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 Abstract. This study is part of an on-going experimental research campaign that focuses 
on the active control of the tip leakage/vortex characteristics of a model horizontal axis wind 
turbine rotor using tip injection. This paper presents both baseline (no-injection) data as well as 
data with tip injection, concentrating on the effects of tip injection on power and thrust 
variations with the Tip Speed Ratio (TSR). The experiments are conducted by placing a 
specially designed 3-bladed model wind turbine rotor at the exit of a 1.7 m diameter open-jet 
wind tunnel. The rotor blades are non-linearly twisted and tapered with NREL S826 airfoil 
profile all along the span. The nacelle, hub and the blades are specifically designed to allow 
pressurized air to pass through and get injected from the blade tips while the rotor is rotating. 
Baseline results show that the general trends are as expected for a small wind turbine and the 
maximum power coefficient is reached at around TSR=4.5. Results with injection show that 
the tip injection has significant effect on the power and thrust coefficients in comparison to the 
baseline data, especially at TSR values higher than the max CP TSR value. Both coefficients 
seem to be significantly increased due to tip injection and the max CP TSR value also gets 
shifted to a slightly higher TSR value. Tip injection seems to have no significant effect for TSR 
values less than 3.5. 

1. Introduction
The primary source of the tip vortex is the pressure difference between the upper and lower surfaces of 
a blade and the related flow leakage at the blade tips. When the leakage flow meets with the main 
stream, concentrated vortical structures get generated. These vortex structures can cause a variety of 
performance losses and noise problems for horizontal axis wind turbines. In addition, these vortices 
can cause structural and performance problems due to vortex-turbine interactions in successively 
arranged wind turbines in wind farms.  
There are several applications of passive control methods in wind turbines in the open literature for tip 
leakage control such as winglets (e.g. Johansen and Sorensen (2006) [1], Elfarra et al (2014) [2], 
Gaunna and Johansen (2007) [3]), Mie-vanes (Shimizu et al. (1995) (2003) [4][5])	  and vortex diffusers 
(Bai et al. (2011) [6]). Active Flow Control (AFC) is generally proposed to control the boundary layer 
characteristics such as transition or separation on a wind turbine. Some examples are vortex generators 
jets (Barrett R, Farokhi S, 1996) (Lin J C, 1999) [7][8], blowing & suction (Weaver D et al, 1996) 
(Bons J et al, 2002) [9][10], synthetic jets (James R D et al, 1996) (Smith B L, Glezer A, 1998) 
[11][12] and plasma actuators (Post M L, Corke T C, 2005) (Moreau E, 2007) (Moreau E et al, 2007) 
[13][14][15]. AFC using tip injection in wind turbine blades can also be applied for controlling the tip 
leakage/vortex characteristics. It is known that this technique increases the total lift generated from a 
wing/blade because of the increase in the effective span due to reduced leakage at the blade tip. Some 
previous implementations are fixed wings (e.g. Margaris and Gursul (2004) [16], Mercan et al (2010) 
[17], Ostovan (2011) [18], Bettle (2004) [19]) as well as helicopter (e.g. Duraisamy and Baeder (2004) 
[20], Vasilescu (2004) [21], Liu et al (2000) [22], Han and Leishan (2004) [23]) and turbomachinery 
blades (e.g. Mercan et al (2012) [24], Rao (2005) [25], Niu and Zang (2011) [26]).  
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This study is part of an on-going experimental research campaign that focuses on the active control of 
the tip leakage/vortex characteristics of a model horizontal axis wind turbine rotor using tip injection. 
In this paper we present some of the baseline measurement results obtained from a specially designed 
3-bladed model wind turbine rotor as well as some of the injection cases studied. The experiments are 
conducted by placing this rotor at the exit of a 1.7 m diameter open-jet wind tunnel and measuring the 
torque and thrust characteristics without tip injection as a baseline case and with tip injection cases. 
The rotor blades are non-linearly twisted and tapered with NREL S826 airfoil profile all along the 
span. The nacelle, hub and the blades are specifically designed to allow pressurized air to pass through 
and get injected from the blade tips while the rotor is rotating. The setup is instrumented with a 
torquemeter and a load cell to allow measurements of torque and thrust. Variations of torque and 
thrust coefficients with Tip Speed Ratio (TSR) under different freestream conditions are obtained and 
presented in the following sections.  

