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Abstract
Laboratorytesting andfield dataanalysishavereveakdthat some of theNRG#40 anemometers
manufactured in 200@2008exhibt slowdown The dgraded performance idetectablestatisticallyin
sensor pairsisingmean bias, wind speed ratio, correlation coefficieandthe standard deviation ahe
wind speed ratioThese sensor pair 10 min average differences are often referred to as scatter.
Affectedsensors also demonstrate significansatepancies betweepre-and postcalibration offset and
standard error on field returned unitsThe onset of the egradation occurs betweer? ¢ 26 weeks.

Affectedsensors exhibiting excessive scatter and poor fiekt-usecalibration results possess a
vibratory modeidentified as dry friction whip (DFWhat preferentially occurs in the 10 m/s wind
speed range. The vibratory modea selfexcited vibratory phenomena thatauses the sensor to
slowdownby -0.2 m/sto -0.6 m/s. Usingaccelerometersthe vibration signature othis phenomenon
has been quantifiedVibration measuremerg of towermounted sensors havalsobeen recorded to
correlate sensoslowdownwith vibratory modeandto quantify boom/sensor interaction.

Guided by theory andxperimental validationtwo critical factorswere identifiedthat governdry
friction whipin the #40 sensor To varying degreeagdjustment ofboth factors canpreventthe
occurrence othe vibratory mode In combination, thdenefits areadditive, resultingin a robust
design.

Design validation has included extensivied tunneland ongoing field testing A summary of the
investigation and resultBom the design validatiomre presentedin the report

The NRG #4productionanemometerdesign was changed Jan 1, 2009 to incorporate the figésed
for the two critical factorseliminaingthe vibratory mode slowdown problem.

Keywords: vibratory mode dry friction whip,cup anemometer
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Introduction

In April 2007a customeinf NRG Systems, Ineportedthat some of their#40 sensors werexhibiting
slowdown, a phenomena they termed R NJ- 3 Bolay/s8agte®plots of the wind speed difference
between redundant sensors showedsible bandin the data (Figurel) demonstrating bimodality and
slowdownof one of theredundant sensors.
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Figurel Polar plot showing banded data afragging sensor

In November, 200MIRGreceival sensordrom a customer requesting that an engineering evaluation
be conducted ori2returned sensors. Of the sensors returnadarge proportiorexhibited poor post
calibrationresults In December 2007, anotheustomerindicated to NRG that sonreew sensor pairs
were not performing as expected.

In response to the customer reportsIRGnitiated a comprehensive investigatioo tharacterize the
failure modeand determine root causef the slowdown.Since its startthe investigation hamcluded
data analysis, detailed dimensional measurements, computer modeling, vibration measurements,
chemical analysis, and field and laboratory testifigrough thigntensiveinvestgation, NRGasfully
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characterized the slowdown phenomen@md determined itgsoot cause- a selfexcited vibratory
phenomenontermed dry friction whip (DFW) andhas designed the change to prevent its o@rweg
asmall dimensional change to the lower housing well ID and a softer durometer lorirggy.o

Laboratory andlata analges now reveal thata portion of thepopulationof the NRG #4@Gnemometers
dating back to the middle of 20G8khibit slowdown These affected senscafl initially calibrated
normally in the Otech Engineering wind tunneHowever, the affected sensoexhibited the degraded
performance within Z; 26 weeks of field time.

Problem Definition

Thereportedproblemof sensor slowdowiis defined by:

1. EXxcess scatter:
a. Qualitative bysensor paiscatter plots
b. Quantitative bysensor paistatistics
2. Performancechange in time
a. Calibration values
b. Banded data and timseries plots

Excess Scatter

Qualitative by sensor pair scatter plots
Excess scatter can be defingdalitativelythrough scatter plots as shown in the plot belokigure2).
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Figure2 Scatter plot showing normal and affected sensorBlue dots (August 2007 data), Green dots (September 2007
data), and Red dotsctober 2007 data) Data filtered for wind speeds (£&6 m/s) and icing.

