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Abstract 
Laboratory testing and field data analysis have revealed that some of the NRG #40 anemometers 

manufactured in 2006-2008 exhibit slowdown.  The degraded performance is detectable statistically in 

sensor pairs using mean bias, wind speed ratio, correlation coefficient, and the standard deviation of the 

wind speed ratio. These sensor pair 10 min average differences are often referred to as scatter.   

Affected sensors also demonstrate significant discrepancies between pre-and post calibration offset and 

standard error on field returned units.  The onset of the degradation occurs between 2 ς 26 weeks. 

Affected sensors exhibiting excessive scatter and poor post field-use calibration results possess a 

vibratory mode identified as dry friction whip (DFW) that preferentially occurs in the 5 ς 10 m/s wind 

speed range. The vibratory mode is a self-excited vibratory phenomena that causes the sensor to 

slowdown by -0.2 m/s to -0.6 m/s.  Using accelerometers, the vibration signature of this phenomenon 

has been quantified.  Vibration measurements of tower-mounted sensors have also been recorded to 

correlate sensor slowdown with vibratory mode and to quantify boom/sensor interaction. 

Guided by theory and experimental validation, two critical factors were identified that govern dry 

friction whip in the #40 sensor.  To varying degrees, adjustment of both factors  can prevent the 

occurrence of the vibratory mode.  In combination, the benefits are additive, resulting in a robust 

design. 

Design validation has included extensive wind tunnel and on-going field testing.  A summary of the 

investigation and results from the design validation are presented in the report. 

The NRG #40 production anemometer design was changed Jan 1, 2009 to incorporate the fixes defined 

for the two critical factors, eliminating the vibratory mode slowdown problem. 

 

Keywords: vibratory mode, dry friction whip, cup anemometer  
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Introduction  
 

In April 2007, a customer of NRG Systems, Inc. reported that some of their #40 sensors were exhibiting 

slowdown, a phenomena they termed άŘǊŀƎƎƛƴƎέΦ  Polar scatter plots of the wind speed difference 

between redundant sensors showed visible bands in the data (Figure 1) demonstrating bi-modality and 

slowdown of one of the redundant sensors. 

 

 

Figure 1 Polar plot showing banded data of dragging sensor 

 

In November, 2007, NRG received sensors from a customer requesting that an engineering evaluation 

be conducted on 12 returned sensors.  Of the sensors returned, a large proportion exhibited poor post-

calibration results.  In December 2007, another customer indicated to NRG that some new sensor pairs 

were not performing as expected. 

In response to the customer reports, NRG initiated a comprehensive investigation to characterize the 

failure mode and determine root cause of the slowdown.  Since its start, the investigation has included 

data analysis, detailed dimensional measurements, computer modeling, vibration measurements, 

chemical analysis, and field and laboratory testing.  Through this intensive investigation, NRG has fully 
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characterized the slowdown phenomenon and determined its root cause  - a self-excited vibratory 

phenomenon termed dry friction whip (DFW) ς and has designed the change to prevent its occurence ς 

a small dimensional change to the lower housing well ID and a softer durometer lower o-ring. 

Laboratory and data analyses now reveal that a portion of the population of the NRG #40 anemometers 

dating back to the middle of 2006 exhibit slowdown.  These affected sensors all initially calibrated 

normally in the Otech Engineering wind tunnel .   However, the affected sensors exhibited the degraded 

performance within 2 ς 26 weeks of field time. 

 

Problem Definition  
 

The reported problem of sensor slowdown is defined by: 

1. Excess scatter: 

a. Qualitative by sensor pair scatter plots 

b. Quantitative by sensor pair statistics 

2. Performance change in time 

a. Calibration values 

b. Banded data and time-series plots 

Excess Scatter 

Qualitative by sensor pair scatter plots  

Excess scatter can be defined qualitatively through scatter plots as shown in the plot below (Figure 2). 



AWEA Windpower 2009 

May 4-7, 2009, Chicago, IL, USA 

 

5 
 

2 affected sensors

1 normal (WS3)

1 affected (WS4)

2 normal sensors

 

Figure 2 Scatter plot showing normal and affected sensors.  Blue dots (August 2007 data),  Green dots (September 2007 
data), and Red dots (October 2007 data).  Data filtered for wind speeds (4-26 m/s) and icing. 

 

Quantitative by sensor pair statistics  

Excess scatter can also be defined quantitatively using the statistics in a pair of redundant sensors listed 

below (Table 1).  The thresholds for the statistics define expected normal sensor performance.  

Therefore, exceedance of any one statistic indicates suspect sensor performance.  However, normal 

sensors are expected to occasionally exceed the threshold statistics due to icing events, for example.  