2. Experimental setup
The experiments are performed in an open jet wind tunnel facility as shown in Figure 1.  The tunnel is 
driven by a 45 kW electric motor that runs a 1.25 m diameter axial fan. The open jet facility consists 
of a 4.30 m long circular diffuser with an inlet cross section diameter of 1.25 m and an exit cross 
section diameter of 1.70 m with a 3 deg diffusion angle. The diffuser is followed by three straight 
circular sections, each having a diameter of 1.70 m and a total length of 1.40 m. The total length of the 
tunnel is approximately 7 m. The tunnel is equipped with flow straighteners such as two turbulent 
screens and one honeycomb to improve the quality of the flow and ensure a uniform flow at the jet 
exit. The maximum velocity reached at the jet exit is around 10 m/s and the turbulence intensity levels 
are around 2.5%. 

Figure 1. Open-jet wind tunnel facility 

The model wind turbine used in the experiments is a 0.950 m diameter 3-bladed rotor with non-
linearly twisted and tapered blades that have NREL S826 profile. The blade taper and twist 
distributions are the same as the ones used in the experiments performed at the Norwegian University 
of Science and Technology (NTNU) as reported in Adaramola and Krogstad (2011) [27]. The blades 
are manufactured using rapid prototyping techniques from ABS plastic with 0.6 mm precision. The 
rotational speed of the turbine is controlled by a 1.5 kW Panasonic AC servo motor. The rotor shaft is 
instrumented with a T20WN/5Nm torque transducer that measures the torque and rpm. The nacelle of 
the turbine sits on a six axes F/T transducer situated between the tower and the nacelle that measures 
all 6 components of forces and moments. Table 1 presents the general dimensions of the turbine and 
some of the turbine details are presented in Figure 2. 
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Table 1. Dimensions of the experimental setup 

Rotor Diameter, 
Drotor (m) 

Hub Diameter, 
dhub (m) 

Hub Height, 
hhub (m) 

Wind tunnel Exit 
Diameter, D (m) 

0.950 0.130 1.700 1.700 

Figure 2. Model wind turbine assembly used in the experiments 

The nacelle, hub and the blades are specifically designed to allow pressurized air to pass through and 
get injected from the tips while the rotor is rotating. The injection system consists of a pressure 
chamber and a hollow shaft inside the nacelle, a pressurized hub and blades with flow channels along 
the span embedded within the blade geometry to allow pressurized air to get injected from the tips of 
the blades during rotation. The pressure chamber is sealed with rotating mechanical seals, which allow 
rotation of the shaft passing through this chamber and also prevent air leakage. Furthermore, the 
connections between the shaft and the hub as well as the connections between the hub and the blades 
are also sealed with appropriate O-rings to prevent air leakage during air injection. The pressurized air 
for the injection system is supplied from outside and is connected to the pressure chamber with 
pneumatic quick connect interfaces as presented in Figure 3. After the pressurized air comes into the 
pressure chamber, it passes through the air transfer holes on the hollow shaft and is delivered to the 
pressurized hub. After it passes through the hub, the pressurized air is transferred through the injection 
channels inside the blades and finally, gets injected from the tips of the blades. 

(a)                            (b)  (c)      (d) 
Figure 3. (a) Pressure chamber (b) hollow shaft with air transfer holes (c) pressurized hub and (d) the 
rotor blade with embedded flow channel and tip injection slot. 
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3. Test Setup Characterization 
Open-Jet Flow Characteristics 
Figure 4 presents the general coordinate system definitions used in the current measurements. Figure 5 
presents the results of a characterization study performed for this wind tunnel at two different selected 
wind tunnel motor frequencies. In order to check the boundary layer thickness and flow uniformity at 
the exit of the wind tunnel, instantaneous velocity measurements are performed using a single sensor 
hot-wire driven by a Constant Temperature Anemometer (CTA) system. The results of the 
characterization show that the flow is quite uniform away from the walls and around the jet centerline. 
The boundary layer thicknesses are below 7 mm (0.4% D) and the turbulence levels are around 2.5%. 
 

 
Figure 2. Coordinate system definitions used in the wind tunnel characterization and other 
measurements 

 

     

     
Figure 3. Mean axial velocity (top row) and turbulence intensity variations (bottom row) at the exit 
plane of the open-jet tunnel. Jet centerline is at (y,z)=(0,0). 
 
