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ABSTRACT

The need for more efficient wind turbine bladegrswing in our society. One
step in accomplishing this task would be to makedwurbines blades into smart
structures. A smart structure is one that incof@sraensors, complete control systems,
and active control devices, in order to shed, distabute the load placed on the
structure. For wind turbine blades this means cimgnifpe shape of the blade profile as it
encounters different wind conditions. In order &vé active control surfaces functioning
on wind turbine blades, the existing blades wowaldehto be retrofitted, and the new
blades being manufactured would have to be rededigrhere are different control
surfaces to consider: gurney flaps and false wagiisfare two that can perturb the
boundary layer across the low pressure side ofvthg. A flat plate and blade section
test bed will be manufactured in order to gathepieal data from wind tunnel testing.
For actuation of the control surface there are n@oyces: electrical, hydraulic,
pneumatic, and electro-hydrostatic. These actugpas will be investigated under a set
of criterion to determine the best one for turbiteede application. Sensors will be
investigated with respect to their use in sensirajrs temperature, acceleration,
humidity, and delamination. Sensors are also uselddalth monitoring. This helps
engineers design under a damage tolerant philosaplpposed to a safe life structure
philosophy. These sensors will be placed into |lateis and different surface treatments
will be reviewed to find the best configuration fach sensor. The sensor will be cleaned
with isopropyl alcohol, dipped in a 20% by massusoh of nitric acid, and submerged in
a 20% by mass solution of nitric acid for 10 secordktailed surface images will be
taken of sensors with different surface treatmentsder to better understand the
bonding between the sensor and laminate. TheseeBriadicate that submerging the
sensors into 20% by mass solution of nitric acithésbest surface treatment.
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INTRODUCTION

The need for more efficient wind turbines is grogvin our society. As increases
in power output of wind turbines requires longeadds, the need for a blade level smart
structure increases. A smart structure is oneiticarporates sensors, complete control
systems, and active control devices, in order &mlsbr redistribute the loads placed on
the structure. In order to make a wind turbine blacdmart structure, it is necessary to
understand the blade’s role in creating power. &laee many factors which determine
the power output of a wind turbine: air density,cimae efficiencies, length of the blades,
and wind velocities. Air density is related to tesmgture and atmospheric pressure.
Machine efficiencies are a function of all the liegs, gear meshing, electrical systems,
and movable parts in the turbine. The blade lemgjihcreasing as a result of higher
power output needed from the turbines. And, thedwielocity needs to be from a
constant direction in order to make the three blatie turbine work at its most efficient.
Power output of a wind turbine has many contrilbgifarctors. The equation for power
which can be drawn from moving fluid is given iruegjon 1.

P=%*p*Cp*N*7T*R2*V3 1)
Equation 1. Power Output of Wind Turbine

Where P is wind turbines capacify,is the air density, Cp is the coefficient of
performance, N is the machines efficiency, R istilfagle length, and V is the velocity of
the wind. For the most part, everything on the trigand side of the equation can be
controlled. Due to the value of wind velocity beiogbed it is the largest contributing

factor for power generation. Because of this fatacement of the tower is extremely
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important; especially when there are multiple windoines in one farm [1]. N is the
mechanical and electrical efficiency, which is lgeinonstantly improved upon by
ongoing research. The,@ the Betz Limit of 0.59 [2]. Due to the amourfitsensors in
the gear box, bearings, and other parts of thelleatke blade of a wind turbine would
benefit from additional health monitoring by serssf3#].

Active control surfaces are needed to change thpesbf the blade as it rotates
through the air. Their movement is the output efrart structure. Gurney flaps and false
wall flaps will be investigated with respect to roditting of current blades and
manufacturing changes needed for new blade deMgny different actuators will be
reviewed; cables, hydraulics, electric, pneumaditd electro-hydrostatic actuators will
be studied along with the complete system neededpport the actuator within a blade.

The complete systems, which are necessary to &etilva active control surfaces,
will be investigated. The control system, necessaiysors for the actuators, retrofitting
of current blades, manufacturing of new blades, d&ade maintenance will be
investigated in order to find a viable solutiorech of those issues.

Empirical testing is necessary for validation ansitional computational fluid
dynamics. This requires a test bed that will waerkaiwind tunnel. The first test bed will
be a flat plate design for validation of simplelccéations. The second test bed will be a
section of blade with multiple rear flap mountingirgs in order to have a larger
envelope of testing parameters.

Health monitoring in the case of wind turbine bladequires a variety of sensors,
i.e. sensors for acquisition of strain, straindglgust loading, impending gust loading,

temperature, humidity, acceleration, and delanmomati These aspects of health
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monitoring for a smart structure will be investigaitn this paper. Sensing strain inside of
fiberglass composites will be accomplished by intddegl some sensors into, and affixing
some sensors onto fiberglass layups. The sensafs dre being imbedded and
investigated are Metal Foil Strain Gages (MFSG)yWoylidene Fluoride (PVDF), and
Fiber Optics (FO). For gust loading, a pressuamdducer will be investigated. For
impending gust loading, a laser sensing RADAR systell be reviewed. Temperature
will be sensed by a thermocouple, and FO. Humiditly be sensed by a relative
humidity sensor. Acceleration will be sensed I8/axis accelerometer. Delamination of
the composite layup will be monitored by an ultrasotransducer. These health
monitoring devices will be tested for their effeetness. Specific attention will be paid to
the MFSG and PVDF for their effectiveness in segsimain. The FO will be extensively
tested for their ability to allow signal ingressdaggress from the laminate. A review will
be presented of FO as a strain sensor and its itiipabas a medium for sensing
temperature. The dependability, reliability, andwacy of these sensors are paramount
to the success of a smart structure.

The need for a coherent manufacturing process ranp@unt to success in the
cases of wind turbine blades. Different manufaowideas will be investigated in order
to find proper embedding techniques for each os#resors involved.

The sensors will be investigated with differentface treatments; cleaning with
isopropyl alcohol, dipping into 20% by mass solntad nitric acid, and submerging in a
20% solution of nitric acid for ten seconds. Dedilsurface images will be taken of
sensors with different surface treatments in ortterbetter understand the bonding

between the sensor and laminate.
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Turning Wind Turbine Blades into Smart Structures

Smart structures are complex. In the case of wirtsine blades there is a need
for sensors, a control system, actuators, andeactimtrol surfaces. Placing control
surfaces into wind turbine blades is not a triv@ak. Heavy modification of presently
deployed blades will be needed. For new bladesptaimredesign would be needed in

order to make the active control surfaces and ceta@upport systems necessary.

Active Control Surfaces

Due to the large variations in wind speed, windif#s, needs of the rotors, and
gearboxes, it is not possible to achieve a satmfaoperating performance covering all
possible operating conditions with a single stylelade [2]. Large surface areas are
exposed. The increased force increases the wdigtive control surfaces perturb the
airflow around a given airfoil; generally they clgarthe angle of attack for the wing or
blade causing lift in a desired direction. Activantrol surfaces have been around as long
as humans have tried to gain lift from the windj &8mey are prevalent in harvesting
power from the wind. In order to best understareddibntrol surfaces that could be used
in wind turbine blades, it is necessary to revibe liistory and types of control surfaces
in powered flight. In the first manned poweredlilighe Wright Flyer 1 had lateral
control which was achieved by warping the entiraghé]. Active control surfaces have
been on nearly every manned flying machine sineeldwn of the airborne age. Even
before heavier-than-air flight was achieved, a me#rcontrol was necessary. Alberto
Santos-Dumont designed, built, and flew the firsicfical dirigible balloons [5]. He

achieved this control by affixing a lightweight roofpropeller combination and rudder
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system to his dirigibles. In this endeavor SantasabDnt was able to loft around Paris to
any destination, this required a great deal ofrobin the part of the dirigible and also a
ladder. In his heavier-than-air aircraft Santos-Duatrwas the first to employ active
control surfaces, which were the precursor to ailer Numerous control schemes have
been tried over the years, with varying resulte $hccessful schemes have culminated
into a series of control surfaces that can typyda#l found on modern airplanes. Flaps

fully deployed on a modern aircraft can be sedrigure 1.

Figure 1. Flaps deployed on Commercial Aircfaft

The study of the control surfaces in aircraft wi#ld information necessary in the
success of applying control surfaces to wind twelibilades. The control surfaces of
modern aircraft can be put into two categoriesspasand active. The winglets at the
end of the blade are passive, in that they ar@staty, and cannot be altered in flight. All
the other flaps, slats, ailerons and spoilers epgoyable and therefore active control

surfaces. The nominal wing span of a Boeing 747i4®3.4 meters and with an interior
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cabin width of 6.1 mete this means that an individual wings length is al#futmeters
A 747 can actually fit inside trarea swept by the bladesalarge turbine acan be seen

in Figure 2.
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Figure 2 747 Compared to a 5 MW Wind Turbine Cross Sa [3]*

Today’s large wind turbine blades are longer themwings of large commerci
aircraft. The majority of actuatolin today’s commercial aircraft ahydraulically
powered Although som, like the Airbus A380’s control surfacdsgve electr-
hydrostatic actuators as a backup to their prirhgdraulic systet [6]. The actuators and
control surfaces in wind turbines will have to starp to veryhigh loacs. The control
needed on a commercial aircraft is one that is bbmecessity. The plane has to lift
from the ground, fly smoothly, turn safely, anddan a reasonable fashion. A wi
turbine blade has to fly through varying wind cdiugis, and favel througkrmany
millions of loading cycle between periods of maintenanéetive control surfaces ar
making the system a smart structure would incréaseffectiveness of a wind turbi
blade in vaying wind conditions. , commercial aircraft has mipte control surfaces fc

the multiple conditins in which it must perform w. The maintenance periods 1
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aircraft are dictated by ground air ground cyctex] flight hours. The inspection and
maintenance for a single turbine is done in sonsesavery 6 months [7]. With the

increase in mechanical systems housed in the hlddemaintenance periods would

have to be updated and increased in frequency.

Control Surfaces for Integration in Wind TurbineaBés

There are many different types of control surfabes could be integrated into a
wind turbine blade; ailerons, low speed flaps,sslapoilers, and gurney flaps. Initially
control surfaces of airplane wings were modeledrdfird wings. Wilber Wright made
detailed observations of a pigeon’s wings in flight

“The thought came that possibly it had adjusteditygeof its wings about a

lateral transverse axis so as to present one &pasitive angle and the

other at a negative angle, thus, for the momem, itself into an animated

windmill. That when its body had revolved on a liadinal axis as far as it

wished, it reversed the process and started taterother way. Thus the
balance was controlled by using dynamic reactidriseair instead of

shifting weight [4].”

This flexing of a birds wing can be equated tophssive stall control on today’s
wind turbine blades. Bend-twist coupling gives pla¢ential for a few percentages of
energy yield improvement for constant-speed pitmtitrol turbines and improves starting
torque by 10% [8]. Passive stall control has beenral for decades. The need for active

control and fast acting control surfaces is paramtw success. Different kinds of control

surfaces will be investigated including Gurney #agnd false wall gurney flaps.

Gurney Flaps

The Gurney flap has been around for decades. T$tghtent on this device was

obtained by Edward Zaparka in 1931 [9]. The sinfigle that was mounted on a hinge
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on the tail end of the airfoil had the ability te 8eployed in order to increase the lift on

the airfoil. A gurney flap can be seen in Figure 3

Figure 3. Gurney Flap Used on a 1971 Racé Car

The implementation of Gurney flaps is useful anywghtbere needs to be an
increase in lift associated with a reduction ofgdi2an Gurney first implemented the flap
on an Indy race car driven by Bobby Unser and aelti¢he desirable results of more
down force needed for the car [10]. The Gurney Sepret was shared with Robert
Liebeck who worked for McDonnell Douglas Corp. Migd tunnel tests and numerical
analysis showed that the flaps increased lift a@mtehsed drag on the airfoil [11]. The
results were presented at the AIAR Bluid and Plasma Dynamics Conference in July
1976. Liebeck was not able to patent the Gurngydize to an existing patent by
Zaparka.

The Gurney flap has been proven to be very effective small flap can be
located on the suction side of the wing in ordentwease lift or on the pressure side in
order to decrease lift on the airfoil. The flapsghé, its distance from the end of the
airfoil, and the flap mounting angle has a greai @éinfluence on the effectiveness of

the flap.
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Flap Configurations

The height of the flap is given as a percentaggtlteaf the cord of the airfoil.
Liebeck predicted a flap height of 2% would worlsthhy@bove that height a significant
amount of drag would be introduced. Distance frbmend of the airfoil and the angle
that the flap is mounted to the blade can be &ddo the specific application [11]. More

in depth information can be found in related puddins [12].

False Wall Flap

The false wall flap is a method of boundary layspagation that can be easily
achieved. The mechanical parts are simple; allitha¢eded is a pipe with a series of
holes drilled along its length and a source of Ipgéssured gas, and the necessary valves
and hoses to transport the pressurized gas taoths.lEither a compressed air tank or the
combustion of hydrogen gas can be used as a hegisyme source. The same parameters
of flap height distance from the end of the aitfaitd flap angle can be controlled
through proper selection of hardware and manufaxgof the blade. The construction of
this is simple in its design, and manufacturingrisatly simplified due to the small

number of parts that would have to be deployed timdblade.
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ACTUATOR INFORMATION

Actuator Types

Actuators are as varied as the wings and bladgsatfeeintegrated into. They
must be robust enough to withstand changes ind$ataeng deployment, and while
being deployed. Actuators in commercial airplanegsido not have to be very fast
acting, on the order of tens of seconds. But inraliurbine blade the actuators have to
be extremely fast, on the order of half a secoiis $peed is needed to mitigate the
forces from gust loading. Each of the main typesnvapplied to wind turbines will be
examined for its pros, cons, complexity, cost, éogenerated, speed, and weight. The
information will be gathered in a table and anatlyZEhe majority of the prices that are

guoted are from McMasterCarr and reflect 2009 gr[@&].