NRG has found that affected sensors exhibiting slowdown are defined by the persistent exceedance of 

the threshold statistics.  An ad hoc measure of this persistence is captured using the following rules: 

1. Exceedance of the mean bias threshold for 3 out of 5 consecutive weeks 

2. Exceedance of any 2 or more threshold statistics for 4 consecutive weeks 

 

Table 1 Statistics defining normal sensor performance 

Statistic Expected normal performance 

Mean bias Җ ҕлΦн m/s 

Ratio Within 0.98-1.02 
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Statistic Expected normal performance 

tŜŀǊǎƻƴΩǎ Ŏorrelation coefficient җ лΦффр 

Standard deviation of the wind speed ratio Җ лΦлн 

 

Performance change in time  

Calibration values  

Sensor slowdown is also defined by a performance change in time.  The performance change is 

characterized by a change between the initial and post wind tunnel calibration results.  The observed 

change in results includes: 

 Abnormal residual pattern 

 Standard error (STEYX) greater than 0.12 m/s 

 Offset increase greater than 0.15 m/s from initial calibration 

The left-hand chart shown in Figure 3 is the result of the 12-point (12 speed ranges) calibration, 

performed on each NRG #40C anemometer.  The ordinate (y-axis) of the left-hand chart is the reference 

wind tunnel air speed in meters per second (m/s).  The abscissa (x-axis) of the left-hand chart includes 

the anemometer output in frequency (Hz).  The 12 points in the plot are the result of the 12-point 

calibration.  The line through the 12 points is the best fit line determined by least squares linear 

regression resulting in the slope and offset highlighted in the plot. 

The right-hand plot shown in Figure 3 shows the residuals of the best fit line.  By definition, residuals are 

the difference between the reference wind speed and the predicted (via the transfer function) wind 

speed.  An example of the first residual is given in the plot.  Note, negative residuals indicate the 

predicted wind speed is higher than the reference wind speed.  Positive residuals indicate the predicted 

wind speed is lower than the reference wind speed.  The standard error (STEYX) is the standard 

deviation of the residuals. 
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SLOW

FAST

Initial Calibration

STEYX OFFSETSLOPE

Residual:   Reference WS ς Transfer Function WS

     4 m/s ς (0.757*5 Hz + 0.36) = -0.14 m/s

 

Figure 3 Normal initial calibration results 

OFFSETSTEYX

Post Calibration

 

Figure 4 Post-calibration results of affected sensor 

 

Figure 4 includes post-calibration results from an affected sensor.  The post calibration result of the 

affected sensor demonstrates the abnormal residual pattern, increase in offset (relative to initial 

calibration), and a standard error above 0.12 m/s. 
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Banded data and time -series plots  

Additional qualitative measures of the performance change observed in affected sensors include banded 

or time-varying data.  Banded data exhibited by a dragging sensor is clearly visible in Figure 1.  Plots of 

wind speed difference versus time also demonstrate a performance change in time of affected sensors, 

as shown in Figure 5.  In this figure, the ordinate axis is wind speed difference (m/s) plotted against time 

on the abscissa (10 minute average data). 

2 affected sensors

1 normal (WS3)

1 affected (WS4)

2 normal sensors

 

Figure 5 Wind speed difference (m/s) versus time (10 minute average data) showing performance change in time of affected 
sensors.  Blue (August 2007 data),  Green (September 2007 data), and Red (October 2007 data) 

Investigation Highlights  
 

The following table defines the naming convention used throughout this paper to describe sensors from 

different manufacturing time periods. 

Naming Convention Manufacturing Date 
Pre-2006 Before middle of 2006 

Post-2006 After middle of 2006 and before January 1, 2009 

Post-1/1/2009 After January 1, 2009 
(manufactured with design improvement) 
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Dimensional analysis  
Extensive engineering resources were devoted to precisely measuring all part dimensions of sensors 

from Pre-2006 and Post-2006 era to determine if any dimensional differences existed.  Dimensional 

measurements of normal and affected sensors were also performed to determine if any differences 

existed.  In all cases, dimensional differences were found to be within specification.  It was concluded 

early on (and incorrectly) that dimensional differences were not the cause of the problem.  It was only 

later in the investigation, after gaining a better understanding of the physics of the problem, that 

engineers at NRG Systems realized an in-spec dimensional-change played a critical role in causing the 

problem.  

