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ABSTRACT
This article reports about a wind- tunnel experiment carried out in the ONERA F2 low- speed wind tunnel on a model of the DU 
97- W- 300Mod airfoil designed for wind turbine application. The wind tunnel, the airfoil model, and experimental techniques 
used are presented, with special emphasis on the data processing and corrections required to derive airfoil forces and pressure 
distribution. To better document the flow physics at play, the results are illustrated by infrared thermography and surface oil flow 
visualization. The test allowed investigating Reynolds number effects between 1 and 3.8 millions. To ameliorate the understand-
ing of the benefits and limitations of such airfoil testing, one section is devoted to the comparison of present results with previous 
experiments in other wind tunnels. Some of the difficulties arising in airfoil testing are evidenced and discussed to contribute to 
the improvement of test methods.

1   |   Introduction

The development of large wind turbines in the last decades has 
prompted the creation of new airfoil shapes, dedicated to high- 
aspect ratio blades, whose design point and characteristics are 
different from existing airfoils. In particular, these airfoils are 
generally much thicker, with thickness- to- chord ratios in the 
order of 20% to 50%, making them more sensitive to early sepa-
ration of the boundary layer. As wind turbine size increases, the 
operational Reynolds number of these airfoils also increases to 
reach several millions. There are even specific pre- designs using 
250- m long blades [1], in which the Reynolds number based on 
maximum chord (16 m) will reach 20 million.

In the development of these new airfoils, experimental data are 
required to validate aerodynamic design [2], even more when 
these airfoils are affected by roughness, erosion or icing [3] or 
get equipped with various flow control devices, such as vortex 
generators [4, 5] or riblets [6]. These small details are indeed 
difficult to simulate as they imply small scale physics in the 
boundary layer. Airfoil thickness also adds complexity to the 

flow because of increased pressure gradients. Above a certain 
amount of thickness, the aerodynamic behavior may change 
very drastically [6]. This adverse effects seems to be closely re-
lated to the onset of massive—sometimes asymmetric (upper vs. 
lower side)—flow separation. These effects, however, generally 
occur at thicknesses far above the 30% thickness considered 
here. Meeting this experimental need was not as straightfor-
ward as one might have thought by considering past decades 
of wind tunnel testing, and some new wind tunnels were even 
built [2] for that purpose. The proper 2D aerodynamic testing of 
an airfoil is actually far from simple for different reasons, some 
of which will be discussed in this paper. For that reason, it is al-
ways wise to cross- compare results from different wind tunnels.

This paper reports about an experiment on a 30% thick pro-
file, called DU 97- W- 300Mod, tested in the ONERA F2 wind- 
tunnel. The wind- tunnel and airfoil model are presented in 
Section  2. Experimental techniques and data processing are 
introduced in Section 3. Section 4 presents results about air-
foil performance, including force coefficients, pressure distri-
butions and boundary layer transition. The impact of variation 
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in Reynolds number is examined. Section 5 is devoted to the 
comparison of the present data set with previously published 
results on the same or a very similar airfoil. Throughout the 
paper, difficulties that can arise in thick airfoil testing are un-
derlined [7, 8].

2   |   Wind Tunnels and Airfoil Models

This section introduces the DU 97- W- 300 airfoil and the modi-
fied version DU 97- W- 300Mod. It also presents in Section 2.2 the 
ONERA F2 wind- tunnel that was used for the present experi-
ment. Since these results will be compared with those obtained 
in other wind tunnels, Sections 2.3 and 2.4 briefly present the 
main features of these previous experiments, while details can 
be found in the original publications cited.

2.1   |   The DU 97- W- 300Mod Airfoil

Aerodynamic design of wind turbine blades [9] is a strong iter-
ative and inter- related process within a complete wind turbine 
design with very few detailed information outside manufactur-
ers. Fortunately, in the past couple of years, so- called reference 
turbine designs were published, one of the most recent being a 
15- MW rated power turbine with a 240- m rotor diameter [10].

For the generic blade aerodynamic design, in combination with 
chord and twist, airfoils have to be specified in span- wise direc-
tion. In the beginning, airfoils designed for low- speed aeronau-
tical application were used, but around the 1990s, special wind 
turbine dedicated airfoils have been designed, among which a 
DU- airfoil family designed at TU Delft [11, 12].

The airfoil tested here is a modification of the 30% thick DU 97- 
W- 300, called DU  97- W- 300Mod [11]. It has a trailing edge 
thickness of 0.492%, much thinner than the 1.74% of the orig-
inal airfoil. The same modified profile shape was used in the 
DOWEC- project [13] and in the design of the NREL 5  MW 
turbine blade under the name DU  97- W- 300LM [14]. Original 
DU  97- W- 300 data come from measurements in the TU Delft 
low- turbulence wind tunnel (described in Section  2.4). The 
airfoil was under recent study in [4, 5] where it was fitted with 
vortex generators. The modified airfoil was previously tested in 
the KKK wind tunnel in Cologne (Section 2.3) and in the wind 
tunnel of Deutsche Windguard [15] where it was equipped with 
riblets. Another DU- profile, DU  00- W- 210 (of 21% thickness), 
was tested to Reynolds number impact and varying inflow tur-
bulence [16].

2.2   |   Experiment in the ONERA F2 Wind Tunnel

The F2 wind tunnel is a low- speed low- turbulence atmospheric 
wind tunnel fully described in [17, 18]. It has a closed return cir-
cuit operated at atmospheric pressure. The flow is driven by a 
variable speed electric motor of 700 kW. It features a rectangu-
lar test section (1.4 m wide × 1.8 m high × 5 m long) that can 
be equipped with large transparent wall panels, and it is sur-
rounded by a three- degree- of- freedom traverse system. This 
makes the F2 particularly well suited for the use of optical 

measurement systems, for example, as in [19]. The maximum 
velocity is about 100  m/s. When testing models producing ex-
ceptionally high drag, the pitch angle of the fan blades can be 
reduced to avoid fan surge, but this was not necessary for the test 
reported in this article. A combination of screens, honeycombs 
and a contraction ratio of 12 contribute to a low turbulence level 
ranging from 0.03% at 20 m/s to 0.05% at 100 m/s (over 5- Hz to 
5- kHz frequency band). The floor and ceiling are made slightly 
divergent to compensate for the growth of the boundary layers 
on the wind tunnel walls. Therefore, the static pressure in the 
volume of the test section is homogeneous within 0.25% of the 
dynamic pressure. The wind tunnel velocity is measured using a 
reference total pressure probe and a reference total temperature 
probe, both located in the settling chamber, as well as two refer-
ence static pressure taps located on the floor and ceiling, shortly 
after the entrance of the test section. Wind- tunnel calibration 
showed that the flow conditions in the test section are equal to 
these reference flow conditions, within 0.5% of the velocity.

