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Offshore wind turbines are increasing in siaeugh the year®
reduce maintenance and increase efficiency. The increasing size
wind turbines have led to an increase in lodtiere are several
ways to deal with this bunhithis research active load control is
studied. Microjets were already studied by A.M. Cooperman: Win
Tunnel Testing of Microtabs and Microjets for Active Load Contro
of Wind Turbine Blades and M.L. BlaylocKomputational
Investigation on the Application of Using Microjets as Active
Aerodynamic Load Control for Wind Turbinésth studies done at
the Mechanical and Aerospace Engitreg. This research was
initially an extension on the research of A.M. Coopamraventually
to check the findings of M.L. Blaylock. The microjet system uses
small pneumatic jets to change the lift coefficient of the airfoil to
quickly counter act loads induced by wind gusts. At the Mechanic
and Aerospace wind tunnel research fgcat UC Davis a series of
static tests were done with a modified S819 airfoil in an open circi
wind tunnel at a Reynolds number of 500,800microjet flows with
a momentum coefficient up tod@5, the change in lift coefficient is
studied as a funan of the angle of attack alpha.itWthis
information the open anth a later stadium closed loop control can
be formulated. In this study it was found that there is a linear
correlationbetween the measured momentum coefficient and the
angle of attacklpha, when the supply pressure is kept constant.

Active load
control for
wind turbine
blades using
micro-jets

Page |1



Preface

In November 202 | was hinted on an internship position at the Mechanical and Aerospace Engineering
department of WiversityCaliforniaDavis by H.W.M. Hoeijmakegpsofessorand chair presidenfor the
Engineering Fluid Dynamidspartmentat University TwenteThe research | did at UC Davis on active
load control using micro jets was supervised by Professor C.P. van Dam, wha igvact effort in
assisting me if there wereng problems with the work or nowork related problems during my stay in
DavisDr. A.M. Coopenan, who did her dissertation on load control using microjets and rabsp
assisted me with everydayork relatedissues and with installation of the wind tunnel setiy. H.J.
Shiuand Dr. R. Chowften helped me out if Dr. A.M. Cooperman was unavailabte other more
general issuesdould always rely ob. Richardson, staff of the Mechaniéarospace Engimging
department.Furthermorel would like to thank all the above mentioned people, and in particular
ProfessorC.Pvan Dam and Dr. A.M. Cooperman in supervising and assisting me with the work | did
during my internship, because | could not have doneittheut their assistance and insight.

Xander Westenberg

16-01-2014
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1 Introduction

The increase in size of wind turbines tsemd seenin the last yearsincreasing blade size has a positive
effect on the turbine effiency,the maximum output and on maintenance costhvuslythere are a

lot of economic benefitso this. But ncreasng blade size will also increase the loads on the blades and
the rest of the structure. The blades and the tower will need to be reinfotoedthstand the higher
loads increasing material costs of the wind turbirfés an alternative load control deviEean be used

to minimize loadsThere are several methods to apply load control on wimdbines, nost well known
are active pith and variable rotational speednother leser knownway to control loads is active
aerodynamic load control. By changing ererodynamic characteristics of the blades the lift coefficient
can be changed to lower the lodtthe measured loads angroportional to the lift coefficient
(Cooperman, 2012)

At UC Davis aerodynamic load cariis researchd through the apliance of micretabs and micrgets.

In this report only the microjets are looked at. Microjets are small jets of air blown out of the airfoil
perpendicular to the surfacd®r. M.L. Blayloc#lid a computational investigation on the applica of
micro-jets (COMPUTATIONAL INVESTIGATION ON THE APPLICATION OF USING MICROJETS AS ACTIVE
AERODYNAMIC LOAD CONTROL FOR WIND TUR®NIE8)is research was proven in a couple of
wind tunnel experiments which were part ddr. A.M. Cooperman i@search(Wind Tunnel Testing of
Micro-tabs and Micrgets for Active Load Control of Wind Turbine Blad€k)s research for the most
part uses the same experimental setup as A.M. Cooperman, but the air supply of the microjets is
redesigned.