Cables

The first actuators were wire cables pulled byghet and connected directly to
the warping wings [4]. This cable control systemsti§ used today in many light aircraft.
Yaw control for many light aircraft is achieveddligh foot pedals that connect to steel
cables that traverse the length of the plane amd@mnected to the tail rudder. This is
also true for the ailerons and tail flaps on modigimt aircraft including the Beach 99’s
and Beach 1900’s. The warping of the wings undad lcan be done using the fiberglass
itself with aero-elastic tailoring. This outcomebising accomplished by a change in the
stacking sequence [8]. This results in a bend twaspling of the structure.

Pros: Lightweight, inexpensive.
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Cons: Not an actual actuator, just a method of forcdireetion. The actuator
that pulled on the cables would have to be moumgde the wing.

Complexity: The complexity inherent in a cable system is auiaé redirection
of forces. First the cables need to be pulledrbgcuator and then that force can be
redirected through tension in the cables. For disctontrol, there needs to be either two
cables running to each attachment point, or a cadieled with a spring. The system
needs expert tuning to be set up correctly andtanhsaintenance in order to function
properly.

Cost: This cost is an estimation of what it would tageuttfit 3 blades with just
the cables, cable ends, and pulleys. Stainlesklst&8x1/4” wire rope costs $1.84 per
foot, with an estimated 50 ft in each blade would &276. Zinc plated pulleys that are
3” in diameter and made for %" rope cost $11.44dley. It is estimated that there will
be 4 needed per blade, resulting in a new added€8438. Cable ends in the form of
eye fittings for ¥4 cable are $26.29 at 4 per bltdg makes for $316, summing to a
total cost of $730.

Force: The 304 stainless steel cable has a breaking stren@,200 Ibs, and that
particular type of steel has a modulus of 28,600lkthe force that is needed to be
transferred through the cables is higher than #ides can comfortably hold, then
redundant cables or larger cables are necessary.

Speed: Speed associated with cables is governed by #edspf the actuator to

which the cables are attached.
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Weight: The cables weigh very little 0.17 Ibs/ft, with 16@f wire rope making
for 25.5 Ibs, a dozen pulleys and cable ends tr@entable linkage would weigh ~40

Ibs.

Hydraulics

Hydraulic actuators have an extremely high powasdg. Power is needed in
the form of electricity to spin a hydraulic pumphieh turn moves hydraulic fluid
through lines where that energy is translated linear motion through a ram. That ram
would be attached to a control surface that williggon the air flowing on the outside of
the blade. This infrastructure to deliver hydraglawver is very heavy due to its robust
nature. In commercial aircraft hydraulics operdteeay high pressures, 3000 psi in most
cases and 5000 psi in the new Airbus A380. Thik pigssure saves weight while
providing the necessary power to the control sed$d6]. Great care must be given to the
placement of the components of this type of systeémrotor hub and wings in order to
keep the rotor balanced.

Pros: high power density.

Cons: bulky, expensive.

Complexity: The complexity inherent in a hydraulic system likes one is
associated with the pump, switching, and fluid resie housed in the center hub. The
mounting of the hydraulic lines would have to aaador the pitch control of the blades.
Each blade would need a single actuator, a cornepg accumulator, a dedicated
solenoid control valve, and the necessary hydrdiakes to function properly. The
placement of the actuator will have to correspoittl the necessary travel required.

There would have to be just one pump and one resdank for the entire system.
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Cost: A 2" linear hydraulic actuator with 12" of traveill cost $341 each,
making for a total of $1023. 14" hydraulic hosest&& 64 per foot and with 50 ft for
each blade it comes to $546. The accumulators wuané to be the diaphragm type
which can be mounted in any orientation. The pitcea 1 gallon capacity accumulator is
$377 making a total price $1131. The reservoirpumdp will need to be able to be
mounted in any position due to the rotor hub cartstdaurning. An all-in-one hydraulic
power unit with a 10 gallon capacity and 3 hp matusts $2192. The solenoid control
valves which need to be attached between the pweynaulators and actuators run $167
each making for a total price of $501. This makesah estimated total of $9269 for each
3 blade system.

Force: 1000 psi from the pump can be converted into 3|kd bf pushing force
by the 2” diameter linear actuator. This force camiwto 13972 Newtons. Applied in the
proper location this is more than enough forceraperly deploy and hold the control
surface of the blade.

Speed: The speed inherent in a hydraulic system is didtay the flow of the
pump, in this case 2.7 gallons per minute at 1&0This flow rate into a 2” diameter
actuator would cause it to open fully in 3.62 setorA higher flow rate, smaller
diameter actuator, or any number of things coul&erthat number smaller. These
systems are not known for being very fast acting.

Weight: The actuator weighs ~40 Ibs for a total of 120 T lines weigh in at
roughlyl Ib/ft for a total of 150 Ibs. hydraulid @ 6.8 Ibs/gallon making the total weight
68 Ibs. The pump and reservoir tank weigh ~65dbs, the accumulators are 7 Ibs each,

making 21 Ibs total. This makes for an estimatéal tf 424 Ibs. or 193 kg.
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Electric

Electric screw type actuators provide fast actuatiut require precise controls to
achieve that actuation. A device that would be guddia a wind turbine blade would have
to be very powerful in order to deploy the consoifaces reliably. The most reliable
type of linear actuator for position repeatabilgyhe ball screw linear actuator. That is
why this type of linear actuator is used in Compttemerically Controlled (CNC)
machines [14].

Pros: No alternating from electricity to motion, veryaet, lightweight.

Cons: Not very fast acting.

Complexity: The complexity inherent in a purely electricalteys is present in
the solid state relays needed for the system i@befast acting. The control system will
need to be center mounted in the hub and individirals (two lines per actuator) will
have to be run to each actuator. These lines ailehio account for the pitch control of
the blades.

Cost: There is a need for multiple solid state relayssiach actuator, 4 per
actuator should suffice. 12 relays that can hah@l&mps cost $14.20 apiece, this makes
for a total of $171. The lines to the actuatorsusthdbe made of wire that can be flexed
multiple times without damage. The wire should BeAWG and it costs $1.52 per foot
for 150 ft make for $228. The ball screw actuat@eded would be the same kind used
in CNC systems. A ball screw jack and motor that gash with a force of 4000 Ibs and
travel 12" costs $815 for a total price of $2445.

Force: Force can be tailored for the specific applicatiglectric linear actuators

can range from 5 - 40,000 Ibs. This broad rangddétself to optimization for the wind
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energy industry. A ball screw type actuator canquit4000 Ibs of force which converts
to 17793 Newtons. Generally the speed decreadée &srce increases but this can be
countermanded by the use of a more powerful anckgquiurning motor.

Speed: The 4000 Ibs of push from the ball screw actutxawels ¥4” per
revolution, and a gear ratio of 6:1, a motor spigrat 1750 rpm can propel a 12" ball
screw to its full extension in 1.21 seconds. Fastsults can be achieved using a faster
motor, since this time far exceeds the 500 mS.

Weight: The actuators and motors weigh ~40 Ibs each fotahof 120 Ibs. The
solid state relays and wire weigh a total of 4 thaking for a total of 124 Ibs or 56.2 kg.

This lightweight configuration is well suited fdri¢ application.

Pneumatic

Pneumatic actuators are both fast and powerfllpah not very accurate when
it comes to deployment. The infrastructure is \&@milar to that of hydraulics, although
the power density is not as high. There is a need pump, control valves, and lines that
go to each actuator. This system is lightweightmbempared to a hydraulic system.
The main reason for this is that the working fligcir and not oil, the pressures are not
as high, the reservoir tank will just hold preszed air, and that air will be drawn from
the atmosphere, and the lines do not need to héimelleame amount of pressure that is
present in a fluid based system.

Pros: Fast acting, Lighter weight

Cons: Not very powerful due to the relatively low presssr

Complexity: Many of the same complexities that face the hyldraystem also

face the pneumatic system. There is a need fomppreservoir tank, solenoid powered
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valves, pressure lines out to the actuators, ama@d¢tuators themselves. The lines will
have to account for the pitch control of the bladdse pump and reservoir tank can just
be a simple air compressor with a tank; these eaemlly be mounted in any
orientation. On these air compressors it is necgssa&mpty the system of water
periodically, an autonomous relief valve will haeebe set up to keep the system from
building up to much condensation.

Cost: An 80 gallon reservoir tank attached to an electrotor that can output
17.2 cubic ft per minute will cost $2046. ¥2” hokattcan hold up to 170 psi cost $46 per
50 ft for a total of $138. The solenoids for thie &60 for one actuator for a $180 total.
The solenoids will have to control air pressureboth sides of the actuator ram for
precise control. The actuators have a 3” bore astd®160 apiece, totaling $480 for a set
of three. The estimated total for the entire s&2i’44.

Force: With a working pressure of 100 psi the 3” diameteiuator will output
662 Ibs of force or 2944 newtons. With control athbthe output and input side of the
actuator rod, precision can be achieved.

Speed: With the pump having an output of 17.2 cfm, a Bindeter rod could be
deployed to 12 inches in 0.171 seconds

Weight: The actuators are aluminum cases with steel fidusy weigh
approximately 8 Ibs each for a 24 Ib total. Thedsoseigh a % Ib per foot making for a
37.5 Ib total for 50 ft. The solenoids and valves mostly aluminum and weigh 4 Ibs
each for a 12 Ib total. The big ticket item is doenpressor and tank, the 80 gallon
compressor with pump weighs in at 185 Ibs. Thd we&ght would come to

approximately 258.5 Ibs. or 117 kg.
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Electro-Hydrostatic

Electo-Hydrostatic actuators perhaps offer the bebbth worlds when it comes
to weight savings, reliability, and performanceisT$ystem has wires carrying electricity
to actuators that have enclosed hydraulic systatasial to each actuator. So each
actuator houses the pump, fluid, and ram of a hydraystem but not the lines and
reserve tank associated with a full blown hydrasiistem. Since each actuator is fully
enclosed the system can be very fast acting andaoeurate [15].

Pros: Very powerful.

Cons: Expensive.

Complexity: The electro-hydrostatic system would have the fisn& the power
of a hydraulic system without the added weight. Tbmplexity would be the same as a
purely electric system with a different actuator.

Cost: The same components would be used at the bacféhd system. There
is a need for multiple solid state relays for eactuator, 4 per actuator should suffice. 12
relays that can handle 10 Amps cost $14.20 apikisemakes for a $171 total. The wire
should be 12 AWG and it costs $1.52 per foot fdd ft5nake for $228. The 4,200 Ibf
actuators are around $1600 apiece making for $#80# set of three. The total system
cost with these estimations is $5,200.

Force: The Moog 52 HP dual tandem electro-hydrostatioaor has a stall force
of 42,000 Ibf. Not all of this force will be needed10" of this force will suffice, and
4200 Ibf is equivalent to 18683 newtons. The piaest of the actuator will have to be

carefully determined due to the actuator haviny artotal throw of 7-8”.
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Speed: The maximum no load rate of travel is 8.2 in/sethe actuator can be
deployed in .95 seconds. This time can be shortbpele use of less stoke from the
actuator.
Weight: The electro-hydraulic actuators are heavy, witvegght of near 65 Ibs
each, they are the heaviest actuators of this sitltly total estimated weight for the
entire system is 200 Ibs. or 90.7 kg.

Table 1. Quantitative Data for Actuators

Quantitative table
Electo-
Hydraulics Electric Pneumatic Hydrostatic
No change in
energy form,
High power very exact,
Pro's density lightweight Fast acting Powerful
Bulky, Not very
Con's expensive | not very fast powerful Expensive
Cost (Total
Dollars) $9269 $2850 $2844 $5200
Authority (N) 13972 17793 2944 18683
Speed (seconds) 3.62 1.21 0.171 0.95
Weight (Total Kg) 193 56.2 117 90.7

Table 1 illustrates the sometimes dramatic diffeesrbetween the different
options for actuators. Each of these systems captimized for use in blades as they
have been optimized for serving the machines astés)s of which they are already a
part of. The rankings for the table were easy tindsbme categories, for price and
weight everything for a whole system was just suchoqe For force on the pneumatic
piston the area of the rod was multiplied by thiepagssure available. The calculation of

the speed of the pneumatic piston can be seenuatieg 2.
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-1
) =0.171sec = 2)

(17.2ft3 1min 1728in3 1 1
min 60 sec 1ft3 m=1.5in? 12in

Equation 2. Speed of actuation for pneumatic dgin
The information in Table 2 is the ranking of thes¢éuators. The ranking is done

from 1 to 4 with 1 being the best in that category.

Table 2. Ranking of Actuators

Hydraulics | Electric | Pneumatic | Electo-Hydrostatic
Cost (Total Dollars) 4 2 1 3
Authority (Lbs) 3 2 4 1
Speed (seconds) 4 3 1 2
Weight (Total Lbs) 4 1 3 2
Total Score 15 8 9 8

As can be seen by this ranking of these systeesléttric and electro-
hydrostatic systems have scored the same. Thetssrs/will have to be studied more in-

depth and optimized for each wind turbine bladdieaton.
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INTEGRATION OF ACTUATORS INTO WIND TURBINE BLADES

In any control system a feedback loop is necgssasrder to achieve accurate
deployment. This feedback loop would consist ohedr sensor, a linear potentiometer,
or linear variable differential transformer (LVDTI)his measurement device would have
to be parallel to the actuator and attached in suttanner that accurate measurement of
the deployed surface position. This sensor woudd fato the control circuit. The system
would take in signals from many sensors, run thenough an algorithm, and then output
a controlled response to the actuators. Thesetacsuaould be connected to control
surfaces that would be deployed in wind turbinelbsa Linear variable differential
transformers; and linear potentiometer sensorshaie to be investigated in order to

find the best fit for the working environment insidf a wind turbine blade.