The airfoil model has a chord of 600  mm, is mounted hori-
zontally and spans the entire breadth of the wind- tunnel; see 
Figures 1 and 2. It was machined out of aluminum with an ac-
curacy everywhere better than 0.1 mm, that is, 0.017% of chord 
and a surface roughness Ra < 0. 8μm. It is equipped with 62 
static pressure taps of 0.3 m diameter, located on an mechanical 
insert at mid- span. A configuration using zigzag tape to trig-
ger transition on the suction side of the airfoil was also tested. 
Finally, a configuration with vortex generators identical to the 
Base design configuration of [4] was measured. For the sake of 
brevity, results on these last two configurations are not reported 
on this paper.

The wake rake has a width of 400  mm and is equipped with 
80 total pressure tubes (hole diameter 0.8 mm) 5 mm apart and 
21 static pressure tubes 20  mm apart. During most of the ex-
periment, it was positioned in the wake of the airfoil 480 mm 
(0.8 chord) downstream of the trailing edge. A traverse system 
allowed to translate the rake in all directions. When slowly 
pitching the airfoil, the vertical position of the rake was also 
continuously adjusted to follow the position of the wake. This 
traverse system was also used to investigate the dependency of 
drag measurement with the span- wise position in Section 4.3.

2.3   |   Experiment in the DNW- KKK Wind Tunnel

These wind tunnel tests already reported in [20] were performed 
in the DNW cryogenic wind tunnel Kryo- Kanal Köln (KKK) in 
Cologne, Germany, in 2002 and repeated in 2003. This wind 
tunnel, which was dismantled in 2020, had a closed single- 
return atmospheric circuit with a 1 MW drive and a square test 
section of 2.4 × 2.4 m2. The high Reynolds numbers are reached 
by injection of liquid nitrogen into the flow, which could cool the 
tunnel gas down to less than 100 K (−170°C) while reducing its 
viscosity significantly.

The wind tunnel model had a chord of 500 mm, was mounted 
vertically and completely spanned the test section. It was 
equipped with 62 pressures taps staggered near mid- span that 
were measured with PSI pressure modules. A wake rake, with 
a total of 58 pressure tubes, was positioned 750 mm (1.5 chord) 

 10991824, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/w

e.2938 by T
u D

elft, W
iley O

nline L
ibrary on [12/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3 of 17

downstream of the trailing edge. Wind tunnel wall corrections 
given in [21] have been applied.

2.4   |   Experiment in the TU Delft Wind Tunnel

The tests on the original DU 97- W- 300 airfoil were performed 
in the Delft University of Technology (TUD) atmospheric low- 
speed low- turbulence wind tunnel (LTT). The tunnel is of the 
closed, single return type with a contraction ratio of 17.8. In 
combination with five turbulence screens in the plenum cham-
ber, the longitudinal turbulence intensity in the 1.25 m (height) 
× 1.80 m (width) × 2.60 m (length) octagonal test section var-
ies from 0.017% at 10 m/s to 0.04% at 80 m/s. The airfoil model 
had a chord of 0.65 m and completely spanned the test section 
height. Some early test results, including the effect of zigzag 
tape and vortex generators, have been reported in [11, 22]. An 
extensive study on the impact of the size and location of vortex 
generators on this airfoil has been performed by Baldacchino 
[4]. This airfoil model was modified in [23] with a lower surface 
add- on to study the impact of a 10% flatback combined with a 
so- called swallow tail. Drag measurements are performed with 
a 504- mm- wide wake rake containing 16 static and 67 total pres-
sure tubes. The wake rake can be traversed along as well as nor-
mal to the trailing edge at a typical distance of 80% of the chord 
behind the model. Measurements are corrected for the presence 
of the wind tunnel walls, including second order terms for lift 
interference according to [21]. The complete set of correction 
equations is presented in [24].

3   |   Testing Techniques

3.1   |   Wind Tunnel Flow Conditions

The F2 wind tunnel test section is kept at approximately at-
mospheric pressure and temperature. An increase in velocity 
causes an increase in both Mach M0 and Reynolds Re0 numbers. 
At low Mach number, it is often assumed that Mach number ef-
fects are negligible, so that in most of the following figures, only 
the Reynolds number is reported. The experiment was carried 
out in order to match the uncorrected Reynolds numbers pro-
vided in Table 1. Depending on the atmospheric pressure and 
temperature of the day, the corresponding velocity and Mach 
number could slightly change.

In F2, tunnel velocity is measured using two static pressure taps, 
one on the floor, one on the ceiling, located near the entrance of 
the test section. Differential pressure sensors are used to mea-
sure their static pressure with reference to the total pressure 
on a Pitot tube in the settling chamber. Two redundant Drück 
sensors of ±1 psi range (±7 kPa) are used for each tap, as most 
of the uncertainty in dynamic pressure stems from this differ-
ential pressure measurement. The readings of the two reference 
taps are averaged to eliminate lift interference on the taps. The 
total pressure is measured against local atmospheric pressure 
using another Drück ±1 psi differential pressure sensor, and the 
absolute atmospheric pressure is measured with a Drück RPT 
301 sensor. This setup results in an uncertainty of the dynamic 
pressure q0 of about 7 Pa.