 Ȱ3ÐÉÒÏÇÒÁÐÈȱ ÍÏÔÉÏÎ 
Tests usiƴƎ ŀƴ ƻǇŜƴ ƧŜǘ ǿƛƴŘ ǘǳƴƴŜƭ ǊŜǾŜŀƭŜŘ ŀŦŦŜŎǘŜŘ ǎŜƴǎƻǊǎ ŜȄƘƛōƛǘ ŀ άǎǇƛǊƻƎǊŀǇƘέ Ƴƻǘƛƻƴ (Figure 6) 

when observing the tip of the rotating anemometer head, whereas normal sensors do not exhibit this 

phenomenon.  Referring to Figure 6, the left-hand picture is a top-down view of the NRG #40 

anemometer head, with a close-up view of the tip of the head (which corresponds to the axis of the 

shaft) pictured on the right.  The orbital path of the tip of the head is depicted in the lower right of 

Figure 6.  The motion of the center of the tip in normal sensors is confined and centered about the axis 

of rotation (indicated by the cross-hatch region in the figureύΦ  ¢ƘŜ Ƴƻǘƛƻƴ ƻŦ ŀƴ ŀŦŦŜŎǘŜŘ ǎŜƴǎƻǊǎΩ ǘƛǇ 

(shaft center) is indicated by the orbital path shown and is characterized by large-displacement, spiral 

motions ς ƘŜƴŎŜΣ ǘƘŜ ǘŜǊƳ άǎǇƛǊƻƎǊŀǇƘέ ƳƻǘƛƻƴΦ 

From this observation, NRG engineering developed vibration monitoring equipment, consisting of 

accelerometers and a data acquisition system, and used this ǎȅǎǘŜƳ ǘƻ ǉǳŀƴǘƛŦȅ ǘƘŜ άǎǇƛǊƻƎǊŀǇƘέ 

motion.  The vibration measurement system developed by NRG Systems engineering was independently 

validated by GE Bently-Nevada1. 

                                                           
1
 GE Bently Nevada is an expert in the use of vibration measurement systems to diagnose rotating machinery. 
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Anemometer Head

Tip of Head

Normal sensors - orbital motion 

of tip confined to cross-hatch 

region

Affected sensors - spiral 

motion of tip observed with 

large displacements

 

Figure 6 "Spirograph" motion (orbital path of tip of head/shaft) 

 

With the use of a pitot probe in the open jet wind tunnel, a correlation between slowdown and the 

άǎǇƛǊƻƎǊŀǇƘέ Ƴƻǘƛƻƴ ǿŀǎ ŎƻƴŦƛǊƳŜŘΦ  Figure 7 below shows the results of a speed bias test for a normal 

and affected sensor.  Each sensor is tested at 4 speed ranges (12, 10, 8, and 6 m/s) and recorded on 

bwDΩǎ ƻǇŜƴ ƧŜǘ ǿƛƴŘ ǘǳƴƴŜƭ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ǘƘŜ Ǉƛǘƻǘ ǇǊƻōŜ ŀƴŘ ǾƛōǊŀǘƛƻƴ ƳŜŀsurement system.  The top 

row of plots shows wind speed in meters per second (m/s) versus time in seconds for the reference 

ǘǳƴƴŜƭ ǾŜƭƻŎƛǘȅ όάtƛǘƻǘέύ ŀƴŘ ǘƘŜ ǎŜƴǎƻǊΩǎ ǊŜŎƻǊŘŜŘ ǿƛƴŘ ǎǇŜŜŘ όά{ŜƴǎƻǊέύ ŦƻǊΥ ό!ύ bƻǊƳŀƭ {ŜƴǎƻǊ ŀƴŘ ό.ύ 

Affected Sensor.  Speed biases at each wind speed are indicated below the respective interval.  For 

ŜȄŀƳǇƭŜΣ ǘƘŜ ǎǇŜŜŘ ōƛŀǎ ƻŦ ǎŜƴǎƻǊ {b нпмт ƛǎ ҟ Ґ лΦлрр Ƴκǎ ŀǘ ǘƘŜ мн Ƴκǎ ǊŜŦŜǊŜƴŎŜ ǿƛƴŘ ǎǇŜŜŘΦ  bƻǘŜΣ 

for the normal sensor, all speed biases are approximately zero.  Noteworthy are the significant speed 

biases of the affected sensor, ranging from -0.44 to -0.55 m/s across the 4 wind speeds. 
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12m/s 10m/s

8m/s 6m/s

(D)

Normal Sensor

(A)

Affected Sensor

(B)

12m/s 10m/s

8m/s 6m/s

(C)

 

Figure 7 Speed bias and corresponding vibration spectrums from normal (Left) and affected sensor (Right).  Vibration 
spectrums include power (g

2
/Hz) on the y-axis versus frequency (Hz) on the x-axis at each of the 4 test wind speeds. 