For the air spply a200 gallon air tank wasstalled, e next step was to implement a pressure and
flow control cevice for the micriets that wereto be catrolled by the wind tunnel lakkomputer using
labVIEWIn this report the process in which the setup waalized and tested is documentedigscribing
the retailing and instadition processof the experimental setupnithe final parts of the report the wind
tunnel experiments are documented and the results are shown
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2 Realization of the experimental setup

Inthis section the companies that were contactadd what lel to certain decisions regarding the
experimental setupill be describedThe first steghat had to be done was to look for the equipment
that was needed. Dr. Ir. A. Cooperman had been lookirgdrfew options ¢ start with, along the way
some other optionsvere found Some turned out to be complex, t@ expensiveor too time
consuming in the production process, which will be explained.here

McMaster-Carr

One of the options that wergiven wadrom McMasterCarr, high flow air regulators with pressure
gauge and motodriven NPT threaded bronze butterfly valvBscause there was almost no
information given on the performance of the instruments it was decided it was better to look fumther
other companies, described below

Proportion Air

In my contact withProportionAir | spoke with Melissa Gambrel about a device that could control
pressure and flovepeeds using labVIEW(fter a few phone calls the engineering department had found
a solution, a drawing is found Figure34in Appendix AThe working principle was however not very
clear and it was hard to say if it would work. And because it would be handmade it would take over 6
weeks to build en ship, it wassa rather expansive costing over $2500.

SMCUSA

On the website of SMCUSA there were a few interesting options. They have a tool in which you can
specify thedimensions and options whichere available. To get pricing on some of the equipment |
called SMCBA, where | spoke tidonty Bilesa sales repesentative, he wanted to visit us and see our
setup. So an appointment was made and a few days later | showedhgreetup. But the problem was
that SMCUSA did not produce electronic valves larger than 1/2'taivie to the conclusion there were

a few options. We could use one large regulator that was mounted directly to the tank and use the old
plastic manifold and use 6, 1/2" valves downstreambuild a manifold that could sustain the high
pressure and downstam use multiple regulators and downstream of that1/2" valves.

2.1 Selection process

Before the regulator was ordered all the options were discussed in a meeting with professor van Dam
and Dr. A.M. Cooperman. A clear overview of all the options that weailable is seen ifablel. The
conclusion was that the options givdy SMCUSA were to complex analild look for 1 1/2" valve else
were, kut deciced to buy thel 1/2" regulator, the SMCUSA NARES854.
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Tablel Selection table

Manufacturer Type of Signal used Price Shipping Opinion
control

McMaster.com Manual 115 VAGt $688.45 Next Very cheap
NB 3 dzf I G 60Hz.Have day solution with not
with motor screw terminals very accurate
driven with results, not much
butterfly valve a1/2" conduitp information
M®pé d / ort IAPSYyd 5
time is 2.5 sec. know about flow

characteristics
Manual 120 VAGit 60 Hz $674.81 Next Faster cycle time
regulatorm ®p g A 4 K oyé day than the motor
with air driven  port for input driven
butterfly valve signal
MPpE D/
time is within
2.0 sec.

Proportion air Volume 0-10vDC/4 $999.5 6 weeks Very linear V/P
booster 20mA. 1.2 mil. control. No flow
pressure Sec. step time control. The flow
O2y i NRf respons rate would be too

high for PSH at
650 scfm
Volume/pressu 0-10VDC for the $2691 6 weeks According to
NBE O2y i flowcontrol and proportion air
also forthe this system can
pressure control. modulate the
0-30psi pressure flow to a max air
monitor flow at 30 psi at
150 scfm and
minimum airflow
is 15 scfm. Very
complicated.
Using 2 signals
one for pressure
and 1 ondor
flow rate.

Control air Fairchild 24VDC supply, ?? ?7? This device can
pressure input 4-20 mA/G only control
O2y (i NRf 10VDC pressure not
T9060 0 05 volume
06 ON/JFE

McMaster.com/th  Manual 0-10 volt witha  $138+$2436/ Next V-port ball used

evalveshop.com  NX 3 dzf I { 24VDC electric  $1745 day/1 might not be
with electric actuator or the week optimal for what
modulating less expansive we are using it
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ol f f @I 115VAC actuator for. But overall

A-T controls operating time flow
0-90 deg =12/14 characteristics
sec seem good. But

have to check for
linearity of the

valve.

