
RC1 comments, 

1. Introduction 

• From my understanding, the EOG and the EWS are not thrown out in the 4th edition but the 
standard has been expanded. This should be clarified. 

• Ans: This is correct. We have addressed this in text (line 35 in marked-up version) 

• The wind speed information you are giving in l. 74 is not accurate. If you are bringing up the 
specific values, you should explain what the values you are just citing here actually mean - not a 
normal inflow velocity of 50 m/s but the reference wind speed (for the definition, please look 
into IEC-61400-1 4th edition) 

• Ans: clarification has been added (Line 79 in marked-up version)  

• While you are now citing the 3rd and 4th edition of the IEC 61400-1 standard, you are using the 
formulas of the 2nd version (at least, I suppose you do since you did not change the formulas). 
Change the formulas or the citation. Do not use wrong citations. 

• Ans: True! it was a mistake and all the equations and figures have been addressed according to 
3rd version. Thank you for this! 

• the authors should point our why the gust slicing effect is a problem (recurring high loads while 
the turbine blade crosses the gust several times) 

• Ans: this has been added in line 49 in marked-up version. Thank you! 

2. Methodology 

2.1. windEEE dome 

• in the text, both figure 2a and figure 2b are said to show "the closed-circuit 2D ow mode" while 
the caption says "render of test chamber and ow path" (a) and "side view schematic of the 
WindEEE Dome with ow path in closed-circuit straight ow mode" (b). Please clarify the 
description. Do I interpret the figures correctly when saying that the flow returns around the 
inner chamber (i.e. left, right, above)? 

• Ans: this has been addressed now as figure 1. The flow just recirculates from top, the 
surrounding part of the outer shell are isolated from the fans’ suction side with special sealed 
doors in 2D flow mode. The figure has been reconfigured accordingly. 

• you are mentioning the repeatability of gusts and shear flows. I would like to know whether this 
has been shown somewhere and if a citation could be included. 

• Ans: we have not done any repeatability study on the produced gusts yet, as now specified in 
manuscript (line 219 in marked-up version); we tried various actuating time for fans and IGVs 
then processed the data and selected the best configurations for which the results are 
presented. In order to recognize this we deleted the word “repeatable” in line 148 even though 
the gusts from IGVs look consistently identical (figure 11f & g).  

2.2. Numerical Flow Analysis Setup and Tuning/Validation 

• In this part, you should be clear about using one static condition to validate the numerical setup 
while the numerical setup will afterwards be used dynamically to generate the gusts and the 
shear. This could also be used in the discussion of the deviation in the flow field due to the 



different performance in the upper fan rows (as you write, "By knowing these discrepancies, 
corrections can be applied to the fan inputs"). 

• Ans: This has been added in the manuscript, thank you! Line 204, 310. 

2.3. Gust length and time scaling 

• I could not find any reference of the 14s duration of the 50 year EOG in the IEC 61400-1 ed 3 and 
4 standards, could you please give me the section where I can find this? 

• Ans: That was based on second version, it has been addressed in line 228 and other relative 
sections and figures. 

• (question out of interest): with a TSR of 1.1 and an inflow velocity of 5 m/s, the rotational 
frequency of the turbine (R = 1.1m) would be less than 1Hz which appears very slow to me. Is 
there a mistake? 

• Ans: True: the RPM will be around 56. To capture the effect of the 5 s gust on the turbine and 
being able to relate it to the full scale based on our assumption that should be the operational 
TSR for a future experiment that would include the turbine. 

• It is not clear what you want to express here. Please rephrase this. 

• Ans: it has been rephrased in Line 263. This part presents the assumptions for the parameters 
that affect the profile of the extreme events. the full scale and scaled extreme condition figures 
have been moved together in this section. 
 

3. Results and discussion 

3.1. Steady wind shear 

• I would change the wording in line 263: you are talking about velocity deviations, but the 
standard deviation gives you a measure of the fluctuations in the flow 
 

• Ans: it has been addressed in line 298. 
 

• it is not clear what the setting of 1.6 s is and what it implies. If the information is relevant, 
please be more specific. 
 

• Ans: explanation has been added in line 323. 
 

• I do not agree with the use of the term "intermittency" in this context because in turbulence, it 
is normally used for effects occurring in the ow due to the turbulence while here, in contrast, 
the short, strong dip in the velocity is not caused by turbulence but more likely due to the setup. 
I suggest rephrasing the explanation. 
 

• Ans:  Different wording has been used in lines 362 and 364. 
 

• A thought regarding the velocity "dip": When looking at the time series, it is obvious that the 
higher measurement positions have higher turbulence levels and in addition, probe H measures 
this "dip" - could this be explained by the upper fans having a less stable air supply than the 
lower fans who will suck more air from the sides and above? (due to the sharp angle between 



the upper row of the fans and the plenum, I would expect more air to ow from there to the 
lover fans) And could this dip be related (lack of air when suddenly increasing the velocity)? 
 

• Ans: That is overall correct. The upper fans have less supply due to the sharp angle. However, 
this effect has been minimized in WindEEE by installing returning vanes at the top of the outer 
circuit. We have now commented on this aspect in line 363 in marked up version. 
 

4. Conclusion 

• While you are talking about a "numerical and experimental study" both in your title and the 
discussion, I do not feel that this is an accurate description since you are describing how you 
build a numerical "setup-preparation chain" that you validate against previous ABL data sets, 
and this numerical setup is in the following used to set the vans. However, you are not showing 
the simulation results of the gusts and shears, and therefore it is not directly a numerical study 
in my opinion. What you compare are the experimental results and the expected results from 
the formulas. I therefore think it would aid if you would rephrase the first sentence of the 
conclusion. Is a numerical study with a simulation and experimental campaign for example with 
the turbine planned in the future? 

• Ans: line 381 has been modified to recognize this. The intent going forward is indeed to be able 

to compare simulation to experiment. 

• "The steady experiment runs corresponding to the peak of the shear cases show the fans act 
non-linearly and they have different individual efficiencies, especially the top and bottom rows 
despite our simplified assumptions for developing the CFD model." I would suggest rephrasing: 
"The steady experiment runs corresponding to the peak of the shear cases show THAT the fans 
act non-linearly and THAT they have different individual efficiencies, especially the top and 
bottom rows. This has not been taken into account in our simplified assumptions for developing 
the CFD model." 

• Ans: thank you, line 415 has been modified. 

5. Referee comments 

• It would have been nice if specific information (for example the lines) on the changes that have 
been made in response to the reviewers' comments would have been added. 

• Ans: Thank you for noting that, we have tried to highlight the corresponding line to the 

modifications made in the marked-up version along with the line numbers that are included 

here. 

• When asking about a) the phase average of your gust and b) the repeatability, comment on fig. 
12, I wanted to know whether you repeated the experiment several times and checked a) 
whether the gust events are similar and b) whether the plots are presenting an average over 
multiple gusts. I did understand that you use a filtering with a 0.2s moving average but this is 
not a phase average. Could you please clarify the above-mentioned points and add this in the 
paper? I could not find the information that the cobra probes show variations in the 
measurement of the mean velocity in the revised paper. 

• Ans: The plots have not been phase averaged based on multiple experiment runs. They are just 

showing one individual experiment run as now specified in manuscript (line 219 in marked-up 



version). We tried various actuating time for fans and IGVs then processed the data and selected 

the best configurations for which the results are presented. In order to recognize this we 

deleted the word “repeatable” in line 148 even though the gusts from IGVs look consistently 

identical (figure 11f & g). A study on the reproducibility has been recommended for future work 

(line 415). The velocity variations due to the filtering has been added in line 339. 