(A) Upper Left: Speed bias test of normal sensor at 12, 10, 8, and 6 m/s 

(B) Upper Right: Speed bias test of affected sensor at 12, 10, 8, and 6 m/s 

(C) Lower Left: Corresponding vibration power spectrum of normal sensor at 12, 10, 8, and 6 m/s 

(D) Lower Right: Corresponding vibration power spectrum of affected sensor at 12, 10, 8, and 6 m/s 

 

The bottom two rows of plots in Figure 7 include the corresponding vibration power spectrums from 

each of the 4 wind tunnel air speeds for: (C) Normal Sensor and (D) Affected Sensor.  In these plots, the 

ordinate is the vibration power in units of g2/Hz while the abscissa is frequency in Hz.  Both tests were 

ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ŀ ѹέ ŘƛŀƳŜǘŜǊ όǎǘŀƴŘŀǊŘύ ǎŜƴǎƻǊ ǎǘŜƳ ƳƻǳƴǘΦ  Figure 7 (C) of the normal sensor shows 

vibration power predominantly at 40 Hz at all wind speeds with minor spikes at approximately 22 Hz and 

18 Hz corresponding to the 12 m/s and 10 m/s wind speeds, respectively.  It is known that the 40 Hz 
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spike is the first natural frequency of the sensor/stem system based on static modal measurements.  The 

22 Hz and 18 Hz minor spikes are synchronous modes corresponding to rotation rate of the 3 cup 

anemometer head (3 per revolution synchronous mode).  The 3 per revolution vibration power is low 

relative to the 40 Hz natural frequency and hence is only visible at the 12 m/s and 10 m/s wind speeds. 

Figure 7 (D) of the affected sensor shows the same general vibration signature as the normal sensor.  

Specifically, the 40 Hz natural frequency is visible at all wind speeds.   The minor spikes at 22 Hz and 18 

Hz are also apparent at 12 m/s and 10 m/s, respectively.  Figure 7 (D) differs significantly from (C) in that 

the dominant vibration power is at approximately 30 Hz at all wind speeds.  Several higher harmonics of 

the 30 Hz spike are also observed at approximately 60 Hz and 90 Hz.  It is noteworthy that the significant 

power level of the 30 Hz spike is almost 2 orders of magnitude above the power levels observed in the 

normal sensor.  To give a sense of the relative difference in power, the same vibration power spectra (at 

12 m/s from Figure 7) are included in Figure 8, except the y-axis scale is increased to 1 g2/Hz in both 

plots.  The difference in vibration power levels is dramatic. 

 

Normal Sensor Affected Sensor

 

Figure 8 Vibration power spectrums of a normal sensor (Left) and affected sensor (Right).  Note the y-axis scale is the same. 
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Figure 9 Vibration power spectrum of normal and affected sensor on stem mount 

 

The background vibration signature of the sensor and stem mount (as mentioned above) is defined by 

frequencies at 22 Hz and 40 Hz.  As shown in Figure 9, both the normal and affected sensor exhibit this 

background vibration signature.  However, only the affected sensor exhibits the 30 Hz frequency and the 

higher harmonic at 60 Hz associated with vibratory mode and sensor slowdown.  It is evident from this 

test the source of the vibration is sensor-borne and not caused by the stem mount.   

bwD ŜƴƎƛƴŜŜǊƛƴƎ ŀƭǎƻ ǾŀƭƛŘŀǘŜŘ ǘƘƛǎ ŦƛƴŘƛƴƎ ƻƴ bwDΩǎ  мΦро Ƴ όслΦр ƛƴύ ŀƴŘ нΦп Ƴ όфр ƛƴύ ƭƻƴƎ ōƻƻƳǎ.  

Each sensor/boom system possesses a unique background vibration signature visible in the power 

spectrums of both the normal and affected sensors.  Figure 10 shows the background vibration 

signature of a normal and affected sensor mounted on a 2.4 m (95 in) boom.  In this case, the sensor 

and 2.4 m (95 in) boom vibration signature consists of frequencies at 7 Hz, 12 Hz and 22 Hz.  Again, as in 

the stem mount, both the normal and affected sensors exhibit the background vibration signature.  

However, only the affected sensor also exhibits the frequency associated with the vibratory mode and 

the resulting sensor slowdown. 
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Figure 10 Vibration power spectrum of normal and affected sensor mounted on 2.4 m (95 in) boom 

 

The above tests established a perfect correlation between the presence of the άǎǇƛǊƻƎǊŀǇƘέ Ƴƻǘƛƻƴ ƻǊ 

vibratory mode at approximately 30 Hz and sensor slowdown.  Similar tests conducted in the field also 

confirmed this correlation between the vibratory mode and sensor slowdown. 

