distance: 0.1D (a, top), 0.3D (b, middle), 0.625D (c,
bottom); black points denote performance when only the rotor under consideration (either 1 or 2) is examined.



at small separation distances between rotor rotation planes (less
than the rotor diameter). There is also room for further develop-
ment: Kubo and Kanemoto [18] reported increasing the maximum
Cptot by as much as 35% by optimising the blades geometry (twist
angles, chords, aerofoil), although this was done for two rotors of a
different number of blades and diameters.

The operating region in which the CROR system presents better
performance than a single open rotor spans between approxi-
mately TSR1 between 2.6 and 4.2, and TSR2 between 2.8 and 4.1.
This means a relatively wide plateau of the preferable wind turbine
operating conditions. It is also shifted towards lower TSR values
than in the case of the standalone rotor operation. This can be

Fig. 9. Cptot(TSR1,TSR2) (left) and Ct1(TSR1,TSR2) (right) for rotors operating in the CROR mode; rotor separation distance: 0.1D (a, top), 0.3D (b, middle), 0.625D (c, bottom); black
points denote performance when only the rotor under consideration (either 1 or 2) is examined; thick black line (Cp1 max) on the Cptot graphs denotes Cp¼ 0.226, the maximal
recorded Cp of the open rotor.



translated into further advantages: easier rotational velocity con-
trol (the systemmay be less robust than in the case of a single open
rotor), and lowermechanical efforts (lower rotational velocities and
centrifugal forces). An interesting remark concerning the relative
velocity of rotors can also be made. A change (increase or decrease)
in rotational velocities of both rotors at the same time leads to a

quick and abrupt drop in the overall system performance. To
change the relative rotational velocity, it is actually more efficiency-
reasonable to maintain the TSR of one rotor at a near-to-optimal
value and to change the rotational velocity of the other one.

As regards the Ct1 parameter, similar observations can be for-
warded as in the case of Cp1. An influence of R2 on R1 is the

Fig. 10. Cp(TSR1,TSR2) for the upstream (R2, left) and downstream (R1, right) rotor operating in the CRSR mode; rotor separation distance: 0.1D (a, top), 0.3D (b, middle), 0.625D (c,
bottom); black points denote performance when only the rotor under consideration (either 1 or 2) is examined; thick black line (Cp1 max) on the Cp1 graph in case c denotes
Cp¼ 0.554, the maximal recorded Cp for the DAWT.



strongest as the rotors approach each other (i.e., case a). As the
separation distance increases, the saddle gets flatter in case b, to
become almost completely uniform along the entire TSR2 span in
case c. In total, the values of Ct are the highest for case c. This
observation is consistent with the Cp1 results, which in turn are

consistent with the one-dimensional flow theory. Compared to the
standalone performance, Ct1 in the CROR mode attains its
maximum at the almost identical TSR1. The values for CROR are,
however, lower than for the single rotor operation, similarly to
those observed in the case of Cp1. This enables to formulate a

Fig. 11. Cptot(TSR1,TSR2) (left) and Ct1(TSR1,TSR2) (right) for rotors operating in the CRSR mode; rotor separation distance: 0.1D (a, top), 0.3D (b, middle), 0.625D (c, bottom); black
points denote performance when only the rotor under consideration (either 1 or 2) is examined; thick black line (Cp1 max) on the Cptot graphs denotes Cp¼ 0.554, the maximal
recorded Cp for the DAWT.



hypothesis that the stresses in blades were decreased with a dis-
tribution of loads on the two rotors.

3.4. Counter-Rotating Shrouded Rotor (CRSR) wind turbine

The Cp characteristics for both wind turbines (Fig. 10) are of a
saddle shape once again, as in the case of the CROR. An interaction
of these two machines is, however, both stronger and steeper than
previously. Additionally, an influence of R2 on R1 becomes stronger
as the separation distance rises, especially at TSR1 close to optimal.
As the separation distance rises, the range of TSR2 in which R2
operates as a turbine is getting smaller: in case c, Cp2 becomes
negative at TSR2 > 4e5. The negative power means in this context
that the energy is transmitted from the rotor to the fluid, signifying
that it effectively operates as a fan. This means that immediately
upstream of R2, the pressure is decreased, contributing to the
deficit existing already inside the diffuser and augmenting addi-
tionally the flow rate through R1. Hence, a significant increase in
Cp1 values at high TSR2 in cases b and c is observed. However, this
comes at the expense of a high power demand of R2, which results
in low net total power (and, thus, Cptot, cf. Fig. 11). The study and
development of such a “turbofan” system might be of interest for
future works. However, at this moment a possibility of positive
energy balance of such a system is unlikely. Also, the diffuser outlet
is a region of high pressure gradients and strong separations.
Placement of the rotor in this region promotes its unstable opera-
tion, increasing stresses and fatigue wear, as well as vibrations of
the diffuser and both the rotors.