FIGURE 1    |    General view of the wind tunnel experiment.
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3.2   |   Airfoil Angle of Attack

The airfoil pitch angle is measured with a Honeywell Q- Flex 
QA- 2000 accelerometer positioned on the right side of the 
model, outside the wind- tunnel flow. The uncertainty in pitch 
angle is lower than 0.01°. The mean upwash angle in the test 
section is below 0.1° according to available knowledge and is ne-
glected. Therefore, the uncorrected angle of attack � is simply 
the airfoil pitch angle. During most of the experiment reported 
here, the airfoil was pitched up from � = − 15◦ to + 22◦ at a rate 
of 0. 3◦/s (upward pitch- sweep run) and then pitched down at 

− 0. 3◦/s (downward pitch- sweep run). Data were acquired at 
500 Hz with an appropriate analog anti- aliasing filter and then 
numerically filtered and down- sampled at 5 Hz.

3.3   |   Airfoil Pressure Measurement

The airfoil is equipped with 62 pressure taps. Their manufac-
turing technique and diameter were chosen to avoid the differ-
ent possible bias reported in [25], and that were encountered 
by [26] in the field of wind turbine airfoil testing. Pressure 

FIGURE 2    |    Schematic of the wind tunnel experiment, with main geometrical notations indicated.

TABLE 1    |    Tunnel flow conditions during experiment.

Reynolds number Re0 Mach number M0 Velocity V0 Relative uncertainty on q0

1. 0 × 106 ≈ 0. 08 ≈ 26m/s 1.7%

2. 0 × 106 ≈ 0. 15 ≈ 52m/s 0.42%

3. 0 × 106 ≈ 0. 23 ≈ 77m/s 0.19%

3. 7 × 106 ≈ 0. 28 ≈ 95m/s 0.13%
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measurements were carried out using a PSI ESP- 64HD elec-
tronic pressure scanners of ±5 psi (±35 kPa) range.

Once pressure data are collected, the pressure force �⃗F p on the 
airfoil is computed by integrating 

where �⃗n is the outgoing unit vector normal to the airfoil curve 
 of length �. To compute this integral, this curve is discretized 
in curvilinear coordinates 0 ≤ s < �. The airfoil geometry �⃗n (s) 
is known everywhere along this curve, whereas the pressure 
distribution p(s) is known only at the location of the pressure 
taps. Therefore, an interpolation of the pressure distribution is 
required. A linear interpolation was used in the present case, but 
more elaborate interpolations can be used if needed, depending 
on the tap location and density. The interpolation accounts for 
the fact that the pressure distribution is cyclic with p(�) = p(0), 
as the curve  loops on itself.

3.4   |   Wake Rake Pressure Measurement

The rake measurements are composed of static pressure p and 
stagnation pressure pi in the wake. They were measured using 
two PSI ESP- 64HD scanners of ±5 psi (±35 kPa) range.

In order to process the rake data, measurements are first 
interpolated as a function of the vertical coordinates Z; see 
Figure  3. A cubic spline regression is used, which allows to 
smooth out variations smaller than the estimated uncertainty 
in pressure measurement. Nevertheless, drag uncertainty is 
high at the lowest Reynolds number tested, as the dynamic 

pressure amounts to only about 1% of the capacity of the pres-
sure sensor of the rake.

Then, the processing of these measurements is based on the 
ONERA3 method reported in [27], adapted to the 2D case by as-
suming that the lateral and vertical velocity are zero at the rake 
position, and that the total temperature is constant in the flow. 
It was shown in [27] that this formulation is superior to many 
others when the Mach number grows and when the wake survey 
is carried out close to the obstacle. However, in the present case, 
the early incompressible formulation of Jones [28] estimates 
drag coefficients that are within 5 × 10−4 of ONERA3 method, 
even when ignoring the compressibility effect provided in [29].

3.5   |   Wind Tunnel Wall Pressure Measurement 
and Wall Corrections

The tunnel floor and ceiling are each equipped with 31 pressure 
taps over a length of about 4.5 m. Pressure was measured using 
a PSI ESP- 64HD scanners of ±1 psi (±7 kPa) range.

A bidimensional flow model, governed by the linearized com-
pressible potential flow equation, is considered to process these 
wall pressure measurements. This flow model is identical to the 
one used to derive the classical wall correction for airfoil testing 
[2, 21, 24, 30]. In this model, the flow field turns out to be the 
sum of

• the unperturbed flow with a velocity u0,

• the perturbations induced by the airfoil and

• the perturbations induced by an infinite array of images of 
the airfoil through the lower and upper wind tunnel walls.

(1)
�⃗F p = � − p �⃗nds,

FIGURE 3    |    Rake measurement on clean airfoil, for different flow conditions, at a corrected lift coefficient of CLc = 1. 4.
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Using thin airfoil theory, the perturbation induced by the airfoil 
can be modelled using only three point singularities:

• a vortex directed along Y  with an intensity equal to the total 
circulation around the airfoil, that is, proportional to the lift 
per unit span,

• a doublet directed along − X  with an intensity proportional 
to the effective cross- sectional area A of the airfoil and

• a source with an intensity proportional to the drag per unit 
span.

We limit ourselves here to the case where the airfoil is located at 
mid- height in the wind tunnel. In this case, the singularities are 
located at Z = 0 and at XΓ, X� and X� for the vortex, doublet and 
source, respectively. Later on, we assume that X� = X�. With CM 
defined as the pitching moment coefficient at a reduction point 
located at one quarter of the chord, the center of lift is located at 
[21], eq. 2.8

Having set up this flow model, the pressure coefficient on the 
tunnel walls can be computed as the infinite sum of the images 
of the above defined singularities. The calculation has been per-
formed in [31] for the incompressible case with no lift. Principles 
to include compressibility effect have been presented in [21] and 
the resulting formula in [32], eq. 6.3. The theory is here extended 
to account for the effect of lift as well.

The pressure coefficient on the floor (Z = −H∕2) and ceiling 
(Z = +H∕2) of the test section Cp,wall is given as a function of X  
by Equation (3), where the three terms represent, respectively, 
the effect of solid blockage (modelled with the doublet), wake 
blockage (modelled with the source) and lift (modelled with the 
vortex): 

where � =
√

1 −M2
0

 is the compressibility factor, with M0 the 

upstream Mach number.