Quantitatively the άǎǇƛǊƻƎǊŀǇƘέ Ƴƻǘƛƻƴ or vibratory mode is measurable by the following: 

1. Sensor slowdown or speed bias (-0.2 to -0.6 m/s bias) 

2. Peak power (significantly higher than normal sensor) 

3. Frequency at peak power (in the range of 25-33 Hz) 

Properties of sensor slowdown  
Based on wind tunnel testing, the properties of the slowdown due to the vibratory mode include: 

 0.2 m/s ς 0.6 m/s slow-down when in mode 

 Preferentially occurs at 5-10 m/s wind speeds 

 Can sustain in mode for long periods of time 

 Can enter and exit mode 

 Onset of mode occurs more often in decelerating speeds than in constant or accelerating speeds 

Vibration and dry frictio n whip (DFW)  
TƘŜ άǎǇƛǊƻƎǊŀǇƘέ Ƴƻǘƛƻƴ is a form of vibration.  And because the alternating force that sustains the 

vibration is created by the motion itself, it is classified as a type of self-excited vibratory phenomenon.  
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Review of self-excited vibration (Ehrich, 2002) allowed NRG engineering to narrow the list of 

documented self-excited vibratory phenomena. 

NRG engineering consulted two rotor dynamics experts - Dr. Dara Childs (Texas A&M) and Dr. Fred 

Ehrich (MIT) - to assist in identifying the specific self-excited vibratory phenomenon.  Through their 

consultation, the vibratory mode was identified as dry friction whip (DFW). 

Dry friction whip is characterized as a self-excited, super-synchronous, asynchronous, counter-rotating 

vibratory phenomenon.  It is super-synchronous because the whipping frequency (associated with the 

frequency of shaft motion) is above the running speed of the sensor.  It is asynchronous meaning that 

once the instability sets in it is independent of running speed (recall Figure 7 (D)).  5Ǌȅ ŦǊƛŎǘƛƻƴ ǿƘƛǇΩǎ 

unique property is the direction of whip is counter to the rotation direction of the shaft (i.e., counter-

rotating or backward whip)(see Figure 11). 

 

Figure 11 Depiction of counter-rotation direction of whip 

The physics behind dry friction whip is only partially understood for large-scale turbomachinery.  To 

date, ǎŎƛŜƴŎŜΩǎ understanding is limited to single-point contact systems (where the rotor can contact 

only one stator2 location).  The NRG #40 anemometer is a two-point contact system whereby the rotor 

can at any time contact two bearing surfaces.  According to Dr. Childs, such a system has never been 

studied or modeled.  Under the guidance of Dr. Dara Childs, NRG engineering is modeling the #40 

anemometer to gain a more thorough understanding of the mechanisms causing dry friction whip in the 

sensor. 

                                                           
2
 Rotor includes the rotating components of the sensor (anemometer head, shaft, and magnet).  Stator includes 

the stationary components of the sensor (bearings, o-rings, and housings). 
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In general, dry friction whip occurs when the surface of the rotating shaft (rotor) contacts the static 

(stator or bearing) surface of the system.  The contact results in a reaction force consisting of a 

tangential force generated by Coulomb friction3 and a radial normal force.  Together, the resultant force 

causes the rotor to whip in a direction opposite to shaft rotation.  The resultant whipping motion 

induces larger centripetal accelerations on the rotor which in turn induce larger radial forces and 

stronger whipping action.  The instability is curtailed through non-linearities such as damping.  It is 

evident from this description that friction is necessary for the occurrence of DFW. 

Spinning bearing  
During tests of affected sensors, it was observed that both the upper and lower bearings rotate when 

the sensor is in the vibratory mode but remain stationary when not in the vibratory mode.  Additional 

testing was conducted to determine if the bearing spin is a cause or symptom of dry friction whip. 

Securing the lower bearing of an affected sensor exacerbated the problem, resulting in greater speed 

biases and vibration power relative to the affected sensor with a non-secured bearing.  It was 

concluded, based on these tests, that bearing spin is a symptom and not a cause of the vibratory mode.  

This finding is consistent with dry friction whip in that the vibration imparts significant torques to the 

bearing (stator) when in the mode. 

Outcome of Investigation  
Published causes of dry friction whip include (Ehrich, 2002): 

1) Friction above a minimum threshold 

2) Friction above lower threshold and: 

a. Excessive bearing clearances and/or 

b. Similarity of rotor/stator natural frequency 

Cause 1) states that friction can be a necessary and sufficient condition for the occurrence of dry friction 

whip.  An example of this includes the loss of lubrication in oil-film journal bearings.  Cause 2) states that 

friction is a necessary but not sufficient condition for dry friction whip.  In addition to a minimum 

amount of Coulomb friction, excessive bearing clearance and/or similarity of rotor/stator natural 

frequency are required to cause dry friction whip.  NRG engineering focused its investigation on these 

published causes of dry friction whip. 