Quantitative by sensor pair statistics

Excess scatter can alse Befined quantitatively using th&tatisticsin a pair of redundant sensors listed
below(Tablel). The thresholds for the statistics define expected normal sensor performance.
Therefore, exceedance of any one statistic indicates suspect sensor perforntdoever, normal
sensors are expected to occasionally exceed the threshold statdifieso icing events, for example
NRG has found that affected sensors exhibiting slowdakemlefined by thepersistentexceedance of
the threshold statistics. Mad hoameasure of this ersistence is captured using the following rules:

1. Exceedance dhe mean bias threshold fa3 out of 5Sconsecutive weeks
2. Exceedance of aror morethreshold statistics fo# consecutive weeks

Tablel Statistics defining normal sesor performance

Statistic Expected normal performance
Mean bias X pm/SPH
Ratio Within 0.981.02
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Statistic Expected normal performance
t S NAEdr¢laflan cofficient X noddhp
Standard deviation of the wind speed ratio X ndnH

Performance change in time

Calibration values

Sensor slowdown is alstefinedby a performance change in tim&he performance change is
characterized by changéetweenthe initial and postwind tunnelcalibration results.The observed
change irresults includs:

¢ Abnormal residual pattern
e Standarderror (STEYX) greater than Orh&s
e Offset increase greater thah15 m/s from initial calibration

The lefthand chart shown ifrigure3 is the result of the 1oint (12 speed rangegglibration
performed oneachNRG #4Qanemometer Theordinate {-axig of the lefthand chart is the reference
wind tunnelair speed in meters per second (m/sfheabscissaxaxig of the lefthand clart includes
the anemometer output in frequency (HZJhe 12 points in the plot are the result of the-pdint
calibration. The linéhroughthe 12 points is the best fit lindetermined byleast squaresinear
regressiorresulting in the slope and offsdnighlightedin the plot.

The righthand plot shown irFigure3 shows the residuals of thieestfit line. By definition, residuals are
the difference between the ference wind speed and the predictéda the transfer functionyvind
speed. An example of the first residual is given in the plot. No&gativeresiduals indicate the
predicted wind speed igigherthan the referenceavind speed.Positiveresiduals indicate the predicted
wind speed isower than the reference wind speedlhe standard error (STEYX) is the standard
deviation of the residuals.
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Figure4 Postcalibration results of affected sensor

Figure4 includes postalibration results from an affeatesensor. The post calibration result of the
affected sensor demonstrates the abnormal residual pattern, increase in @fédative to initial
calibration), anda standard error above 0.12 m/s.
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Banded data and time -series plots

Additional qualitative measursof the performance change observed in affected sengsmidebanded

or time-varying data.Banded data exhibited by a dragging sensor is clearly visibligunel. Plots of

wind speed difference versus tinsésodemonstrat a performance change in timef affected sensa,

as shown irFigureb. In this fgure, the ordinate axis is wind speed difference (m/s) plotted against time
on the abscissfl0 minute average data).
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Figure5 Wind speed difference (m/s) versus time (10 minute average data) showiadgymance chage in time of affected
sensors.Blue (August 2007 data), Green (September 2007 data), and(Retbber 2007 data)

Investigation Highlights

The following table defines theaming conventiorused throughout this papeo describesensorsrom
different manufacturingiime periods

Naming Convention ManufacturingDate

Pre2006 Before middle of 2006

Post2006 After middle of 2006 and before January 1, 20

Post1/1/2009 After January 1, 2009
(manufactured with design improvement)
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Dimensional analysis

Extensiveengineeringesources were devoted tpreciselymeasuring alpart dimensiors of sensos
from Pre-2006 andPost-2006erato determine ifany dimensional differences exast. Dimensional
measurements of normal and affectednsors were also performed to determine if any differences
existed. In all cases, dimensional differences were found to be within specificlitivas concluded
early on (andncorrectly) that dimensional differencewere notthe cause of the problemit was only
later in the investigation, fier gaining a better understanding of the physics of the probldrat
engineers aNRGSystemgealized an irspec dimensioal-changeplayeda criticalrole in causinghe
problem.

O3PEOI COAPES6 11 OETI

Testsuf 3 'y 2Ly 2Si gAyR GdzyySt NBOSI f SEFigeB)F SOG SR 3
when observing the tip of theotatinganemometer heagwhereas normal sensorsoahot exhibit this
phenomenon.Referring toFigure6, the lefthand picture isatop-down view of theNRG#40

anemometer heagdwith a closeup view of the tip of the hea@whichcorresponds tdhe axis of the

shaft) pictured o theright. The orbital path of theip of the headis depicted in the loweright of

Figure6. The motion of the center of the tip in normal sensorsasfined and centered about the axis

of rotation (indicated by thecrosshatch regionin the figuré) ® ¢KS Y2GA2Y 2F Iy FFFS
(shaftcenter) is indicated by the oiital path showrand is characterized by larglsplacementspiral
motionscK Sy OSX GKS GSNY GaLANRBINI LIKE Y2iA2Yy O

From this observation, NRG engineering developed vibrationitoring equipmentconsisting of

accelerometers and a data acquisition systemd usedtisda @ 8 0 SY (2 ljdzZ yadAFTe (GKS a2
motion. The vibration measurement system developed by NRG Systems engineering was independently
validated byGE BentiNevada.

