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Abstract 

 

Time-accurate blade pressure distributions on a rotating H-Darrieus wind turbine at 

representative tip speed ratios during start-up are presented here which allow blade dynamic 

stall and laminar separation bubbles to be observed clearly and which provide a rare 

experimental demonstration of the flow curvature effect inherent in H-Darrieus turbine 

operation. The convection of a dynamic stall vortex along the blade surface at high reduced 

frequency has also been clearly identified. This study provides new information of the 

complex aerodynamics of the vertical axis wind turbines (VAWTs) and provides unique 

experimental data to validate the transient blade static surface pressure distribution predicted 

by CFD models. To the best of the authors’ knowledge, this is the first time that the 

instantaneous pressure variation around the blade has been measured and recorded directly 

for an H-Darrieus wind turbine.    

 

1. Introduction  

Although the configuration of the H-Darrieus VAWT is simple (Figure 1), the flow physics 

are complex, particularly during the start-up phase when the blades experience all possible 

angles of attack leading to intermittent stall and significant flow curvature effects. Despite a 

resurgence of interest in VAWTs and numerous efforts to improve their efficiency, high 

quality experimental data remain scarce resulting in a limited number of appropriate test 

cases for CFD validation. 

 

Figure 1: A typical three-bladed H-Darrieus wind turbine 

The literature describes various analytical models that have been developed and applied 

(e.g.
1-8

) together with the use of CFD models (e.g.
9-17

 ) in order to better understand VAWT 
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aerodynamics. Despite numerous studies our understanding of some fundamental aspects of 

VAWT performance remains incomplete. Experimental data are available but their scope has 

remained mostly restricted to overall power extraction with limited attention to the more 

difficult measurement and interpretation of the blade loading and underlying flow physics 

(e.g.
18-27

). Explanations of the turbine’s performance have therefore been based mostly on 

simulation studies because of the difficulty of applying traditional measurement methods 

such as hot wires or pressure probes to the rotating turbine. It is only in recent years that 

researchers have had access to the computing power required to simulate the time-accurate 

flow physics in detail aided by the continued development of CFD and improved 

experimental capabilities such as particle image velocimetry (PIV) (e.g. 
28-31

).  

However, there have been no published studies of the time-accurate blade pressure 

distributions which arguably provide the most useful aerodynamic data. In this paper a time-

accurate, on-board pressure measurement system was employed to measure directly the 

instantaneous pressure change around the blades of an H-Darrieus wind turbine when the 

machine was rotating at operational tip speed ratios. All of the measuring and recording 

components were placed on the turbine and rotated with the blades. The system was 

controlled remotely using Bluetooth communication.     

2. Experimental configuration 

2.1  The wind tunnel and the three-bladed H-Darrieus wind turbine 

The tests were performed in the Durham University     ,     open-jet, open-return wind 

tunnel. More details about this wind tunnel can be found in reference
32,33

. Each turbine blade

was attached to the vertical, central shaft by two support arms (        ) and the whole 

turbine was centred in the wind tunnel test section in order to reduce boundary and ground 

effects. The       diameter central shaft was supported at both ends to minimise vibration 

at high turbine rational speeds and it was aligned vertically using a digital inclinometer within 

a tolerance of ±      . At its base the shaft was attached to a permanent magnet torque meter 

that could be used to apply load to the turbine and to measure its torque. The torque meter 

comprised a fixed lower aluminium disc to which were attached permanent magnets. The 

upper disc was free to rotate with the turbine. Changing the inter-disc spacing by raising or 

lowering the lower disc produced a corresponding change of load resistance. This torque 

meter was used to provide ‘brake’ torque which together with a drive motor to provide an 

accelerating torque enabled a constant rotational speed to be maintained over a wide range of 

operating conditions including some that could not normally be achieved by a VAWT under 

normal conditions.   