McMaster.com/th  Manual 4-20 mA DC with $138+$1597 Next y
evalveshop.com NXB 3 dzf | G a420mA day/1

with electro- electro- week

pneumatic pneumatic

modulator ball positioner for

@ t @S-Tm modulating

controls control
SCMUSA Modular Regulator is 6*$38.45+6* 201305 Not much info on

regulator manual DIN $268.30 07(regula flow

oyé 6 Y I y d. entry. Response tor), characteristics.

with electro- 0.05s power 201304 A0 this setup

pneumatic amp. 29(valve) - \\ith 6 regulators

@t @S oy VEA250(24VDC is not ideal

power supply,
input 0-5V

Electro 24VDC supply ~ $527.75+$11 2013 We would have

Pneumatic with 0-10VDC 15 04-29 to convert this

regulator with  input signal somehow. There

bracket is a second loop

pressure control
which needs to
be converted to a
volume
controller.

2.1.1 Valveshop

Finding a valve that suited oupplication proved to benore difficult than finding a suitable regulator.
Forthe size that was needed there were only a few options. Also manufacturers do not sell their
products directly to customers, but onliroughretailers.An interesting options was the Valveshop, a
retailerin Californighat sells valves for various applicatioBecause they are a retailer and rat
manufacturer theinformation on their products wagiven by the manufacturer. Not all manufacturers
present the same characterizing parametdrsnceit was difficult to conpare productdrom different
manufacturersHowever the ¥lveshop was willing to give advice on a modulating flow valve. The
contact person was Bob Gates, he addissto usean AT Control$0 degree yported ball valve with
an electric actuator suppliedy 115 volt alternating current (VA®©r 24 VAC The 115/AC modeWas
less expansivand easier tausetherefore this version was chosen.
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2.1.2 Valve selection process

Tocheckif the recommended valve would suit the microjet application a quick method for selecting
valves was usedhis will be described in detail below, but the main parameter in this process is the
flow coefficient(Cv), whichs used to select the size of a valeecan be used to compare control valves
from different manufacturers. The flow coefficient is based on a relationship between the floQate

and the square root of the specific grav{tg)multiplied by the inverse pressure drop across the valve

0 n.tit donsiders the flow restrictions in the valve and makes it easier to calculate the flow properties. A
manufacturer finds the flow coefficient by testitige valve in a specific setupsing a standard testing
method developed by the Instrument Society ohérica(Swagelok, 2007)

&

C
€lsl

The valve type that was recommended was a ball valve withlaped openinghe opening size is
LINSASYGSR o0& (KS [IFigudl. S-pofted ball {alBes halef higgietliabtlirdiognR A Y
normalballvalvess KSy GKS |y3tS h Aa AyONBlFaSR GKS ATE 24
Controlsproducedthree standardizedyeometriesto choose from30, 60 and 90 degree.

In the documentatioron the v-ported ball valveby A-T Controlspresentedn Table2, the specific flow
values forh  30,&%0and 90 degreeWhichare givenfor valves ranging fror/2" to 6". InTable2 from

left to right the valve is stroked from 0% to 100#here 0% being fully closed and 100% being fully
opened Below the table the fand Xvalues are given for every given stroke valydaeing the Liquid
pressure recovergoefficent, which is a dimensionless coefficient that descrithespressure drop

when the valve is chokedndX is the maximum pressure drop ratio. However these parameters are
not used in the valve selection proce$e 30 degree ball valweas found to behe best fit for theflow
characteristicof the microjet application.

»s
g s

C—_—
-

Figurel V-ported ball for in a valve.
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Table2 chart for \tported ball chart of AT Traig(TRIAG, n.d.)