In the present work, a parametric regression of wall mea-
surement was carried out to deduce the five following un-
known parameters: X� = X�, A, CL, CM and CD. A least- square 
gradient- based optimization algorithm is used to minimize 
the residual difference between the measured distribution of 
pressure coefficient on floor and ceiling and the one predicted 
by Equation  (3). Examples of result of this regression are 
shown in Figure 4, and the advantages of this method will be 
discussed in Sections 4.1 and 4.2. This regression technique is 

similar in its principle to the one proposed by Allmaras in [33] 
and used recently in [34].

Once these parameters are evaluated, the wall corrections (lift 
interference and blockage) can be computed from the classical 
theory, namely, for the blockage [21], eqs. 5.7 and 5.48: 

The wake blockage �W is multiplied by a factor 1 + (� − 1)M2
0
 in 

[35] to account for the effect of compressibility on the intensity of 
source singularity. At low Mach numbers, this term changes the 
correction by a few percent only and can be ignored. Higher 
order terms in 

(

c

H

)2

 can also be included [24].

The blockage coefficients in Equations  (4) and  (5) correspond 
to the increase in velocity between the infinite upstream and 
the model location. Since the reference taps in the wind tunnel 
are not located infinitely far away from the model, the model 
interference at the reference tap location (Xref,Zref) also needs 
to be taken into account. The interference coefficient �R at each 
reference tap is computed with the help of Equation (3) as 

Since the average of two reference taps is used in computing 
tunnel velocity, �R is actually the average of the values computed 
at each of the tap positions.

The final blockage coefficient � used to derive the corrected ve-
locity is then 

Regarding lift interference, it is responsible for a change in AoA 
by an amount [21], eq. 2.16: 

Once upstream flow conditions are properly corrected, there 
also exist residual corrections to force coefficients [21], eqs. 2.17 
and 5.92: 

These corrective terms are then used to compute corrected 
flow conditions as explained in [21], for example, the 
corrected velocity is V0c = (1 + �)V0, and the corrected AoA is 
�c = � + Δ�. Forces are reduced to non- dimensional coefficients 

(2)
XΓ

c
=
1

4
−
CM
CL

.

(3)

Cp,wall

(

X ,Z= ±
H

2

)

= −�
A

�3H2

1

cosh2
(

�

�

X−X�

H

)

−
1

2

c

�2H
CD

(

1+ tanh

(

�

�

X −X�

H

))

∓
1

2

c

�H
CL

1

cosh
(

�

�

(

X−XLE
H

+
c

H

(

CM
CL

−
1

4

))) ,

(4)
�S =

�

6

A

�3H2
,

(5)�W =
1

4

c

�2H
CD.

(6)
�R = −

1

2
Cp,wall

(

X = Xref,Z = Zref
)

.

(7)� = �S + �W − �R.

(8)Δ� =
�

96

c2

�H2

(

CL + 4CM
)

.

(9)
ΔCL = −

�2

48

c2

�2H2
CL,

(10)ΔCM = −
�2

192

c2

�2H2
CL,

(11)ΔCD = − �SCD.
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using corrected dynamic pressure q0c and projected in wind axis 
using the corrected AoA �c. Finally, forces' increments given 
by Equations  (9),  (10) and  (11) are added. In the following, all 
corrected terms are subscripted with a c.

3.6   |   Detection of Transition With Infrared 
Measurement

Infrared (IR) thermographic measurements were used to locate 
the laminar- turbulent transition of the boundary layer. The prin-
ciples of the technique used are described in [36]. In the present 
experiment, two IR cameras were used, one for the lower side 
(FLIR SC7650 camera, IR band 1.5 to 5  µm) and one for the 
upper side (IRC 960 camera, IR band 2.5 to 5.1 µm). The model 
was covered with an insulating, high- emissivity sheet made of 
multiple layers of PVC, and presenting a thickness of 0.08 to 
0.1 mm once applied. This black sheet is visible in Figure 1. It 
was found to be easy to apply and remove.

In order to generate a difference in temperature between lam-
inar and turbulent areas that is large enough to be detected by 
the cameras, the total temperature of the flow is varied by about 
2°C to 6°C during the wind tunnel run, by turning on or off 
the wind tunnel cooler. This creates a thermal imbalance be-
tween the flow and the model, causing its surface temperature 
to evolve to adapt to the flow temperature. Because the heat flux 
is considerably larger in turbulent areas, their surface tempera-
ture changes more rapidly than it does in laminar areas, which 
is sufficient to observe the transition. With this technique, there 
is no need to provide internal heating to the model as in [37], 
and it does not require special temperature sensitive paint as in 
[38]. An example of IR visualization is presented in Figure 5. It 
presents a turbulent wedge due to a localized roughness that 
spontaneously disappears for 𝛼c > − 5◦.

3.7   |   Oil Flow Visualization

Oil flow visualization was performed under UV light, using 
mineral oil colored with titanium oxide, similar to the tech-
niques described in [39]. The model, once covered with the sheet 
described in Section 3.6, is painted with a different color on the 
lower and upper side to better visualize mixing near the trailing 
edge. The black covering sheet offers good contrast with the col-
ored oil that is gleaming under UV light. It also prevents oil from 
leaking into the pressure taps or model structure. The oil flow 
images are very efficient in accurately localizing area of sepa-
rated flow, laminar bubbles and even transition to turbulence in 
some instances.

3.8   |   XFoil Simulations

To support the analysis of the experimental results and to per-
form comparisons in Section 5, simulations of the airfoils under 
test were carried out using the XFoil 6.99 software [40]. The 
simulations are based on weakly compressible inviscid flow the-
ory, coupled to 2D integral boundary layer calculations. Natural 
transition of the boundary layer was accounted for, with a N
- factor of 9, in line with the low turbulence of the F2 and TUD- 
LTT wind tunnels (see Sections 2.2 and 2.4).

4   |   Experimental Results

4.1   |   Use of Wall Pressure for Wall Corrections

As shown in Section  3.5, the wall corrections are evaluated 
using pressure measured on the floor and ceiling of the wind 
tunnel. This method was proposed a long time ago to deter-
mine solid and wake blockage interference (see [32], p. 81), 

FIGURE 4    |    Wall pressure measurements and result of parametric regression for different AoA.
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8 of 17 Wind Energy, 2024

and it is a good way to overcome the shortcomings of the po-
tential flow model (as already discussed in [21], §5.6). Some 
of these shortcomings can be amplified by the large thickness 
ratio of the airfoil.