2.2 On-board pressure measurement system 

2.2.1  The blades 

The blade profile that was chosen for this study was the NACA0021 since symmetric NACA 

series blades have been widely used in VAWT research (e.g.
10,14,34

) and the NACA0021 

profile has a relatively large thickness to accommodate the pressure tappings and internal 

components. The chord length was          and blade span was         . Each 

blade was assembled from a set of laser cut plywood laminates of       width. Alignment 

of the laminates was achieved by assembling them onto two bars which passed through holes 

cut into the laminates. In order to reduce their mass, the blades had central material removed 

but retained a significant wall thickness to maintain strength and stiffness. In addition to the 

wooden laminates a single perspex laminate was constructed which housed    surface static 

pressure tappings (Figure 2). Fourteen of the pressure tappings were distributed 
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symmetrically on the pressure side and suction side with one tapping at the leading edge. The 

coordinates of these pressure tappings are shown in Figure 3. Due to the relatively small 

thickness near the blade trailing edge it was not possible to locate any tappings downstream 

from         on the respective surfaces. The tappings were created by drilling holes 

perpendicular to the local blade surface into transverse internal tubes.  Each pressure tapping 

had a diameter of       . 
     

 

(a)          (b) 

Figure 2 (a) The NACA0021 blade with the pressure tapping section made from perspex, (b) 

closed-up view at the leading edge. 

The laminate with the pressure tappings was placed at the blade’s mid-span although the 

laminated construction method provides the option to place the instrumented section at 

different spanwise locations for future studies (Figure 2). Each pressure tapping was 

connected by a short length of pneumatic tubing to the on-board pressure scanner. 

 

Figure 3 Instrumented Blade Section showing the pressure tapping coordinates on the top 

surface. The pressure scanner 

A 16-channel miniature electronic pressure scanner, ESP-16HD, was employed in this study 

to convert pressure into an analog electrical signal. The outputs from the sensors are 

electronically multiplexed through a single on-board instrumentation amplifier at rates up to 

         . Each channel was calibrated using a micro-manometer and the calibration data 

for each channel of the scanner could be reduced into offset, sensitivity and non-linearity 

coefficients that were used to determine the pressures from the measured voltages. In this 

study, a fourth-order polynomial resulting from a five-point calibration was used to calculate 
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the pressure during data acquisition as suggested by the manufacturer
35

.  A linear function 

was found for each channel and the static error for the fourth-order correction was within 

       of the full scale pressure range (        ). 
The pressure channels on the scanner were connected to the corresponding pressure 

tappings on the blade using        long,      ID flexible tubing. The reference pressure 

input for the scanner was provided by a separate tube with one end fastened on the centre 

shaft and located outside the wind tunnel jet. Initial tests demonstrated that the reference 

pressure input did not vary under different turbine rotational speeds. The reference pressure 

input value for each test was also recorded by scanner channel No.   for use in calibrating 

the results from other    channels during the data post-processing.   

It is well known that the use of tubing to connect the blade surface static pressure 

tappings to the pressure scanner can influence the system response. For pressure fluctuations 

close to the natural frequency of the system this can lead to signal amplification whereas at 

higher frequencies the signal may be attenuated. Studies have shown that for tubing 

configurations similar to those used in this study it is possible to determine and apply phase 

and amplitude corrections for measurement frequencies up to around        (e.g.
36,37

). 

However, for the range of frequencies of the significant aerodynamic events that were 

observed during the turbine's rotation, the transfer function correction data of Sims-

Williams
36

 shows that for this system of tubing and pressure tapping geometry the required 

amplitude (max +/- 5%) and phase corrections are small. Consequently they have not been 

applied to these data although it is acknowledged that some high frequency but small scale 

features might have been attenuated.  

2.2.2 The microcontroller datalogger system 

The microcontroller datalogger developed in this study was based on an Olimexino-STM32 

board. This is an Arduino-based system which can be powered by a single Li-Po battery and 

can save data to a MicroSD card as can be seen in Figure 4.  

    
Figure 4 Schematic diagram of the microcontroller datalogger and other components 

In this study, the microcontroller was controlled wirelessly by a laptop located outside the 

wind tunnel using the Bluetooth short-range wireless connectivity standard. Users were able 

to modify the sample rate, sample time and scanner channel number during testing without 

stopping the turbine. The output data from the pressure scanner was recorded in conjunction 

with signals from an optical sensor to determine the rotor position and speed. Each time the 

blade with the pressure tappings passed the azimuth angle,     , a pulse (TTL voltage 

output) would be generated from the optical sensor and transmitted to the microcontroller. 