Linear Variable Differential Transformer

The LVDT is a method of tracking position in onenénsion. The system runs
off of AC power and is characterized by three cedsin the movable armature, which is
wrapped around cylindrical ferromagnetic core. Taster coil is the primary coil, and
the two outer coils are the secondary coils. Aeratting current is driven through the
primary coil, causing a voltage to be induced méach of the secondary coils
proportional to its mutual inductance with the painyicoil. As the core moves, these
mutual inductances change, causing the voltagecedin the secondary’s to change.
The output voltage is the difference between tivsesecondary coils. When the core is
displaced in one direction the voltage in one efshcondary coil increases as the other

decreases, causing the output voltage to increasezero to maximum. This voltage is
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in phase with the input voltage. When the core rmonghe other direction its phase is
opposite of the primary coil. The magnitude of tlput voltage is proportional to the
distance moved by the core [16]. Some of the p@sdspects of LVDT as pertains to
wind turbine blade application is that it is sadidd robust, and has high signal to noise
ratio and low impedance. Some of its detractioeslaat a series of amplifiers and
voltage meters are needed to process the inpulsifinis would increase the complexity
and parts needed to make this sensor viable impplcation. Also the LVDT sensor is

more expensive and more sensitive to electricaenthian the linear potentiometer.
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Figure 4. The Inside of a LVDT Sen$or

Linear Potentiometers

Linear potentiometers (LP) are very simple devidd®y consist of a resistive
material and generally 3 wires. Two wires are dheziend of a resistor and the third
wire is attached to the movable armature that sladleng the resistive device. This
device can be used as a voltage divider, or simplg variable resistor. In both
configurations, the armature’s position directliates to the resistive value between the

appropriate wires. These potentiometers can beamyrate and robust in their design.
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Although the nature of the armature sliding aldmg itesistive material make for a device
that has a finite working life, and provides forearer present contact resistance between
these two materials. Due to the low cost and r&st# to interference from external
electrical noise, the linear potentiometer is advathoice for a distance sensor in a wind

turbine blade.

Complete System Requirements

The active control surface systems will be fagktensive. Take the example of
using electro-hydrostatic actuators and gurneysffap a system. Electric power will be
needed constantly to run this system. This powetbegprovided from the nacelle and
travel along slip rings in the rotor hub to thesmbr of the hub and blades. This power
will have to be regulated and distributed to thisaiors and to the data acquisition

(DAQ) software.
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Figure 5. Parts of a Wind Turbihe
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Control System

The control system for the electro-hydrostaticattdrs would not consist of
many parts. There would have to be an electromitrabbox which would house the
high voltage input from the nacelle and the highage output to the actuators. This box
would consist of relays, some normal, some soltksin order to achieve the necessary
control the design requires. The relays, DAQ cdmoonputer, and sensors, would run
on low voltage power that is stepped down fromhtigh voltage power provided by the
nacelle. The sensors, as discussed earlier, wealtlihto the DAQ control computer and
an active control loop would be in place to bestnge the shape of the wing in response
to variable loading conditions.

The control system would be best housed in the haib for multiple reasons. If
there are asymmetric discrepancies in the layothetontrol system with respect to the
axis of rotation the effect will not be dramatidig is due to the relatively small size of
the control system in relation to the size of thiating hub, and the small distance to the
center of rotation. The blades on pitch controtlethines rotates in relation to the rotor
hub. This rotation is as high as 60° [17]. Thia idesign feature of the blades that the
plumbing of lines to the necessary sensors anctmsiwill have to be built around.

For other systems such as electronic screw typmexs, hydraulic, and
pneumatic systems the same sort of design requitsraee in place. For the hydraulic
actuation systems there is a need for some soesefvoir tank. For the hydraulic and
pneumatic systems an electric pump is needed tease pressure for the system. These
tanks and pumps would be mounted inside of the haib. Process control often requires

the simultaneous use of electronic and pneumadicuments. For example, in many
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cases it is advantageous to effect the measuresteattonically but control it

pneumatically [18].

Variable Speed Variable Pitch

With the addition of a deployable gurney flap te tilades of a wind turbine, the
turbine will have a variable speed and variablelp{tVS-VP) rotor configuration. The
variable pitch is obtained slowly by rotation oéthlades at their base, and quickly by the
gurney flaps being deployed within 500 millisecondéth the aim of using simple
controllers, the generator torque and pitch ang¥SsVP wind turbines are often
controlled separately. In low wind speeds, windbines are operated at variable speed
and fixed pitch in order to capture as much enaggpossible. In high wind speeds the
pitch angle is adjusted to limit the captured pouatdts rated value whereas the generator

torque characteristic often remains unchanged [19].

Retrofitting of Present Wind Turbine Blades

There is a need for retrofitting of blades withivae control surfaces which are
presently deployed in the field. With tens of thands of turbines currently in operation

the benefit is substantial.
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Fiéure 6. Wind Farth

Turbine blades which are presently in servicevarg large, mostly static
structures. LM Glasfiber is manufacturing a 61.3enélade for the 5 MW turbine
prototypes near Brunsbuttel in North Germany. Theades weigh less than 18 tons, and
are the largest blades currently being manufactized

There are many steps that would have to be takerder to outfit the majority of
wind turbine blades with an active control systé&inst and foremost would have to be
the choice of system to implement. The system whalge to be effective, and require
minor modifications to the blade. Minor modificat®to the blades are necessary in
order to maintain the current strength of the Idadde false wall system would fit very
well into this category. A series of simple yetéironsuming steps would have to take

place in order for the retrofitting procedure torlvand be safe.
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Steps for Retrofitting Existing Blades

These procedures are centered on the retrofitfiag@se wall system into an

existing blade.

» Step one: Take the turbine out of commission anaotiethe rotor hub/blades
from the tower and place it on the ground.

» Step Two: Unbolt the blades from the rotor hub plage them in a form
onsite with the trailing edge pointed down.

» Step Three: Place in the pipe along the trailingeed his step will have to be
done very carefully due to the close quarters e blade. Tooling would
have to be used to lay the pipe in the correctegptad to epoxy the pipe into
place. The pipe should have no holes drilled at this stage of the process
due to the imperfect nature of this process.

» Step Four: Take an image with acoustic emissiotrary of the trailing edge
of the blade. This is to gather a specific locatorthe epoxied pipe. The pipe
itself can be PVC or some other polymer, metal khba avoided due to
corrosion and differing coefficients of thermal argion. The amount of
epoxy will have to be regulated as to not add temueight to the blades,
also the blades themselves will have to be rebathatter this process.

» Step Five: Drill holes at appropriate locationtigh the blade, the epoxy
that is holding the pipe in place, and the pipelfite-burring of the holes

must be done on the inside and outside of thesshol
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Step Six: Install the compressor, reservoir tankl, @ontrol system into the
rotor hub.
Step Seven: Stab the blades back into the rotoahdthook up the hoses in
the blades to the control system in the rotor hub.
Step Eight: Test the system whilst still on theugrd and make sure its
functioning properly.
Step Nine: Fly the rotor hub/blades back into tin@ad onto the tower.

Step Ten: Test the system while it is installedtentower.

These are the steps for retrofitting an existireglblwith Gurney flaps with

electrical linear actuators. Due to the large amhofimaterial to be removed and the

significant amount of modification needed of thadd, retrofitting blades with gurney

flaps is not recommended. Images of this procasdeaseen in Appendix A.

Step One: Take the turbine out of commission anactethe rotor hub/blades
from the tower and place it on the ground.

Step Two: Unhook the blades from the rotor hub glade them in a form
onsite with the low pressure side facing up.

Step Three: Using a chalk line and pattern marloouhe blade surface the
material to be removed.

Step Four: With a worm drive skill saw and appragidiamond coated
cutting wheel remove the marked material. Be soigse a mixture of
lubricant such as water and a slow cutting spé&dlld in/min in order to
keep the temperature of the blade to a reasonadédnd not burn the

material being cut. Thicker sections will have odut at a slower feed rate,



28
like 4 in/min for 2 inch thick sections. This cuigi will have to be done to
within an accuracy of 0.25 inch’s
Step Five: Once the material is removed a reinfigyshear web will have to
be installed. This shear web will span from thedbghe low pressure side to
the inside of the high pressure side. This shearwit have to be epoxied
into place.
Step Six: The mounting points for the hardware thaie to be installed.
Using a predetermined pattern mark the locatiomaainting points and drill
through the material. A hole through the added istved will have to be cut,
this hole will have to line up with the rest of tniunting hardware to within
1/8" of an inch.
Step Seven: The mounting points will have to bentensunk and backfilled
in order to maintain the blades profile. The moogpoints should be fit
tightly and multiple checks should be made to emguoper alignment and
square in relation to the other mounting points.
Step Eight: When the mounting points are securefadhear web is cured
the hardware can be installed. If manufacturingauthis point has been done
with sufficient quality the hardware instillatiohauld be a smooth operation.
The electronic linear actuators, flap, and eleatdioes should fit relatively
easily within the design of the retrofitted blade.
Step Nine: Install the necessary relays and haelwéo the rotor hub.
Step Ten: Stab the blades back into the rotor indbhaok up the actuator’s

electrical lines in the blades to the control syste the rotor hub.
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» Step Eleven: Test the system whilst still on theugd and make sure its
functioning properly.
» Step Twelve: Fly the rotor hub/blades back intodliend onto the tower.

» Step Thirteen: Test the system while it is insthid@ the tower.

Design and Construction of New Turbine Blades

If gurney flaps are to be placed in new wind toebblade construction,
significant design changes need to be made tol#tuke bThe tail end of the cord will

have to be notched out and allowances made fdtaheand actuator mounting points.

9 Meter Blade Pictured

Figure 7. Gurney Flap Installed in Wihg

New molds will have to be made, but the manufaastugrocess will be the same
as with current blades. Fittings and wear surféoethe actuator, control surface, and
electrical/pneumatic/hydraulic lines inside thedalavill have to be taken into account.

This will be in the form of holes in certain loaats and possible heavy duty plastic or
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metal fittings formed into the blades during coastion. The implications of these
control surfaces on the noise output of the tubindl have to be investigated.
Furthermore, the hub, the rotor, and the tower awyas loud-speaker transmitting the

machinery noise and radiating from it [21].

Steps for New Construction

The following are steps to implement control scefin new manufacturing of
wind turbine blades. This Process will be centenedhe use of electrical actuators.

» Step One: Layout all necessary ply’s in their prdpeation in the newly
designed molds.

» Step Two: Embed sensors in proper locations throuigtihe manufacturing
process in the correct locations and correct caitens.

» Step Three: Embed mounting points for hardwarepaots for securing lines
from the sensors and for the actuators on theensidhe blade. It is vital that all
of these points be mounted in their proper locatwithin specified tolerances.
Those tolerances should not exceed + 0.125 inches.

» Step Four: Secure all material under a vacuum ldage sure the lead wires from
the sensors are housed in a second vacuum bag.

» Step Five: Use vacuum assisted resin transfer mgpkdi inject resin into the
layup.

» Step Six: Remove vacuum bag after curing, be sotréordamage the lead wires

on the sensors.
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» Step Seven: Epoxy the two pieces of the wing tagetlong with the shear web
using the standard procedure currently in place.

» Step Eight: Using the mounting points and tie dovimstall the actuators, active
control surfaces, electrical lines for the actusaoid secure all the actuator lines
and lead wires from the sensors.

» Step Nine: Hook up sensors to DAQ and actuatorsiwea control system and
check to see that everything is working properly.

» Step Ten: Secure the wires for transport.

The actual decision to implement active contralslve driven by economics.
The present cost of one kilowatt/hour of electyiéfom Northwestern Energy is 5.5
cents [22]. This is the bottom line number thatdvinrbines will have to compete
against. Expensive capital costs include the rereeging of new blades, and the
retooling of the blade manufacturer’s plants. Téalical redesign will have to go through
the same rounds of testing that the current blades to go through. This design is
governed by IEC 1400-1 and 1400-2 which detailstggshilosophy, quality assurance,
and engineering integrity [23]. The increase inrafirg cost will come in the form of
more frequent in service inspections [24]. Thewidlial cost of components as well as
the expertise to install those components alsoseede considered. Power can be
obtained from the slip rings that power the pitontcol of the blades. The slip rings on a
GE 1.5MW turbine can transfer 65 amps at 600 J8B$ Once the blades are stabbed
into the rotor all of the circuitry and componenidl have to be hooked up and tested
before the hub/blade assembly is hoisted up ttotver. Testing will have to be

accomplished by hooking the system to a standglomesr source and computer system
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in order to check the functionality of the DAQ aaxctive control surface system. A
system like this would be mounted on its own truldke costs for these extra
gualifications, engineering, equipment and mainteeawill have to be balanced against
the increased power output and longer blade lifeesved by the use of active control

systems.

Maintenance of Complete Blades

These blades will have more moving parts, whicluireg regular maintenance
and inspection. The periods between maintenancbeatongated with selection of
proper materials for the contact points. Polyune¢hior all bushings, wear plates
attached to the surface of the blade for thoseacbm@ireas. The best thing for
maintenance is an elegant design; something tlsatdrg few moving parts, and is built
in a robust fashion. The gurney flap will have gorbbust enough to handle the weather,
i.e., snow, rain, and freezing rain [26].

There are many different aspects that need to bgidered in placing active
control surfaces into wind turbine blades. Sizeatwn, activation, effectiveness, control
systems, and the conditions it would operate inldiall have to be considered in design.
The use of active control surfaces on wind turlilaeles needs to be investigated further.
There is a need for Transient Computational Fluygd@nics (TCFD) calculations for a
flat plate Gurney flap, flap imbedded into a setid a blade, and each containing a false
wall Gurney flap. Expertise in atmospheric fluichdynics, aerodynamics, and structural
dynamics is essential for understanding the beha¥ithe system under fluctuating

conditions of the wind regime [27]. The mass oftheontrol surfaces has so far been
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assumed to be rigidly attached to the actuatohdlgh this is a valid assumption for the
majority of industrial applications, there are sorases in which an allowance for the
elasticity for either the mass itself or the memdgaiching it to the actuator has to be
made. Aircraft powered flying control surfaces argpically modeled as an elastic
system [28]. For empirical data, a flat plate te=d and a blade section test bed need to
be manufactured and tested in a wind tunnel. Aeabbut Wilber Wright “Still
impatient, he then began work on a much larger mode that could be flown as a kite.
At this stage, he knew, all the theorizing in therld was not worth ten minutes of
experiment. And he wanted to submit his idea tonéteiral selection of the wind” [4].