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

9
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Anemometer Head

Affected sensors - spiral
motion of tip observed with
large displacements

Normal sensors - orbital motion
of tip confined to cross-hatch
region

Figure6 "Spirograph’ motion (orbital path oftip of head/shaft)

With the use of a pitot probe in the open jet wind tunnel, a correlation between slowdown and the
GaLANRINI LIKE Y2 Figurey below showOthefesultdNGY sSsRedd bias test for a normal

and affected sensor. Each sensor is tested at 4 speed ranges (12, 10, 8, andr@n@sprded on

bwDQ& 2Ly 2Si gAYyR Gdzyy St Sl dzA IsiignBnt systein KTheit6pS LIA G 2
row of plots shows wind speed in meters per second (m/s) versus time in seconds for the reference
Gdzyy St @St20A0G8 64t Ad2G¢é¢0 yR 0KS aSyaz2NRa NBO2NR
Affected Sensor. Speed bés at each wind speed are indicated below the respective interval. For

SEFYLX S GKS &LISSR oAl & 2F aSyaz2NJ{b uwnmt A& k T
for the normal sensorll speed biases are approximately zefdoteworthy are lhe significant speed

biasesof the affected sensor, ranging fror@.44 to-0.55 m/s across the 4 wind speeds.

10
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Figure7 Speed bias and corresponding vibration spectrufmsm normal (Left) and affected sensor (Rightyibration
spectrums include power @Hz) on the yaxis versus frequency (Hz) on theaxisat each of the 4 test wind speeds

(A)Upper Left peed biagtest of normal sensomat 12, 10, 8, and 6 m/s
(B)Upper Right:Seed biastest of affected sensosmt 12, 10, 8, and 6 m/s
(C)Lower Left: Correspondingibration power spectrum of normal sensaat 12, 10, 8, and 6 m/s

(D) Lower Right: Correspondingbration power spectrum of affected sensat 12, 10, 8, ad 6 m/s

The bottomtwo rows of plots inFigure? include he correspondingibrationpower spectrums from

each of the 4 wind tunnel air speetts: (C) drmal Sensor andD) Afected Sensor. In these plots, the

ordinateis the vibration paver inunits ofg?/Hz while theabscissas frequency in HzBoth tests were
LISNF2NXYSR dzaAy3a | oyé RAL Y SEdusa () afihe giRal s\iBobshawS y a4 2 NJ &
vibration power predominantly at 40 H all wind speedsvith minor spikes aapproximately22 Hzand

18 Hzcorresponding tdhe 12m/s and 10 m/s wind speeds, respectivelyis known that the 40 Hz

11
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spike is the first natural frequency dfé sensor/stem system based static modal measurementsThe
22 Hz and 18 Hz minor spikes are synchronous modes corresponding to rosd¢iohthe 3 cup
anemometer head (3 per revolution synchronous modg)e 3 per reolution vibration power is low
relative to the 40 Hz natural frequency and hencerily visible atthe 12m/s and10 m/s wind speeds

Figure7 (D) of theaffected sensor shwsthe samegeneralvibration signature as the normal sensor.
Specificallythe 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, respectivieigure7 (D)differs significantly fronfC)in that

the dominant vibration power is at approximately 30 Hz at all wind spe&dseral higher harmonics of

the 30Hz spike are also observedagiproximately 60 Hz and 90 Hiz.is noteworthy thatthe significant
power level of the 30 Hz spikealmost2 orders of magnitude above the power levels observed in the
normal sensor.To give a sense of the relative difference in powiee, samevibration powerspectra(at

12 m/sfrom Figure7) are induded inFigure8, except they-axis scalésincreased tdl g?/Hzin both

plots. The diffeznce in vibration power levels dsamatic

M7 Py Par=0 0151 g*/Mm7 & 42H2 F1853 Ph Pwr =118 ¢°fg &t 29 32

8 Normal Sensor )8 Affected Sensor

X power specinum
o

X power specinum
o

20 &0 13 Bl 20 30 20 &0 130

Figure8 Vibration power spectrums of a normal sensor (Left) and affected sensor (Right). Note-thésyscale is the same.