This pulse would cause the microcontroller to stop and record a new set of data. Knowing the 

physical starting position of each dataset, this arrangement allowed all the pressure data to be 

mapped back to the blade position (azimuth angle) for each revolution when it was processed. 
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The time delay between detecting the active pulse edge from the optical sensor and writing 

the new set of data to the MicroSD card was   microseconds and the azimuth angle shift 

resulting from this delay was considered during data post-processing.  

To enable the full range of tip speed ratios to be measured in the wind tunnel and 

especially to capture data for tip speed ratio (   ) values above peak power it was necessary to 

drive the turbine electrically. Constant rotational speed, when required, was achieved by 

using the motor/torque meter combination. The blade pressures were measured channel by 

channel with an appropriate constant pre-set time interval (based on tip speed ratio) which 

equated to         leading to                  points being measured for each 

revolution. The measurements were phase averaged over   revolutions for each channel in 

order to calculate the averaged pressure value at each azimuth angle and minimise any noise 

from the electronic components. The number of revolutions,  , was determined by the 

sensitivity study detailed in the following section. Some typical sample rates are presented in 

Table 1. 

Fixed tip 

speed ratio  

Upstream 

wind speed 

(   ) 

Fixed 

motor 

speed (  ) 

Time step 

(degree) 

No. of sample 

points per 

revolution 

Fixed sample 

frequency   

(  ) 

                               

                               

                             

                              

                              

Table 1 Typical parameters used in this study for on-board pressure measurement with 

turbine radius         ,         ,     

2.2.3  Instrumentation mounting arrangement 

The microcontroller datalogger (including the battery) and pressure scanner were placed 

close to the turbine centre shaft in order to reduce their effect on the flow. A laser diode was 

used to ensure the optical sensor generated the pulse signal when the instrumented blade  

passed the azimuth angle of      .  

 

2.3 Data post-processing  

2.3.1 On-board pressure measurement data interpolation 

The time interval between each measurement was pre-set to record       points for one 

revolution (a constant angular step of         ). In reality the nominally constant rotational 

turbine speed would vary by up to      RPM resulting in slightly more or less than the 

nominal       points measured in one revolution. However due to the synchronised signal 

from the optical sensor, the first point recorded by the datalogger would always occur at 

     and knowing the instantaneous rotational speed the positions of subsequent pressure 

measurements could be corrected easily using the process shown in  Figure 5.    
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Figure 5 Example of on-board pressure measurement data interpolation process 

2.3.2 Determining the number of revolutions and measurement uncertainty 

In order to minimize the effect of any unwanted ambient electrical noise generated or picked 

up by the electronic components and any disturbance from upstream flow and wake, the 

pressure measurement for each pressure tapping (scanner channel) was repeated for   

revolutions in order to calculate the mean pressure value at each azimuth angle. Consequently, 

although individual measurements were time-accurate, the data presented here are 

azimuthally averaged. A sensitivity study was performed to examine the number of 

revolutions required to produce a reliable result with low standard deviation. Five azimuth 

angles (     ,      ,       ,        and       ) were selected as examples.  

It was demonstrated that after approximately     turbine revolutions the standard 

deviation (SD) for all five azimuth angles became relatively stable and that further increasing 

the number of measured revolutions and sampling time did not significantly improve the data 

quality (more detail about the sensitivity study can be found in reference
32

). Moreover, it was 

found that even averaging over only    revolutions the noise for the curve of pressure against 

azimuth angle is very limited, especially for the blade un-stalled region, and that a further 

increase by an order of magnitude reduced it to negligible level as shown in Figure 6. 

Therefore, in this study the on-board pressure measurement for each scanner channel/tapping 

was repeated for     revolutions.  

 
(a)          (b) 

Figure 6 Measured pressure variation against azimuth angle for scanner channel  . (a) Phase 

averaged value over    revolutions. (b) Phase averaged value over     revolutions with error 

bars.  
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An uncertainty study was carried out and the largest uncertainty of the measured pressure 

was found to correspond to 2% of the peak pressure coefficient (Cpp). It should be noted that 

this apparently high value is a consequence of pressures in this study being non-

dimensionalized by the upstream wind speed (V) rather than the much higher but cyclic 

resultant speed (  ), especially at relative large tip speed ratio. This non-dimensionalisation 

by the free stream dynamic head is commonly used for studying dynamic problems in the 

literature (e.g.
38,39

). 

