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Abstract. The present study investigates the differences in the predicted lift for a wind tunnel 
model from either surface pressures or side wall pressures. The investigated model is the 
NACA63-418 tested in the Poul la Cour tunnel. The measurements are compared with previous 
conducted wind tunnel campaigns for a Reynolds number of 3E6. The 3D CFD model of the 
wind tunnel will be used for investigating details of the flow mechanisms, and to validate 
assumptions and findings from the experimental data. The CFD simulations show that when 
the flow is attached the lift based on the side wall pressures results in almost the same lift as 
calculated from the surface pressures. Around the maximum lift and in the stalled region the 
flow is not anymore 2D. For the NACA63-418 airfoil the lift based on the side wall pressures 
are generally highest. The CFD simulations confirm that the method used to predict the lift 
from the limited side wall pressure strips in the wind tunnel is applicable. 

1.  Introduction 
For most wind tunnels, it is common practice to have redundant measurement methods for the loads 
on the airfoil models. In order for these methods to be truly redundant, they need to give the same 
results. However, this is not always the case and it is often seen that the maximum lift determined 
from tunnel wall pressures and the airfoil surface pressures differ and differences are especially seen 
around and after maximum lift. This is challenging, as an accurate prediction of the maximum lift is 
important for load calculations of wind turbines and prediction of stall margins. 

The basic assumption of the wind tunnel airfoil testing is that the flow is two-dimensional. This is 
of course violated in the stall region, where the flow separates resulting in highly 3D flow over the 
wind tunnel model.  

Nevertheless, the data from the stall region are being used and therefore it is of interest to know the 
mechanisms in the tests and what can be considered the best representation of the lift in the stalled 
region. 

One characteristic of the flow in the stalled region is the formation of stall cells. The characteristics 
of stall cells have been examined in [1] and [2]. The stall cells influences the separation on the model 
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and the extent of the separation changes along the span of the model (3D flow), hence the lift on the 
different spanwise sections differ. This spanwise variation influences the measurements of the lift. If 
the lift is based on surface pressures it is common practice to stagger the pressure orifices in a relative 
narrow spanwise band. This band can in principle be placed at any spanwise position, but is often 
located around midspan in order to avoid the influence from the end walls. Hence, the lift predicted by 
the surface pressures can be considered a relatively local prediction. This is in contrast to the lift 
predicted from the pressures measured at the side walls. This lift is an average value as the pressures 
measured at the walls dependent on the flow over the entire span of the model.     

The objectives of the present study is to evaluate and compare the measured lift coefficient from 
the airfoil surface pressures and the tunnel wall pressures for an airfoil model in a wind tunnel.  
Especially, the differences seen around maximum lift and in the stalled region are evaluated. The 3D 
CFD model of the wind tunnel will be used for investigating details of the flow mechanisms, and to 
validate assumptions and findings from the experimental data. 

 
Figure 1. The NACA63-418 wind tunnel model mounted in the PLCT. The wake rake is seen in the 
back supported by the two vertical struts.  

2.  Methodology 

2.1.  Wind tunnel 
Lift polars for the NACA63-418 airfoil at a Reynolds number of 3E6 are measured in the Poul la Cour 
tunnel (PLCT) at DTU Risø campus. The test section is 2m high and 3m wide, and the 2D airfoil 
section is placed vertically in the tunnel. Along each sidewall, the wall pressures are measured at 64 
orifices distributed in two bands with 48 and 16 orifices, respectively. Each band span 2.85m upstream 
and downstream of the turntable centre and is placed 0.27m on either side of the horizontal centre line. 

The pressures are measured by six ScaniValve MPS4264 pressure scanners with 64 channels each. 
The sensitivity ranges from 1 kPa (4 inch H2O) to 69 kPa (10 PSI). In addition to the scanners a 
number of sensors are measuring the state of the flow (i.e. the temperature, the relative humidity, and 
the barometric pressure), the angle of attack of the model and the wake rake position. 

The data acquisition (DAQ) system is based upon cRIO from National Instruments and a DTU in-
house made LabView program. 