Generally, Cp1 values tend to increase along with a separation
distance between the two rotors. This is an adverse information, in
that the highest velocity augmentation in the diffuser occurs at its
inlet, thus an interest in placing both the rotors in that region. In the
meantime, Cp2 values are the highest at a low separation distance.
As the distance increases, the operation range of T2 gets narrower
and the power outcome becomes abysmal. In case a, the maximal
value of Cp2 (at TSR1¼0) is about 0.476, whereas in case c, it is
equal to 0.302. In case a, maximal Cp2 values are higher by as much
as 5 times than those for case c. Consequently, Cptot (Fig. 11) attains
its high values in cases a (due to high Cp2) and c (thanks to high
Cp1). These values surpass the maximal Cp1 for the single-rotor
DAWT, i.e., 0.554.

It can be also seen that in case c, when TSR2 is very low, Cp2
attains almost the same values as for the single-rotor DAWT. This
means that with the highest separation distance between the two
rotors and at low TSR2, an influence of T2 on T1 is marginal.

Similarly as in the case of the CROR, high overall performance of
the CRSR is ensured at a plateau around optimal functioning con-
ditions (see Table 3). This plateau is of a comparable size for both
open and shrouded rotors (notice different scales in both cases). It
is, however, very clear that in order to maximise Cptot, it is
particularly important to maintain TSR1 near the optimal value.
This is especially visible in case c, for which even a small decrease in
TSR1 below the value of 4 results in a dramatic loss of power
outcome.

Considering the distribution of Ct1 values, the saddle shape
mimics that observed for Cp1. The surfaces become steeper as the
separation distance increases. The latter also results in attaining
globally higher Ct1 values, although they are still significantly
lower than the ones for the single-rotor DAWT. Local maxima of the
characteristics fall at approximately the same TSR values as the Cp1
maxima.

4. Summary and conclusions

This paper summarizes and discusses the IMP TUL experimental

investigations concerning various aspects of the SWT operation.
The main focus has been placed on an increase in the wind turbine
system efficiency through diffuser augmentation (DAWT) and an
addition of the second rotor (CROR). The study concludes with a
complex examination of the machine combining both the above-
mentioned solutions (CRSR).

The experimental results allow one to formulate the following
observations and conclusions:

� The maximal power coefficient of the wind turbine decreases
significantly along with the wind reference speed. This is due to
relatively low values of the Reynolds number (of the order of
105, as determined on the basis of the rotor diameter), which is a
significant obstacle in the investigations and aerodynamic
optimisation of small wind turbines. The study permitted to
quantify this dependency;

� After an application of shrouding, an approximately twofold
increase in the upstream wind turbine power coefficient has
been observed at the same wind speed. This is a very significant
amelioration, although it must be underlined that the tested
rotor-diffuser system has been aerodynamically optimised. An
increase in the TSR corresponding to the maximal Cp value
(from 4.5 to 6) and an increase in the axial force coefficient have
been also observed. Increased blade loading and internal
stresses have to be taken into account during the DAWT design
process;

� The use of the second rotor has allowed one to increase the total
power coefficient by about 11e13% in the case of the unshrou-
ded turbine and about 4e5% for the shrouded one. The latter,
relatively poor result, is once again attributed to the fact that the
diffuser-turbine arrangement has been optimised to operate
together as mentioned above, favouring the single-rotor
solution;

� Thanks to the use of the two-rotor system, it has been possible
to reduce the thrust coefficient of the upstream turbine and to
decrease the optimal TSR (by about 20% for the upstream rotor
and 33% for the downstream one, respectively). This may also
lead to a better distribution of stresses in the blades of both the
rotors;

� Due to the presence of the second rotor, the TSR range in which
the systemworked with Cp close to the maximum has been also
widened;

� The maximal cumulative Cp is strongly dependent on the
mutual position of the rotors. Notably, as the downstream rotor
approaches the diffuser outlet, the range of TSR for which it
operates as a turbine (i.e., receives energy from the flow) de-
creases significantly.

The obtained and presented results show a potential for
increasing the wind turbine performance for shrouded rotors,
counter rotating rotors and CRSR systems. A further analysis of
these systems employing more extensive flow measurements or
numerical simulation methods is to be performed.
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