 

RC2 Comments, 

1. Referee comments 

• Numerical Analysis. Please specify `surface curvature, surface growth rate and mesh density 

were left to default values' in the revised manuscript. 

• Ans: they have been added in line 169 in marked-up version 

• Exp. details. The added paragraph `The seven cables from all the cobra probes....to digital 

converter card' does not address my comment. This section still lacks actual details necessary 

for repeatability purposes. Please add those in your next review. 

• Ans: as has been added in line 219, no repeatability investigation has been done yet. Because 

we did not know how to modulate the actuating time of the power and IGVs, a set of 

experiments with different timing were run. We selected the best configurations for which the 

results are presented. In order to recognize this we deleted the word “repeatable” in line 148 

eventhough the gusts from IGVs look consistently identical (figure 11f & g).  

• Results. Please include some form of your reply to my question on `error exist in 
horizontal shear'. 

• Ans: it has been added in line 310. 

2. Further comments 

• abstract - I suggest replacing `proper' with `appropriate'. 

• Ans: addressed at line 18. 

•  page 2, 65 - I suggest replacing `cause' with `can cause'. 

• Ans: addressed at line 48 

•  page 2, 65 - I suggest replacing `All these together' with `All these phenomena 
together'. 

• Ans: addressed at line 67. 

• page 3, 95 - I suggest replacing `This standard' with `The ICE'. 

• Ans: addressed at line 73 

• page 4, 111 - I suggest replacing `at figure 1' with `in figure 1'. 

• Ans: it has been addressed through the manuscript 

• figure 3 - I do not see what this figure adds to the manuscript. I would suggest removing 
it altogether. 
Ans: Thank you for your comment but the gusts with IGVs had the best results; we feel a 
small presentation of them helps the audience to understand their function.  

•  page 12, 235 - I suggest replacing `According to Figure 5a &b showing the relative errors 
between velocities at each height, the largest disconformities....' with `Figure 5a &b 
show the relative errors between velocities at each height. The largest 
disconformities....' 

• Ans: thank you! It has been changed in line 195. 



•  page 12, 245 - I suggest replacing `at figure 6' with `in figure 6'. Please rephrase this 
throughout the manuscript. 

• Ans: this has been done, thanks. 

• page 16, 300 - The mismatch in Re is substantial, which is understandable. The authors 
should limit their discussion on convincing their audience that this is not a strong 
limiting factors of their work, rather than including general statements on how to 
increase the Re. 

• Ans:  It has been moved to line 282. 

• figure 9 - I remain convinced that figures 1 and 9 should be collated. The blue line can be 
described at first, then the dashed red line discussion can be left to page 18. 

• Ans: They have been moved together as figure 8 in section 2.4. thank you! 

•  page 19, 345 - This sentence is unclear. I suggest rephrasing it for clarity. 

• Ans: it has been addressed in line 307. 

• page 21, 355 - This sentence is unclear. I suggest rephrasing it for clarity. 

• Ans: it has been addressed in line 321. 

• page 24, 395 - I suggest replacing `As mentioned earlier' with `As previously discussed'. 

• Ans: it has been addressed in line 358. 

• page 24, 395 - The first sentence starting with `However' is unclear. I suggest rephrasing 
it for clarity. 

• Ans: it has been addressed in line 362. 

• page 28, 405 - I suggest replacing `with the theory' with `to the theory'. 

• Ans: it has been addressed in line 379. 

• figures 12&13 - The authors insist on not discussing all subfigures, although these are 
now at least introduced. I have already pointed out that this is far from best practice. 

• Ans: figure 12 now as 11, it is just showing the total time history related to the whole 
experiment, we have tried to add more discussion about this figure. Figure 13 now as 
12, which is more detailed; we have added to our discussion in lines 360 to 376 to this 
section. Thank you for your constructive comments.  

• My concern regarding the lack of a well-structured conclusion section to this work has 
not been fully addressed. I will not recommend publication of this manuscript without 
substantial improvements to this section. E.g. page 29, 420 - The first paragraph needs 
rephrasing for clarity. 

• Ans: the conclusion has been restructured and improved.  

• Page 29, 420 - When the authors say `despite our simplified assumptions for developing 
the CFD model', do they mean `which highlights the limitations of our idealised CFD 
modelling'? 

• Ans: Yes! That sentence has been rephrased.  

• Page 29, 425 - The authors state `...more distorted...'. What does this refer to? 

• Ans: It was rephrased in Line 418. By distortion I meant the time lag between the high 
and the low peak hitting the test section. 

• Please do review the conclusion. 
• Ans: We restructured the conclusion. 
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Abstract. In this study, the possibility of simulating some transient and deterministic extreme operational 

conditions for horizontal axis wind turbines based on the IEC 61400-1 standard using 60 individually controlled 

fans in the Wind Engineering, Energy and Environment (WindEEE) Dome at Western University was 

investigated. Experiments were carried out for the Extreme Operational Gust (EOG), positive and negative 

Extreme Vertical Shear (EVS), and Extreme Horizontal Shear (EHS) cases, tailored for a scaled 2.2 m horizontal 15 

axis wind turbine. For this purpose, firstly a numerical model for the test chamber was developed and used to 

obtain the fans’ configurations for simulating each extreme condition with properappropriate scaling prior to the 

physical experiments. The result showsresults show the capability of the developedusing numerical 

modelmodeling to predict the fans’ setup and the facility tobased on which physical simulations can generate IEC 

extreme conditions in the range of interest. 20 

1. Introduction 

Wind energy is one of the primary sources of renewable energiesenergy for mitigatingmitigation of the global increasing 

global energy demand. However, one of the basic factors for this market to thrive is a continued loweringdecline of the 

levelized cost of electricity (LCOE), which is enhanced by ensuring the life time of the wind energy systems is reliably long 

(Ueckerdt et al., 2013). Having a long life cycle for these energy systems dramatically increases the probability of them 25 

encountering various extreme weather and wind conditions. Therefore, the design of wind energy systems must consider 

extreme environmental conditions with statistically accurate return periods. The International Electrotechnical Commission 

(IEC) has some deterministic design codes for commercial Horizontal Axis Wind Turbines (HAWT) in operating conditions, 

specifically in the third edition of the IEC 61400 part one (IEC, 2005) which includes two return periods for extreme conditions 

during turbine operation, 1 and 50-years.. These extreme models are relatively simple and are not able to capture the true 30 

coherent turbulent wind characteristics (Cheng and Bierbooms, 2001; Hansen and Larsen, 2007; Wächter et al., 2012). This is 

especially true in complex terrain where the gust time evolution profiles are highly asymmetric and non-Gaussian (Hu et al., 

2018). It has also motivated the most recent edition of the IEC standard (IEC, 2019) to utilize statistical methods for 

characterizing extreme gust event performance and extrapolation of load cases. This has been enabled by computational 
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resources to analyse wind energy systems in dynamic wind environments. to expand their external condition models. However, 35 

the third edition of the IEC standards was used in the work presented here as an initial step towards gust experimentation and 

represents an incremental development of a gust loading experimental capability. Progressing to a stochastic experimental 

approach, in order to replicate the much more complex current standard aimed at numerical simulation efforts, is left for future 

work and will be very challenging. 