The airfoil model has a 1m chord, 2m span, giving an aspect ratio of 2 and a chord to tunnel-width 
ratio of 3. 100 pressure orifices are staggered around the midspan. Figure 1 shows the model in the 
PLCT. 
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2.2.  CFD 
The contraction, the test section and the diffusor of the PLCT is modelled in the DTU in-house CFD 
code EllipSys3D [3]-[5]. The EllipSys3D solver, uses the time true IDDES model based on the k − ω 
SST model, along with the γ − ReΘ correlation based transition model. 

The airfoil lift is evaluated based on viscous stresses and pressures on the airfoil model and on the 
tunnel walls, allowing for direct comparisons between calculations and measurements. The details of 
the CFD simulations are found in the accompanied paper [6]. 

The CFD simulations were originally targeted at low angle of attacks including only a few deep 
stall angles. Here the CFD results are mainly used to explain the qualitative 3D flow characteristics, 
due to the well know inaccuracy of the RANSE CFD in stall. The lift and drag have though been 
included for completeness.  

2.3.  Cl calculation 
The Cl is calculated by two different methods, either by an integration of the surface pressures on the 
airfoil or by an integration of the pressure footprint on the tunnel side walls.  

A simplified expression for the pressure footprint from the airfoil model on the tunnel side walls 
can be derived using cascade singularity elements from potential theory [7]: 

∆𝐶𝐶𝑝𝑝
𝐶𝐶𝑙𝑙

=
𝑐𝑐
𝐻𝐻

1

cosh �𝜋𝜋 𝑥𝑥𝐻𝐻�
 

(1) 

Where ∆Cp is the pressure difference coefficient between the pressures on the two side walls, c is 
the chord, H is the tunnel width and Cl is the lift coefficient, x is the streamwise coordinate (positive 
downstream) measured from the point on the aerofoil where the aerodynamic moment is zero, which 
corresponds to the position of the single vortex modelling the lift. In the present study this point is 
assumed to be at the turntable centre. 

From the above expression, it is seen that the ∆Cp/Cl distribution should collapse to a single curve. 
Additionally, it is seen that the relative error committed when using a fixed finite streamwise portion 
of the walls, is expected to be independent of the lift. 

When using the pressures on the side walls for the Cl calculation it is in principle necessary to use 
the pressures infinitely upstream and downstream of the model. This is of course not possible in a 
wind tunnel where the side wall pressures are measured on strips with a limited length. Therefore, it is 
necessary to estimate the fraction of the lift not captured by the wall pressure strips. The fraction can 
be found by integrating the above expression over the extent of the wall pressure strip on the side 
walls: 

𝜂𝜂 =
𝐶𝐶𝑙𝑙,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
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(2) 

2.4.  Previous wind tunnel measurements 
The measurements from the PLCT and CFD simulations are compared to the originally performed 
measurements on the NACA63-418 [8], and previously published data from the DAN-AERO MW 
project [9]. In [9] measurements are presented from five different tunnels, including the data from [8]. 
For the present study the data from the tunnels at LM Wind Power (LM), Delft University of 
Technology (Delft), University of Stuttgart (Stuttgart) and the original data (Abbott) is used. 
Reference [9] should be consulted for details. 

The data covers aspect ratios from 1.2 to 2.1, turbulence levels from 0.0002% to 0.1%, chord to 
tunnel height ratios from 0.22 to 0.33. 

LM and Delft use pressure orifices on the model surface and Stuttgart and Abbott use tunnel wall 
pressures. 
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Figure 2. Lift polars (corrected) for the clean NACA63-418, Re=3E6 obtained by surface pressures 
(PLCT AP, Delft and LM) and wall pressures (PLCT WP#1, Abbott and Stuttgart). Right figure is a 
zoom of the curve shown in the left plot. 

3.  Results 
Figure 2 shows the obtained lift polar for the clean NACA63-418 profile at a Reynolds number of 3E6 
from the PLCT based on surface pressures and wall pressures. Results from the DAN-AERO MW 
project [9] from Delft, LM (both surface pressures) and Stuttgart (wall pressures) are included together 
with the original wall pressure based measurements (Abbott) from [8]. The figure shows as the only 
one data corrected for the wind tunnel walls. The corrections are made in accordance with [10]. 