For example, there exist many relationships, more or less com-
plex and empirical, between the actual airfoil shape and the 

effective cross- section A that determine solid blockage effects 
(see Equations 4 and 11). Several of these relationships are re-
ported in AGARDograph AG- 109 [21] or [24], but with only 
limited indications about which one is best suited for different 
situations.

Figure 6 shows how the effective cross- section evolves with the 
AoA. Focusing first on the low AoA range for which the airfoil is 
not stalled, the best performing formulation in the present case 
is eq. 5.9 in [21], complemented by the dependency to the AoA 
given by eq. 5.15, also in [21]. This formulation is also provided 
in [24], eqs. 22 and 28 and is reproduced hereafter, with Ageom 
being the geometrical cross- section of the airfoil: 

In order to put things into perspective regarding the exact 
value of A∕c2, at low AoA, a 50% increase of this value changes 
the corrected velocity by about 0.6%, close to experimental un-
certainty, and maximum lift coefficient by about 0.02. Hence, 
as already suggested in [24], classical formulae are still appro-
priate to deal with the present wind tunnel setup, at least up to 
stall, even if the airfoil is thicker than the usual aeronautical 
applications.

At higher AoA, either positive or negative, the stall of the airfoil 
gives rise to a region of separated flow that occupies a significant 
volume of the test section and is inaccessible to the surrounding 
potential flow. This effect strongly increases the effective cross- 
section, as can be observed in Figure  6 above 12° and below 
−5°. This increase is usually correlated to an increase CDM

 in 
uncorrected drag coefficient, which forms the basis of Maskell's 

(12)A

c2
=
(

1 + 1. 2�
t

c

)(

1 + 1. 1
c

t
��2

)Ageom

c2
.

FIGURE 5    |    Picture from IR camera observing the airfoil upper side at Re0c = 3. 7 × 106, � = − 6. 5◦.

FIGURE 6    |    Effective cross- section A, normalized with c2, as a 
function of AoA �, according to current wall pressure measurements, 
used to perform regression according to Equation  (3) and compared 
with theoretical formulation according to Equations (12) and (15).
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9 of 17

method [41, 42]. According to this method, the relative increase 
in dynamic pressure due to separated flow writes as  ([24], 
eqs. 68 and 69, [42], eqs. 9 and 12)

where � is a blockage factor connected to the pressure coefficient 
in the separated flow area and is close to 1 for 2D flow. This is 
easily translated into a blockage coefficient �M by 

This blockage coefficient can itself be translated into an effec-
tive volume using Equation (4) to finally obtain 

This additional effective cross- section AM due to the volume 
occupied by flow separation, computed from Maskell's method, 
should be added to the effective cross- section of the airfoil 
without flow separation. The increase in drag coefficient asso-
ciated to flow separation CDM

 is taken as the uncorrected drag 
coefficient, minus the minimum drag coefficient of the polar 
curve: CDM

= CD − CD,min, as measured from the wall pressures.

It can be observed in Figure  6 that the increase of blockage 
computed from the wall pressure is not in agreement with the 
usual Maskell method beyond stall. The ability of the present 
wall pressure method to deal with larger AoA and stalled air-
foils therefore needs to be further evaluated. It is possible that 
the airfoil model of Section 3.5 becomes insufficient to properly 
capture the wall pressure distribution (see curve at �c = 20◦ in 
Figure 4) and that a more elaborate model with more singulari-
ties (as in [33, 34]) would be needed. It is also observed that the 
doublet modeling the solid blockage moves aft of the airfoil (see 
values of X�∕c in Figure 7), so that Equation (4), which expresses 

the blockage factor at the location of the doublet, becomes less 
appropriate for the airfoil location.

4.2   |   Use of Wall Pressure for Measurement 
of Forces

Beyond deriving improved wall corrections, the regression of 
wall pressure measurement also delivers estimates for the airfoil 
force coefficients as explained in Section 3.5. It is therefore in-
teresting to compare this wall- based estimates to the other mea-
surements, namely the lift, pitching moment and pressure drag 
derived from the airfoil surface pressures (Section 3.3) and the 
drag derived from the wake rake (Section 3.4). This comparison 
is shown in Figure 7, in terms of uncorrected force coefficients.

When the airfoil is not stalled, the lift coefficient derived from 
wall measurements is very close (better than 0.03) to the one 
obtained from airfoil pressures. Immediately after stall (𝛼 > 11◦ 
or 𝛼 < − 5◦), the flow arranges itself in stall cells, the number 
of which depends on the aspect ratio of the model. In these cir-
cumstances, the highly three- dimensional flow pattern makes 
the wake rake drag and the lift from the surface pressure distri-
bution depend on the span location. It seems logical, and mea-
surements seem to corroborate this, that the lift from the wall 
distribution gives an integrated image of the forces on the model 
(just as balance measurements would do) and is therefore more 
representative of the span- averaged value. Deeper into stall, the 
flow obviously is still three- dimensional; however, specific pat-
terns like the mushroom- shaped stall cells have disappeared. In 
these cases, with sufficient averaging time, the airfoil pressures 
again give sufficient accuracy for lift determination, see [24], 
and the lift coefficient for 𝛼 > 20◦ in Figure 7.

Regarding drag, measurements based on the surface pressures 
lack the friction component and are consequently smaller than 
the total drag measured by the rake. Their accuracy also strongly 
depends on the tap density. Rake measurement are generally 

(13)
qM
q

− 1 =
1

2

(

− 1 +

√

1 + 4�
c

H
CDM

)

,

(14)�M =
1

2 −M2

(

qM
q

− 1

)

.

(15)
AM

c2
=
3

�

�3

2 −M2

(

H

c

)2
(

− 1 +

√

1 + 4�
c

H
CDM

)

.