3. Results 

The instantaneous blade pressure distribution and its variation during turbine rotation were 

measured at a number of tip speed ratios. Three typical tip speed ratios are presented for this 

particular high solidity turbine, low      ; medium      ; high      . These tip speed 

ratios are representative of the turbine during start-up. The sign convection in this study is 

shown in Figure 7.  

 

Figure 7 Sign convection for on-board pressure measurement study 

The blade’s inner surface (facing the axis) is abbreviated as side A while the B side is 

defined as the blade’s outer surface as shown in Figure 7. A theoretical incidence angle,   is 

calculated based on the turbine kinematics after Worasinchai
40

. This simple kinematic 

analysis does not take any blade loading, wake, flow curvature or rotor effects into 

consideration and it assumes a uniform flow through the whole domain but it provides a 

useful first approximation of the nominal incoming flow angle. Because the kinematic 

analysis is based only on the position and speed of the blade it is independent of the blade 

design and therefore it also provides a useful reference when comparing blades of different 

geometry. For the following parts of the paper, this theoretical incidence angle is referred as 

incidence angle,  . Of particular interest in this study were the capture of blade dynamic stall, 

laminar separation bubbles and blade path curvature effects.  
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3.1  Blade Surface Pressure distribution at       

The results at the lowest tip speed ratio of       are presented first in Figure 8. It can be 

seen that at this relatively low tip speed ratio the pressure distribution measured from this 

symmetrical aerofoil occurs not at      but at approximately     . This differs from the 

kinematic analysis that assumes symmetry when the blade is parallel to flow at      . This 

difference is caused by the turbine’s rotation which leads to curvature effects becoming  

significant. A curvilinear flow results in a symmetrical blade becoming virtually cambered as 

pointed out by Migliore et al.
41

. It could also be argued that a small positional error might 

result from the inaccurate alignment of the blade with the upstream flow. However, even the 

maximum possible alignment error (      ) is not enough to cause this observed effect.  

The blade incidence angle   further increases with the increase of azimuth angle   and the 

blade’s A side becomes the suction side while the B side becomes the pressure side (the 

resultant flow approaches from the B side after     ). According to static wind tunnel 

measurements (e.g.
42

), a laminar separation bubble forms at the blade trailing edge which 

moves towards the leading edge as the angle of attack increases. However since there was no 

pressure tapping at the blade trailing edge in this study, the laminar separation bubble is not 

captured until      , around a blade position of             (A side). It becomes more 

apparent at       where the bubble separation and re-attachment positions are around      
and      respectively. It should be noted that due to the limited number of pressure tappings, 

the location of the bubble separation and re-attachment positions are not exact.   

The maximum negative pressure coefficient for the blade suction side (A side) continues 

to decrease with the increase of azimuth angle from          at       to         at 

     . At this stage the blade generates significant torque due to the increasing lift force 

(shown in Figure 9) and the laminar separation bubble moves further towards the leading 

edge along with the reduction of bubble length. Within the limit of the resolution provided by 

the finite number of pressure tappings, the laminar separation bubble can be identified at 

around             for       and       (see Figure 8). It must be noted that at      , 

the theoretical incidence angle is about       which is already far beyond the static stall 

angle of      (NACA0021) at similar Reynolds numbers
43,44

. Even taking the curvature 

effect into consideration, the dynamic stall effect which significantly delays the stall angle is 

successfully captured in this study. The laminar separation bubble bursts when the blade 

reaches about       showing pressure fluctuation at the leading edge and the blade totally 

stalls at around      , resulting in a significant decrease of lift force and a sudden change 

of blade torque coefficient as demonstrated in Figure 9. The stalled blade produces zero or or 

limited positive torque in quadrant II and quadrant III. 
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Figure 8 Instantaneous blade pressure measurements in the upwind quadrant  .         , 

        ,    ,      ,        . 