Friction  

New sensors do not immediately exhibit the problem.  The onset of sensor slowdown occurs between 2 

ς 26 weeks in the field.  The manufacturer of the Rulon bearing material informed NRG Systems that the 

friction of the shaft/bearing increases during the transfer process when Rulon forms a deposition layer 

on the shaft.  Guided by this information and the role friction plays in DFW, a pendulum-based friction 

                                                           
3
 Coulomb friction is the tangential force resisting two solid bodies in contact with relative motion. 
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tester was developed (Figure 12) to quantify Coulomb friction between the shaft and bearing as a 

function of sensor run-in (time). 

 

Figure 12 Pendulum-based friction tester 

Some results from friction testing are included in Figure 13.  The ordinate axis is the inverse of the 

pendulum decay time (times a multiplier) in s-1 and is proportional to friction.  The abscissa is sensor run 

time in hours at 10 m/s wind speed.  The results indicate the friction starts off a relatively low level, 

steadily increases in time, and then levels off at approximately 100 hours. 

 Tests confirmed that friction is a necessary but not sufficient condition to cause DFW.  A  Post-2006 

sensor exhibited normal performance until friction levels increased sufficiently around 130 hours.  At 

this time, the sensor exhibited intermittent vibration and slowdown.  The Post-2006 sensor 

progressively worsened throughout the test, exhibiting continuous DFW after approximately 300 hours 

and through the end of the 430 hour test.  A new Post-1/1/2009 sensor possessing an enlarged well ID 

and softer durometer o-ring was run-in side-by-side with the Post-2006 sensor.  The new sensor 

performed normally, showing no signs of DFW or sensor slowdown, throughout the entire test period.  

Friction levels measured for both the Post-2006 and new Post-1/1/2009 sensors were nearly identical. 
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Figure 13 Results from friction testing 

Bearing  Clearances 

Guided by the theory that excessive bearing clearances might cause DFW, NRG measured the rotor 

radius-to-clearance ratio (r/Cr)  in a population of normal and affected sensors to determine if a 

correlation exists.  Poor correlations were computed (R2 ~ 0) on both the upper and lower bearing 

radius-to-clearance ratio as a predictor of sensor performance.  As such, it was concluded that excessive 

bearing clearances were not sufficient to cause DFW. 

Similarity of rotor/stator natural frequencies  

The rotor and stator each possess natural frequencies.  When sufficient Coulomb friction exists between 

the shaft and bearing surfaces, and ƛŦ ǘƘŜ ƴŀǘǳǊŀƭ ŦǊŜǉǳŜƴŎƛŜǎ ƻŦ ǘƘŜ ǊƻǘƻǊ ŀƴŘ ǎǘŀǘƻǊ ŀǊŜ άǎƛƳƛƭŀǊέ (within 

an octave or doubling), the conditions are satisfied for the occurrence of dry friction whip. 

Guided by this theory, NRG engineering searched for engineering changes made in late 2005 or the first 

half of 2006 that could impact the rotor or stator natural frequency (i.e., by altering stiffness).  

Engineering discovered that a dimensional change was made in the middle of 2006 to the lower well ID 

which houses the lower o-ring and bearing (Figure 14).  The dimensional change was consequential ς the 

result of another change ς and remained within specification.  As such, detailed dimensional 

measurements had not previously flagged this small change. However, in light of the DFW theory, NRG 

surmised that such a dimensional change could affect the stator natural frequency by increasing the 

compression imparted to the lower o-ring and bearing. 
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Design of Experiments (DOE) were conducted in which the lower housing well ID dimension was varied 

and performance measured using an affected sensor.  Configured sensors were run-in for 1 hour in the 

open jet wind tunnel at 10 m/s and then subjected to a speed bias test to determine whether the sensor 

exhibited dry friction whip.  Testing concluded that a smaller well ID led to dry friction whip whereas a 

larger well ID eliminated the vibratory mode. 

 

Figure 14 Cross-section of NRG #40 anemometer showing lower well ID and o-ring  

Tests were also conducted varying the durometer of the lower o-ring.  It was found that softer o-rings 

significantly diminished the occurrence of the vibratory mode. 

To varying degrees, changing the well ID or o-ring durometer can independently instigate or eliminate 

dry friction whip.  In combination, the benefits of improving both parameters are additive resulting in a 

robust design.  Figure 15 below shows a qualitative stability diagram for dry friction whip based on the 

tests conducted. 