FIGURE 7    |    Airfoil force coefficients (uncorrected), deduced from airfoil pressure measurements (Section 3.3), from rake pressure measurements 
(Section 3.4) and from wall pressure measurements (Section 3.5).
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10 of 17 Wind Energy, 2024

regarded as a reference, but as pointed out above, they quickly 
become inaccurate as the flow becomes 3D when the airfoil 
stalls. Drag estimates from wall measurements strongly rely on 
pressure coefficients measured downstream of the airfoil, where 
the pressure increment due to the wake displacement effect (the 
second term in Equation  3) becomes asymptotic and tends to 
the total head loss caused by the airfoil in the test section. Here 
again, wall- based measurement may be more representative of 
the span averaged drag than rake- based or airfoil- based mea-
surements that are local to one airfoil section, and large dis-
agreement may indicate three- dimensional flow. However, the 
airfoil model of Section 3.5 does not fully capture the wall pres-
sure distribution when the airfoil is stalled, and a more elaborate 
model with more singularities may be needed to fully benefit 
from this span averaging effect.

The pitching moments derived from wall pressures show the 
right trend but are inaccurate compared to direct airfoil mea-
surements, especially near zero lift. Examination of Equation (3) 
reveals that the pitching moment coefficient CM does not play a 
role anymore in Cp,wall when CL approaches zero, and therefore 
cannot be properly identified by the regression.

This comparison again confirms that it is possible to test an air-
foil not equipped with pressure taps, by using rake- based mea-
surements for the drag of the non- stalled airfoil, and wall- based 
measurements for the rest of the forces, that is, lift, pitching mo-
ment and drag past stall. Such an approach was already applied 
in [43] for lift measurements.

4.3   |   Drag Variation With Spanwise Position

A difficulty often arising in 2D airfoil testing is that in practice, 
the flow is never absolutely 2D over the entire span, especially 
at low Reynolds numbers, with the occurrence of laminar sep-
aration bubbles on the model. This is visible when performing 
a wake rake traverse in Y  direction, at constant flow conditions 
and airfoil pitch angle. Such results are reported in Figure 8, for 
different Reynolds number and AoA. In this figure, the nominal 
rake position indicates where the rake was located to perform 

the pitch- sweep polar reported in Figure 10. Gray dashed lines 
also indicate the position of the port side wind tunnel wall, and 
the edge of the wind tunnel wall boundary layer (99% of external 
velocity). Each Y - traverse is actually composed of three different 
runs, as the range of the traverse mechanism was too limited to 
cover one half span of the model. On one occasion, at the highest 
Reynolds number tested (3.8 million), repeatability of the drag 
measurement at a given Y  station was unsatisfactory, as can be 
seen in the center and right plots of Figure 8, where the curves 
from two different traverses do not match around Ys∕c = − 0. 3, 
and do not match with measurements obtained during the pitch- 
sweep polars. This is likely explained by the airfoil being tem-
porarily spoiled by particles entrained in the flow. This kind of 
event can also be spotted in IR images; see Figure 5.

Directly in the wake of the pressure taps, at Ys∕c = 0, a drag in-
crease sometimes exists in the present experiment as in [44]. It 
is probably related not to the pressure taps themselves, but to 
the surface finish of the holes used to access the screws of the 
mechanical insert. During model preparation, these holes were 
filled with plaster and carefully sanded. This nevertheless left 
some surface flaws, which triggers early transition when the 
Reynolds number becomes high enough, here above 2 million. 
However, this early transition does not show up in IR pictures, 
probably because the surface smoothness is somehow improved 
by the covering sheet applied on the airfoil; see Section 3.6.

When approaching the tunnel walls, part of the side wall bound-
ary layer gets entrained in the wake which strongly increases 
the drag measurements, especially at low Reynolds numbers.

Outside this perturbed areas of limited extent, a scatter of about 
20 to 30 × 10−4 is observed. A scatter of 10 to 15 × 10−4 along 
the span of the airfoil is not unusual, as can be examined from 
[44], fig. 8 (13 × 10−4); from [15], fig. 4 (12 to 40× 10−4); or from 
[4], fig.  4 without VGs (12 × 10−4). A similar plot recently ob-
tained in the TUD- LTT for about the same AoA (unpublished 
data) is provided in Figure 9 for comparison and again shows a 
scatter of 10 to 15 × 10−4. Figure 8 shows that some of the drag 
fluctuation patterns (local humps and a weak increasing trend 
with Ys) are conserved from one run to another, even at different 

FIGURE 8    |    Drag coefficient measured with the drag rake, as a function of rake lateral position YS.
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Reynolds numbers, and are therefore not random. It is supposed 
at the moment that they originate from small preexisting non- 
uniformities in the upstream flow. In the coming years, the F2 
wind- tunnel will undergo a refurbishment of its settling cham-
ber, and the experiment will be repeated afterwards to observe 
if the situation has improved. Other improvements in drag mea-
surements may include considering the flow downwash in the 
wake to line up the rake with the local flow.

4.4   |   Clean Airfoil Performance With 
Reynolds Effect

This section gives an overview of results obtained from the ex-
periment in the F2 wind tunnel, for Reynolds numbers between 
1 and 3.8 millions.

4.4.1   |   Force Coefficients

Figure 10 summarizes forces on the airfoil. It can be seen that 
the maximum lift coefficient does not evolve significantly as the 
Reynolds number increases, a result that is in agreement with 
previous findings on this airfoil [20]. The increase in lift slope 
is an effect of compressibility, in agreement with the Prandlt- 
Glauert rule. The maximum lift to drag ratio increases with the 
Reynolds number, as was observed in previous experiments 
in TUD, but surprisingly not in KKK, as discussed in [20]. 
Investigations on Reynolds number effect on other thick wind 
turbine airfoils can be found in [45, 46]. Down- sweep runs do 
not reveal a large hysteresis effect on stall, provide an impres-
sion of the short term repeatability of the measurement, and 
prove the good synchronisation between pressure and AoA mea-
surements. In Figure 10, the drag curve at the lowest Reynolds 

number exhibits a larger scatter due to random fluctuations. 
This originates from the fact that the dynamic pressure of the 
flow is small compared to sensor capacity, see also Figure  3. 
This could have been improved by using a smaller pitch rate and 
increased data filtering.