The retrofit, design and maintenance of blades aative control surfaces is an
endeavor that needs to be investigated furthethiBeend a series of experiments needs
to be conducted on the subject of active contrdbses on blades. The testing ladder
starts at the coupon level, goes to the elemetatgésthen to the sub-components, then
the full scale components [29]. The experimentsHergurney flap can be on the order
of the sub-components. This is due to their abibtghange configurations through
actuation. A flat plate test bed will be manufaetlim order to test the transitional
portion of a gurney flap under conditions that @aey to model. This flat plate will also
house a false wall flap for study. A blade sect&st bed will be manufactured to study

the transitional portion of a Gurney flap in a realrd scenario.
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TEST BEDS

The flat plate and blade section test beds wilinaele in accordance with the
design considerations which are going to be appbddll scale blades. The purpose of
these test beds are to validate Transitional Coatiomal Fluid Dynamic (TCFD)
computations by placing the test beds in a windélinThe test beds will serve as
valuable empirical data source components. Therénar primary design considerations
for these test beds. The first primary design aersition is that the flap be deployed in
under 500 milliseconds. The second primary desigrsideration is that the test bed will
have to be mounted securely within a 1 meter square tunnel. The wires to the Data
Acquisition System (DAQ) will be held within onedm. More than one type of Gurney
flap should be incorporated into the flat test fmdoetter use of allocated wind tunnel

time.

Manufactured Flat Plate Test Bed

For validation of TCFD calculations, it is advisaltb start with a simple model.
A flat plate test bed was constructed for this pgg The manufacturing and assembly
steps are outlined below.
» Step One: The bottom piece of 0.5” thick Al wadldd with through holes and
that became the base of the flat plate test beel hbles are counter bored with a
0.5” End Mill to a depth of 0.5 inches. Everythiwgl mount to this plate.
» Step Two: The upright for the back of the actuatas manufactured from a solid

piece of 0.5” thick aluminum. Tapped holes fit otfeough holes in the base
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plate and through holes were drilled to fit theehpéttern on the back of the
actuator.
Step Three: The uprights for the connecting rodeweanufactured next. The
bases of these uprights were two tapped holeditheth through holes in the
base plate. The top of the holders has a throughtb@llow the connecting rods
to slide through.
Step Four: The base for the Gurney flap was matwed and the bottom of it
contained tapped holes that lined up with holaténbase plate. The top of the
holder was tapped for bolts to attach to the flap.
Step Five: The Gurney flap is a piano hinge dediga.made from two strips of
metal glued to two and a half hinges. The back sfdme hinge was bolted to the
base; the two pieces are held together with a hisge the front of the flap was
connected to the connecting rods with half of ay&in
Step Six: The flap is connected to four connectods which have holes drilled
and tapped into the back end of them. The frontafridem contains a small hole
which connects to half of the hinge that is attacteethe flap. These four
connecting rods are .25 inch thick steel bars whirehbent to align the flap with
the actuator. A horizontal bar attaches the actuatthe four connecting rods.
This piece has five through holes drilled intdaur for the connecting rods and

the fifth to attach to the actuator itself. This@sbly can be seen in Figure 8.
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Figure 8. Gurney Flap Pushrod Assembly

Step Seven: A small cylinder of aluminum was turoedhe lathe to hold the
linear potentiometer in place. The linear potengten was attached to two
horizontal bars which were mounted to the baseplat

Step Eight: The false wall flap manifold was mamtiiaed. A 1” diameter steel
pipe was drilled with 1/8” holes every 1” along léngth. Two pieces of air hose
was fit to the pipe and secured with hose clamps.

Step Nine: The holders for the false wall piperasnufactured and bolted to the
base plate. They contain a hole that fits arouedothe, clamps it into place with

two bolts, and is secured to the base plate.
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» Step Ten: The stands for the top plate are manuidty drilling and tapping
holes in the bottoms of them for securing themhtliase plate. Also holes are
drilled and tapped on the top sides for securiregidip plate down.
« Step Eleven: The top plate is a"li@ich thick piece of aluminum, A slot is cut for
the Gurney flap and air to be injected into theatn for the false wall flap.

The gurney flap was placed as close as possiltleetfiat upper surface of the test
bed, without any protrusions into the flow along thp of the plate. The actuator is a fast
acting screw type, which pushes with 70 Ibs oféoi$olid state relays were needed to
meet the first primary design requirement of 500anthiation. The electronic actuator
was the best choice for the test beds due tostsafating design, repeatable, and reliable
deployment, and simple control in the sense thatoal need is electric power to activate.
A fast acting fuse was also necessary due to theenaf trouble shooting the system, if
any large current got past the initial automotiveef the solid state relays would blow
before the automotive fuse had a chance to reactedsurement of actual deployment
length of the actuator was necessary inside ofesiebed, so a linear potentiometer was
installed parallel to the actuator for the mostusate results. This flat plate test bed is
made from aluminum, steel and plastic, it measR#e375x15.25x4 inches, and this is to
meet the second primary design consideration trfigiinto a wind tunnel. Also
contained in the flat plate test bed is the falad flap. This false wall flap consisted of a
pressurized air tank and a fast acting valve tlabsed the air into the false wall pipe.
This is for better use of the wind tunnel as a TG/ldation tool. This setup can be seen

in Figure 9. Drawings of the individual parts candeen in Appendix B.
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Figure 9. Flat Plate Test Bd

Manufactured Blade Test Bed

The second test bed was a Gurney flap embedded sgotion of wind turbine
blade. The flap was installed on the low presside sf the blade with a height equal to
10% of the cord length of the blade section asbeaseen in Figure 12. This actuator is
an Ultra Motion, 24 VDC, ‘bug’ series actuatorwias chosen for its high velocity

capabilities while under load.

Figure 10. Gurney Flap installed in a Blade Settio
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The steps to manufacture the blade test bed caadrebelow.

Step One: Take a 65 KW 9 meter blade and cut sataon that has a near 1:1
aspect ratio. This section is 24x26 inches. Thie eddress the second primary
design consideration by being able to fit in a windnel. Cutting the blade is
accomplished by use of a circular saw. Proper paigwotective equipment must
be worn when cutting fiberglass; this equipmentsistrof dust masks, safety
glasses, gloves, long pants, long sleeve shirtsckrsed toed shoes. Smooth the
edges of the fiberglass blade section with sandpape

Step Two: Sketch out and remove all material orstietion side of the blade
where the Gurney flap will reside. This is accomsipid by the use of a Dremel
tool.

Step Three: Remove the material for the rear mogrgoints of the Gurney Flap.
A flat head screwdriver is best for removing anatamount of balsa wood from
the inside of the blade. Drill the two holes thrbwghich the pieces of aluminum
will be attached and sit flush with the inside loé blade.

Step Four: The Gurney flap is made from strips/@6'Linch steel glued to two
and a half hinges. The Gurney flap will have a hedf roughly 10% of the cord
length, making it 2.4~2.5 inches tall.

Step Five: The backing plate for the actuator hesuigh holes to mount to the
actuator and holes on the sides of it for mountmtie aluminum suspender
pieces that attach to the Aluminum webbing.

Step Six: Aluminum suspending pieces are manufedthy drilling a series of

through holes and tapped holes to mount the acttmtbe webbing.
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» Step Seven: A CLP-100 linear potentiometer (LP)nfi@elesco was mounted
parallel to the actuator, along with a fluid fillddmpener. These devices are held
into place with aluminum pieces turned down ontldand held in place by bolts
secured to the suspending pieces.

» Step Eight: The aluminum webbing that spans thgheif the blade is made
from 1/8" inch flat bars that are bent to conform to théde®f the blade. The
pieces are lined up and then a total of eight hategrilled through the blade and
the webbing in order to hold it into place.

« Step Nine: 1/8 inch holes are drill on the suction side and tresgure side of the
blade in order to mount the solid state H briddayto full fill the first primary
goal of 500 ms actuation.

This test bed was also developed in order to gathngirical data for
confirmation of TCFD analysis. Drawings for the meed parts can be seen in appendix
C. This blade test bed is equipped to be placednmounting fixture inside of a wind
tunnel due to the area inside the blade that is thesedges and without equipment as

seen in Figure 11.
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Figure 11. Area for Mounting into a Wind Tuntfel

The amount of material that would need to be rerddweutfit the blades with
the present configuration of gurney flaps is prahib. Far too much of the blade has to

be removed in order to accommodate the Gurneyaffagan be seen in Figure 12.
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Figure 12. Large Amount of Material Removed for@y Flap*

The manufacturing of these components were all aotiea Bridgeport mill and
lathe. The individual components were kept verypdémrectangles with holes drilled and
tapped in them. The simple individual componentderfar easy manufacturing and
assembly, and were part of a simple overall dedige.brackets that the rear of the

Gurney flap is mounted too can be seen in Figure 13
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1/2 Inch I_l

Figure 13. Rear Mounting Point for Ffap

The holes that secure the webbing into place weltedlwhile the piece was in
place, through the fiberglass and the aluminum.Adies were counter sunk and once
the screws and nuts were in place, the holes \ilré iih with epoxy and smoothed over

to create a smooth outside surface for the blasleaa be seen in Figure 14.

Figure 14. Recessed Holes Smoothed Sver
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The hinges are gorilla glued in place to the stesi makes up the flap. The
hardware was all standard fair that is obtainatdefa hardware store. Screws, nuts, and
bolts are all standard sizes and easily obtaindlies. simple design philosophy needs to
be incorporated into the full scale system in otdeteep it manageable. A list of the

manufactured test beds can be seen in Table 3.

Table 3. Test beds manufactured

. Size Data Acquisition
Device Manufactured Contents LxWxH inches System
1 Flat Plate Test Bed _CUMeY flap 24.375x15.25x4 LabVIEW
False wall flap
1 B'adebzzcuon ©st Gumey flap 26x24x6 LabVIEW

Test Bed Conclusions

The flat plate and blade section test bed were tmathufactured successfully, and
fit within the primary deign considerations. Eadlitese test beds were hooked to a
LabVIEW data acquisition software program. Thisgseon controlled the actuators
movement in response to a pressure transducerssigmal, as well as deployment of the
active control surface to an exact position fropuinto the DAQ software. Tests were
performed and software design iterations transfdrthese test beds to working proofs of
concepts. Results from these tests and softwaegidas can be seen in related

publications [12].
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Acceptance of Modified Wind Turbines

Modified wind turbines will have to undergo the sarrgorous acceptance
criterion as normal wind turbines. The experiereéas gathered indicates that
environmentally friendly technologies such as winay have environmental impact and
may encounter acceptance difficulties from the patpan. The dimensions and
importance of these are definitely lower than thoflsether conventional energy
technologies but they are even capable of caugpgtions difficult to overcome [30].
Also the need for finding the acoustic emissionthefnewly designed blades will have
to be investigated. After the power curve, the soppower level has become the most
important technical parameter today. The noiseealit@ation nowadays required for
every wind energy project is based on the souncepdevel of the wind turbine [31].

The power output of these turbines will have tovimre constant and provide smoother
power quality than current blades. The fuel fobines is the wind; when the wind blows
the turbines are call on to provide power to thd.groday the measurement and
assessment of the power quality characteristiggidfconnected wind turbines is defined

by IEC standard 61400-21 prepared by IEC Techi@cahmittee 88 [32].
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HEALTH MONITORING

In situ measurement is paramount to successfultheadnitoring. Sensor
embedding is an effective method of solution ineorid gather the internal forces present
in a composite blade. The forces from the bladekwg in general, and larger forces
that come mainly in the form of gust loading on biedes, are going to be catalogued
over the life of these structures. This will aiduite engineers in damage tolerant design
for these blades, as opposed to the safe life Wednich is the current design philosophy.
Safe life structures and Damage Tolerant Desighbgireviewed to highlight the
differences between the two philosophies. Thisi@edf the research focuses on
embedding sensors into fiberglass layups in oméetter facilitate health monitoring.
The focus will be on MFSG, PVDF films, and fibertiop, all used for strain gauges.
Also humidity, temperature, acceleration, tip defflen, delamination, gust loading, and
impending gust loading will be addressed in ordgurovide a broad view of the loads

and environmental conditions within which healthnitaring of a blade will occur.

Safe Life Structures

Safe life is a design philosophy that was prevdientiecades, and is still
prevalent in many applications, including the wintbine industry. The idea behind it is
that the product is made to works well for its entlesign life, within certain loading
limits. This is the philosophy that is governingWind Turbine Blade design [33]. Some
other examples of things made with this philosohmind are: carabineers for rock

climbing, automobile tires, rifles, Nalgene bottlaad most buildings. The rifle for
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example is made to be used repeatedly, and witepeaning and minimal inspection,
it will function properly for decades [34]. In sornases this is the best option for simple
products. Unfortunately, this causes products tmbade that are not optimized. These
products tend to be over designed, due to usinftbest case scenario” as the design
parameter.

With the addition of health monitoring sensors lthegds these blades will be
seeing in the actual field will be better understobhis information can be used to
transition from a safe life design philosophy tmare optimizing damage tolerant design
philosophy.

The perennial and on-going challenge in airframecstiral design is
simultaneously to satisfy three major competing disgarate requirements in one
optimum solution. They are, (1) to provide maximinmerent safety, (2) to achieve
superior structural performance in terms of wesyid durability and (3) deliver an
airframe with minimum realistic costs of productiamd long-ternownership by the
operator. They must always be mutually and effityesatisfied to bring real value to the
flying public, our only reason for existence [3bgr its use in wind turbines all of these

same requirements can be directly applied to blades

Damage Tolerant Design

Damage tolerant design is a philosophy of optinmraand periodic maintenance.
Damage tolerant structures are made to performaftelt some damage has been
incurred. This design philosophy also calls for Bengeriods of time between
maintenance so damage can be observed and traefed i becomes catastrophic. Also

the maintenance can be condition based maintersamnopposed to timed, or run till
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failure maintenance. Condition based monitoring tnhesused in conjunction with
properly trained personal in order to best achtbeebenefits of damage tolerant design.
Airplanes, cars, buildings that are earthquakestasi, and most military vehicles are
designed under the guise of damage tolerant deBigs.design philosophy has a place
in systems which are placed in a harsh environnwimtd turbine blades operate in a
variety of harsh conditions, rain, snow, and fragaleet. Being placed in remote areas,
or out at sea, they are hard to inspect, so a dawtederant design philosophy is best used
[36]. A good example of damage tolerant desighésA-10 warthog, pictured in Figure
15 is an A-10 Warthog with the 38Air Expeditionary Wing from Pope Air Force base

N.C. shot up over Baghdad, and landed safely.