"V" Series Flow Coefficients- Cv Chart

Valve Ball
Size Angle 0% 15% 20% 30% 40% 50% 60% 70% 80% 90% 100%
30 0 0.1 0.1 0.2 0.3 0.5 0.8 1.1 1.6 2.2 2.6
1/2" 60 0 0.1 0.1 0.3 0.5 0.9 1.4 2 3.3 4.4 6
90 0 0.1 0.2 0.4 0.6 0.9 1.5 2.2 3.8 5.4 6.9
30 0 0.1 0.2 0.5 0.7 1.1 1.8 2.4 3.3 45 5.4
/4 60 0 0.1 0.2 0.7 1 1.7 2.8 4 6.5 g 12
90 0 0.2 0.4 0.8 1.2 2 3.1 4.6 8 11.3 14
30 0 0.1 03 0.8 1.3 23 35 5.1 9.8 B.5 10
1" 60 0 0.2 0.4 1.1 1.8 3.4 5.3 79 12.3 15.3 21
90 0 0.2 0.6 1.8 3.4 5.1 8.1 11.4 16 21 29
30 0 0.2 0.4 1.1 2 3.7 5.5 8 10 13 15
11/4" 60 0 0.2 0.6 1.8 3 5.5 9.5 12.8 19 26 39
90 1] 0.3 0.8 2 5 8 14 19 28 39 55
30 0 0.3 0.6 1.6 3 5 1.5 11 14 17 20
11/2" 60 1] D.4 0.8 25 4 8 13 19 27 40 52
90 0 0.4 0.9 35 7 13 20 31 42 63 78
30 0 0.4 1.2 3.8 6 10 15 23 31 43 60
2" 60 0 0.4 1.5 46 9 16.5 27 39 55 83 110
90 0 0.5 2 6 12 22 35 45 70 105 135
30 0 0.4 1 4 8 12 18 28 37 62 75
21/2" 60 0 0.4 1.5 5 10 21 34 53 75 103 150
90 0 0.5 1.7 7 14 28 48 70 106 160 218
30 0 0.5 1.2 4 8 14 23 33 46 65 82
3" 60 0 0.5 25 6 14 25 40 65 9] 128 165
a0 0 0.7 3.5 8 18 35 60 90 135 205 310
30 0 0.6 2 6 15 29 48 71 100 130 159
4" 60 0 0.7 3 11 25 40 59 ao 141 212 356
90 0 1 35 16 40 75 125 190 295 442 670
30 0 0.9 3.2 14 33 60 103 155 220 280 350
6" 60 0 2 5 22 &0 110 190 285 416 586 800
a0 0 3 8 35 90 160 280 425 650 970 1480
FL 0 096 095 094 093 092 09 088 086 082 075
Xt 0 098 077 071 067 064 063 062 055 043 0.4
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Figure2 Flow coeficient

For selectiorand sizing of a valve there are a few things to lockratthey are describeéh the list

below (Haslego, 2011However herewere some troublingssueswith this. For instancethere was no

data onthe pressure loss in the system abesides this theravas nowell defined operationallow rate

so a1 educated guess had to be maddso the process describdyy (Haslego, 20113 for valve

controlling a liquid stream. For high flow rate pneumatic systems compressibility has to be considered.
However at 120 SCFM the speed is 25 m/s which is far below 0.3 times the speed of sound and
therefore theair can be considered incompresi.

1. Determine the system: flow characteristics (Maximum flate, operation flowrate and
minimum flowrate), total pressure drog30 PS|)the medium(Air), temperature(70° F)
pressure andgpecific density (1 for air)

2. Determine the maximunallowable pressure drop (rule of thumb says 10 PSl is reasonable
(Haslego, 201})

3. Catulate the flow characteristic®y 0 — , Q = design flowate(SCFM)G = spcific gravity

relative to air(1 by definition) and3-0 is theallowable pressurerop acrosswide open
valve(PSID).

4. Preliminary valve selection: avoid using the lower 10% and upper 20%, stay betvééand.0
80% of the valve stroke.

5. Check the gain acrospplicable flow ratesThe gain is defined as the change in faiwidedby
the change in strokeby rule ofthumbthe difference between the gains should be lesser than
50% of the highest gaitif. this value is too high the sensitivity of the control valve will be too
high, cawsing difficulties in controlling the flow rate carefully.

6. Table3the flowrates and stroke values are defined, the change in fio and stroke anthe
gainaregiven inTable4.
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Table3 Flow parameters

Flow Flow (GPNI  Cv Stroke (%)
(SCFM) ((GPM)/(
PSI§?)
Minimum 20 150 1.08 24.8
Operation 80 598 4,38 46.9
Maximum 150 1122 8.13 61.8

Table4 Change in flowrates and stroke also the gain is given.

