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WIND TUNNEL CALIBRATION OF 5-HOLE PRESSURE PROBES FOR APPLICATION TO WIND 
TURBINES 

L. J. Fingersh, M. C. Robinson 
National Renewable Energy Laboratory 

National Wind Technology Center 
Golden, Colorado 

Abstract 

A method to quantify the local inflow vector on a 
rotating turbine blade using a 5-hole static pressure 
probe was developed at the National Wind Technolog 
Center. The technique- ,permits quantification of 
dynamic pressure, angle-of-attack and cross-flow-angle 
to magnitudes of 2 40" in any inflow direction parallel 
to the probe centerline. A description of the static and 
dynamic calibration procedure, iteration sequence for 
data reduction, and field results are included. 

Nomenclature 

local probe static pressure (j = 1 to 5) 
center tap pressure coefficient 
[PI-PJ 1 9- 
differential pressure coefficient, a plane 
W P 5  1 1% 
differential pressure coefficient, 8 plane 
[P2-P3 1 1 q, 
free stream dynamic pressure . 
1/2p,V,2 
free stream air density 
free stream velocity 

Introduction 

Obtaining an accurate prediction of aerodynamic rotor 
performance is key to wind turbine design. The effects 
of design permutations in airfoil shape, solidity, twist 
and taper are evaluated using empirical codes based on 
momentum theory and 2-D wind tunnel empirical data. 
Such analyses fail to accurately model performance of 
the airfoils in the highly 3-D, turbulent and unsteady 
operating environment of an ordinary wind turbine. 

In order to better characterize both the turbine inflow 
environment and the resulting dynamic effects on a real 
turbine, the National Renewable Energy Laboratory has 
instrumented a special wind turbine that is capable of 
measuring inflow, blade surface pressures and machine 
'structural response. The "Unsteady Aerodynamics 
Experiment" has been in operation since 1988 and has 
helped characterize 3-D unsteady aerodynamics and 
peak structural loads.'-' 

Transient rotor loading is a consequence of the 
stochastic inflow. Fluctuations in both wind magnitude 
and direction directly affect the local blade 
aerodynamics. The primary driver for most of this 
unsteady aerodynamic phenomenon is a rapid change in 
local blade angle-of-attack throqh the static stall 
angle?J In the past, angle-of-attack was measured on 
the turbine by employing a flow-angle flag mounted 
about one chord ahead of the blade. This flag provides 
accurate low-frequency angle-of-attack measurements 
but cannot respond quickly enough to measure unsteady 
response. Due to this limitation, other types of Pow- 
angle sensors were investigated as replacements for the 
flags. Differential'pressure probes were found to be ' 

rugged and possessed sufficient frequency response for 
thii application 

Initially, several types of pressure-based sensor methods 
were considered. Ultimately a s-hole, nearly conical 
pressure probe was selected because of it size, 
commercial availability and ability to measure cross- 
flow-angle as well as angle-of-attack. This paper 
focuses on the comprehensive static and dynamic wind- 
tunnel calibration of the particular 5-hole probes 
selected and provides some preliminary measurements 
taken in the field. 

Methodoloq 

Wind turbines are subjected to a harsh aerodynamic 
environment. High turbulence, rapid angIe-of-attack 
fluctuations, substantial cross-flow and very wide 
ranges in angle-of-attack are common. In order to fully 
characterize this environment, the protjes were 
calibrated over a f 40' angle-of-attack and cross-flow- 
angle range. Additionally, the probes were dynamically 
calibrated at five reduced sinusoidal oscillation 
frequencies to check dynamic response capability. 

Static Calibration 
The 5-hole probe selected for evaluation was a United 
Electric Controls Company USD-F-312 DC 250 3-D 
flow-angle probe shown in Figure 1. The desired 
measured flow parameters (q-, u and 8 ) are obtained 
from three separate static calibration surfaces: 1) the 
center tap pressure coefficient (Cp,) as a function of 
differential pressure coefficients in the angle-of-attack 
(ACp,) and cross-flow (ACp,) planes, 2) angle-of-attack 
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( a ) as a function of ACp, and ACp,, and 3) cross- 
flow-angle ( 0 ) 'as a function of ACp, and ACp,. The 
method of obtaining instantaneous values for q-, a and 
0 from the five measured static pitot pressures and the 
three calibration curves will be addressed later. 