Figure 15. A-10 Warthog which Landed Satély
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SENSORS

Three Sensors to be Investigated

The sensors that are the focus of the researddetad Foil Strain Gages
(MFSG), Polyvinylidene Fluoride (PVDF) and Fibert@p (FO). MFSG’s were chosen
due to their ubiquity, ease of use, and inexpensatare. PVDF's were chosen due to
their unique quality of not having to be poweredider to be active as a sensor. Fiber
Optic sensors were chosen due to their versatiity, ability to sense strain of an entire
field. Each of these sensors has its own embeddethods. This is due to different
avenues of data transmission and therefore difféypes of data acquisition equipment
are required. The different sensors and their @aer embedding procedures during
manufacturing will be investigated, along with theifferent data acquisition needs and

effectiveness.

Metal Foil Strain Gage

The Metal Foil Strain Gage (MFSG) is a classic rmdtbf sensing strain. The
metal foil consists of a series of small lines ohductor laid down back and forth in a
series of parallel lines with only two endpointsatbich the leads are connected. The
long thin wire has some resistance to it. Wherfafiies affixed to a material and that
material undergoes some displacement the foil besdonger as a result. This longer
foil has a greater resistance. The change in aegisthas been correlated very well with a

change in displacement or strain.
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Figure 16. Triaxial MFSG Rosette

The triple strain gage rosette seen in Figure hepcavide a complete 2D strain
picture for the coupon section it is attached tooWledge of strain in a specific location

can be used on areas of interest, such as ply drapsther stress risers [37].
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Figure 17. Wheatstone Bridge Circuit for MFSG

For three individual MFSG affixed in the configuoat as seen in Figure 16 one
circuit is needed for each strain gage, so fotripée strain gage 3 different circuits are
needed. The circuit is a Wheatstone bridge as ea®én in Figure 17, which provides a

differential voltage that is directly related tetktrain sensed by the MFSG. The change
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is voltage is related to the change in resistahbis voltage change equation can be seen
in Equation 3. The ¥ is the voltage provided by the DAQ;,RR; and R are all resistors
whose values are the same as the gage resistdnes.\W:is the voltage that is

measured by the DAQ, this change in voltage isalilyerelated to strain.

Vout:Vi*[R3 - Rz] 3)

R3+Rg Ri+R,

Equation 3. Voltage out for Wheatstone Bridge @irc

Polyvinylidene Fluoride

PVDF is a relatively thin sheet consisting of laegeating monomer chains.
These chains act as a piezoelectric material, cteflecauses a voltage to be produced
across the copper lead wires of the sensor. Thermany benefits to using the PVDF
sensor; it is thin, which makes it able to fit itilght spots. The sensor is active in nature,
producing a charge or voltage output in responsentechanical perturbation. While
piezo ceramics such as PZT, BagJi@nd quartz are also active, PVDF has significant
advantages in terms of cost; its high elastic caanpe makes it well suited for
composite materials [38]. One major drawback of &Ds that the film is well suited
for dynamic response and due to the method of digafg, is not well suited for quasi-

static loads.

Fiber Optics

Fiber Optics can measure strain, strain field, tengperature. The technology
exist for the practical application of the measusatrof shear strain, transverse strain
gradients as well as axial strain with the use oltiaxis fiber grating sensors. These

sensors have a definite place in aerospace arigtivctures [39].
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The first research into the guided transmissioligbt was done is 1870 by John
Tyndall. He directed a beam of sunlight into a paftivater flowing from a pale. The
light followed a zigzag pattern inside the curvedipof the water. This was a clear
representation of internal reflection to “bendhigalong a curved path. The illustration

of this experiment can be seen in Figure 18.
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Figure 18. Internal Reflection Demonstrafibn

Research in the mid 1950’s culminated in the adearent of cladding on the
exterior of the fiber’'s core to permit completeeimtal reflection. The cable we used for

our research was a single mode, data transfer.dableeral Fiber Optic construction can

be seen in Figure 19.
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Figure 19. General Fiber Optic Constructionf80]

Fiber Bragg Grating

Fiber Bragg gratings are sections of the fiberclldontain glass that has been
modified to have a different index of refractiorspecified intervals [41]. The length of
these intervals is directly related to the wavelerigat is used in the FO [42]. All Fiber
Bragg gratings have one thing in common; their les@re all one-half of the modal
wavelength within the fiber core. The wavelengtlhaf ultraviolet light is 244 nm which
corresponds to one half of 488 nm, the wavelengitheoblue Argon laser line used to
produce the Hill gratings.” The two overlapping ultraviolet light beams irfexe
producing a periodic interference pattern thategrét corresponding periodic index
grating in the core of the optical fiber. The metlvalled the transverse holographic

technique is possible because the fiber cladditgusparent to the ultraviolet light
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whereas the fiber core is highly absorbent to thrawviolet light. A schematic of this can

be seen in Figure 20.
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Figure 20. Schematic of Original Bragg Grating g Apparatus”®

There are other methods of imprinting FBG into a B@imple one includes the
two beam interferometer arrangement for side-wgifiber Bragg gratings. This method

allows for the writings of gratings using a singbeciter light pulse.

Figure 21. Two Beam Interf ometer Arrngementt§fde Writing FBG using the
Holographic Technigqu@
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The most popular method of writing FBG into a F@his phase mask technique.
This method of fabrication for FBG greatly redutes manufacturing processes,
allowing for a low per grating cost, and still ptmes gratings with high performance
[42]. Another benefit of the Phase Mask Techniguiaé ability to tailor the profile of
the indexed modulation, this process is called ggadidn. This technique can be
extended to fabrication of chirped or aperiodi@filgratings. Chirping means varying
the grating period along the length of the gratmgrder to broaden its spectral response.

Aperiodic or chirped gratings are desirable for mgldispersion compensators.
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Figure 22. Phase Mask Technifue

Fiber Bragg Gratings allow for many different kinafssensors; the most popular
are temperature and strain. All of the sensordased upon the idea of the FO being
expanded and the change in length between thengsas recorded by an interrogator. A
FO with FBG can be used at a sensor for pressheey $orces, 2D and 3D force

measurements [43].
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Strain Sensing Methods For Fiber Optics

In one method for obtaining strain from a fiberioptith a fiber Fabry-Perot
(FFP) filter as a demodulator for FBG sensors. 3ystem can be operated either in a
closed-loop tracking mode for use with a singlesser®lement or in a scanning mode for
use with multiple sensors. In the latter case adgve form of signal detection is used
to permit higher resolution to strain-induced shift the Bragg wavelengths of the sensor
elements. This Fabry-Perot filter is for detectihg wavelength shift of fiber Bragg

grating sensor or network [44].

Interrogators

For getting the necessary information from a FOWHBG an interrogator is needed.
There are two general types of interrogators, Tidhasion Multiplexing (TDM) and

Wavelength-Division Multiplexing (WDM).

Time-Division Multiplexing:A TDM system utilizes a simple, pulsed, broad band

light source in conjunction with low reflectivitygtings, sometimes less than 5% [45],
each of which is written with the same grating peii46]. The TDM interrogator can
achieve sample rates of 1kHz and handle 100 diftesensors on a single FO strand, it is
also a solid state device making it more robustdss than ideal conditions. A
disadvantage of the TDM is that 1 meter of baras-@eeded between each sensor. TDM
is also susceptible to cross-talk, which is intenfiee between two returned signals and

can be detrimental to the reliability of the retnrsignal.
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Wavelength-Division Multiplexingt?WDM is the most common type of

interrogation technique. This system either usleoadband light source with a
spectrometer or a tunable swept-wavelength lightcwith photoelectric detectors
[47]. WDM interrogators require that each FBG hawdifferent grating period to operate
properly. As the swept light source passes thrabghrange of wavelengths, the
wavelength of the light passing down the opticaéfiis always known. When the
wavelength passing down the optical fiber coincidéh the Bragg wavelength of FBG,
the light is reflected back up the fiber, to phdé&tectors. [47] The WDM system does
not require the 1 meter separation between grasagsons, Also cross-talk is not a
concern. The WDM system with the tuned swept-wangile laser source is a delicate
piece of equipment, which are more sensitive tglhanvironments than a solid state
system.

Currently the sample rate of WDM is lower than thbTDM. The sizes of the
WDM system and power requirements are larger thandf the TDM system. The
WDM is about the size of a desktop computer andlb®l system can be as small as a
VHS tape [12]. With the vibration, harsh environr@moncerns, and long design life,

TDM is a viable method for interrogation in a witudtbine application.

Cost and Implementation of Fiber Optic System

Fiber Optic systems to be used as strain sensarklweqguire many components.
The fiber optics itself would have to contain filgnagg gratings. These FO would need
to be hooked to an interrogator. They would havieetsheathed in order for the FO to
survive the journey from inside the laminate, asrib& pitch control joint, to the

interrogator mounted at the center of the hubti&ke blades would have their
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respective FO plugged into one interrogator. Thisrrogator would have to be hooked
to a DAQ. An 0s1200 fiber optic with polyimide coeg has 5 fiber Bragg gratings over
its length and can operate at a frequency of 1888 hm. A Fiber optic that is 1 meter
in length and contains Fiber Bragg gratings serfbéiydia National Labs has a cost of
375%. An optical sensing interrogator sm130 fielodiorie which can handle 4 optical
channels and operate in the 1510-1590 nm rangs sta$20,000. The software to obtain
the data from optical sensors is called ENLIGHT LIEBHT provides the basic functions
of interrogator configuration, wavelength data asiion, saving and visualization, and a
host of other features. This software is estimateal price of $600. For an estimated total
of $30,000 for one interrogator with all four oktbptical channels being used, the blades
having 8 meters of sensors each along with an sgtraor not imbedded to be used for
environmental offsets and the software to obtagnd&ita. The most difficult part of the
implementation of a FO system is the embedmentmdars, which will be covered in

depth in the sensor integration portion.

Humidity

Relative humidity inside the rotor higs@mbly. Humidity has a negative effect on
the performance of composite materials under sfddh Knowing the relative humidity
inside the blade over its lifetime will give engare a more complete picture of the
environmental conditions under which these blagesaie.

Affixing humidity sensors to the inside surfacetlod blades and monitoring them
with a DAQ system is a relatively simple undertakifihe relative humidity sensor
(RHS) can be affixed to the inner blade surfacehmaga strain sensor would be. The

blade surface would be cleaned with Isopropyl abtaimd let air dry. Then the sensor
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would be affixed using an aerospace epoxy suchy&oka substance commonly known
as smurf glue. Sensors such as the TDK CHS-UP$wkRish only need a ground wire,
5 VDC input, and a voltage output wire in ordeofierate effectively. The voltage
output is a direct conversion to relative humidiityhis type of sensor and can easily be

read by any DAQ system, negating extraneous unsaoesircuitry.

Temperature

The temperature inside the rotor hub assembly dhaatl be that different from
the temperature outside. But the range in tempesthat the blades and rotor assembly
are subjected to will be necessary for the engsteknow in order to better design the
blades.

Thermocouples are the simplest way to measure tatype using a DAQ
system. Two dissimilar wires are TIG welded togetii@at point is where the
temperature measurement will take place. Due tdhdwenoelectric effect when a
conductor is subject to a temperature gradientyent is created [49]. A reference node
is needed that is at a known temperature, in cubD&® systems this is done with
simple circuitry. This is known as cold junctionmngpensation [50]. In most modern
DAQ systems there exists a cold junction compemnsatcuit. The relationship between
temperature and voltage is non-linear and is desdrby this equation

N
AT = Z a,v"

n=>0 4)
Equation 4. Relationship between Temperature arithiye

Often times in a digital DAQ this equation will part of the programming within

that systemAT is the change in temperatugg,are the coefficients and are given for n
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from zero to between five and nine [50]. The vaidtagt is VV and the values for n are
coefficients which are specific to the thermocouple

Thermocouples can be placed either on the inkiglbliades or on the exterior of
the structure in many locations in order to geitdaa of the temperatures that these
structures operate under. With information frompenature probes on the interior and
exterior of the blade an internal temperature gnatdcan be calculated. The inclusion of
a thermocouple imbedded within a laminate woul@ flaw in the laminate. This flaw is
unnecessary due to this information being obtamallother means. Temperature can
also be sensed by a FO. A FO placed inside the lnoto blade assembly but not
embedded within a blade would function well asragerature sensor by expanding and

contracting with the internal temperature.

Acceleration

Accelerometers can be used to monitor gust frequenilades presently
deployed in the field. As a tool for comparisom ifontrol surface was engaged on those
same blades, the acceleration peaks from beforafterdhe deployment could be
compared and used as a metric to see if the caurtdces have a positive effect on the
blade deflections. The accelerations felt withivlade as it flexes will vary with blade
length.

Accelerometers are conventional and ubiquitoushisrapplication. There are
simple circuit based 3 axis accelerometers. Thelaxation at the tip of a typical 35
meter blade should be covered by a £20g accelessmieigood accelerometer for this

industrial application is the PCB 3713D1FE20G/025Alich measures +20g’s, has a
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sensitivity of £ 5%, and +5 to 30 VDC excitatiorhi$ sensor is robust enough to

withstand the instillation into the blades.

Tip Deflection

Measuring tip deflection directly has many advaatagKnowing how close the
blades presently get to the tower coupled with vépeed at that time would be a great
benefit in predicting and preventing tower strikes.

There are many methods to doing this. One suchadegithe deployment of
accelerometers at the tips of the blades [37]. aaddtional labs outfitted a 9 meter TX-
100 blade with a host of sensors and fatigue loddedtlade to test those sensors for
performance in the realm of flaw detection. Acoaheeters were successfully used in

determining the tip deflection of the blade.

Delamination

Delamination of the fiberglass laminate is a sejpamaof the individual layers of
fiberglass, brought on by a breakdown in the lataimaatrix.