Frictional torque on the shaft 
Various mechanical elements that are placed on the shaft between the turbine rotor and the torque 
transducer such as the Pressure Chamber (PC), bearings and couplings generate a resistive frictional 
torque on the system. Since these elements are placed between the turbine rotor and the torque 
transducer, the measured torque from the transducer includes these effects and it has to be corrected 
appropriately to obtain the actual torque of the turbine rotor only. Normally the frictional torque 
generated by the bearings and couplings is small compared to the torque of the turbine rotor and is 
generally neglected. However, in the current test setup a significant amount of frictional torque is 
generated by the PC mainly due to the existence of contact rotary seals embedded inside to prevent the 
air leakage from the chamber. Furthermore, the frictional torque characteristics of these seals 
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(therefore the PC) change with rotational speed and the air pressure level inside the chamber. So for 
every measurement condition, i.e. rotor rpm and amount of injection level, one has to determine the 
actual frictional torque on the shaft generated by the PC and correct the torque measured by the torque 
transducer accordingly. Figure 6 shows a Free Body Diagram (FBD) of the setup showing the various 
torque components acting on the system. 

Figure 6. Free body diagram (FBD) showing various torque components acting on the shaft. 

For this purpose, several measurements are performed to determine the variation of the frictional 
torque generated by the PC with rotational speed for injection and no-injection cases. These 
measurements are obtained at no wind conditions just by running the turbine rotor with the motor. 
Figure 7 shows the variation of the friction torque measured by the torque transducer with rotational 
speed when the PC is installed for no-injection and injection cases. These frictional torque data are 
used for correcting the measured torque to obtain the actual torque of the turbine rotor. 

Figure 7. Frictional torque variation for no wind conditions at selected RPM 

4. Results
The experiments are performed at selected wind speeds and at selected RPM values to obtain power 
and thrust coefficients variations with TSR for baseline (no-injection) and for the injection case 
measurements. The model wind turbine is placed half a rotor diameter away from the exit of the open-
jet tunnel. The center of the hub and the tunnel centerline are concentric. The blades are installed at a 
zero pitch angle. 

TmotorTrotor

TPC Tbearings

Tmeasured

The Science of Making Torque from Wind 2014 (TORQUE 2014) IOP Publishing
Journal of Physics: Conference Series 524 (2014) 012098 doi:10.1088/1742-6596/524/1/012098

5



Baseline (No-injection) Measurements 
The power and thrust coefficient variations with TSR at different wind speeds are presented in Figure 
8. As it can be seen from the results, the wind turbine displays expected trends in general in terms of
power and thrust variations. It’s known that for small wind turbines the power coefficient depends 
both on the wind speed and the TSR, especially at high TSR values, unlike large turbine rotors where 
the power coefficient is mainly a function of TSR only (Probst O et al (2011) [29]). This characteristic 
is also generally attributed to the poor aerodynamic performance due to the low Reynolds number 
operation of small wind turbine blades (Probst O et al (2011) [29]). For this specific rotor, at every 
wind speed, as TSR increases CP stays close to zero and almost constant up to about TSR=3. Then 
there is a sudden increase in CP after TSR=3.5 and the rotor reaches the maximum CP levels at around 
TSR=4.5. For higher TSR levels the CP starts to decrease. For lower wind speeds and high TSR 
values, it can be seen that the power coefficient takes negative values. The main reason for this is that 
as the RPM increases the local angle of attack on the blades starts to get negative values. This causes 
the blades to produce negative lift and hence negative torque values generating the observed negative 
CP values. The thrust coefficient variation as presented in Figure 8 shows an increasing trend with 
TSR as expected. Up to about TSR=3 variations for all different wind speeds collapse on to one single 
line. After this point deviations start to appear and as is evident at higher wind speeds the CT value 
increases much faster for higher wind speeds. Note that the results get limited as TSR gets increased 
for high wind speeds. This was due to mainly structural integrity concerns of the current rotor blades 
at high RPM values.

Figure 8. Measured power and thrust coefficient variations with TSR for different wind speeds 

One should note that the measured thrust values do include the drag due to the hub and the nacelle 
because of the position of the force-moment transducer. In order to quantify this influence on the 
measured CT values we measured the drag of the hub and the nacelle without the blades at selected 
wind speeds. Figure 9 presents the CT distributions with TSR with and without the drag of the hub and 
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the nacelle. As is evident the values do get reduced slightly when hub/nacelle effect is removed. 
Maximum observed difference is about 13%.  

Figure 9. Measured thrust coefficient variations with TSR for selected wind speeds with and without 
the drag influence of the hub and the nacelle 

Figure 10. Comparison of measured Cp and CT data with those obtained at Norwegian University of 
Science and Technology (NTNU) as presented in (Bart (2011) [28]). The data presented are obtained 
at 5.8 m/s wind speed.  