4.4.2   |   Airfoil Pressure Distributions

The distribution of pressure coefficients on the airfoil surface 
is plotted in Figure 11, for different AoA. At Re0c = 1 × 106, the 
sudden drop in pressure coefficient observed near x∕c = 0. 4 on 
the lower side and x∕c = 0. 3 on the upper side are related to lam-
inar bubbles occurring on the airfoil and also visible in oil flow 
pictures. They are also predicted by XFoil calculations and pro-
gressively disappear at higher Reynolds numbers.

Stall behavior at high AoA also evolves with Reynolds number. 
When increasing the Reynolds number, IR images reveal that 
the boundary layer on the suction side transitions to turbu-
lence earlier along the chord. It then gets thicker and less able 
to sustain the recompression, so that flow separation occurs 
more upstream than at lower Reynolds number. For exam-
ple, at Re0c = 106 and �c = 16◦, transition occurs at x∕c = 17% 
and separation at x∕c = 36%, whereas at Re0c = 3. 7 × 106 and 
�c = 16◦, transition occurs at x∕c = 11% and separation at 
x∕c = 25%. This explains why the flow separation gets larger 
at higher Reynolds number, see rightmost part of Figure 11. It 
also explains why the drag increases with Reynolds number 
past stall, see Figure 10, and so does the blockage correction, 
see Figure 6.

At low AoA, the flow tends to separate on the airfoil lower sur-
face near x∕c = 30%, a behavior also observed in [20] and re-
sponsible for the lift and drag behavior for 𝛼 < − 5◦ visible in 
Figure 10. Although this mechanism was not specifically under 
study during this test, a likely explanation can be provided 
after examination of oil flow picture taken at � = − 2◦ shown 
in Figure  12. In this picture, the flow is laminar upstream of 
the separation bubble that is clearly visible near x∕c = 30%, then 
it transitions to turbulent through a laminar separation bub-
ble, and keeps attached further downstream until the trailing 
edge. However, from place to place, turbulence is locally trig-
gered upstream of the laminar bubble by unidentified obstacles 
(possibly introduced by the oil painting or by particles entrained 
in the tunnel flow). Downstream of each turbulent wedge, the 
laminar bubble disappears and the turbulent flow separates 
downstream. A similar situation is observed with IR images, see 
Figure 13, where the turbulent wedge on the left hand side of the 
picture caused a massive separation that distorts the transition 
line across about a quarter of the model span. Since the pres-
sure taps introduce some surface imperfections as previously 
described in Section  4.3, turbulent wedges are likely to form 
and to promote separation near the row of pressure taps used to 
compute airfoil forces. As the Reynolds number increases, the 
boundary layer gets more and more receptive to these surface 
flaws, thus explaining the Reynolds number dependency ob-
served in Figures 10 and 11. Otherwise, the flow remains very 
much two dimensional, including close to the tunnel side walls, 
see Figure 12, in spite of the absence of any device to control the 
boundary layer on the tunnel walls.

FIGURE 9    |    Drag coefficient measured with the wake rake, as a 
function of rake span position YS, in TUD 2022 experiment (see Table 2). 
The traverse starts at 429 mm from the test section lower wall.
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12 of 17 Wind Energy, 2024

FIGURE 10    |    Force coefficients for the clean airfoil.

FIGURE 11    |    Pressure distribution on the clean airfoil.

FIGURE 12    |    Oil flow picture of the lower side of the airfoil, immediately after a run at Re0c = 3. 7 × 106 and �c = − 2◦.
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5   |   Comparison With Previous Experiments

Comparing results between different facilities is a common 
practice in experimental science. Regarding airfoil testing, this 
method was applied on the NACA0012 airfoil by McCroskey 
[47]. It helped pointing out the limits and uncertainties of the 
experiments at the time, but also helped reinforcing some ex-
perimental facts. For example, the value of maximum lift coef-
ficient as a function of Reynolds and Mach number was found 
to be consistent across many experiments, which contradicted 
“conventional widsom” that it was nearly impossible to obtain a 
consistent stall behavior in 2D experiments.

Comparisons between experiments dealing with thicker wind 
turbine dedicated airfoils are presented in [26, 44, 46, 48], some 
involving the TU Delft wind tunnel as in the present paper, and 

some other facilities. Data available from previous experiments 
is summarized in Table  2. Other experimental data regarding 
the DU 97- W- 300 airfoil are presented in [49], but with a very 
unconventional model setup that appears to be far from 2D test-
ing, and that were consequently not considered for comparison.

For this comparison, flow conditions as close as possible to a 
Reynolds number of 2 millions, common to all experiments, 
were selected. Similar plots and conclusions were also obtained 
with a Reynolds number of 3 millions.

5.1   |   Force Coefficients

An overview of forces coefficients is provided in Figure  14, 
and some statistics are provided in Figure 15. In this figure, 

FIGURE 13    |    IR picture of the lower side of the airfoil, during a run at Re0c = 3. 7 × 106, at �c = − 7◦.

TABLE 2    |    Summary of the different wind tunnel experiments under consideration.

Label Tunnel name
Tunnel size 

B ×H

Airfoil chord 
c (c∕H, c∕B) Airfoil shape Reference

F2 ONERA F2 1.4 m × 1.8 m 0.60 m (0.33, 
0.43)

DU 97- W- 300Mod Present paper

KKK DNW Kryo 
Kanal Köln

2.4 m × 2.4 m 0.50 m (0.21, 
0.21)

DU 97- W- 300Mod [11, 20]

TUD 1997 Low turbulence 
tunnel

1.25 m × 1.8 
m, octagonal

0.65 m (0.36, 
0.52)

DU 97- W- 300 [20, 22]

TUD 2017 [4]

TUD 2022 Present paper

XFoil (DU 97- W- 300) N/A N/A N/A DU 97- W- 300 [40]

XFoil (DU 97- W- 300Mod) DU 97- W- 300Mod
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14 of 17 Wind Energy, 2024

the lift slope dCLc
d�c

 is computed with the help of a linear regres-

sion of data within − 2◦ ≤ �c ≤ + 7◦, then multiplied by the 
factor 

√

1 −M2
0c

 to remove compressibility effects due to the 

slightly different Mach numbers. When comparing experi-
ments, one has to bear in mind that the airfoil tested in the 
TUD- LTT is the original DU 97- W- 300, whereas the one tested 
in F2 and KKK is a modified version (see Section  2.1 and 
Table 2). Simulations of both airfoils, carried out with XFoil, 
are also provided in the figures.