12
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Figure9 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 showkigare9, both the normal and affected sensor exhithits
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 sensoorne and not caused by the stem mount.

bwD SY3AySSNAy3 | faz2 @FLtARIFIGSR KA& FTAYRAY3I 2y bw
Each sensor/boom system possesses a unique background vibration signature visible in the power

spectrums of both the normal and affected sensdegyurel0shows he background vibration

signature of a normal and affected sensor mounted on a 2.4 m (95 in) bbothis case the sensor

and 2.4 m (95n) boom vibration signatureonsist of frequencies at 7 Hz, 12 Hz and 22 KHgain, as in

the stem mount, both thenormal and affected sensors exhibie background vibration signature.

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

the resulting sensor slowdown.

13
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Figurel0 Vibration power spectrum of normal and affected sensor mounted on 2.4 m (95 in) boom

Theabove tests established a perfemrrelation between the presence of tiied LIJA N2 I NJ LIKE Y2 (A
vibratory modeat approximately 3z and sensalowdown Similar tests conducted in the field also
confirmedthis correlation between the vibratory mode and senstowdown

Quantitatively thed & LJA N2 3 NJ ordfbéatory @adds Ingasuable by the following

1. Sensoslowdownor speed biag-0.2 t0-0.6 m/s bias)
2. Peak power (significantly higher than normal sensor)
3. Frequency apeak power ifi therange 0f25-33 Hz)

Properties of sensor slowdown
Based on wind tunnel testing, the propertiekthe slowdowndue tothe vibratory mode include

e 0.2 m/s¢ 0.6 m/s sbw-down when in mode

e Preferentially occurs at-50 m/s wind speeds

¢ Cansustainin mode for long periods of time

¢ Canenter and exitmode

e Onset ofmode occurs more oftein deceleratingspeeds tharn constant oraccderatingspeeds

Vibration and dry frictio n whip (DFW)
TKS & aLJA NP 3iNafdrdkaf vibMtbidi Ar@l ecause thalternating force that sustains the
vibration is created by the motion itself, itatassified as a type sklfexcited vibratory phenomenon.

14
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Review of selexcited vibration(Ehrich, 2002allowedNRG engineering to narrow thist of
documentedself-excited vibratory phenomena

NRG engineeringpasulted two rotor dynamics expertsDr. Dara Childs (Texas A&M) and Dr. Fred
Ehrich (MIT} to assistin identifying the specific setexcited vibratoryphenomenon. Through their
consultation, the vibratory mode was identified as dry friction whip (DFW).

Dry friction whipis characterized aa selfexcited, supessynchronousasynchronous, countaptating

vibratory phenomenonlt is supersynchronous because the whipping frequency (associated with the

frequency of shaftotion) is above the running speed of the senstiris asynchronous meaning that

once the instability sets in it is independent of running speedallFigure7 (D). 5 NE T NRAOUGA2Y G KA
unique property is the dirdon of whip is counter to the rotation direction of the shaft (i.e., counter

rotating or backward whigyeeFigurell).

Whip CW

Figurell Depiction of countefrotation direction of whip

The physics behind dry friction whip is only partially understood for lacgée turbomachinery. To
date,a O A Syh@e&@riding is limited to singieoint contactsystemsgwhere the rotor can contact
only one statof location). TheNRG#40 anemometer is a twpoint contact system whereby the rotor
can at any time contact twbearing surfacesAccording to Dr. Chilgdsuch a system has never been
studied or modeled.Under theguidanceof Dr. Dara Child®yRG engineerinig modeling the #40
anemometerto gain a morghorough understanthg ofthe mechanismsausingdry friction whip in the
sensor

%Rotor includes the rotating components of the sensor (anemanhkead, shaft, and magnet). Stator includes
the stationary components of the sensor (bearingsings, and housings).