The baseline measurement results are also compared to those obtained from the experiments 
conducted at the Norwegian University of Science and Technology (NTNU) using a similar turbine 
(Bart (2011) [28]). Both the METU and the NTNU turbines use the same NREL S826 profile as well 
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as the same taper and twist distributions. Due to the manufacturing restrictions imposed on the METU 
blades because of the existence of the internal embedded flow channels, the chords of the METU 
blades are reduced about 0.6 mm along the span. This corresponds to a maximum difference of 25% at 
the tip chord compared to the NTNU turbine. The difference gets smaller as one approaches to the root 
because of the increase in the chord of the blade. Also the diameter of the METU turbine is 
approximately 1% larger than that of the NTNU turbine. The main purpose of this comparison was to 
check the reliability and the confidence level of our test setup. 
The Cp distribution comparison presented in Figure 10 is for a freestream wind speed of 5.8 m/s and it 
shows that both turbines have very similar trends in general. After TSR=3 both turbines go through a 
sudden increase in Cp and reaches a maximum at around TSR=4.5. The Cp values for both turbines
sharply decrease after TSR=5, possibly due to laminar separation bubble on the blades caused by low 
Reynolds number flow (Probst O et al. (2011) [29]). This phenomenon causes severe performance 
losses such as increase in drag and higher uncertainties especially for Reynolds numbers lower than 
100,000. Therefore for small wind turbines the power and thrust curves become a function of both 
TSR and wind speed for low Reynolds numbers as explained by Probst et al. (2011) [29]. The thrust 
coefficient variations presented in Figure 10 for both turbines also show similar trends but the METU 
turbine has reduced amount of thrust. The average reduction is about 35% in the thrust coefficient. The 
main reason behind this is the fact that the chords of the METU blades are smaller compared to those 
of the NTNU blades. Another reason for this reduction is due to the fact that the thrust for NTNU 
turbine includes the drag due to the hub, nacelle and tower respectively. 

Measurements with Tip Injection 
The measurements with tip injection are performed for a wind speed of 5 m/s and for a certain flow 
rate of injection from the blade tips. In order to determine the flow rate coming out from the blade tips, 
the velocity at the tip of each blade has been measured using a Pitot-Static probe while the turbine is 
stationary and this value is used for obtaining the outgoing mass flow rate from each blade. The 
average injection velocity from each blade is around a 100 m/s and the velocity variation from blade to 
blade is less than 5%. The ratio of the total amount of injected mass flow rate to the mass flow of air 
going through the rotor disk is about 0.1%.  

Figure 11, shows the variations of power and thrust coefficients with TSR, with and without injection. 
Results show that the injection has significant effect on the power and thrust coefficients in 
comparison to the baseline data, especially at higher TSR values. For TSR < 3.5 the injection seems to 
have a minimal effect on the power coefficient data and the thrust coefficient levels seem to have 
slightly increased. On the other hand, for TSR>3.5 the injection starts to show substantial effects on 
the power and thrust coefficients. Both the power and the thrust coefficients are increased and the TSR 
value for maximum CP has changed from 4 to 4.5. The maximum change in both CP and CT occur 
around TSR=4.5 and the CP and CT values are about 27.3% and 19.5% higher than those of the 
baseline no-injection case. Most probable reason for this change could be the increase in the effective 
span and effective aspect ratio of the blades due to the tip injection. It’s known that spanwise blowing 
from wing tips results in induced drag reduction and lift augmentation due to an increase in effective 
span (Tavella D A et al (1998) [30]) (Gursul I et al (2007) [31]). 
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Figure 11. Measured power and thrust coefficient variations with TSR at 5 m/s wind speed, with and 
without tip injection. 

4. Conclusions
Baseline (no-injection) as well as tip-injection performance measurements are presented for a three-
bladed model horizontal axis wind turbine that is specifically designed for tip vortex control studies 
using tip injection. The experiments are performed in an open-jet wind tunnel and by measuring the 
power and thrust variations with TSR at different wind speeds for both cases. Baseline results show 
that the general trends are as expected for a small wind turbine and the maximum power coefficient is 
reached at around TSR=4.5. These baseline reference data were compared to measurement results with 
tip injection. Results show that the injection has significant effect on the power and thrust coefficients 
in comparison to the baseline data, especially at TSR values higher than the max CP TSR value. Both 
coefficients seem to be significantly increased due to tip injection. Our future studies will include 
more data on torque and thrust measurements as well as wake flow field data with and without 
injection. 
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