One of the extreme cases in the standard is the extreme operational gust (EOG). A gust is defined as a sudden increase 40 

in velocity over its mean value, which is a transient feature of a turbulent wind field (Burton et al., 2011).These turbulent 

features in the Atmospheric Boundary Layer (ABL) depend on topography, surface roughness, up-stream obstacles, thermal 

stability (Suomi et al., 2013) and mesoscale climactic systems such as thunderstorms and downbursts (Chowdhury et al., 2018). 

In theory for different applicationapplications, there are various simplified models of gust based on a peak factor and the whole 

rising and falling time in the wind speed. The peak factor is the ratio of the peak velocity (maximum or minimum) and the 45 

average wind speed. Wind gusts can happen over various length and time scales in nature. The most damaging gusts for any 

type of structures are the ones that have the same length scale as the structure that can envelope the whole structure (Hu et al., 

2018). Smaller gusts, relative to the wind turbine size, cause fatigue loads on blades and can induce dynamic stall and the gust 

slicing effect (i.e. a recurring high loads as the blade slices through the spatial/temporal gust repeatedly as it rotatesregion 

several times). The wind gusts also can cause intermittencies in the power output of wind turbine generators. For a small 50 

electricity network, these fluctuations in power generation can cause serious problems (e.g. unstable grid voltage and 

frequency) for managing power transmission and distribution (Anvari et al., 2016; Estanqueiro, 2007). The worst case in both 

terms of the grid stability and the loading on the turbine is when  the gust peak speed is higher than the wind turbine cut-out 

speed (i.e. a specific speed that turbine comes to complete parked position for safety reasons, usually about 25 m/s), which if 

prolonged enough can cause the control system to abruptly stop the wind turbine (Hansen, 2015). From an aerodynamic point 55 

of view, gusts can result in undesired acceleration of the rotor and drivetrain. The most reasonable solution is usually an 

adjustable generator load or adjusting blade pitch angles after detection of the gust for modern wind turbines (Pace et al., 2015; 

Lackner and Van Kuik, 2010). Developing LIDAR technology can make a substantial contribution in controlling the wind 

turbine by measuring the wind field upstream, thereby giving enough time for the control system to react properly (Bossanyi 

et al., 2014; Schlipf et al., 2013). 60 

In addition to uniform gusts, the standard specifies deterministic Extreme Vertical and Horizontal Shears (EVS, EHS). 

These Extreme Wind Shears (EWS) can induce asymmetric loads on the rotor which are in turn transferred into the whole 

structure. The vertical shears can induce tilting or out-of-plane moments on the rotor and nacelle (Micallef and Sant, 2018). In 

a positive vertical shear, the blade moving at higher heights could experience stall while the one moving at lower height wil l 

experience a reduction in overall angle of attack relative to design condition (and vice versa for negative vertical shear) (Sezer-65 

Uzol and Uzol, 2013). If the shear is extreme enough, the blades may experience a phenomenon known as dynamic stall 

(Hansen, 2015; Gharali and Johnson, 2015). All these phenomena together will result in high fluctuations in power generation, 

as well as highly dynamic fatigue loads on the structure (Jeong et al., 2014; Shen et al., 2011). The effects of horizontal shear 
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are similar to vertical shear in terms of power performance and blade fatigue loads. However, EHS also induces yaw moments. 

These transient shears can happen for similar reasons as uniform gusts, but mostly happen within wind farms, where the 70 

downstream wind turbines are partially  exposed to the wakes of other operating turbines (González-Longatt et al., 2012; 

Thomsen and Sørensen, 1999). 

This standard alsoThe IEC  defines a classification for commercial wind turbines based on a reference wind speed and 

turbulence intensity, in a way that covers most on-shore applications (IEC, 2005). The Turbulence Intensity (TI) is defined as 

the ratio of the standard deviation of wind speed fluctuations to the average wind speed both calculated in 10min10 min 75 

intervals. TI levels of 16%, 14% and 12% correspondcorresponding to the A, B and C the reference turbulence classes (𝐼𝑟𝑒𝑓). 

For velocity references, (𝑈𝑟𝑒𝑓), 3 classes have been defined (I, II, III) corresponding to with 50, 42.5, 37.5 m/s as reference 

wind speeds, with one further class for special conditions (e.g. offshore and tropical storms) which should be specified by the 

designer. These reference velocities are used to calculate parameters related to the turbine external conditions. For example, 

the standard mean value of the wind speed over a 10 min interval based on the turbine class is 0.2 𝑈𝑟𝑒𝑓 . An extreme wind 80 

speed model as a function of height (𝑍) respect to the hub height (𝑍ℎ𝑢𝑏) with recurrence period of 50 years (𝑈𝑒50) and 1 year 

(𝑈𝑒1), is defined as follows: 

𝑈𝑒50(𝑧) = 1.4𝑈𝑟𝑒𝑓 (
𝑍

𝑍ℎ𝑢𝑏
) ,0.11 

(1) 

𝑈𝑒1(𝑧) = 0.8𝑈𝑒50(𝑧), 

This definition is used for calculating the gust magnitude of the EOG. 

The design stream-wise turbulence standard deviation (𝜎𝑢)  is defined by a normal turbulence model: 

𝜎𝑢 = 𝐼𝑟𝑒𝑓(0.75𝑈ℎ𝑢𝑏 + 𝑏);    𝑏 = 5.6 
𝑚

𝑠
, 

(1) 

(2) 

 
The 𝑈ℎ𝑢𝑏  is the average wind velocity at the at hub-height and 𝑏  is a constant. Accordingly, the hub height gust 85 

magnitude (𝑈𝑔𝑢𝑠𝑡) is given as: 

𝑈𝑔𝑢𝑠𝑡 = 𝑚𝑖𝑛 {1.35(𝑈𝑒1 −𝑈ℎ𝑢𝑏); 3.3(
𝜎𝑢

1+0.1(
𝐷
Λ𝑢
)
)}, 

(3) 

Considering t as the instantaneous time and 𝑡 = 0 atas the beginning of the gust, the uniform EOG as function of time is 

defined as: 
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𝑈(𝑡) =

{
 
 

 
 
𝑈ℎ𝑢𝑏̅̅ ̅̅ ̅̅ − 0.37𝛽 (

𝜎𝑢

1 + 0.1 (
𝐷
Λ𝑢
)
) 𝑠𝑖𝑛

3𝜋𝑡

𝑇
(1 − 𝑐𝑜𝑠

2𝜋𝑡

𝑇
) ;𝑤ℎ𝑒𝑛    0 ≤ 𝑡 ≤ 𝑇,

𝑈ℎ𝑢𝑏̅̅ ̅̅ ̅̅ ;     𝑤ℎ𝑒𝑛 𝑡 > 𝑇 𝑜𝑟 𝑡 < 0,

𝑈(𝑡)

= {
𝑈ℎ𝑢𝑏̅̅ ̅̅ ̅̅ ̅− 0.37𝑈𝑔𝑢𝑠𝑡 𝑠𝑖𝑛

3𝜋𝑡

𝑇
(1− 𝑐𝑜𝑠

2𝜋𝑡

𝑇
) ;𝑤ℎ𝑒𝑛    0 ≤ 𝑡 ≤ 𝑇,

𝑈ℎ𝑢𝑏̅̅ ̅̅ ̅̅ ̅;     𝑤ℎ𝑒𝑛 𝑡 > 𝑇 𝑜𝑟 𝑡 < 0,

 

(2) 

(4) 

The factor 𝛽 takes T  is the value of 4.8 or 6.4 for gusts with recurrence periods of 1 or 50-years respectively. The 

duration of the gust T is, specified as 10.5 s for 1-year and 14 s for 50-years return periodsseconds. The 𝐷 is the diameter of 90 

the rotor, and Λ𝑢 is the longitudinal turbulence scale parameter which is a function of the hub height (𝑍ℎ𝑢𝑏):: 

 

Λ𝑢 = {
0.7𝑍ℎ𝑢𝑏          𝑓𝑜𝑟 𝑍ℎ𝑢𝑏 ≤ 60 𝑚,
42𝑚          𝑓𝑜𝑟 𝑍ℎ𝑢𝑏 > 60 𝑚,

 
(3) 

(5) 

 
The EVS and EHS have similar equations whichthat can be added to or subtracted from the main uniform or ABL inflow. 