15
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In general, dry friction whip occurs when the surface of the rotating shaft (rotor) canthetstatic
(statoror bearing surfaceof the system. The contact results in a reaction force consistiag of
tangentialforce generated byCoulomb frictiorf and a radial normal force. Together, the resultant force
causes the rotor to whip in a direoti oppositeto shaft rotation. The resultant whipping motion

induces larger centripetal accelerations on the roadrich in turn induce larger radial forces and
strongerwhippingaction The instability isurtailedthrough non-linearitiessuch as dampin It is
evidentfrom this descriptiorthat 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 remastationary vihen 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 greatir spee
biases and vibration power relative to the affected sensor with aseeured bearinglt was

concluded based on these testthat 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 causesf dry friction whipinclude(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

Causel) states thatfriction can bea necessargndsufficient conditian for the occurrence of dry friction
whip. An example of this includes the loss of lubricationilffilm journalbearings. Cause?) states that
friction is a necessary but not sufficient condition @y frictionwhip. In addition to a minimum
amount of Coulomb friction, exceise bearing clearanand/or similarity of rotor/stator natural
frequencyare required to cause dry friction whilZNRG engineering focused its investigation on these
published causes of dry friction whip.

Friction

New sensors do not immediately exhithie problem. The onset of sens@owdownoccurs between 2
¢ 26 weeksn the field The manufacturer of the Rulon bearing matetiigfiormed NRGystemghat the
friction of the shaft/bearing increases during the transfer process when Rulon forms a titapésier
on the shaft. Guided by thisformationand the role friction plays in DEV& pendulurdbased friction

% Coulomb friction is the tangential force resisting two solid bodies in contact with relative motion.

16
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tester was developedigurel?2) to quantify Coulorh friction between the shafaindbearing as a
function of sensor ruiin (time).

Figurel2 Pendulumbased friction tester

Some esults from friction testing are included Figurel3. The ordinate axis is thaverse of the
pendulum decay timéimes a multipliej in s* andis proportional tofriction. The abscissa is sensor run
time inhoursat 10 m/s wind speedThe results indicatéhe friction starts off a relatively low level
steadily increases in timand thenlevelsoff at approximately 100 hours.

Tests confirmed that friction is a necesshnt not sufficientconditionto cause DFWA Post2006
sensorexhibited normal pedrmance until friction levelgicreasedsufficientlyaround130 hours. At

this time, the sensor exhil@td intermittent vibration andslowdown The Pos2006 sensor
progressively worsened throughout the testxhibiting continuous DFW after approximat880 hours
and through the end of thd30 hourtest. A new Postl/1/2009 sensor possessing an enlarged well ID
and softer durometer @ing was ruAn sideby-side with the Pos2006 sensor. The new sensor
performed normallyshowing no signs of DFW or senstmwdown throughout theentire test period.
Friction levels measured for both the P&§06 and new Posl/1/2009 sensors wereearlyidentical.

17
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Friction Test Data - Post-2006 and Post-1/1/2009 Sensor
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Figurel3 Results from friction testing

Bearing Clearances

Guided by the theory that excessive bearing clearanaght cause DFWNRG measurethe rotor
radiusto-clearance ratio (r/Cr) in a population of normal and affected sensors to determine if a
correlation exists. Poor correlations wesemputed (R ~ 0) on both the upper and lower bearing
radiusto-cleararce ratio as a predictor afensor performance. As such, it was concluded that excessive
bearing clearances were not sufficigotcauseDFW.

Similarity of rotor/stator natural frequencies

The rotor and stator each possess natural frequencensufficient Coulomb friction exists between

the shaft and bearingurfacesandA ¥ (G KS y I (G dzNF f FNBIj dzSy OA S @witinF (1 K S
an octaveor doubling, the conditionsare satisfiedfor the occurrence ofiry friction whip.

Guided by this theory, NRG engineering searched for engineering changesniatée?005 othe first
half of 200&hat could impact the rotor or stator natural frequen@ye., by altering stiffness)
Engineerirg discovered thaa dimensional changeas maden the middle of 200@o the lower well ID
whichhousesthe lower o-ring and bearingFigurel4). The dimen®nal change was consequentgthe
result of another change andremainedwithin specification. As such, detailed dimensional
measurement$ad not previously flagged this smellange However,in light of theDFWtheory, NRG
surmised thasuch a dimensional change could affect the stator natural frequbpaycreasinghe
compression imparted to the loweriing and bearing.
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Design of Experiments (DOE) were condudteathich thelower housingwell IDdimension was varied
and performance reasuredusingan affectedsensor. Configured sensoiswere runtin for 1 hourin the
open jet wind tunnel at 10 m/s and then subjected to a speed biagdedttermine whether the sensor
exhibited dry friction whip Testing concluded that smaller well D led to dry friction whip whereas
larger well IDeliminated the vibratory mode.