By 20-30 years of operation (typically the expedtgdime of wind turbines), the
cumulative number of fatigue cycles for wind tubiniades lies in the range of 10”8 to
10M9. This extreme accumulation of fatigue cycléh\wuch a large amplitude range is

unequaled by practically any other mechanical mrcstiral system [21].
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Figure 23. Accumulation of Fatigue Cycles

There are many different forces that can act upblade in order to cause

delamination. There are certain sections of thdeélahere it is more prone to

delamination than others: ply terminations, skiffester intersections, and sandwich ply

terminations [51].

Delamination can be sensed by ultrasonic transdquoées that would have to be

placed in contact with the blade. The effectivertgadtrasonic transducers is displayed

in a test done on a full scale blade. The testargipeters are outlined in their own words

below.

“The width of the scanned zones was 0.5m and cogdhie area over the
main spar. Only the compression side of the blage (Figure 24) was
investigated by means of the ultra sonic tests.tésted areas had a length
of 3.6m, 3.6m and 6m. This covered section 1, se@i and section 3 as
given in figure 1. A mobile scanning system, wittottransducers, was
mounted on the blade with suckers. The resolutiepssof the scans was
2.5mm. The ultra sonic waves are transmitted tobtade through water
and the reflections from inter-faces like skin foey glue to main spar
were measured. If any delaminations or lack of gkien the zone,
reflections will also been seen from these. Infibaere below the result of
such a scanning of the blade sections 3 are shofjii |
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i1: Skin/glue
In this area a red color indicates bad cohesiowdst skin laminate and epoxy or
missing epoxy.

gl: Sandwich
Transition from red to yellow/green color indicatesders of the foam towards trailing
edge.

g2: Sandwich
Transition from red to yellow/green color indicatesders of the foam towards leading
edge.

cl: Tranducer signal not good
This area could not evaluated

01: Area with damping
Blue color indicates high damping in skin or mgpaslaminate, which could be caused
by porosities

T e S1@aside, T Ty T (o BT g a1 S

[ s T - T L2 s T T T L T = b
2200 2600 2800 3000 /3200 .

Figure 24. Results of Ultrasonic Transducer Tegtin

This test is on a 25m (V52) blade, supplied byt&®sThis test, albeit in a
laboratory environment shows the effectivenesfefultrasonic transducer to sense
flaws inherent in the blade. This specific bladd bhaen tested to the static design load,

and design fatigue loads which are similar to g&4r lifetime. Due to these heavy loads
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placed on the blade, the ultrasonic test was peddrto investigate if any damage was

present.

Acoustic Emission

Acoustic Emission (AE) is a simple microphone dewuitat would be mounted to
the internal surface of the blade. The merits f type of sensor are not necessary for a
smart structure due to the fact that the flaw pgagian that they sense is irreversible.
However the AE sensors have the distinct charatieof recording valuable data about
the type of failures a blade undergoes.

This microphone would listen for internal cracksi®ed by delamination and
crack propagation [52]. The AE sensors coupled wilier types of sensors can be used
to correlate the strength of a load and the typ@ ahy) damage that occurred during,
along with the location of the event over the life¢ of the blade [37]. Acoustic Emission
is something that works very well in the laborateegting due to its sensitive nature, but

not well in a field setting due to that same sénsihature.

Shearography

The ability to Non-destructively examine the pl{fsoughout a thick section of
laminate. This method of non-destructive examimatian be done without surface
preperation. This sort of non-destructive examaonats robust enough for use as a field
inspection tool.

Shearography is a technology that uses heat, peesswibration to excite a
material. From that excitation a technique callgdnferometrics is used to measure

microscopic surface deformations caused by intdtaak within the structure [53].
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Currently there exists an ASTM standard E2581 whligtines how to inspect composites
with shearography. DANTEC dynamics makes a portghé&arogrophy NDT inspection
unit. This unit Q-810 is one that uses pressutherform of a vacuum to hold itself to
the inspection surface and excite the materialgogispected. The inspection rate is
300mm x 200mm in 10 seconds [54]. Figure 25 isctupe of the results of a

shearography test.

Figure 25. Shearography Image of Defects in a Quwite Material
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EMBEDDING OF SENSORS

The MFSG, PVDF, and FO were all imbedded into &sef layups. This series
can be seen in Tables 4-9. Each layup had theftsensors imbedded into it: initially
everything was under the vacuum bag and this stpded a good seal and fiber
volume fraction on the order of .42~.45. This désbto an indenting of the samples from
the lead wires, and to an inability to get sigmadnd out of the sensors. Lead wires from
each of the sensors were drawn through the topopé#ne layup, peel ply and flow media
but left inside the vacuum bag. The drawbacks weatthe wires were encrusted with
resin every time a laminate was shot. The encrustexs made for difficult handling and
potential sources of breakage for the wire.

For ease of use, the wires should not be encrugtadesin. The solution was to
draw the copper wires, and FO, through the toprpthe layup, the peel ply, flow media,
and vacuum bag, and then it was to be sealed Hyiagpacky tape around the slit in the
vacuum bag. This worked well for the PVDF and MR&@ to the robust nature of the
PVC covered copper lead wires. This process wasnuaad until the last 3 laminates. On
these laminates a secondary vacuum bag was plaa@addathe entire bank of sensors
that were ingressing and egressing through thevlasuum bag. This created an area that
was mostly free of resin and a very good vacuurh $&a PVC coated copper wire
stood up well to the steps needed to extract saoguipons from the laminate. These
steps include: removal of the vacuum bag, pryimgléiminate off of the mold, peeling
off the peel ply and flow media, and cutting thenp&es out of the laminate using the
diamond wheel saw. The wires all egressed outefdp of the laminate, so removal of

the bottom side of peel ply and flow media was s$tngompared to removal of the peel
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ply and flow media from the top of the laminate eTiasin encrusted peel ply and flow
media from the top of the laminate was removeddslipg it off and cutting it into
sections in order to keep it away from the PVC witeat were coming through the top of
the laminate. This extraction was made easier wbetangles measuring approximately
1” by 0.5” were cut into the peel ply and flow ma@ind placed around the ingress and

egress points of the sensors.

Steps for Embedding MFSG and PVDF Sensors

The following is a review of the steps to succelbgembed sensors into
fiberglass laminates.
» Step One: Clean samples with isopropyl alcohol.

» Step Two: Submerge sensor in 20% by weight solugfdditric acid for ten
seconds.

Figure 26. Fiber Optic Submerged in 20% by WeNjittic Acid Solutiorf®

e Step Three: Wash with water and let air dry.
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» Step Four: Mark on laminate where the sensor ilaffixed and keep sensor in
place with spray adhesive. Take great car as tthgetensor in the proper

orientation.

» Step Five: Feed led wires through ply’s above #reser surface, take care not to
damage the tows in the ply.
» Step Six: Cut ~1” by ~0.5” rectangles in the flowedia and peel ply that the led

wires will go through. Feed the wires through thessgangles.
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Figure 28. Area Cut Out from Peel Ply and Flow Mé&d

» Step Seven: Cut slits in the vacuum bag and feeavites though those slits.

» Step Eight: Seal the slits with tacky tape.

Figure 29. Sealing Slits in Vacuum Bag with Tadlapé&®

» Step Nine: Enclose the slit and extra lead wira gecond vacuum bag.
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Figure 30. Sensor Sealed in a Second Vacuuri’Bag

Signal Ingress and Egress From the Laminate

Fiber Optics are made from glass and thereforbgitee materials. If a FO is
bent past its minimum bend radius flaws appeanéform of cracks transverse to the
axial direction of the FO core. This generally ascoear the ingress and egress points of
the FO sensor. Different styles of bringing the th@ugh the laminate will be

investigated.

Fiber Optic Ingress and Egress Process

The FO ingress and egress process went through desngn changes; initially
the bare FO was run through the gauntlet of lagehg to discover that every ingress and
egress point was destroyed during laminate extnaclihen it was decided that a small
metal tube was to be placed around the FO andavaavel through the layup, peel ply,

flow media, and vacuum bag. This proved to workgireally better.
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Figure 31. Aluminum Tube used as Fiber Optic Ritoté”

Next PVC coating from copper wire whose ID was elasthe OD of the FO was
split and placed around the FO providing a robustfeexible sheathing. The splitting of
the sheathing provided too many openings for faibfrthe vacuum seal so the change
was made to full PVC sheathing. Long pieces of Rd@@&ting were stripped off and
placed around the FO, through the bag, flow meukal ply and top half of the laminate.
Currently this is the best way of getting FO angitBignals in and out of these layups.
Also a one inch square around the ingress and £guaasts in the peel ply and flow
media were cut out which made for much easier lateiextraction. This did create a
larger resin rich area around the extraction pdims what was already there from the
FO inclusion.

The flaws inadvertently included in the FO can éersin Figure 32 which shows
the flaws as visible light, using a feature calileel visual fault indicator included on the
OWL Zoom Il detector. The faults can be seen inrtftBus the FO traverses in order to

get to the gage length of the sensor.
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7

Gage Length of FO

Figure 32. Visual Fault Indicatdr

There were two methods of signal ingress andssgrem the two ply
laminates. The first was a FO with a PVC sheatlcivibvered everything except the
gage length and very end of the FO. This sheathtieaslaid between the two plies and

exited the side of the laminate. This can be seéfigure 33.

—

Figure 33. Side Ingress of O
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As can be seen in Figure 33 the area affectedd@sheathing is
approximately ¥4” on each side of the sheathindrigure 34 the second method of
ingress and egress can be seen. The sheathing caeib to exit the laminate through the
top ply and the length of the sheath inside theenmtis significantly smaller than that of

the side ingress and egress method.

Figure 34. Ingress and Egress through Top°Ply

Steps for Embedding Fiber Optics Into Laminate

These steps are for embedding FO into a Bladey WilEbe focused on new
blades being manufactured.

» Step One: Clean gauge length of sensor with isgbadpohol. Make sure
there is enough FO to make multiple splices if seagy.

» Step Two: Submerge sensor in 20% by weight solugfdditric acid for ten
seconds.

» Step Three: At the proper spot in the layup rasterO back and forth in the
proper location and in the proper direction. Kdep EO in place with spray

glue.
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» Step Four: Thread a piece of protective PVC coatwgrywhere except the

gauge length and connector end of the sensor.

g, )

ie 35.PVC Cating Coverin II but the Conoetengt :

» Step Five: As the laminate is being completed e tuthread the FO along
with its protective sheath through each layer. Mali@ never to exceed the

minimum bend radius of the FO.

Figure 36. Fiber Optic and Protective Sheath Egngsfrom Laminate

» Step Six: Protect the extra FO and PVC protectieath in its own secondary

vacuum bag before resin transfer molding has begun.
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Figure 37. Second Vacuum Bag over Fiber Optics

» Step Seven: After curing, extract the laminate feélsebeing sure not to
exceed the minimum bend radius of the FO.

» Step Eight: Affix the proper end to the FO and sedufor transport.

Figure 38. Fiber Optic with Mechanical Ends Atted

A list of the laminates that were created can lem $@ Table 4-9. A brief
description of each laminates resin, sensor cositentface treatment, and purpose
accompanies the date of manufacturing. These phass cut into 2x8 inch coupons for
tensile tests, and 1.5x7 inch samples for douhiéileser beam mode 1 testing. These
tests were performed to evaluate the manufactueicigniques and sensor conditioning

steps previously outlined.



Table 4. Flat Plates 1-5 Manufactured to Date
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Laminate Date Matrix Sensor embedded Surface Purpose
treatment
become
Epoxy . . familiar with
1 3/25/2008 | (Prime 2E:jyij/;i Flck:;ermip:t.lac(s:lz/:{ none the steps
20L) poly J needed to
embed sensors
Epoxy epoxy control
2 4/1/2008 (Prime none none psar\:"l les
201) P
Vinylester
(Fibre vinylester
3 4/3/2008 glast none none control
1110 samples
series)
3 axis Strain gages, PVDF, expl.ore signal
Epoxy Thermister retrieval from
4 4/14/2008 (Prime Thermocouple aér late none sensors
20L) couple, acry embedded in
Fiber optic .
epoxy laminate
o
(Fibre 3 axis strain gages, PVDF, sensors
5 4/23/2008 glast Thermocouple, Fiber none .
. embedded in
1110 optic .
. vinylester
series) )
laminate
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Table 5. Flat Plates 6-10 Manufactured to Date

Laminate Date Matrix Sensor Surface Purpose
embedded treatment P
Epoxy 3 Axis Strain Surface treated thrceoenscs:::)arze g:art
6 6/30/2008 | (Prime Gage, PVPF' w/ emry clojch & to explore surface
Acrylate Fiber cleaned with .
20L) . treatment options
Optics Acetone . .
in epoxy laminates
Vinvlester Concentrate on
y. 3 Axis Strain Surface treated | three sensors. Start
(Fibre Gage, PVDF w/ emry cloth & | to explore surface
7 7/28/2008 |  glast ge, FVLUn, y o P .
1110 Acrylate Fiber cleaned with treatment options
. Optics Acetone in vinylester
series) .
laminates
Surf treated
3 Axis Strain ur ac.e .rea .e Create Test plate to
Epoxy Gage, PVDF w/ Nitric Acid evaluate surface
8 8/4/2008 (Prime g o and cleaned w/ .
Acrylate Fiber treatment options
201) Optics Isopropyl in epoxy laminate
P Alcohol poxXy
Create Test plate to
Vinylester . . Surface treated evaluate surface
. 3 Axis Strain . . .
(Fibre Gage PVDE w/ Nitric Acid treatment options
9 8/28/2008 glast 8¢ o and cleaned w/ in vinylester
Acrylate Fiber .
1110 Obtics Isopropyl laminate, start to
series) P Alcohol retrieve signal from
fiber optics
Replace laminate 9
because of
V|ny.Iester 3 Axis Strain Surfac.e jcreat.ed manufa'ct.u.rmg
(Fibre Gage PVDE w/ Nitric Acid defects, initial try
10 9/12/2008 glast g o and cleaned w/ at fiber optic
Acrylate Fiber .
1110 Obtics Isopropyl reinforcement (AL
series) P Alcohol capillary tubes),

collection of signal
strength over time
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Table 6. Flat Plates 11-15 Manufactured to Date