The EVS as function of height (𝑍) and time can be calculated using the Eq.equation (4):(6). 

 95 

𝑈𝐸𝑉𝑆(𝑍, 𝑡) = {
(
𝑍 − 𝑍ℎ𝑢𝑏

𝐷
)(2.5 + 0.2 𝛽𝜎𝑢 (

𝐷

Λ𝑢
)

0.25

) (1 − cos (
2𝜋𝑡

𝑇
)) ;𝑤ℎ𝑒𝑛   0 ≤ 𝑡 ≤ 𝑇,

0    ;  𝑤ℎ𝑒𝑛 𝑡 > 𝑇 𝑜𝑟 𝑡 < 0,

 

(4) 

(6) 

 
 

For a commercial B-III class HAWT with 92 m diameter rotor and 80 m hub height, at 10 m/s average velocity, the 

prescribed EOG and EVS for 1-year return period are presented at Figure 1. The time window in this figure starts and ends 

with the extreme event, which is 10.5s for 1-year return period.The  𝛽 is a constant with value of 6.4 and the T is 12 s in the 

EWS. The peak factor of the EOG decreases with increasing size of the turbine or decreasing hub height, and vice versa for 100 

the EVSEWS based on these equations. 

 

 

Formatted Table

Formatted: Caption

Formatted: Font: Not Bold

Formatted Table

Formatted: Caption, Keep with next

Formatted Table



 

5 

 

   
(a) (b) 

Figure 1: The extreme operational conditions with 1-year return period for a full scale HAWT class B-III 

with 92m diameter and hub height of 80m at 10 m/s uniform wind speed, (a) extreme operational gust, (b) extreme 

vertical shear on the rotor with hub height as reference 

 Along with more common steady state experiments (Snel et al., 2007; Sørensen et al., 2002), developing  transitory flow 

field experiments have attracted the interests of researchers during the past few decades (Lancelot et al., 2017; Ricci et al., 105 

2017) to evaluate the various computational techniques or to directly investigate complex phenomena in different applications. 

To the authors’ knowledge, in the wind energy field some efforts have been made to produce gusts using active grids (Petrović 

et al., 2019; Wester et al., 2018) and a chopper mechanism (Neunaber and Braud, 2020). Developing these unsteady flow fields 

basically comes down to the experiment targets and the available wind tunnel facilities. In this study, the generation of the 

EOG and the EWSs unsteady flow fields with properrelevant scaling (customised for a 2.2 m scaled HAWT) using 60 110 

individually controlled jet fans in the WindEEE dome are considered. This work presents a new numerical model of the 

WindEEE dome test chamber which can be used to predict fan settings for any custom steady or unsteady 2D flow fields before 

the physical experiment, and the capability of this facility to physically generate the gusts and shears similar to IEC standard 

during experiments. The focus of this paper is just on the time evolution of the simulated extreme conditions’ flow fields which 

is a prologue for future experiments including an actual HAWT model.  115 

The paper is organized in three sections beside the introduction and it is as follows. Section 2 details the development of 

the numerical model for the WindEEE test chamber which was used to obtain the fan setups to use in physical simulation of 

the gusts. This section also provides a length and time scaling of the gust which based on that the target gusts for experimental 

campaign are introduced. Section 3 presents the results from velocity measurements at the test section in two parts, firstly the 

steady shears to assess the accuracy of the developed numerical model to simulate the shear layers and secondly the final 120 

transient simulated gusts and their comparison with IEC standard. Section 4 provides some conclusions.  
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2. Methodology 

2.1. WindEEE Dome 

The physical experiments were conducted in the WindEEE Dome at Western University, Canada. This is a versatile 

facility that can be run at  different modes for creating various  non-stationary wind systems (Hangan et al., 2017). It has an 125 

inner test chamber with a 25 m diameter hexagonal footprint and 3.8 m height. The dome inner shell and the flow path in the 

closed-circuit 2D flow mode (e.g. ABL, shear flows and etc) are rendered in Figure 2a. The test chamber is in turn surrounded 

by an outer shell. It has a total 106 fans, including 60 fans installed on one wall and 40 fans over the other five peripheral 

walls. There are also 6 larger fans in a plenum above the test chamber which are mostly used for generating 3D flows like 

tornados and downbursts. The test chamber is in turn surrounded by an outer shell. The side view schematicThe dome inner 130 

shell/test chamber along with outline of the dome is shown at outer shell with the flow path in the closed-circuit 2D flow mode 

(e.g. ABL, shear flows and etc) are presented in Figure 1b to describe the flow recirculation path in the closed-circuit a. In 2D 

flow mode.  In this mode, the louvers at the top and peripheral sides of the test sectionchamber are closed and the flow 

energizesis energized only by the 60 fans, then it reaches to the test section (center of the test chamber) and then exits the test 

chamber through the mesh of the wall at the opposite end, then recirculating over the top while passing through the heat 135 

exchangers, and finally back to the 60 fans’ inlet. Each fan is 0.8 m in diameter with 30 kW nominal maximum power. In order 

to reach higher velocities and better flow uniformity characteristics at the center of the test chamber, a two-dimensional 

contraction can be setup to streamline the flow as shown in Figure 1cb. 
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(a) 

 
(b) 

 

 
(b) (c) 

Figure 1. A brief geometry of the WindEEE hexagonal dome, (a) the test chamber, (a) render of test chamber and  with 

outline of the outer shell along with the flow path, (b) side view schematic of the WindEEE dome with flow path in closed-circuit 

straight2D flow mode, (c) render ofb) the test chamber with contraction walls  

The power set-points of the 60 fans can be adjusted by the software as fast as 2Hz. However, this does not imply the fans 140 

themselves can throttle from 0% to 100% power at 2 Hz (due to rotational inertia of the fans’ rotors and electrical current 

filtering it takes ~3 s for the fans to adjust).  

Another feature are the fans with adjustable inlet guide vanes which can regulate the amount of mass flow rate through 

the fans. These vanes can be adjusted uniformly from 0% open (close) to 100% open (Figure 2). They can also be adjusted 

dynamically by setting an actuation frequency, duty cycle and an initial position. The actuation frequency specifies the time 145 

between two cycles, while the duty cycle specifies the duration of an individual cycle specified as a percentage of the time 

between two successive cycles. All these features allow the generation of repeatable and customisable dynamic flows. 
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(a) (b) 

Figure 2. The adjustable vanes at the inlets of the 60 fans wall, (a) 100% open vanes, (b) 70% open vanes 

2.2. Numerical Flow Analysis Setup and Tuning/Validation 

In order to have a better understanding of the flow field in the test chamber, a numerical model for the test chamber was 150 

created using the commercial Star-CCM+ CFD software, which helped to predict the fan power setups for different scenarios 

prior running the experiments. 