      

(a)                                                                            (b) 

Figure 9 (a) Torque coefficient. (b) Theoretical incidence angle.          ,         ,    , 

     ,        . (Note: since at this low tip speed ratio the blade will experience all possible 

incidence angle from         to       , the radius axis for incidence angle data is significantly 

larger than that for torque coefficient data. Therefore these two data sets are presented separately) 
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The results for the blade behaviour in the downwind quadrant (quadrant   ) are presented 

in Figure 10. From a quasi-steady consideration of a symmetrical blade, its behaviour in 

quadrant    would be expected to mirror that in quadrant   except the flow comes from the A 

side which becomes the pressure side while the B side becomes the suction side. However it 

can be seen that the blade still stalls at        (      ) due to the dynamic hysteresis, 

which delays the onset of flow reattachment. This is consistent with the recent study 

performed by Balduzzi et al.
45

 who also captured the dynamic hysteresis experimentally and 

numerically by pitching the NACA0021 blade. The flow subsequently reattaches on the 

suction side (B side) at low enough incidence when the turbine reaches        and no 

laminar separation bubble is captured in quadrant   . No useful torque is generated by the 

blades in quadrant    and a conclusion can be safely drawn that at low tip speed ratios the 

turbine driving force (torque) is mainly generated by the blade in quadrant  . 

 

 

Figure 10 Instantaneous blade pressure measurements in the downwind quadrant   . 

        ,         ,    ,      ,        . 

3.2  Pressure distribution at       

At the medium tip speed ratio of      , the blade incidence range is significantly reduced. 

However the curvature effect becomes more pronounced and the blade zero incidence 

(symmetrical pressure distribution) occurs at       while the theoretical angle of attack at 

this position is       as shown in Figure 11. The resultant flow still approaches from the 

blade’s A side at the geometrical zero position of      indicating the symmetrical blade is 

again virtually cambered. When the blade reaches      , a laminar separation bubble is 

then captured around            . Increasing the angle of incidence causes the separation 

bubble to move forward and to reduce in length and the bubble is captured around blade 

            at      .  
An interesting phenomenon is observed when the turbine reaches      . The 

pressure measurements demonstrate that the peak negative pressure point starts to traverse 

along the blade surface from      . As can be seen in Figure 11 the corresponding peak 
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suction points for      ,      ,       ,        and        are around      , 

     ,      ,       and     . This wave-like     distribution illustrates that the dynamic-

stall vortex formed at the blade leading edge convects along the blade as the incidence 

(azimuth angle) keeps increasing. This vortex is finally shed into the wake after        

(since there is no pressure tapping after     , it is not possible to know the exact  ). It seems 

that this dynamic stall vortex is not the laminar separation bubble captured at lower incidence 

(azimuth angle) since the maximum pressure coefficient at the beginning of convection of 

      is only         while the laminar separation bubble has a peak value of     

    around      . A more reasonable explanation is that the laminar separation bubble 

bursts around       and a new dynamic vortex with lower strength is then formed at the 

blade leading edge due to the fast rotation (reduced frequency). This newly formed vortex 

also might be part of the burst laminar separation bubble.  
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Figure 11 Instantaneous blade pressure measurements in the upwind quadrant   and quadrant 

  .         ,         ,    ,      ,        . 

A previous study performed by Worasinchai
40

 also captured the dynamic vortex convection 

along the blade surface by purely pitching the blade. Worasinchai claimed that the strength of 

the dynamic stall vortex increases with the increase of reduced frequency of pitching and the 

blade stall angle is considerably delayed at the highest reduced frequency examined (  
    ). For H-Darrieus wind turbine operation, the reduced frequency can be also defined as 

  
 

  
  

32
. Therefore, the corresponding reduced frequency for the above two tip speed 

ratios examined here,       and      , are        and        respectively.   

For pressure measurement at       (      ), as shown in Figure 8, the dynamic vortex 

convection is not captured (or not clearly captured). The laminar separation bubble bursts at 

      and the blade totally stalls at      . This might be because at this low tip speed 

ratio (low reduced frequency), the strength of the dynamic vortex is too low to attach and 

convect on the blade surface and is quickly shed into the wake. In contrast, at       

(      ) the dynamic stall vortex is finally shed into the wake after the blade travels 

through more than     (azimuth angle).  