Generally, the stall is more abrupt when using surface pressures (‘PLCT AP’, ‘Delft’ and ‘LM’). 
The Cl based on the tunnel wall pressures has a smoother course around maximum Cl. Additionally, 
for the AoAs tested, the tunnel wall Cl is higher than the airfoil surface Cl in the stalled region.  

Figure 3 and Figure 4 show lift polars for a case with vortex generators (VGs) and a tripped flow 
by zig-zag-tape (zz-tape), respectively. Similar trends as for the clean case is seen. For both cases it 
can be expected that the tunnel wall pressures show higher lift values as the effect of both VGs and zz-
tape is to some degree 3D. Therefore it is probably better predicted by the tunnel wall pressures due to 
the spanwise averaging, than by the surface pressures, as they measure a random value of the spanwise 
minimum and maximum pressure. VGs are obviously more 3D than zz-tape. 

The predicted maximum Cl and behavior after maximum Cl is not identical between the tunnels, 
however there is a general trend in the measurements: Cl measured by airfoil pressures (‘PLCT AP’, 
‘Delft’ and ‘LM’) show a more abrupt stall characteristic with a sudden drop in Cl after maximum Cl, 
whereas Cl measured by side wall pressures (‘PLCT WP#1’, ‘Abbott’ and ‘Stuttgart’) has a more 
smooth stall characteristic. Since the results show similar trends, the difference is not just an effect 
related to the PLCT.  

In [9] it was concluded that the differences in the measurements (which is not only related to 
maximum Cl) can be linked to differences in the airfoil model shapes, the data analysis and the 
calibrations. It can probably also be linked to the differences in the aspect ratio of the models, the 
different turbulence levels in the tunnels and the different blockage ratios (chord and thickness relative 
to the tunnel width). 
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Figure 3. Lift polars (uncorrected) for the clean NACA63-418 with VGs (0.25%c high) at 60%c on 
the suction side, Re=3E6 obtained by surface pressures (PLCT AP) and wall pressures (PLCT WP#1). 
Right figure is a zoom of the curve shown in the left plot. The clean uncorected polar is shown for 
reference. 

 

  
Figure 4. Lift polars (uncorrected) for the tripped (0.4mm zz-tape at 2%c suction side and 10%c 
pressure side) NACA63-418, Re=3E6 obtained by surface pressures (ZZ AP) and wall pressures (ZZ 
WP#1 and ZZ WP#2). Right figure is a zoom of the curve shown in the left plot. The clean uncorected 
polar is shown for reference. 

In addition to the conclusions in [9] it can be mentioned that the measurements are acquired on 
different equipment and with a time span of almost 90 years, from the NACA measurements in the 
1930s to the present 2020 PCLT measurements. This probably also influences the agreements between 
the obtained data. 

3.1.  CFD and PLCT comparisons 
The 3D CFD simulations are shown in Figure 5 together with the PLCT measurements. Until the onset 
of separation at an AoA of 9 deg., the agreement between measurements and CFD results is very good.  
Thereafter the CFD simulations predicts a considerable higher maximum Cl, as is usually the case for 
RANS simulations. The predicted Cl from the wall pressures are also shown in the figure for AoA 8, 
16 and 24 deg.  
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Figure 5. Lift polars (uncorrected) for the clean NACA63-418, Re=3E6 from wind tunnel 
measurements (PLCT) and CFD simulations. The Cl is based on airfoil pressures (AP) and wall 
pressures (WP). Right figure is a zoom of the curve shown in the left plot. 

 
For AoA 8 and 16 deg. the lift from the CFD tunnel wall pressures (evaluated at 0.45m from 

midspan) are lower than from the CFD airfoil surface pressures evaluated at midspan. The lower lift at 
8 deg.  is more in-line with the expectations, since the pressures at the walls is an averaging of the 
pressures on the entire span of the model. The lift decreases towards the ends of the model, and 
therefore the average value should be lower than the Cl based on the surface pressures staggered 
around midspan. An example of the spanwise variation of the Cl based on surface pressures and wall 
pressures in the CFD simulations for 4 deg. AoA are shown in Figure 6. It is seen that the spanwise 
variation of Cl based on tunnel wall pressures is constant along the span whereas the Cl based on 
airfoil surface pressures varies along the span and, as expected, drops off at the ends, due to the end 
plate effects and the boundary layer at the end walls. It is also seen that the Cl at midspan is higher 
than the wall pressure Cl, showing that the wall pressure Cl is indeed an average of the Cl on the airfoil 
model. 