Note the Post-2006 (affected) sensor is located in the high risk region on the dry friction whip stability 

chart (Figure 15) whereas the Pre-2006 sensor is located in a somewhat less risky region.   NRG                                

engineering believes the Pre-2006 sensor design may have been marginal but safe enough to not exhibit 

dry friction whip.  This belief is based on review of a large population of field data and post calibrations 

of sensors from both time periods.  The new Post-1/1/2009 sensor is located in the safe region of the 

stability chart. 
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Figure 15 Qualitative stability chart for dry friction whip 

 

Heuristically, the occurrence of dry friction whip in the #40 anemometer is well understood.  In the 

laboratory, the conditions that cause the vibratory mode are well understood ς dry friction whip can be 

instigated or eliminated by simply changing the well ID or altering the durometer of the lower o-ring.  At 

the time of this writing, there is not a thorough enough theoretical understanding of the exact 

mechanism of dry friction whip that is occurring in the #40 anemometer to reduce it to predictive 

equations.  As such, the boundaries of its existence and absence are not quantitatively defined. 

NRG engineering is continuing fundamental research with Dr. Dara Childs to quantify the exact 

mechanisms of dry friction whip in the sensor. 

 



AWEA Windpower 2009 

May 4-7, 2009, Chicago, IL, USA 

 

21 
 

Design Validation  
 

Validation of the design improvement consisting of the larger well ID and softer durometer lower o-ring 

includes the following: 

 Lab Verification 

 Field Validation 

Both will be discussed in detail in the sections below. 

Lab Verification  
Lab verification of the new sensor included the following: 

 Design of Experiments (DOE) of the design space (see Figure 15 in Investigation Highlights) 

 Run-in of old (Post-2006) and new (Post-1/1/2009 with design improvement) sensors 

 Extensive wind tunnel testing at NRG Systems and OTECH Engineering, Inc. 

Run-in of old (Post -2006) and new ( Post-1/1/2009 ) sensors 

Ten (10) old (Post-2006) sensors were run-in at approximately млƳκǎ ƻƴ bwDΩǎ ƻǇŜƴ ƧŜǘ ǿƛƴŘ ǘǳƴƴŜƭΦ  

Periodic friction, speed bias, and vibration tests were conducted throughout the 960 hour test.  As 

expected, due to insufficient friction, all Post-2006 sensors initially performed normally showing no 

evidence of the vibratory mode nor slowdown.  After 260 hours of run-in, 7 of the 10 sensors exhibited 

intermittent dry friction whip coupled with minor (-0.2 m/s) slowdown.  These sensors continued to 

degrade throughout the 960 hour test.  At the end of the test, those same sensors exhibited near-

continuous dry friction whip and moderate (-0.3 m/s) slowdown. 

Ten (10) new (Post-1/1/2009) sensors were also run-in at 10 m/s on the open jet wind tunnel for a 

duration of 820 hours.  None of the 10 new Post-1/1/2009 sensors exhibited dry friction whip nor 

slowdown throughout the test, confirming these sensors are immune to dry friction whip. 

Extensive wind tunnel testing at NRG  

[ŀō ǾŜǊƛŦƛŎŀǘƛƻƴǎ ǳǎƛƴƎ bwDΩǎ ƻǇŜƴ ƧŜǘ ǿƛƴŘ ǘǳƴƴŜƭ ŎƻƴŦƛǊƳŜŘ ǘƘŜ ŘŜǎƛƎƴ improvement eliminates dry 

friction whip.   Figure 16 includes 3 rows of plots recorded from speed bias tests.  The top row 

corresponds to a normal sensor and matches the data included in Figure 7.  The middle row of plots 

corresponds to an affected sensor, again taken from the same data set included in Figure 7.  The bottom 

row of plots corresponds to the same affected sensor except improved with a larger diameter well ID 

and softer durometer lower o-ring (no other changes, including bearings).  In each row of plots, the left-

hand figure shows the vibration power spectrum at 12 m/s; the right-hand plot shows the results of the 

speed bias test. 

The results of the test clearly demonstrate the design improvement eliminates dry friction whip and the 

associated slowdown.  The vibration power spectrum of the improved sensor is clean and looks very 
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similar to the normal sensor.  The resultant speed biases of the improved sensor are approximately zero 

across all speed ranges. 