For this purpose, four simplified symmetrical domains of the test chamber were generated to save considerable CPU time 

as listed at Table 1. As this table outlines, the domains V and V-c were used for simulating EOG, EVS and ABL flows; domains 

H and H-c were used for simulating EHS. 155 

 
 

 

 

 160 

 

 
Table 1: The symmetrical domains of the test chamber used for simulating different cases  

Picture of the Domain Application Domain ID 

 

Simulating ABLs and EVS & 

EOG and tuning the boundary 

conditions parameters 

V 

 

Simulating ABLs and EVS & 

EOG with contraction walls and 

tuning the boundary conditions 

parameters 

V-c 
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Simulating EHS H 

 

Simulating EHS with contraction 

walls 
H-c 

 

In order to discretize the domains, three mesh setups (M1, M2 and M3) were considered for the polyhedral automated 165 

mesh function, built-in Star-CCM+ software. The general details for the generated grids are presented in Table 2. For all the 

cases, 5 prism layers with a total thickness of 0.05m05 m and with stretching of 30 % at the solid walls with minimum of 4 

elements in the gaps were used; other parametersthe surface curvature and surface growth rate were left asat their default 

values. (6 degree and 20% respectively) with no specified mesh density in the domains. In addition, in domains with contraction 

walls a custom control refinement on the surfacesurfaces of the contraction wallwalls was used to create elements half of the 170 

general base size. The fans were modelled as squares with individual velocity inlet boundary conditions per fan. The outflow 

grid on the opposite wall was treated as uniform pressure outlet. All other surfaces were treated as no-slip walls. Due to broad 

range of the Reynolds number across the domain, controlling the wall y+ was challenging. Therefore, for modelling the 

Reynolds stresses in the RANS equations, two-layer K-epsilon (k-ε) turbulence model was chosen.  

The next step was to calibrate the boundary condition parameters based on the previous experiment data that were 175 

available for scaled ESDU ABL profiles both with and without contraction walls (Hangan et al., 2016). The simulated fan 

powers were then adjusted to reach the desired average velocity profiles at the test section to match the existing experimental 

data. The M1 setup at domain V and V-c were used for preliminary tuning of the input values at the inlets and the outlet 

boundary condition parameters in order to get the best match with the available data at the test section. The best results 

corresponded to an inlet turbulence intensity of 8% with length scale of 0.2 m and the outlet boundary set as a pressure outlet 180 

with uniform zero-gauge pressure, 1% turbulence intensity and 0.05m length scale. Working at full power, the fans can 

generate 13 and 31 m/s of uniform wind velocity at the test section without and with contracting walls respectively. InAt the 

end the simulation results showed that the full fan powers corresponded to a 16.5 m/s inlet boundary velocity. The fan power 

set-points were then simplified as a linear interpolation between 0 and 16.5 m/s for the velocity inlets.  

 185 
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Table 2: Detail of grid sizes for each domain 

Grid name tag M1 M2 M3 

Number of Cells for Domain V 

(Million) 
1.41 2.53 5.52 

Number of Cells for Domain V-c 

(Million) 
2.37 3.72 6.75 

Number of Cells for Domain H 

(Million) 
N/A 1.93 N/A 

Number of Cells for Domain H-c 

(Million) 
N/A 3.00 N/A 

Base size (m) 0.1 0.08 0.06 

 

The mesh independency check was defined by the incrementally refined grids M1 to M3 using the velocity profiles at 

the test section for the ABL profiles which have different fan power set points for each row (Figure 3). For low speed setup 

(without contraction) they were at 50, 70, 70 and 50% from bottom row to top (Figure 3a); forin the setup with contractions, 190 

the fans are at 50, 65, 75 and 75% (Figure 3b); ). The velocity profiles from the CFD results waswere defined by a vertical 

probe line atpassing through the center of the test chamber with 40 elements over the entire height of the chamber. 
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(a) (b) 
Figure 3. The mean ABL velocity profiles at the test section for different mesh setups comparing with the 

experimental data (Hangan et al., 2016), (a) low speed (without contraction) and (b) high speed (with contraction) mean 

velocity vertical profiles 

According to Figure 4a &b showingshow the relative errors between velocities at each height,; the largest disconformities 

between different mesh setups occur close to the wall, which for this research is not the most important region. The more 195 

critical region for the present experiments is at the middle heights where the wind turbine rotor will be located. That being 

said, even the M1 setup has an acceptable range of error (~1%) at mid-height. However, the M2 mesh setup was chosen as 

the best compromise of computation speed and accuracy.  
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(a) (b) 

  
Figure 4. The relative errors for (a) low speed velocities and (b) high speed velocities, the solid lines are the mean value 

for the errors over the whole height 

The discrepancy between the CFD simulation (M2) and the experimental data also increases close to the wall. This error 

is rooted in uncertainty of the implemented turbulence model and relative course mesh size close to the wall in the numerical 200 

model. Nevertheless, they are in an acceptable range of engineering applications (under 10% of relative error). A picture of 

discretized domain V-c with the M2 grid is shown atin Figure 5. 
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Figure 5. The M2 grid for the V-c domain 

As described, this numerical model has been developed based on a set of steady ABL experimental data. The first 

application of it was to generate a calibration table that related the steady fan power set-points to the mean velocity magnitudes 

and profiles at the test section. This table was used to predict the fans’ powers in generating the EOG. For simulating the 205 

EWSs, only the peak stages of these extreme events were considered for modelling, again in steady condition in order to obtain 

the fan setups at the peak of the corresponding wind shear event (see 3.1). These numerical simulations neglect the closed loop 

flow recirculation dynamics in the dome. Nevertheless, it produces a reasonable prediction of the fan setups for a specific flow 

field in a reasonable amount of time.  
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2.3. Experimental setup for velocity measurements 210 

The velocity measurements were obtained with seven cobra probes. Each probe has 4 pressure tabs at the head (0.5mm 

each) and is able to measure three velocity components with measuring range from 2 to 45 m/s with ±0.5 m/s accuracy (TFI 

Ltd., 2011). In this study, the average wind velocity was 5 m/s; therefore, all of the wind measurements have ~ 10% accuracy 

in average. 

Two different setups for velocity measurements were used:; vertical and horizontal arrangements (Figure 6). The seven 215 

cables from all the cobra probes were connected to an interface box. The output cable from this box then was connected to a 

laptop via an analog to digital converter card. The sampling duration was 60 s with sampling frequency of 2000 Hz for each 

measurement run. In each extreme event multiple actuation times for modulating either the fan powers or the IGVs were 

considered; this study presents the best results compared to the target extreme events from an individual test run. 

 220 

 
 

(a) 
(b) 
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(c) 
Figure 6. The arrangement of cobra probes based on the dimension of a 2.2m diameter HAWT for (a) vertical and (b) 

horizontal measurements at the center of the test section, (c) Setting up the 7 cobra probes in a horizontal arrangement at 

the test section 

The locationlocations of the probes waswere chosen based on the dimension of the available wind turbine in the facility. 

This turbine has a 2.2 m diameter with adjustable hub height, chosen as 1.9 m (Refan and Hangan, 2012). This entire paper is 

dedicated just to the development of the flow field. Investigation the effect of these unsteady wind conditions on the turbine is 

left for future work. 