After maximum lift the situation is more complex as the flow becomes highly 3D. The fact that the 
Cl from the tunnel wall pressures is higher in the stalled region suggests that the flow at the ends of the 
model is not as separated as on the midspan region. The small tuft survey (Figure 10) supports this, as 
it is obvious that the flow at midspan is more separated. 

The CFD simulation at 16 deg. show a lower lift from the tunnel wall pressures than from the 
airfoil pressures. This is probably because the CFD simulations not necessary capture the effects of the 
stall cells as the RANSE CFD suppresses them and the grid is too coarse to resolve the unsteady flow 
phenomena at midspan. Hence, the CFD simulation still drops off at the ends even in stall. 

At 24 deg. the Cl predicted by CFD based on the tunnel wall pressures are higher than the Cl 

predicted from airfoil surface pressure, remembering that RANS CFD in these conditions are inherent 
inaccurate. 

The above results clearly indicate that care should be taken when using maximum Cl and Cl from 
the stalled region based on airfoil surface pressures, as they are highly dependent on the spanwise 
location of the pressures orifices relative to the 3D flow structures. On the other hand it is also 
questionable if Cl based on the side wall pressures is still applicable. Even though they represent an 
integrated value of the forces on the entire span, they probably depends on the aspect ratio of the flow 
and thereby are model and tunnel dependent. 
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Figure 6. Spanwise Cl distributions from 3D CFD simulations, Reynolds number of 3E6 and AoA = 4 
deg. Airfoil pressures is ‘AP’ and wall pressures are ‘WP’ 

 

  
Figure 7. Wall pressure footprint 8 deg. 

Figure 7 shows the wall pressure footprint at 8 deg. AoA from the CFD simulations and the PLCT 
measurements. The CFD Cp levels has been shifted by a constant to match the PLCT level at the 
pressure side (PS) at x/c = -2.55. It is seen that generally there is a good agreement between the CFD 
and measurements. The absolute levels of the measurements is slightly lower and the downstream tail 
part is somewhat skewed towards lower levels. This is a general tendency in the measurements and is 
believed to be caused by the influence of the wake rake support structure. However, looking at the 
difference in the Cp on the walls, ∆Cp (i.e. the pressure side (PS) Cp subtracted the suction side (SS) 
Cp), which is a measure of the lift, the agreement between CFD and measurements is very good, as 
seen in the right part of the figure.  

Figure 8 shows that wall pressure footprint from CFD at 24 deg. AoA. The pressure are shown on 
the entire simulation domain, i.e. form the contraction inlet to the diffusor outlet. It is seen that the 
shape differ from the shape at 8 deg. and that the pressures on the opposite tunnel walls are identical 
except around the airfoil model.  

Figure 9 shows the ∆Cp/Cl for the three CFD simulations (8, 16, and 24 deg.) and three 
measurements (8, 10 and 15 deg.) together with the theoretical curve from Equation (1). It is seen that 
the wall pressure footprint for the PLCT 8 deg., 10 deg. and 15 deg. and the CFD 8 deg. and 16 deg. 
almost collapses into one curve. All five curves have slightly lower peak values than predicted by 
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Figure 8. Wall pressure footprint from CFD at 24 
deg. 

Figure 9. Wall pressure footprint from the PLCT 
and CFD for the NACA63-418, Re=3E6. Also 
shown is the theoretical distribution from Eq. (1). 

 
Equation (1). This may be explained by the fact that the derivation of the theoretical expression is 
based on the aerodynamic loading acting in a single point in the tunnel, thus it does not reflect the 
detailed chordwise loading along the chord of the airfoil. The CFD prediction at 24 deg. differ from 
the ones at lower angles of attack by having a larger peak value and the downstream tail decreases 
steeper than the theoretical distribution. 
However, the results indicates that the wall pressures can be used also for separated flow, even though 
the potential theory with the single vortex cannot model separation. 