Figurel4 Crosssection of NRG#40 anemometeishowing lower well ID and @ing

Tests were also conducted varyiting durometerof the lower o-ring. It was found that softer @ings
significantly diminishethe occurrence of the vibratory mode.

To varying degreeshanginghe well 1Dor o-ring durometercanindependentlyinstigate or eliminate
dry friction whip. In combination, the benefit$ improving both parameterare additive resulting in a
robust design.Figurel5 below showsa qualitativestability diagram for dry friction whipased on the
tests conducted

Notethe Post2006(affected)sensor idocated inthe highriskregion on thedry friction whipstability

chart (Figurel5) whereasthe Pre-2006 sensor icatedin asomewhatless risi region. NRG
engineeringoelievesthe Pre2006sensordesignmay have beemarginal but safe enough to nekhibit
dry friction whip. Thiseliefisbased on review of a large population of field data and post calibrations
of sensors from both time periods'he new Post/1/2009 sensor is located in theaferegion of the
stability chart.
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Post-2006 Pre-2006

Increasing lower o-ring durometer

Post-1/1/
2009

Increasing Well ID >

Figurel5 Qualitative gability chartfor dry friction whip

Heuristically, the occurrence of dry friction whip in the #40 anemometer is well understood. In the
laboratory, the conditionstat cause the vibratory mode are well understopdry friction whip can be
instigated or eliminated by simply changitig well ID or altering the durometer of the lowefrimg. At
the time of this writing, there is not a thorough enough theoretical urstiending of the exact
mechanism ofiry friction whip that is occuing 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 fundartedmesearch with Dr. Dara Childs to quantify the exact
mechanisms of dry friction whip in the sensor.
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Design Validation

Validation of the desigimprovementconsisting of the larger well ID and softer durometer loweimg
includes the following:

e LabVerification
¢ Field Validation

Both will be discussed in detail in the sections below.

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

e Design of Experiments (DOE) of the design spacd-{gae=15in Investigation Highligh)s
e Runin of old (Pos2006) and new (Posit/1/2009 with desigimprovemen) sensors
e Extensive wind tunnel testing at NEgstemsand OTECHnNgineering, Inc.

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

Ten (10) old (Pos2006) sensors were rdim atapproximatelymy n Yk & 2y bwDQ&a 2 LISy
Periodic fricton, speed biasand vibration tests were conducted throughout tB60 hourtest. As
expected due to insufficient frictionall Post2006sensordnitially performed normaly showingno
evidence of the vibratory mode nstowdown After 260 hours of ruin, 7 of the 10 sensaexhibited
intermittent dry friction whipcoupled withminor (-0.2 m/s)slowdown These sensors continued to
degrade throughout the 960 hour test. At the end of the (déisbse samesensors exhibitetear
continuousdry friction whip and moderaté-0.3 m/s)slowdown

Ten (10) newRost1/1/2009) sensors were also rdn at 10m/s on theopen jetwind tunnelfor a
duration of 820 hoursNone of the 1thew Post1/1/2009 sensors exhibited dry friction whip no
slowdownthroughout the test confirming these sensors are immune to dry friction whip.

Extensive wind tunnel testing at NRG

esSi

[16 OSNAFTAOIGA2YE d&AAYI bwDQa ingptdfeyienelfihates dry R (i dzy v S

friction whip. Figurel6includes 3 rows of plots recorded from speed bias tests. The top row
corresponds to a normal sensor and matches the data includedyure7. The middle rovef plots
corresponds to an affected sensor, again taken from the same data set incluBepire7. The bottom
row of plots corresponds to the same affected sensor extaptovedwith a larger diameter well ID
and softer durometer lower -@ing (no other changes, including bearing#) each rowof plots, the left
handfigure shows thevibration power spectrunat 12m/s; the righthand plot shows the results of the
speed bias test.