S
Laminate Date Matrix ensor Surface treatment Purpose
embedded
Second laminate
used to evaluate
Epoxy Surface treated w/ fiber optic
11 9/26/2008 | (Prime Acrylate. Fiber Nitric Acid and relnfolrcement
201) Optic cleaned w/ techniques (Al
Isopropyl Alcohol capillary tubes)
collection of signal
strength over time
Laminate to test
Epoxy Surface treated w/ Sercec;rr':?ol:lcbeergsstlc
Acrylate Fib Nitric Acid and
12 10/3/2008 | (Prime crylate Hiber tric Acid an technique ( wire
Optic cleaned w/ . .
20L) Isopropy! Alcohol jacketing),
propy collection of signal
strength over time
Laminate to test
fiber optic
Epoxy Surface treated w/ reinforcement
13 10/10/2008 | (Prime Acrylate. Fiber Nitric Acid and technllque Wlt.h new
201) Optic cleaned w/ technique of jacket
Isopropyl Alcohol collection,
collection of signal
strength over time
Laminate to further
test fiber optic
Epoxy Surface treated w/ reinforcement
14 10/16/2008 | (Prime Acrylate. Fiber Nitric Acid and technllque Wlt.h new
201) Optic cleaned w/ technique of jacket
Isopropyl Alcohol collection,
collection of signal
strength over time
Fiber Optic Signal
t th test with
Epoxy 3 Axis Strain Surface treated w/ oi)triir:iinfoerie\:vnlent
15 | 11/11/2008 | (prime | 288 PVDF, Nitric Acid and as well as initial
Acrylate Fiber cleaned w/
200) Optics Isopropyl Alcohol attempts at
P propy creating G1c test
coupons
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Table 7. Flat Plates 16-20 Manufactured to Date

. . Sensor Surface
Laminate Date Matrix Purpose
embedded treatment
Vinylester 3 Axis Strain Surfac.e Tcreat'ed Mode 1 crack
(Fibre glast | Gage, PVDF w/ Nitric Acid propagation
16 11/26/2008 1110 Acrylate Fiber and cleaned w/ testing (G1c
series) Optics Isopropyl testing)
P Alcohol g
3 Axis Strain Surfac.e fcreat.ed Mode 1 crack
Epoxy Gage, PVDF w/ Nitric Acid ropagation
17 11/25/2008 |  (Prime 88 FVO, 1 and cleaned w/ bropag
Acrylate Fiber testing (G1c
201) Optics Isopropyl testing)
P Alcohol g
Epoxy S\tjvr/f?\l(:ifr;[crfsiild Fiber Optic signal
18 1/22/2009 (Prime Acrylate. Fiber and cleaned w/ strength t?st with
Optic optic
20L) Isopropyl .
reinforcement
Alcohol
Surfac.e jcreat.ed Fiber Optic signal
Epoxy Acrylate Fiber w/ Nitric Acid strength test with
19 1/27/2009 (Prime ¥ . and cleaned w/ & .
Optic optic
20L) Isopropyl .
reinforcement
Alcohol
Vinylester Surfac.e jcreat.ed Fiber Optic signal
(Fibre glast | Acrylate Fiber w/ Nitric Acid strength test with
20 2/3/2009 & yiate and cleaned w/ gth
1110 Optic lsonropVl optic
series) propy reinforcement

Alcohol
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Table 8. Flat Plates 21-25 Manufactured to Date

Laminate Date Matrix Sensor Surface Purpose
embedded treatment P
V|ny{lester Surfac'e T(reat.ed Fiber Optic signal
(Fibre Acrylate Fiber w/ Nitric Acid strength test with
21 2/6/2009 glast y . and cleaned w/ & .
Optic optic
1110 Isopropyl .
. reinforcement
series) Alcohol
V|ny{lester Surfac'e T(reat.ed Fiber Optic signal
(Fibre Acrylate Fiber w/ Nitric Acid strength test with
22 2/12/2009 glast ¥ . and cleaned w/ & .
Optic optic
1110 Isopropyl .
. reinforcement
series) Alcohol
. . Surface treated Manufacturing of
laxis Strain e . . .
Epoxy Gages PVDE w/ Nitric Acid additional tensile
23 2/12/2009 (Prime g A and cleaned w/ testing coupons
Polyimide Fiber .
20L) . Isopropyl with embedded
Optics
Alcohol sensors.
Vinylester . . Surface treated Manufacturing of
. 1 axis Strain L . . .
(Fibre Gages. PVDF w/ Nitric Acid additional tensile
24 2/20/2009 glast ges, FVU, and cleaned w/ testing coupons
Acrylate Fiber .
1110 . Isopropyl with embedded
. Optics
series) Alcohol sensors.
1 axis Strai
Vinylester Gaa)((elz P{/T)Irll Surface treated
(Fibre Acrgla'ée Fibe,r w/ Nitric Acid Manufactured for
25 2/24/2009 glast é tics and cleaned w/ | additional Glc test
1110 DPHES, Isopropyl coupons
. Polyimide Fiber
series) Alcohol

Optics
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Table 9. Flat Plates 26-29 Manufactured to Date

Laminate Date Matrix Sensor Surface Purpose
embedded treatment
1 axis Strain Surface treated
Epoxy gages, PVDF, w/ Nitric Acid Manufactured for
26 2/26/009 (Prime Acrylat Fiber and cleaned w/ | additional G1c test
20LV) Optics, Polyimide Isopropyl coupons
Fiber Optics Alcohol
compare fracture
Epoxy
27 5/11/2009 (Prime no sensors no surface toughness of n.ew
20LV) treatments resin batch with
older batch
1 axis Strain Surface treated Manufacturing of
Epoxy gages, PVDF, w/ Nitric Acid additional tensile
28 5/13/2009 (Prime Acrylat Fiber and cleaned w/ testing coupons
20LV) Optics, Polyimide Isopropyl with embedded
Fiber Optics Alcohol sensors.
Vinylester 1 axis Strain Surface treated Manufacturing of
(Fibre gages, PVDF, w/ Nitric Acid additional tensile
29 6/12/2009 glast Acrylat Fiber and cleaned w/ testing coupons
1110 Optics, Polyimide Isopropyl with embedded
series) Fiber Optics Alcohol sensors.
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Conclusions on Sensor Manufacturing

The iterations that the manufacturing underwenhécourse of producing these
plates and protecting signal ingress and egresb&agren in the purpose column of
Table 3. One manufacturing step that was not adlin the table was the addition of the
second vacuum bag around the ingress and egreds pbthe sensor leads, this was
done on laminate 13 and all subsequent laminatesplates were manufactured
successfully and the coupons were subsequentbdtesid the results of the test can be

seen in related publications [59].

Gust Loading

Gust loading can be sensed in many different wagselerometers, pressure
transducers, piezoelectric sensors, and anemonzteadl used as sensors for gust
loading on a wind. Pressure transducers and anetasweill be reviewed with respect

to sensing a gust load.

Pressure Transducers

There are a variety of pressure transducersemtrket today. The most
common type is a strain-gage based transducercdieersion of pressure into an
electrical signal is achieved by the physical defation of strain gages which are bonded
into the diaphragm of the pressure transducer aretiwnto a Wheatstone bridge
configuration [55]. Another popular method for tsdaction is applications of

piezoelectric materials like quartz. The cerami¢anal would contact the flowing air
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current. As the flow of gas, in this case air, @ages so does the load on the piezoelectric

material. This in turn increases the voltage oufp linear rate by the ceramic.

Anemometers

This is the classic method of sensing wind velesitiThe most prevalent
form of this is the cup anemometer, which conthree cups equal spaced from a
vertical rotating axis. The spacing of 120° makesiore even torque through varying
wind speeds. As the wind speed increases thean#tvelocity of the vertical axis
increases, this increase is linear up to a poidtranst be accounted for by an

anemometer correction factor.

Figure 39. Three Cup Anemometer

These methods of sensing gust loading have thdividual positive qualities but
they all have one glaring drawback. All of thesessgs sense the gust at their individual
locations. The gust of wind has to arrive and irhpame load on the structure, or sensor,
before any of them register a load or react toatimel speed. This delay between the
arrival of a gust of wind and the sensing of a giistind seems counterproductive with

respect to mitigating gust loading on the structtfrthe load is on the structure and then
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the structure reacts to the load it is too lateitigate that load already present in the

blade.

Impending Gust Loading

The ability of a smart structure to sense thedqadced on it has been
demonstrated to be of paramount significance. Ke that idea of sensing one step
further and to actually be able to predict the lngdhat would be placed on the structure
would be ideal. The technology exists in the fofMDoppler LIDAR to do this. High
resolution profiles of mean and turbulent statsst€the wind field upstream of a wind

farm can be produced using a scanning Doppler LID2G}.
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Light Detection and Ranging (LIDAR) can be usednmnitor wind speeds up to
800 meters high with the station sitting on theugi [56]. The implications of being
able to sense wind velocities at a range of evémiéters upstream of the wind turbine
are far reaching. The turbine could change its sli@pthe impending gust loadings and
be ready when those gusts arrive. The blades wmildave to be subject to unknown
forces; those forces could be quantified througleaech, accounted for through proper
programming of the control systems interaction & LIDAR sensor, and mitigated
through proper deployment of control surfaces hdusehe blades themselves.

The use of LIDAR would be helpful for gust loadsnags far as active control
surfaces are concerned. More useful for the widdstry are accurate meteorological
reports that would accurately be able to predicidmielocity and direction 30 to 45
minutes ahead of schedule. This would aid in smowthrporation of wind turbines into

the nations grid system.

Sandia National Labs Blade Study

Each of these sensors must be researched andhttieidual merits proven. As a
proof of concept many of these sensors were embadtiea blade which was
manufactured in Warren Rhode Island at the fagdiof TPl aerospace under the guise of
Sandia National Laboratories. MFSG, accelerometieesinocouples, and FO with fiber
Bragg gratings were all embedded or affixed toitisele of this blade. The FO with fiber
Bragg gratings were designed to measure temperaarstrain, the host of other sensors
to be redundant and used as a benchmark in soreg; @l as a source for correction

factors in other cases.
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Figure 41. Sensors Affix to the Inside of a Bt

Figure 41 shows the sensors affixed to the ingfdbe Sandia blade. The two
metal cubes are three axis accelerometers withiaazable as data transfer conduit. Two
are mounted into the blade for redundancy. As @seen in this photo, the blade is
packed full of sensors, the FO which were bondeti¢anside of the blade contained a
layer of foam around them in order to preserve thamextraction after the blades useful
life was reached. This does not make for the bafs¢r@nce to the inside of the blade
structure and therefore not great strain sensipglulities. The reason this was done was
to have the ability to extract the FO for future asie to its expense and its containing of
Fiber Bragg gratings. The sensors that were emlokidte the flat laminates were to
coincide with research that came from Sandia’sél&nbedding of MFSG, PVDF, and
FO were also to be a proof of concept for the Sabtide. The issues that were
addressed concerning signal ingress and egresdavieeeshared with Sandia. Potentially

these ideas could be used in an industrial sengdementation situation.
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FIBERGLASS LAYUPS

Initially metal foil strain gauges (MFSG), PVDFip8, and Fiber Optics (FO)
were embedded into a 2 ply layup of saertek-14idalbhe ply’s consisted of 0°
dominated toes stitched together with nylon, atldraamount of 90° stitched in also.
The stacking sequence for the layup was [0,90,9T/0% made for a symmetric laminate
that was easy to cut up into sample pieces. Th@lesmwvere roughly 2” wide and were
cut on a diamond wheel saw. The process of infuseso was done with a vacuum
assisted resin transfer mold (VARTM). The mold kiiag sequence was a hard
aluminum mold on the bottom, peel ply, flow medie stacking sequence of the layup,
another set of peel ply, flow media, and a nyloowsnm bag on top. This process was to

mimic what is done in industry during blade mantiaag.

Resin

The resin was pulled through the stacking sequamaenatter of minutes due to
the small layups that were being infused. Thereeviwo distinct types of resin that were
used, the first being Prime-20 epoxy and the sebeimy vinyl ester with an MEKP
activator. These resins are commonly used in imgusihd that is the reason they were
chosen for this application. The polyester resimcis also very common was not
investigated in this particular study. The primei2@nixed 100:26 by weight and the

vinyl ester is mixed with a ratio of 1.25% by volam
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Bonding of sensor surface to the composite

A series of modifications were to be tested fopriaving bonding on the surfaces
of each of the sensors. There were three diffesensor sets that were tested. The first set
was simply cleaned with isopropyl alcohol. The setset was dipped in a 20% by
weight solution of nitric acid and then cleanednhagiopropyl alcohol. The third set was
submerged in a 20% by weight solution of nitricdafcr 10 seconds and then cleaned
with isopropyl alcohol. These sensors being embeédde viewed through the eyes of a
Secondary Electron Microscope in order to gainteebeiew of the reaction of the

surface treatments to the epoxy.

Secondary Electron Microscope (SEM)

The SEM is one of the tools used to investigagehibnding of the sensor surface
to the fiberglass laminates. The samples weralhjitextracted from the laminate by the
use of a diamond wheel; the samples were cut tatabom square. Then were affixed
into an aluminum holder and polished on a serigmbghing wheels, all the way down
to 0.05 microns. Initially the polished surface weésaned with acetone but once it was
realized that acetone ate away at some of thegtinetecoatings of the sensors the
cleanings were done with isopropyl alcohol. Thee can be seen in Figure 42 and

Figure 43.
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Acrylate coating
degraded by
acetone

Figure 42. Fiber Optic Coating Degraded by Acetbne

Surfaces were then cleans with Isopropyl alcoedbanot degrade the acrylate

coating of the Fiber Optic.