The CFD simulations are used to check the validity of Equation (2). Table 1 gives the fraction (η) 
of the Cl from the limited wall pressure strip relative to the full strip for the CFD simulations and 
Equation (2). It is seen that the η is a few per cent lower for the CFD simulations compared to the one 
applied on the PLCT measurements, however, the differences are considered to be so small that the 
applied method can be used. 

 

Table 1. Fraction of the Cl captured by the wall pressure strip relative to the full 
strip. 

 η 
PLCT 0.9357 

CFD, 8 deg. 0.9281 
CFD, 16 deg. 0.9133 
CFD, 24 deg. 0.9284 

 

3.1.1.  Tufts 
In order to check the three dimensionality of the flow and investigate if the differences in the Cl after 
maximum Cl is caused by an inexpedient placement of the pressure orifices on the model relative to 
the separation line and stall cells, tuft are applied at the 70%c and 90%c, see Figure 10. The figure 
show pictures and pressure distributions from the pressure orifices for 5 deg., 10deg. and 15 deg.  

In addition to the pictures videos where recorded in order to get a better insight of the tuft motions. 
The videos revealed that the flow is always attached on the PS and on the SS for 5 deg. At 5 deg. the 
difference in predicted Cl from the wall pressures and surface pressures is less than 0.5%. 

At 10 deg. separation is seen on the last row of tufts, but the tufts at 70%c still indicates attached 
flow, this is also confirmed by the pressure distribution. The difference between airfoil pressure and 
wall pressure Cl is approximately 2%. 
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Figure 10. Tuft pictures (tufts at 70%c and 90%c) and Cp distributions. Clean, Re=3E6. Left 5 deg, 
middle 10 deg, right 15 deg. Flow from left to right. 

 
At 15 deg. both rows of tufts show flow separation and the pressure distribution indicates a TE 

separation from 40%c. The difference in predicted Cl has now increased to more than 10%. Based on 
the limited amount of tufts it is difficult to see if there are stall cells present or if the tufts are only 
influenced by a 2D separation vortex. There is clearly a vortex structure that pushes the tufts upstream. 
On top of that the tufts at both end walls is still mainly in the onset flow direction, indicating a 
clockwise rotating vortex perpendicular to the model surface at the lower end wall and a counter-
clockwise rotating vortex at the upper end wall. At midspan the tufts looks to be going almost entirely 
upstream, which could suggest that at the midspan section of the model the flow is more separated 
than at the remaining part of the model.  
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However, the motion of the other tufts doesn’t fully suggest that there are two counter rotating 
vortices close to the end-walls, but perhaps the 2D separation vortex is superposed with more stall cell 
vortices originating perpendicular to the model surface. Looking at the tufts the entire aft part of the 
model looks severely separated. If the separation pattern is wedge shaped it can partly explain the 10% 
higher lift from the side wall pressures. However, more tufts should have been applied to get a better 
resolution of the separation pattern. 

4.  Conclusions 
The CFD simulations show that when the flow is attached the lift based on the side wall pressures 
results in almost the same lift as calculated from the surface pressures. For attached flow the lift based 
on the side wall pressures should generally be lower than the lift based on the surface pressures, at 
least for the surface pressures around midspan. This is because the spanwise lift distribution drops off 
at the end walls due to the end plate effects and the boundary layer on the wall, as the side wall 
pressures are an averaging of the spanwise surface pressures they will be lower than the surface 
pressures giving a lower lift.  

Around the maximum lift and in the stalled region the flow is not anymore 2D and the differences 
in the lift based on surface pressures and side wall pressures depend on the location of the surface 
pressure orifices relative to the spanwise varying separation line. For the NACA63-418 airfoil used in 
the present study the lift based on the side wall pressures are generally highest.  

The CFD simulations confirm that the method used to predict the lift from the limited side wall 
pressure strips in the wind tunnel is applicable. 

No clear stall cells was identified with the tufts. However, only two rows of tufts were used, so a 
new campaign is planned with additional rows in order to better identify the 3D structures in the 
stalled region.  
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