2.4. Gust length and time scaling 225 

The time duration of the gust (T), as mentioned earlier, is 10.5 s for a 1-year and 14 s for a 50-year return period in the 

IEC standard. The gust duration correspondsdurations of the extreme events (T), as mentioned earlier, are 10.5 s for EOG and 

12 s for EWS (IEC, 2005). Subsequently, the gust durations correspond to 3 to 4 complete rotor revolutions periods for full-

scale turbines (which usually have angular speed of 15-18 RPM in 10 m/s average wind speed), which for the). For a scaled 

wind turbine in the wind tunnel would be4 rotor revolutions happen on the order of a second at the nominal operating condition. 230 

This gust time scale would be impossible to simulate at WindEEE facility given the physical limitations of the hardware. 
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Therefore, we assume that the time scale of the gust is equal to propagation time of 4 loops of a blade tip vortex downstream 

in the wake. We can then calculate the propagation length and time of these vortex loops based on the definition of the Tip 

Speed Ratio (TSR:
𝑏𝑙𝑎𝑑𝑒 𝑡𝑖𝑝 𝑠𝑝𝑒𝑒𝑑

𝑓𝑟𝑒𝑒 𝑠𝑡𝑟𝑒𝑎𝑚 𝑠𝑝𝑒𝑒𝑑
) and); assuming a uniform wake we have:  

 235 

Ω =
𝜆𝑈ℎ𝑢𝑏

𝑅
[𝑟𝑎𝑑/𝑠],  

Ω′ =
𝜆𝑈ℎ𝑢𝑏

𝑅
×

1

2𝜋
[𝑟𝑒𝑣/𝑠], 

(5) 

(7) 

 

𝑈ℎ𝑢𝑏 ×
1

Ω′
=
2𝜋𝑅

𝜆
[
𝑚

𝑟𝑒𝑣
],  

 

where Ω is the angular velocity in radiant per second and Ω′is in revolution per second, 𝜆 is TSR and 𝑅 is the 

radius of the rotor. Which; with some rearrangement the last part in equation (7) can be rewritten as follow: 
 

𝐿′

𝐷
=
𝑇′𝑈ℎ𝑢𝑏
𝐷

=
𝜋

𝜆
 , 

 

 

(6) 

(8) 

 

the 𝐿′and 𝑇′ are the length and time duration for propagation of one vortex loop in the wake. Based on the Eq. (6)equation 240 

(8) and our assumption, an appropriate gust time and length can be calculated from: 

𝑳𝒔
𝐷
=
𝑻𝒔𝑈ℎ𝑢𝑏
𝐷

= 4
𝜋

𝜆
 ,. 

 

(7) 

(9) 

 
Accordingly, the scaled time duration (𝑇𝑠)  is function of TSR, free stream velocity and the diameter of the rotor. The 

scaled length (𝐿𝑠) is function of TSR and diameter of the rotor (Figure 7).  

If the scaled turbine works at the same TSR and free stream velocity as the full-scale commercial HAWT, the time and 

length scale would be equal to their geometrical scale (i.e. the ratio of diameters).  245 
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Figure 7. Visual representation of the length and the time scale proper forrelevant to the extreme 

conditions with assuming a symmetric wake 

The flow behaviour in the near wake region is directly correlated to the overall performance of a HAWT. Matching the 

time duration of the extreme condition to the propagation of 4 vortex loops in the wake should be a reasonable comparison to 

the full scale in terms of variation of power and loads on the wind turbine.  

For a commercial B-III class HAWT with 92 m diameter rotor and 80 m hub height, at 10 m/s average velocity, the 

prescribed EOG and EVS are presented in Figure 8a & b. The time windows in these figures start and end with the extreme 250 

events.  

The physical experiments showed that the fastest possible gust events with the required peak factor were at time scales 

ofaround 5 seconds due to the hardware limitation. Therefore, based on our assumption, this requiresto match the extreme 

event period to the suggested scaling assumptions, the 2.2m2 m scaled wind turbine toshould work in 5m5 m/s free stream 

velocity with operating TSR of 1.1, then it would take 5 seconds for the four complete loops of the tip vortexes generated by 255 

a specific blade to propagate in the wake. Accordingly, in all of the simulations and experiments the hub height velocity was 

kept at 5 m/s to increase the  time scales. In this setup, the ratio of the length and time scale become 5.23 and 2.61 respectively. 
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The Reynolds number calculated from the relative velocity and chord size at 70% span of the blade for full scale turbine at the 

nominal wind speed and TSR (10 m/s and 8 respectively) is ~7.5 × 106 and for the scaled turbine at the .our lab condition is 

~32.5 × 103 which gives the ratio of ~230. This mismatch can be improved by being capable of running the experiment at 260 

higher wind velocities and TSRs.  

 
All of the simulations and experiments were tailored for the available scaled wind turbine. Assuming a similar B-III class 

for the scaled HAWT with the hub height of ~102 m for, the 2.2 m rotor, thescaled extreme condition profiles look identical 

to the full-scale ones (the same peak factor but different gust time) at 5 m/s average hub-height velocity considering 1-year 265 

return period, as it isare shown in Figure 9.  

Accordingly, for theFigure 8c & d; in the scaled EOG the velocity should uniformly rise from 5 to 9.5~7.8 and then back 

to 5 m/s in 5 seconds with ~1.5 m/s dropdrops before and after the main peak relative to the average free stream velocity 

(Figure 9a).Figure 8c). However, in the experiments the gusts have been simplified by not including the velocity dipsdrops 

(the red dashed -line in Figure 9a).Figure 8c). This simplification stretches the actual rising and falling time from ~ 2.5 to 5 s. 270 

ThisYet, this is the compromise that was made due to the hardware limitations and for having a consistent total gust time 

duration with. Hence, in this study, the target EOG has the same falling and rising time period as the scaled  EWSs. The pre-

post dips in the standard EOG reflect field data wherein gusts are preceded by lulls; however for the purpose of investigating 

peak loading during gust events, for a machine nominally operating at the mean wind speed and assumed not responding much 

during the lull period, it is the velocity excursion above average wind speed that is important to capture. Future apparatus 275 

design and fan control may enable execution of perpre-post lulls in futureprospective experiments.   

ForIn the scaled EVS the uniform velocity field transitions to a highly sheared flow (~7 m/s velocity shear inover 2.2 m 

distance) and then back to a uniform field, again in 5 seconds (Figure 9b). For the full scale the same amount of velocity 

difference happens over 92 m with different time scale.Figure 8d).  

 280 
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Figure 8.: The target extreme operational conditions for simulationsa full scale HAWT class B-III with 92 m diameter 

and experiments based onhub height of 80m at 10 m/s uniform wind speed compared with the scaled wind conditions for a B-

III turbine with 2.2 m diameter and capability of the fans, identical to prescribed2 m hub height at 5 m/s average wind speed 

(a) full scale extreme condition for theoperational gust, (b) full- scale wind turbine just with different time scale, (a)extreme 

vertical shear,  (c) scaled extreme operating gust, the solid blue line is for IEC and the simplified gust that actually was 

producedtargeted is in red dashed -line, (b)d) scaled extreme vertical shear 

In these settings, the length and time scale ratios are 5.2 and 2.4 respectively. The Reynolds number based on the relative 

velocity and chord size at the 70% blade span for full scale turbine at the nominal wind speed and TSR (10 m/s and 8 

respectively) is ~7.5 × 106 and for the scaled turbine at our lab condition is ~32.5 × 103 which gives the ratio of ~230.  