 

With respect to the torque, the measurements illustrate the blade can only produce limited 

torque in quadrant     and quadrant    while most of the useful torque is generated by the 

blade in the upwind regions of quadrant   and quadrant    as illustrated in Figure 12. At this 

medium tip speed ratio, blade net torque is considerably increased compared with that at the 

lower tip speed ratio of      , indicating a fast turbine accelerating period..  

 

Figure 12 Torque coefficient and theoretical incidence angle.         ,         ,    , 

     ,        . 

3.3  Pressure distribution at        

Pressure measurements were also performed at the relatively high tip speed ratio of       

and the results are shown in Figure 13. A polar plot of torque  and incidence in radians is in 

the centre of the figure with blade pressure distributions at key azimuthal positions around the 

outside. With the further increase of turbine rotational speed, the curvature impact is also 

exacerbated as the pressure symmetry in the upwind region is captured at an azimuth angle 



13 
 

around      . After      , the resultant flow is incident upon the blade B side which 

becomes the pressure side while the A side becomes the suction side. Meanwhile a laminar 

separation bubble is captured at       around blade position of            . This laminar 

separation bubble moves further towards the leading edge at       and        along 

with the increase of incidence.  Since the high tip speed ratios significantly reduce the 

incidence range that the blade will experience (shown in Figure 13), the theoretical angle of 

attack actually starts to decrease at around        compared with that at       . The 

measured pressure distribution also demonstrates that the blade does not stall at        but 

experiences a lower peak pressure coefficient of           compared with           

at       . The torque coefficient also demonstrates that there is no sudden blade torque 

change but the variation is smooth during the whole revolution. Moreover the effective angle 

of attack becomes zero again at an azimuth angle of       , although the theoretical 

calculation indicates the incidence angle is approximately      . After that, the resultant 

flow is incident upon the blade’s A side as can be seen at        and       . The 

turbine produces considerable power at this high tip speed ratio since the blade does not stall 

for the whole revolution and torque can be generated at all azimuth angles. These results are 

consistent with the recent study performed by Blondel et al.
27

 who demonstrate the flow will 

always attach to the blade at high tip speed ratio and no dynamic stall is observed. However, 

it must be noted that the peak negative torque in the downwind region is only around 

        (       ) which is significantly lower than that of         (       ) 

in the upwind region. This lower peak negative pressure coefficient in the downwind region 

demonstrates that the majority of the torque is generated by the blade in the upwind region, 

which can also be seen from the torque coefficient radar distribution. Moreover, since the 

pressure tappings were placed at mid-span where there are no or limited tip loss effects, the 

torque coefficient for the whole 3D blade will be less than that shown in Figure 13. 
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Figure 13 Instantaneous blade pressure measurements for the whole revolution.         , 

        ,    ,      ,        . 

4. Conclusions 

A time-accurate on-board pressure measurement system was successfully developed and 

employed in this study to measure the instantaneous blade pressure distribution and its 

variation during the rotation of an H-Darrieus wind turbine. The three-bladed turbine was 

driven at constant tip speed ratios by a motor in conjunction with a torque meter providing a 

stabilizing ‘brake’ resistance. The blade surface static pressures were measured together with 

signals from an optical sensor enabling the data collected to be mapped back to the blade 

position (azimuth angle) for each revolution. Dynamic stall and laminar separation bubbles 

were clearly captured along with the flow curvature effect. Furthermore, the convection of 

the dynamic stall vortex along the blade surface at large reduced frequency was also clearly 

identified. The instantaneous pressure measurements indicate that the dynamic stall vortex 

can only convect along the blade surface at high reduced frequency. At low tip speed ratio, 

the vortex is too weak to attach and convect along the surface resulting in an earlier blade 

stall and less torque being generated in the upwind region.  

This study provides new knowledge and understanding of the complex aerodynamics of 

the H-Darrieus wind turbine and this unique data provides a dedicated test case for the 
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validation of unsteady CFD models. To the best of the author’s knowledge, this is the first 

time that this technique has been used in the study of H-Darrieus wind turbines.  
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