Poor bonding
between FO and
acrylate coating

Surface cleaned
with Isopropyl
Alcohol

Figure 43. Fiber Optic cleaned with Isopropyl Al
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The SEM images produced a lot of insight as to tlewsensors bonded within
the surfaces of the laminate. As seen in FigurantiFigure 43 the glass FO is not
bonded well with the acrylate coating. This mayal@oduct of the cutting and polishing
process. The horizontal lines present in Figurard2caused by polishing. But even if
this is the case it raises an interesting quesiMien using FO as strain sensors; how
well isthe glass core and cladding bonded with the acrylate or polyimide coating that

protectsit?

Acrylic Coating

W,
o s

. Glass Fiber Optic Poor Binding

\\

Figure 44. Fiber Optic with Acrylate Coatitig

Similarly the PVDF films have an acrylate coatingane side of the film and
nylon coating on the opposite side. The cleanirth acetone ate away at the acrylate

coating on the PVDF, this coupled with the infusadmesin caused the silver ink to



91
“flow” from the PVDF. This lowers the reliabilityfdhe sensor since the silver ink forms

the capacitive plates of the sensors. This ink ftew be seen in Figure 45.

Figure 45. Silver Ink flow in the PVDF filff

The surface of the PVDF tells a similar story wigtigards to the surface treatment
helping with bonding to the laminate. Figure 46whathe surface of the PVDF sensor

cleaned with isopropyl alcohol.

100um M 53 X WD= 4mm

Figure 46. Poor Bonding of Epoxy to PVISF
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Figure 47 shows epoxy bonded well to the surfade®PVDF sensor which was

submerged in Nitric Acid for ten seconds.

Figure 47. Good Adhesion of Epoxy to PVDF Surfdce

The MFSG have a functionalized surface on one thigieis made to be bonded
onto a coupon. The opposite surface has no sutdcsureatment. Therefore when the
sample is only cleaned with isopropyl alcohol the $urface does not bond well. This
can be seen in Figure 48. This picture also brumthe issue of flaw initiation. A flaw

initiation’s volume does not matter in relationth@ structures overall volume.
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Poor Bonding -7[

e

Figure 48. Poor bonding on surface of MFSG

The view in Figure 49 is of an embedded MFSG whictlerwent the Nitric acid
submerging process. As can be seen in the pictueeMIFSG sensor path can be seen
along with the rough surface left by the resin.sTdemonstrates poor bonding between
the top surface of the sensor and the fiberglagsths above the sensor.

The embedded MFSG in wind turbine blades wouldlistilprotected from
lightening strikes due to the blades lighteninggecton systems which are installed by
the blade manufacturers. This protection systengnwiorking properly, would also

protect the electronics and DAQ that would be presethe rotor and blades.
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MFSG
Sensor

Figure 49. Embedded MF$&

Figure 50 shows the 126n FO with an acrylate coating which underwent the
nitric acid submersion process. The acrylate cgginesent on the outside of the FO is
bonded well to the resin around it. This is evidarthe fracture lines that propagate

through the resin/acrylate boundary.
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Figure 50. Embedded Fiber Offic
The poor bonding evident in this photo is at ti¥d€rylate surface. This brings

up the issue of how well the strain through thergtass is transferred to the FO, and
how sensitive are the FO in this configurationiébdf strains. Resolving this issue will

take collaboration between the FO manufacturerslagid end users.
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CONCLUSIONS FOR HEALTH MONITORING

The sensors that were modified with submersioh@20% nitric acid solution
for ten seconds bonded better to the fiberglasmke Installation tips and practices are

outlined in Tables 10. These practices are for oemstruction only.

Table 10. Conclusions for Sensor Embedding

Cleaning Sensor Surface I .
Sensor Method conditioning Instillation practices
Cover in PVC sheathing
Wash with | submerge in 20% by material everywhere except
Fiber Optics Isopropyl weight solution of | gage length of the sensor.
alcohol nitric acid Take care not to bend pas
minimum bend radius.
Spray with tacky glue in
Wash with | submerge in 20% by Ogg i;taﬁﬁg?at;;ﬁgsﬁgiﬁgr
MFSG Isopropyl weight _solut_ion of fiberglass. Make sure the lead
alcohol nitric acid wires inside the layup do nagt
touch.
Spray with tacky glue in
Wash with | submerge in 20% by oprg iretevrlfﬁee?at;;ﬁgsﬁgstﬁgr
PVDF Isopropyl we|ght_solut_|0n of fiberglass. Inspect sensor for
alcohol nitric acid to much etching of the
PVDF's exterior
Wash with
Humidit Isopropyl No conditioning | Affix to inside of blade with
y alcohol and needed HySol
let air dry
Temperature [ Wash with | submerge in 20% by Affix to inside of blade with
(Thermocouplg Isopropyl weight solution of HvSol
) Alcohol nitric acid y>0
Wash with
Accelerometer| Isopropyl No conditioning Affix to inside of blade with
S alcohol and needed HySol
let air dry
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PROJECT CONCLUSIONS

The test beds were manufactured successfully. Beslded needs few
modifications to be placed in a wind tunnel forigation of TCFD calculations. False
wall flaps are easy to manufacture and potentjaibyide the same benefit with less
manufacturing costs and steps. The steps for rtitngfa blade with a false wall flap are

discussed below.

» Take the turbine out of commission and detachabe hub/blades from the
tower and place it on the ground.

* Unbolt the blades from the rotor hub and place tireenform onsite with the
trailing edge pointed down.

» Place in the pipe along the trailing edge. Thip stél have to be done very
carefully due to the close quarters inside thedldaoling would have to be
used to lay the pipe in the correct place and txgphe pipe into place. The
pipe should have no holes drilled in it at thigystaf the process due to the
imperfect nature of this process.

» Take an image with acoustic emission or x-ray eftthiling edge of the
blade. This imagery is used to determine the sjgdoi¢ation of the epoxied
pipe. The pipe itself can be PVC or some othermpely metal should be
avoided due to corrosion and differing coefficieotshermal expansion. The
amount of epoxy will have to be regulated as toadst to much weight to the
blades, also the blades themselves will have taireed balanced after this
process.

» Drill holes at appropriate locations through thada, epoxy that is holding
the pipe in place, and the pipe itself. De-buriwhghe holes must be done on
the inside and outside.

» Install the compressor, reservoir tank, and corgystem into the rotor hub.

» Stab the blades back into the rotor hub and hoake&oses in the blades to
the control system in the rotor hub.
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» Test the system whilst still on the ground and meke its functioning
properly.

* Fly the rotor hub/blades back into the air and ah&tower.

» Test the system while it is installed on the tower.

The steps for retrofitting a blade with a Gurneypfcan be seen below. There is a
large amount of material to be removed and modiflée modifications come in the
form of supports which need to be epoxied back jpige, and fitting of active control
hardware. Due to all of the steps being outlinetdnot fully analyzed in terms of cost of
labor and materials, the retrofitting of deployéades with Gurney flaps needs to be

investigated further but is presently not recomneehd

» Take the turbine out of commission and detachabe hub/blades from the
tower and place it on the ground.

* Unhook the blades from the rotor hub and place timeanform onsite with the
low pressure side facing up.

* Using a chalk line and pattern mark out of the éladrface the material to be
removed.

* With a worm drive saw and appropriate diamond abatgting wheel remove
the marked material. Be sure to use a mixturelwidant such as water and a
slow cutting speed like 10 in/min in order to ke¢ke temperature of the blade
to a reasonable level and not burn the materialgbeut. Thicker sections will
have to be cut at a slower feed rate, like 4 inffoi? inch thick sections.

This cutting will have to be done to within an aaty of 0.25 inches

» Once the material is removed a reinforcing shedr wid have to be installed.
This shear web will span from the top of the lowgsure side to the inside of
the high pressure side. This shear web will havgetepoxied into place.

* The mounting points for the hardware will have éoitstalled. Using a
predetermined pattern mark the locations of mogpimints and drill through

the material. A hole through the added shear wdlhawe to be cut, this hole
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will have to line up with the rest of the mountingrdware within 1/8 of an
inch.

* The mounting points will have to be countersunk badkfilled in order to
maintain the blades profile. The mounting pointsudt be fit tightly and
multiple checks should be made to ensure propgnmalent and square in
relation to the other mounting points.

* When the mounting points are secure and the shefaiisicured the hardware
can be installed. If manufacturing up to this pdias been done with
sufficient quality, the hardware installation shibbk a fairly smooth
operation. The actuators, flap, and actuator lghesild fit relatively easily
within the design of the retrofitted blade.

» Install the necessary hardware into the rotor hub.

» Stab the blades back into the rotor hub and hodakeactuator lines in the
blades to the control system in the rotor hub.

* Test the system while still on the ground and nmlee it is functioning
properly.

* Fly the rotor hub/blades back into the air and gh&tower.

» Test the system while it is installed on the tower.

The process for embedding sensors into fibergasghates has gone through
many iterations and a viable solution for ingresd egress of fiber optics has been found
in the laboratory setting. The steps for succelsséwrhbedding MFSG and PVDF sensors
into a laminate can be seen below.

» Clean samples with isopropyl alcohol.
* Submerge sample in 20% by weight solution of Ni#iwed for ten seconds.

* Wash with water and let air dry.
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* Mark on laminate where the sensor will be affixad &eep sensor in place
with spray adhesive. Take great care to get thessen the proper
orientation.

» Feed lead wires through ply’s above the sensoasertake care not to
damage the tows in the ply.

» Cut ~1" by ~0.5”" rectangles in the flow media amiply that the led wires
will go through. Feed the wires through these regits.

» Cutslits in the vacuum bag and feed the wiresdghdhose slits.

» Seal the slits with tacky tape.

* Enclose the slit and extra lead wire in a secormdivan bag.

The following is a review of how to embed a FibeatiCs into a blade undergoing
new construction.

» Clean gauge length of sensor with isopropyl alcoltalke sure there is enough
FO to make multiple splices if necessary.

» At the proper spot in the layup raster the FO kmawk forth in the proper location
and in the proper direction. Keep the FO in pladé spray glue.

* Thread a piece of protective PVC coating everywlesept the gauge length of
the sensor.

* As the laminate is being completed be sure to thtka FO along with its
protective sheath through each layer. Make surentevexceed the minimum
bend radius of the FO.

* Protect the extra FO and PVC protective sheattsiown secondary vacuum bag
before resin transfer molding has begun.

» After curing, extract the laminate carefully besge not to exceed the minimum
bend radius of the FO.

» Affix the proper end to the FO and secure it fansport.
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FUTURE WORK

False wall flap from high pressured air or commgstiydrogen should be studied
further. This false wall flap also needs to bedadsh a wind tunnel in a flat plate
configuration and blade test bed configuration.rBaade and flat plate test beds need to
be placed in wind tunnels for validation of Trarmsial Computational Fluid Dynamics
results through the transient region of deploym&he current blade test bed is 26” long
by 24” wide; this would fit well into a wind tunn#hat has a 1 meter square cross
section. This would allow for ample room in mouugtithe blade section and observing
the effects of the flap on the airstream duringtthasitional region of deployment with
an active gurney flap.

Correlate the results of the TCFD and wind tunesid with a more in-depth
economic analysis of the manufacturing plans amgtroction overhaul for outfitting the
blades with Gurney flaps.

Fiber Optics with fiber Bragg gratings need to mnestigated more thoroughly.
Fatigue testing of coupons with sensors imbeddeedessary. These tests with FO and
fatigue testing should be done with carbon lammateo. Test with polyester resin need
to be done. Testing for G1C values will be necassaorder to quantify the perturbment
of sensors on mode 2 delamination.

Study how well the FO are bonded to the acrylate@olyimide coatings that

protect them.
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APPENDIX A

RETROFIT OF EXISTING BLADES WITH GURNEY FLAPS
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APPENDIX A
These pictures corresponding with retrofitting @rig blades with Gurney Flaps are
taken from a SolidWorks file.

» Step One: Take the turbine out of commission aractiethe rotor
hub/blades from the tower and place it on the gdoun

» Step Two: Unhook the blades from the rotor hub glade them in a form
onsite with the low pressure side facing up.

» Step Three: Using a chalk line and pattern marloauhe blade surface
the material to be removed.

» Step Four: With a worm drive skill saw and apprafgidiamond coated
cutting wheel remove the marked material. Be sningse a mixture of
lubricant such as water and a slow cutting spé&dlld in/min in order to
keep the temperature of the blade to a reasonai@é¢ dnd not burn the
material being cut. Thicker sections will have &dut at a slower feed
rate, like 4 in/min for 2 inch thick sections. Tlaistting will have to be

done to within an accuracy of 0.25 inch’s
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Figure 51. Wing with Material Removed for Gurndgg-

Step Five: Once the material is removed a reinfigrshear web will have
to be installed. This shear web will span fromtihye of the low pressure
side to the inside of the high pressure side. $hear web will have to be

epoxied into place.
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Figure 52. Shear web Epoxied Into place

Step Six: The mounting points for the hardware halve to be installed.
Using a predetermined pattern mark the locatiomaainting points and
drill through the material. A hole through the adddear web will have to
be cut, this hole will have to line up with thetrethe mounting

hardware within 1/8 of an inch.
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Figure 53. Mounting Points for Hardware

Step Seven: The mounting points will have to bentengsunk and
backfilled in order to maintain the blades profiléie mounting points
should be fit tightly and multiple checks shouldrbade to ensure proper
alignment and square in relation to the other maogrpoints.

Step Eight: When the mounting points are secureladhear web is
cured the hardware can be installed. If manufaaguuip to this point has
been done with sufficient quality the hardwareiitagion should be a
smooth operation. The electronic linear actuafitap, and electrical lines

should fit relatively easily within the design bitretrofitted blade.
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Figure 54. Instillation of Hardware into Blade

Step Nine: Install the necessary relays and haelwéo the rotor hub.
Step Ten: Stab the blades back into the rotor indbhaok up the
actuator’s electrical lines in the blades to thetca system in the rotor
hub.

Step Eleven: Test the system while still on theugtband make sure its
functioning properly.

Step Twelve: Fly the rotor hub/blades back intodhleand onto the tower.

Step Thirteen: Test the system while it is insthiy@ the tower.
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APPENDIX B

PARTS DRAWINGS OF FLAT PLATE TEST BED
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APPENDIX C

PART DRAWINGS OF BLADE TEST BED
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