3. Results and discussion 

3.1. Steady wind shear 285 

In this section the simulation cases are all steady and just for the peak stagestages which is the instantaneous point in 

time that maximum shear occurs, as a preliminary investigation to unsteady experiment runs that are examined in the next sub-

section. Using the tuned numerical model setups, the V-c and H-c domains were used to simulate the desired vertical and 

horizontal sheared flows by manipulatingmodulating the input velocity for the different rows and columns of the fans. The 

target was to match as closely as possible the velocity profile as similar as possible to the IEC standard for the scaled HAWT, 290 

corresponding to ~7 m/s shear while keeping the velocity at the rotor centerline 5 m/s. Figure 9 shows the fan setups using 

CFD for creating the desired shears which could be achieved by using only the 5 fan columns at the middle. For creating 

negative vertical shear, the setup presented in Figure 9a was inverted. 
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(a) (b) 
Figure 9. Fan setups for peak stages of extreme (a) vertical and (b) horizontal shears, prescribed for the scaled HAWT 

identical to full scale condition, the power set-points for each row and columns isare included (just the 5 columns at the middle 

are working) 

 
Using the fan setups shown in Figure 9 the physical experiment wasexperiments were carried out and velocity 295 

measurements made using the Cobracobra probes. Figure 10 showsa, b & c show the average velocity at each probe including 

the range of velocity deviationfluctuations (standard deviation) compared with average velocity profile from the CFD (dashed-

line) and the prescribed shear by IEC standard. These (yellow solid-line) for the EVS, EHS and negative EVS respectively. 

The high amount of velocity fluctuations relative to the mean velocity in experiments are due to the strong vortexes that form 

in these highly sheared flows thatwhich increase the momentum mixing at different heights. The amount of shear that was 300 

prescribed (~7 m/s velocity difference) is being successfully created in the tunnel for the positive vertical shear case (Figure 

10a). However, for the horizontal and negative vertical cases (Figure 10b & c) there are larger shears than desired, resulting in 

a ~10 m/s velocity difference. From Figure 10a & c it is clear that the lower fans work more efficiently than the upper fans;  

(i.e. with the same value of the power set-pointpoints, the lower fans generate higher velocities.). The largest disconformity 

exists in the horizontal shear case (Figure 10b).  305 

The relative differencediscrepancy between the mean velocities fromvelocity fields of these three steady experimental 

data withsteady shears and the IEC standard isare presented atin Figure 10d. Accordingly, the average amount of 

disconformities over all of the probes are 41, 27 and 9 % for the horizontal, the negative vertical and the vertical steady shears 

respectively which can be adjusted in future. Basically, this comparison revealed the capability of the developed numerical 
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model to predict the fan setups for simulating the EWS. As was explained in section 2.2, the numerical model is tuned just 310 

based on previously tested ABL flows while assuming similar efficiencies for all the fans, neglecting the flow recirculation in 

the outer shell and simplifying WindEEE test chamber geometry. The fan power values in all the test cases (steady and 

unsteady) are directly taken from the steady numerical model prediction results. In future, further field adjustments are required 

to generate a flow field as similar as possible to the IEC prescription. 

 315 

  

(a) (b) 



 

23 

 

 
 

(c) (d) 
Figure 10. CFD predictions vs experiment data for steady (a) vertical shear, (b) horizontal shear and (c) negative 

vertical shear, (d) the relative disconformity between the three steady shear experiments and IEC standard 

 

3.2.  Unsteady experiments 

For the shear cases just the five columns of the fans in the middle were working (only 20 out of 60 fans were operated). 

For the nominallyThe uniform inflow condition, at the beginningflow field before and the end ofafter the shear events, they 

were all set generated by setting these 20 fans at 39% power. The best results in terms of the event duration, were captured 320 

when the extreme condition setup (the setup at Figure 10) was set to setups were set for 1.6 s in the actuator software. (i.e. the 

fan powers uniformly stayed at 39% and then switched to the setup in Figure 9 for just 1.6 seconds then back to the 39% 

uniform). The uniform gusts were generated in two ways. The first was again by changing the power set-points of all the all 

60 fans together. According to the results from the CFD simulations (Domain V-c), in order to achieve the prescribed EOG, 

the fan power set-points should uniformly go from 17% to 30% (correspond to 5 and 9.3 m/s wind at test section) and back to 325 

the 17% power. For the uniform gust, the best result again was obtained with switching fans onto 30% for 1.6 s which resulted 
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in ~5 𝑠 uniform gust with desired peak factor. The second way of generating a uniform gust was using the IGVs while keeping 

fan power set-points constant at 30%. In this run, the actuation frequency of the IGVs was set at 0.05 Hz with a duty cycle of 

8%, initial position of 10% open with cycling to 100% open (see section 2.1 for IGV setting definitions). In addition, forin 

each uniform gust case, to obtain a better understanding of the uniformity of the flow field, two measurement runs were 330 

conducted in order to measure the velocity field with using both vertical and horizontal layouts of the cobra probes 

(layoutlayouts in Figure 6) in order to investigate the uniformity of the inflow. All). For processing the data all of the velocity 

time histories were filtered using a moving average with an averaging window of 0.2 s based on the criteria described at 

(Chowdhury et al., 2018).  

 3D pictures of the filtered turbulent wind fields for the EVS, EHS, negative EVS, EOG cases generated with changing 335 

fan powers (vertical & horizontal measurements), and the EOG generated using the IGVs (vertical & horizontal measurements) 

are presented in Figure 11a, b, c, d & e, f & g respectively. FromThe average amount of variation in reading the velocity values 

due to the filtration is ±0.16 m/s for the EWS cases;  ±0.11 m/s for the EOG using the fan powers and ±0.41 m/s for the EOG 

using the IGVs. In Figure 11a & c when the 20 fans in theat middle are operating, it is again evident that the fans inat the top 

row do not work as efficientlyefficient as the other fans,; they could have less stable air supply than the lower rows which 340 

couldshould be due to the tight direction change of the recirculating flow in the recirculation process from the top. Figure 11d 

& f show velocitiesvelocity fields when all 60 the fans are operating with the contraction walls to help unifyunifying the flow 

field. Figure 11b, e & g show that all of the flow fields are horizontally uniform. The data from the EOG generation with IGVs 

(which work in a cyclic manner) in Figure 11f & g shows the background velocity fluctuations are high relative to the EOG 

generation by manipulating the fans’ powers atin Figure 11d & e.  345 
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(c) negative EVS 

 
 

(d) EOG generated with changing fan powers, 

vertical measurements 

(e) EOG generated with changing fan 

powers, horizontal measurements 
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(f) EOG generated with IGVs, vertical 

measurements 

(g) EOG generated with IGVs, horizontal 

measurements 

 
Figure 11. 3D pictures of the complete time history of the phased averaged (with 0.2 s averaging window) turbulent 

velocity field 

In order to have a better comparison of the generated extremethese unsteady cases with what the standard prescribesIEC, 

the velocity time history extracted from the cobra probes B to H (with the layout showed in Figure 6, as well as ) in blue solid-

lines along with the standard specifications in orange solid-lines are plotted as solid blue and orange lines respectively in in 

Figure 12 inat the left columns (the cases are in the same order as Figure 11). The right column containscolumns contain the 

relative instantaneous discrepancy of the velocity relative to the IEC prescribed velocity, normalized by the average velocity 350 

(~5 𝑚/𝑠). 

 

 
Based on data for the shear cases, at the peak stages the amount of desired shear is successfully being generated. However, 

due to the difference in velocities, there is a time lag between the peaks’ locations at the top to bottom heights of the EVS 355 

cases, and left to right in the EHS cases (Figure 12a, b and c).  