The experiment in KKK benefits from the smallest chord to 
span ratio c∕B and chord to height ratio c∕H, which should 
make it less sensitive to three dimensional effects and uncer-
tainties in wall corrections. Present experimental results in 
F2, as well as results in TUD, exhibit a lift slope and a maxi-
mum lift coefficient 2% to 3% higher as well. AoA at zero lift 
(�c at CLc = 0) and AoA at stall (�c at CLc = CLc,max) are in good 
agreement across experiments, with differences smaller than 
0.4°. Moreover, one can note in Figure 15 that the small lift 
differences between F2 and TUD can be explained by differ-
ences in airfoil shape, according to XFoil predictions. This 
is especially true of the lift slope and AoA at zero lift, two 
parameters that should be easier to predict with flow simula-
tions. On the basis of the many KKK measurement results on 
this airfoil, it was suggested in [11] that the cooling process 
of the tunnel gas might have impacted the results, because of 
ice depositing on the model, or because of increased turbu-
lence levels (During KKK measurements displayed here, the 
temperature of the flow was − 23◦C). Another hypothesis is 
that the velocity during KKK experiment was overestimated 
by about 1.2%, which would also explain the differences in 
pressure distribution reported in the next section.

Drag results show a larger scatter across experiments. The 
minimum drag coefficient in F2 and KKK lies between 92 

FIGURE 14    |    Comparison of force coefficients on clean airfoil with previously published experiment.

FIGURE 15    |    Some statistics regarding force coefficients on clean 
airfoil, according to present and previously published experiments.

 10991824, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/w

e.2938 by T
u D

elft, W
iley O

nline L
ibrary on [12/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



15 of 17

and 98 × 10−4, quite close to XFoil prediction. At higher AoA, 
the drag measurements in F2 and TUD are in agreement, and 
drag rises at a faster pace than predicted with XFoil and KKK. 
Consequently the maximum lift- to- drag ratio 

(

CLc∕CDc
)

max
 

is about 92 for F2 and TUD, 103 for KKK and almost 120 
for XFoil.

The post- stall behavior is also somewhat different, with a larger 
and more sudden loss of lift in F2 and KKK experiments, and 
different drag rise past �c = 13◦. The main issue, though, is 
related to the three- dimensional nature of the flow, that can-
not be measured by the airfoil pressure taps because they are 
inherently local to the center section of the model. As already 
suggested in Section 4.2, more representative values may be ob-
tained from the wall pressure measurements.

5.1.1   |   Airfoil Pressure Coefficient

Pressure distributions on the airfoil are presented for various 
AoA in Figure 16. At very low AoA, the airfoil is more severely 
stalled in F2 than in other wind tunnels. Earlier boundary layer 
transition, responsible for flow separation on the lower side, as 
described in Section  4.4.2 is probably responsible. At higher 
AoA, pressure distribution is very much comparable. The suc-
tion peak is about 3% lower in KKK, which is in agreement 
with the reduced lift slope and max lift coefficient discussed in 
Section 5.1. Differences between F2 and TUD are small and can 
partly be explained by the differences in airfoil shape, except for 
one tap on the lower surface near the trailing edge which was 
probably malfunctioning.

5.2   |   Discussion

Overall, the different experiments produce results that are close 
to each others in terms of lift, including maximum lift, and 
pitching moment, with deviations in the order of 2%–3% that are 
acceptable for the usage of the measurements. For comparison, 

in reference [47], even within the highest quality experiments 
(group 1), a scatter of about 5% in lift slope, and about 10% in 
maximum lift was observed.

Drag measurements appears to be less satisfactory, as a spread 
of about 20 × 10−4 is observed, that is, about 20% of the min-
imum drag. However, for AoA above 3° and up to stall, the 
agreement between F2 and TUD is much better, within 5 
to 10 × 10−4 in drag coefficient. Moreover, part of this small 
difference can be explained by the drag penalty created by 
the thicker trailing edge of the original DU 97- W- 300 airfoil. 
Consequently, the lift- to- drag ratio is also in agreement in this 
range of AoA for these two facilities. As previously observed 
[50], numerical predictions with XFoil underpredict drag with 
increasing airfoil thickness.

Post stall behavior also presents large deviations between exper-
iments, that could not be explained, although three- dimensional 
effect are suspected to play a key role.

6   |   Conclusion

An extensive experimental characterization of the DU 
97- W- 300Mod airfoil was undertaken in the ONERA F2 wind 
tunnel. Experimental techniques were presented, in particular, 
the use of wind tunnel wall pressure measurements to secure 
the wall corrections, and to derive forces on the airfoil, including 
lift, drag and pitching moment estimates. The test allowed in-
vestigating Reynolds number effects between 1 and 3.8 millions.

A special effort was devoted to compare the present results with 
previously published experimental data from tests on a similar 
model. A good agreement is observed concerning lift measure-
ments, especially lift slope and maximum lift coefficient, with 
only a few percent deviations. Wake rake drag measurements, 
however, show considerable scatter, both in span wise direc-
tion within the present experiment, and across experiments, 
with deviations in the order of 20% of minimum drag. A better 

FIGURE 16    |    Comparison of pressure distribution on clean airfoil with previously published experiment.
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agreement, within 5 to 10 × 10−4 in drag coefficient was however 
obtained between F2 and TUD data in a large and important 
range of incidences.

It is hoped that this paper will help advancing wind tunnel tech-
niques in thick 2D airfoil testing, where a number of factors can 
jeopardize the accuracy of the measurements, among which: 
early transition caused either by small- scale surface roughness 
or by free stream turbulence, local flow in- homogeneity, proper 
tunnel calibration, wall corrections and three- dimensional ef-
fects at stall.
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