I Frequency I Tunnel Speed I Reduced Frequency I 

I l O . 4 0  c m  I 

Frequency 
0.83 Hz 
2.83 Hz 

Figure 1 - 5-hole probe 

Tunnel Speed Reduced Frequency 
26.2 d s  0.05 
26.2 d s  0.17 

The calibration surfaces for the center tap pressure,. a 
and 8 were determined empirically from wind tunnel 
data collected in the 3x3 ft low speed wind tunnel at the 
United States Air Force Academy. Five different 
probes were calibrated both statically and dynamically 
using the tunnel's dynamic pitch mount. Each pitot 
probe was mounted in the center of the test section and 
yawed through 40". The Reynolds numbers and 
reduced frequencies tested are shown in Table 1. These 
values conespond to the anticipated values expected in 
field operations of the wind turbine. Calibration for 
cross-flow-angle and angle-of-attack was obtained. by 
repeating the test with each probe rolled to 00, 15", 30°, 
45'. 60', 90'. 120". 135', 150°., All pressures were 
normalized by tunnel q,. Measured a and 8 for the 
different roll angles were obtained by a simple 
coordinate transformation from the fixed tunnel to the 
probe reference geometry. 

0.83 Hz 
2.83 Hz 

. Table 1. Dynamic Wind-Tunnel Test Conditions. 

26.2 d s  0.05 
26.2 d s  0.17 

5 H z  
5 HZ 

26.2 ds 0.30 
17.4 m/s 0.45 

I 5 HZ I 13.1 ds I 0.60 I 
Details of the tunnel pitch system and the pressure data 
acquisition system with system error analysis have been 
previously reported? In order to help eliminate any 
inherent system errors, the entire pressure measurement 
system used on the actual turbine including hardware, 
geometry (tube lengths, etc.) and data acquisition and 
storage systems was also used to perform this 
calibration and evaluation of the methodology. 

. 

'Figures 2 and 3 are typical of the data obtained for each 
test condition. A plot of the Cp, and ACp, as a function 
of 8 are shown in Figures 2 and 3, respectively. For 
both figures, the 2 40" calibration pitch angle was in the 
0 (cross flow) plane. In Figure 2, the normalized center 
tap pressure ratio equals 1.0 at the stagnation point 
(around 0 = 0") and diminishes at higher and lower 
angles. The response is not perfectly centered, 
reflecting machining asymmetries in the pressure port 
location. In Figure 3, the normalized differential 
pressure achieves 0 at the stagnation point (around 0 = 
0"). Note that the cross-flow-angle is not linear with 
differential pressure over large angles and the 
differential pressure response is not quite 0 at the 
stagnation point. 

I Cross-flow-Angle 

Figure 2 - Static calibration of total pressure ratio 

1 

Cross-RwAngle 

Figure 3 - Static calibration of spanwise-flow-angle. 
Angle-of-attack calibrations look similar. . 

In order to completely quantify the probe's response for 
any combination of a and 0, a series of curves similar to 
Figures 2 and 3 were produced for each roll angle. 
Figures 4% 5a, and 6a show the values for Cp,, a and 0 
as a function of ACp, and ACp, respectively. Each roll 
angle appears as a single calibration line which runs 
along a contoured surface. A complete characterization 
of the surface was necessary in order to attain a usable 
probe calibration tool suitable for data reduction. 
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Figure 4 - Static calibration of dynamic pressure surface 
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Figure 5 - Static calibration of angle-of-attack surface 
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Figure 6 - Static calibration of cross-flow-angle surface 

Several interpolation techniques were used to define the 
surface contours between calibration points. Most of 
these methods failed for various reasons. Linear 
interpolation methods were not applicable because of 
the non-linear nature of the curves. Bi-cubic spline 
interpolation failed because of the nature of the data. 
Each radial location on each curve actually consists of 
several points in close proximity. This property 
disturbed the bi-cubic spline method and created bumps 
at each arm. Eventually, neural-network methods were 
tested with excellent results. 

The particular neural-network method used actually 
involved 10 networks for each surface. First, the data 
was randomly sampled, without replacement, into two 
bins each containing approximately 20% of the data. 
Then a two-layer feed-forward neural network with 12 
hidden neurons was created and trained on one of the 
bins. The training method was standard 
backpropagation using Levenberg-Marquardt 
optimization implemented on the Matlab software. 
After each epoch of training, the second set or “testing” 
set of data was passed forward through the net. The 
final network used was the one during which the testing 
set had the least sum-squared error. This was done 10 
times for each surface, each with different random 
samples in the bins and different random initial weights. 