As mentioned earlierpreviously discussed, when just the 20 fans in the middle of the wall are working the lower efficiency 

of the top row of the fans is more noticeable due to the tight angle of flow recirculation at probe H  in Figure 12a & c.; the 

velocity time history at this height and condition has more fluctuations compare to the other probes. Probe H in Figure 12d & 

f shows in better detail that using all the 60 fans and the contraction walls helps homogenizehomogenizing the flow field. 360 

However close to the ceiling (i.e. similar velocity magnitudes and fluctuations in all the time histories across the probes ) . Yet, 

in the gust peak the problem still shows itselfwhen the flow is highly dynamic, the insufficiency of the air supply for the top 

row is noticeable as velocity intermittency as the probe H in  Figure 12d demonstrates. (the sudden velocity drop while the 

velocity in other probes consistently increasing). Similar velocity intermittenciesinstabilities have been noticedobserved at the 

same height in other experiment runs when rapid fan power changes are applied. However, the desiredwere applied. Figure 365 

12d & e in detail present the flow field of the EOG generated by changing the whole 60 fans’ powers. In the discrepancy time 

histories, there are double hump shape profiles mostly due to the two sequential velocity drops before and after the main 

velocity hike in the standard. Even though the peak factor has been generatedis being captured the gust profile is not symmetric 

as the standard suggests; the second humps in the discrepancy time histories consistently have higher magnitudes. This could 

be due to the fact that the fans do not decelerate as fast as they can accelerate (the gust falling time is not as fast as its r ising 370 

time). Active fan braking might be explored in future work to accelerate the falling gusts, instead of relying on inertia/friction. 

 



 

27 

 

 

(a) EVS 



 

28 

 

 

(b) EHS 
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(c) negative EVS 
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(d) EOG generated with changing fan powers, vertical measurements 
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(e) EOG generated with changing fan powers, horizontal measurements 
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(f) EOG generated with IGVs, vertical measurements 
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(g) EOG generated with IGVs, horizontal measurements  

 
Figure 12. Filtred velocity time history at each probe (with the layout presented in Figure 6) as blue solid blue -line 

compared with prescribed extreme event velocity as a solidthe orange solid-line (left columncolumns), time history of relative 

instantaneous velocity discrepancy normalized by average velocity (right columncolumns)  
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The most consistent uniform gustEOG was generated by using IGVs, in terms of uniformity, symmetry and peak 

factorsfactor at the test section, at least in the measurements area (Figure 12f & g). The only noticeable discrepancy for the 375 

EOG generatedinconsistency of this simulated EOG with the IGVs is due toIEC are the small drop in velocity before and after 

the main rise of velocity in the prescribed gust case, whichdrops that created dual peaks a moderately symmetric double hump 

profile in the relative errordiscrepancy time history. If we considerconsidered the simplified gust profile as the baseline (see 

Figure 9aFigure 8c), the generated gusts with this method would have identicalmore similar characteristics withto the theory.  

4. Conclusion 380 

A numerical andhybrid experimental/numerical study has been carried out to investigate the possibility of creating 

extreme conditions for a scaled HAWT based on the IEC 61400-1 standard, in particular the EOG, EVS and EHS casesEWSs, 

using thea unique 60 fan setup in the WindEEE dome. at Western University. These conditions were tailored for a 2.2 m 

diameter scaledtest HAWT. The with the aim was to further relate this work to full-scale wind turbines. Therefore, a simple 

length and time scaling approach based on tip vortex propagation in the wake was presented. Based on that approach, the 385 

duration of each extreme condition was set equal to four tip vortex loops propagating downstream. Accordingly, theintroduced. 

The resulting time scale is a function of the free stream velocity, tip speed ratio and diameter of the rotor.  

The developed A simplified numerical model of the test chamber for 2D flow mode of operation gave a good 

understanding of the relation between fan power set point was first developed and the flow field in the relevant part of test 

chamber. This knowledge was successfully used to predict the fan setups to physically replicating the extreme conditions. 390 

The tuned based on a set of steady experiment runs corresponding to the peak of the shear cases show the fans act non-

linearly and they have different individual efficiencies, especially the top and bottom rows despite our simplified assumptions 

for developing the CFD ABL flow data; the model. By knowing these discrepancies, corrections can be applied to the fan 

inputs for improving the accuracy with which the standard gust can be better replicated. The unsteady shear flow experiments 

showed that the flow field is more distorted due to the differences in speed generated at the fans. There is  used a time lag 395 

between the highest and lowest peak location, which also can be corrected in future by giving a phase difference in actuations 

between the top and bottom rows. But more importantly the desired peak factor overall has been captured.  

Generating uniform gusts using the IGVs produced the best results in terms of time scale and peak factors, as well as 

flow field uniformity. Considering the simplified gust profile without the velocity drops, the generated gust imitates the 

theoretical profile. The results from changing fan power set-points were consistent as well. However, due to flow recirculation 400 

and a sharp turn from the top and behind the fans, the top row of fans does not work as efficiently as the other 3 rows during 

large transitions in power set-points, which resulted on a little non-uniformity at top heights of the test chamber. The 

contraction walls when all 60 fans were operating helped unify the flow field, yet in high power transitions some intermittencies 

are noticeable at the top of the chamber. The same problem was mentioned for generating sheared flows.  
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Overall, this study demonstrated a successful simulation of extreme wind conditions, which can now be used for future 405 

experimental tests to investigate their effects on different aspects of wind turbine performance with minor modifications.  It is 

informative to note again that the experiment results are directly from the prediction of the numerical model which had 

simplified geometry of the WindEEE testing chamber and did not simulate the flow recirculation in the outer shell. The model 

also treated the fans simply as velocity inlet boundary conditions with the same efficiencies. Yet, it gave a good understanding 

of the relation between fan power set-points and the flow field at relevant part of the test chamber, which then was used to 410 

predict the fan setups for the physical simulation of the extreme events. For future target scenarios the numerical model can 

be useful to obtain the primary setup, however field adjustments are recommended. 

Steady experiment runs corresponding to the peak of the shear cases showed that the fans act non-linearly having different 

individual efficiencies, especially the top and bottom rows due to the sharp recirculation angle at the suction side of the 60 fan 

wall. This has not been taken into account in the simplified CFD model and consequently resulted in discrepancies between 415 

experiments and the standard shear. By quantifying these discrepancies, corrections can be applied to improve the replication 

of these events. The unsteady shear flow experiments showed that even though the desired peak factor was generated the high 

and low velocity peaks reach the test section with a time lag. This can be corrected in the future by providing a phase difference 

in actuations between the top and bottom rows of fans.  

In generation of the EOG by dynamic change of the fan powers, the flow field was more consistent than the EWS 420 

compared to their own baselines; the combination of 60 operating fans and the contraction walls helped unifying the flow field. 

Yet, in fast power transitions due to the sharp recirculation angle the flow field showed some unpredictability and inconsistency 

close to the ceiling of the test chamber. Generating uniform gusts using the IGVs produced the best results in terms of time 

scale and peak factor, as well as flow field uniformity and reproducibility. Considering the simplified gust profile without the 

velocity drops, the generated gust imitates the theoretical profile.  425 

Overall, this study demonstrated promising results using a hybrid numerical/experimental approach for the simulation of 

extreme wind conditions. These extreme gust conditions can be used with minor modifications in future physical tests to 

investigate their effects on different aspects of wind turbines’ performances. Furthermore, a detail investigation into the 

reproducibility of these extreme events, specifically the cases generated by dynamic change of the fan powers, is 

recommended.  430 
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