 

Normal Sensor

Affected Sensor 

Stock

Same Affected 

Sensor fixed 

with enlarged 

Well ID and 

softer lower o-

ring

 

Figure 16 Laboratory verification of  new design 
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Extensive wind tunnel testing  at OTECH 

Vibration testing was conducted using accelerometers at OTECH Engineering, Inc., an independent wind 

tunnel testing facility that conducts all NRG #40 calibrations, to: 

 Verify the vibratory mode is responsible for the abnormal residual pattern on the calibration 

test result 

 Verify the design improvement corrects the abnormal residual pattern 

Speed 12

Speeds 

14,10,6

 

Figure 17 Results of a 12-point calibration performed on an affected sensor (cross-hatched region denotes presence of 
vibratory mode) 

Figure 17 includes the results from a 12-point (standard) calibration performed on an affected sensor.  

The ordinate axis is the sensor output in frequency (Hz).  The abscissa is time (s).  Each interval of the 

staircase corresponds to 1 of the 12 tunnel reference velocities, ranging from 4 m/s to 26 m/s.  A 

staircase data plot is shown including the sensor output in hertz (blue) and the corresponding sensor 

output assuming the #40 consensus transfer function (green).  The cross-hatched region indicates the 

presence of the vibratory mode using accelerometers. 
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Notice that whenever the vibratory mode is present, the sensor slows down relative to the consensus 

value (eg., the sensor output (blue) is lower than the consensus frequency (green)).  A clearer picture of 

this correlation is apparent in the close-up view at tunnel wind speeds of 18, 14, and 10 m/s in Figure 

18.  In this figure, it is readily apparent that when the vibratory mode is present, the sensor slows down.  

The corresponding calibration report of the affected sensor is shown in Figure 19.  Noteworthy are the 

large positive residuals (corresponding to slowdown relative to its transfer function) at tunnel reference 

speeds 6, 10, 12, and 14 m/s.  These large residuals correlate exactly with the presence of the vibratory 

mode, confirming that dry friction whip is responsible for the abnormal residual pattern.  A high offset 

and standard error (STEYX) is also evident in the calibration results of the affected sensor. 

Speeds 

18,14,10

 

Figure 18 Close-up view of tunnel speeds at 18, 14, and 10 m/s taken from the 12-point calibration performed on an affected 
sensor (cross-hatched region denotes presence of vibratory mode) 
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Figure 19 Calibration results from an affected sensor.  Note the large positive residuals at tunnel speeds 6, 10, 12, and 14 m/s 

correspond with the presence of the vibratory mode. 

 

 

Figure 20 Results of a 12-point calibration performed on an affected sensor with larger diameter well ID and softer 
durometer lower o-ring 
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Figure 20 includes the results from a 12-point (standard) calibration performed on the same affected 

sensor but improved with the larger well ID and softer durometer lower o-ring.   

Noteworthy is the absence of the whipping frequency.  In addition, the sensor does not slowdown 

relative to the consensus value during any calibration speed.  A close-up view of tunnel speeds 18, 14, 

and 6 m/s is included in Figure 21 and confirms this result.  The corresponding calibration report of the 

improved affected sensor is shown in Figure 22.  All residuals are normal which is also indicated by a low 

standard error.   The offset decreased significantly from 0.73 to 0.44, which is high for a new sensor, but 

expected for a field-used sensor. 

It is evident from these tests that the design improvement, consisting of a larger well ID and softer 

durometer lower o-ring, eliminates dry friction whip responsible for vibration and sensor slowdown.  

Furthermore, these tests confirm the design improvement corrects the abnormal residual pattern and 

poor calibration results (high offset and STEYX) observed in affected sensors. 

Speeds 

18,14,10

 

Figure 21 Close-up view of tunnel speeds at 18, 14, and 10 m/s taken from the 12-point calibration performed on an affected 
sensor with larger diameter well ID and softer durometer lower o-ring.  Note vibration frequency never appears. 
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Figure 22 Calibration results from an affected sensor with larger diameter well ID and softer durometer lower o-ring.  Note 
the normal residuals at all intervals. 

Field Validation  
To date, 122 new Post-1/1/2009 sensors have been deployed and closely monitored in the field to 

quantify the long-term performance of the sensor and confirm the new design eliminates dry friction 

whip.  Participants in the field test campaign include AWS Truewind, Garrad Hassan, DNV-GEC, Genivar, 

GPCo, KB Energy, and NRG Systems. 

As of April 17, 2009, the 122 sensors have been deployed between 10-20 weeks. 

A breakdown of the deployed sensors is as follows: 

 122 new sensors 

o 52 pairs 

o 18 single sensors paired with other sensors (e.g., RISO/WindSensor) 

The performance of the 122 sensors is summarized in Table 2 below. 

Table 2 Summary of new sensor field performance 

No. of Sensors Status 

98 Sufficient data 

24 Insufficient data due to icing 

Total = 122  

 