The 10 surfaces generated were then averaged together. 
This technique of “early stopping” and “bootstrapping” 
permits an honest evaluation of ,the data that tends to 
eliminate small anomalies in the overall data set and in 
each network. 

The results of the complete static calibration and 
associated neural-network fits are shown in Figures 4b, 
5b and 6b. These final calibration curves provide the , 

basis for converting measured 5-hole probe pressure 
data into q,, a, 0 over an operating inflow cone angle of 
- + 40°. 

Dynamic Calibration 
In order to test the sensitivity of the calibration curves 
to unsteady and Reynolds effects, calibration curves 
were generated for each of the test conditions listed in 
Table 1. Initially, a strong hysteresis was evident with 
reduced frequency (Figure 7). Accounting for the phase 
shift due to pressure tube length eliminated the 
hysteresis (Figure 8). After examining and correcting 
each of the dynamic calibration runs for tube length, it 
was determined that the static probe calibrations were 
independent of reduced frequency over the frequency 
range of interest. 
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45" Roll Angle - Uncorrected 

0.80 T 

-0.80 1 
Cross-Row-Anqle 

Figure 7 - Hysteresis in differential pressure traces 
at a high reduced frequency (kd.6) 

45" Roll Angle - Corrected 

0.60 L 

-0.80 1 
Cross-Flow-Anale 

Figure 8 - Hysteresis is eliminated by accounting for 
pressure tube length. 

Data Reduction 

from the five measured static pitot pressures and the 
three calibration curves. The process requires two 
separate steps performed in the following sequence: (1) 
determination of q-, ACp,, and ACp,, with an iterative 
solution process using the measured center tap pressure 
and figure 4b, and (2) obtaining a and 8 directly from 
the calibration curves (figure 5b, 6b) using the values 
for ACp, and ACp, obtained in step 1. 

The instantaneous values for q-, a and 0 are obtained 

Obtaining an iterative solution for q- , ACp,. and ACp, 
in step 1 is the most time-consuming. The iteration 
sequence is outlined in the following steps: 

1). 9- i= [pl-pJ (Initial assumption, i = 1) 
2). Cp, i = 1.0 (Initial assumption, i = 1) 
3). Calculate ACp, and ACp, using q- 
4). Read Cp, new from figure 4b. 

Steps 3 through 7 are repeated until one of the 
following criteria is met: 

On average, convergence was obtained within 5 
+ iterations. 

Results 

The Unsteady Aerodynamics Experiment, instrumented 
with four custom-built flow-angle flags and one 5-hole 
pressure probe, was tested in the field at the National 
Wind Technology Center. A comparison of a flag 
located at 80% of span and the 5-hole probe at 91% 
span is shown in Figure 9. Results from an analytical 
model which calculated angle-of-attack based on disk- 
averaged inflow conditions and turbine geometry is also 
plotted for reference. The dip in angle-of-attack at 180' 
occurs when the turbine blade rotates into the wake 
shadow behind the tower. The flag probe responds late 
to the tower shadow because of its poor frequency 
response. In contrast, the 5-hole was not frequency 
limited and the values for a match the analytic model. 
Note also that the flag oscillates after the tower shadow 
perturbation. This frequency corresponds to the natural 
frequency response of the mechanical flag probe. 

Comparison of flag and 5hole Pmbe Response 

2 

0 I 
0 90 I a0 270 360 

Azimuth Position (degrees) 

'igure 9 - Comparison of flag and 5-hole probe to a 
simple analytical model. 

Conclusions 

After numerous comparisons, the 5-hole probe was 
shown to be far superior to the flag probe for measuring 
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local flow angle on a wind turbine. It provided high 
frequency capability without the oscillations or other 
problems associated with the mechanical flag probe. 
Additionally, it resolved the 3-D inflow velocity vector 
providing a complete quantification of the local turbine 
blade inflow condition. 

Instrumentation", Presented at 14th ASME/ETa Wind 
Energy Symposium, Houston, Texas, January 29- 
February 1,1995. 

-. 
The probe has also proven to be a robust device in the 
hostile turbine operations environment. As a result, the 
Unsteady Aerodynamics Experiment has recently been 
instrumented with five such probes, each calibrated in 
the manner described above. With high-resolution 
angle-of-attack data., it will now be possible to resolve 
3-D unsteady separated flow events experienced by 
turbines in field operation as well as gain some insight 
into 3-D rotational flow effects. 
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