The results of the test clearly demonstrate ttesignimprovementeliminates dry friction whip and the
associategslowdown Thevibrationpower spectrum othe improvedsensor is clean and looks very
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similar to the normal sensofThe resultanspeedbiasesof the improvedsensorare approximately zero
across all speed ranges.
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Figurel6 Laboratory verification ofnew design
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Extensive wind tunnel testing at OTECH
Vibration esting was condued using accelerometerat OTECH Engineering, @ independent wind
tunneltesting facilitythat conducts aINRG#40 calibrationsto:

e Verifythe vibratory mode is responsible for the abnormal residual pattawrihe calibration
test result

e Verify the desigimprovementcorrects the abnormal residual pattern

Sensor SN 31851-1206084 Stock

35 5 T T | .
: - 'J_“' +  Sensor freg
b . - Consensus freg
2o b ? W : --:d ...... JRRRE ............ i
== : : : : :
= P0f 3 R + ............ .
=1 i Speed 12
] : i ;
=R T PO 1 . P A :
= 1 : Speeds :
v - 14, 10 6 :
0| ——— STTTRIIR PR R PP :
" ..+___: ........................................................................... i
+
0 5 1 ] | i !
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Time (g)

Figurel7 Results ofa 12-point calibration performed onan dfected sensor(crosshatchedregion denotes presence of
vibratory mode)

Figurel7includes the results from a 3@oint (standard) calibration performed on affectedsensor.
The ordinate axiss thesensor output in frequency (Hz). The abscissa is{#neEach interal of the
staircasecorresponds tdl of the 12tunnel reference velociés, ranging from 4 m/s to 26 m/s\
staircasedataplot is shown including theensor output in hertz (blugindthe corresponding sensor
output assuming thét40consensus transfer fiction @reen). Thecrosshatchedregion indicates the
presence of the vibratory modgsing accelerometers
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Notice that whenever theibratory modeis present, the sensor slows down relative to the consensus
value(eg., the sensor output (blue) is lowdran the consensus frequency (greem) clearer picture of

this correlation is apparent ithe closeup view at tunnel wind speeds of 184, and D m/sin 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 showiimrel9. Noteworthy are the

large positive residuals (correspondingstowdownrelative toits transfer function) atunnel reference
speeds, 10,12,and 14 m/s These large residuatsrrelat exactly withthe 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 refthis affected sensor.

Sensor SN 31851-1206084 Stock
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Figurel8 Closeup view oftunnel speedsat 18, 14, and 10 m/staken from the 12-point calibration performed onan affected
sensor(crosshatched region denotes presence of vibratory mode)
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Figure19 Calibration resultfrom an affected sensar Note the large positive residuals atnnel speeds 610,12,and 14 m/s
correspond with the presence of the vibratory mode.
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Figure20 Resultsof a 12point calibration performed on an affected sensowith larger diameter well ID and softer
durometer lower oring
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Figure20includes the results from a 3avint (standard) calibration performed dhe sameaffected
sensor buimprovedwith the larger well ID and softer durometer lowetring.

Noteworthy isthe absence othe whipping frequency In additionthe sensordoes notslowdown
relative to the consensus valuiringanycalibrationspeed A closeup view oftunnel speeds 1814,
and6 m/sis ncluded inFigure21 and confirms this result The corresponding calibration report of the
improvedaffected sensor is shown Figure22. All residuals are normal whichatso indicatedy a low
standard error. The dfset decreasd significantly from 0.73 to.@4,which ishighfor a new sensorhut
expected for a fieldused sensor.

It is evident from these tests that the designprovement consisting ofilarger well ID and softer
durometer lower ering, eliminates dry friction whip responsible for vibration and sersowdown
Furthermore, theetestsconfirm the desigimprovementcorrects the abnormal residual pattern and
poor calibration resultghigh offset and STEYdfserved in affected sensors.
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Figure21 Closeup view of tunnel speeds at 18, 14, and 10 mi#ken from the 12point calibration performed on an affected
sensorwith larger diameter well ID and softer durometer lower-ong. Note vibration frequency never appears.
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Figure22 Calibration esults from an affected sensor with larger diameter well ID and softer durometer loweiny. Note
the normalresiduals at all intervals.

Field Validation

To date, 122 newPost1/1/2009 sensors have been deployedd closely monitoreéh the field to
guantify the longterm performance of the sensor and confirm the new destiminates dry fridon
whip. Participants in the field test campaign include AWS Truev@adrad Hassan, DNYEC, Genivar,
GPCo, KB Energnd NRG Systems

Asof April 17, 2009, the 122 sensors have been deployed betwHeA0 weeks.
Abreakdown of the deployed ssors is as follows:

e 122 new sensors
0 52 pairs
0 18 single sensors paired with other sensag(RISONindSensoy

The performance of the 122 sensors is summarinédable2 below.

Table2 Summary of new sensor field performance

98 Sufficient data
24 Insufficient data due to icing
Total = 122
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