Change in Changein Gain(delta flow (GPM)/delta
flowrate stroke (%) stroke (%))

(GPM)
Operation- 448 (3.3) 22.1 20.27
minimum
Maximum- 524 (3.75) 14.9 23.71
operation

The difference between the gain valussower than50% of the higher valu€3.71-20.27 = 3.44. Also
the gain should never be lower than 0.5, which is true in this cesereforethe valve should bevell
fitted for thisflow application.

2.2 Issues with The valve shop and A-T control

In the initial contact with the valve shdpooked at two different valve actuator typgthe Electric and
ElectrePneumatiaype. Becausasing an electrical power supply is easier than supplying power
pneumatically the preference wdsr the electrical system. Initially it was thought thaktlstroke time
of both systems wre about the sme. In the specification sheet there were severdfatient systems
explainedfor some of those systems a difference was listed for a 50 or 60 hertz pupply for others
only 50 or 60 hertz was listehen bot 50 and 60 hertz were listed the values would be in the same
cell butsegregated by a dash,ihwas misunderstoody mefor a fractionbecause all the other values
round figures

Besides having contact with Bob Gates at the valve sihene wasalso contacwith A-T controlso get
a second opinionnlthis conversatiowarious things where mentiwed including that the stroke time
was under one secon@here must have been some misunderstanding as they agreed on this.

2.3 New actuator with positioner from  Process Instruments

Eventuallytiwas decided that a replacement valve was needed. The Valvedihapt take back the
electric actuator with servo cardecause the servo card was used when the valve was tested with
labVIEW at the wind tunnel facility. They offered a refund of 40% of the retail price if we bought a
replacementpart for full price. ltwas decided it would be best to look for an elegmeeumatic actuator
with a positioner elsewhere.
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M. Czasnojérom Process Instrumentsas willing to selthe electropneumaticactuator withpositioner
with 100 dollar discoufor 1150. According to hirt would work with80 PSI shop air, however if the
pressurewould drop it might cycle sloweor stop. To be certairthe electro-pneumaticactuator with
positioner metthe specdMartin Czasnojtook a look at the windtunnel with the microjet setupo be
absolutely certain everything would fit, Dr. Cooperman helped with studying the technical drawings.
Eventually we came to the conclusion that it would work and Dr. Cooperman put in the order.

3 Test section

Here the test section is described, consigtdf the windtunnel, the modified S819 airfoil with the
microjets installed and the air supply installation with the regulator eledtric valve. The
electropneumatic actuator with positioner is also explained at the end of this section.

3.1 Windtunnel

TheUC Davis Aeronauticaliid Tunnel used for the experiments is an oparcuitwind tunnel
manufactured by AerolabAn example of the wind tunnel can be seeifrigure3. The fan sucks the air
from the left of the wind tunnel through the honey comb and four screens to minimize turbulence. The
taper ratio of the inlet to the test section is 7.5:1. The test sectiometisons are 33.6 in. (0.85 m) high,

48 n. (1.2 m) wide and 12 ft. (3.7 m) lorig.the test sections arevo turn tables and a pitot tube that

can be positioed with a traversing mechanism.

Downstream of the test sectiome diffuseris found. The purpose of ttdiffuseris slow down the air

and recover pressure from the kinetic energy to reduce the power needed for the propeller.

At the end the Fan and Silencer are found. The silencer reduces the aero acoustic disturbances in the
flow. The fan is powered by a 125 hp Alternating curmgotor. The electric controllenas a

repeatability of 0.2% of full scale resulting in a 0.64% uncertainty in the determination of the Reynolds
number(Cooperman, 2012)

The balance can measure force in lift direction up to 150dbkey up to 50 Ibs and the pitching moment
can be measured up to §01bs. The accuracy of measurement is 0.1% of fulesafaeach different
component. Because we are usingn dimensional model (there is no wing tymd the cross section

of the airbil is constankthe lift measured is registered in the data as side force, the angle of attack is
registered ag 8But in the report this will be referred to as lift L and angle of attack

The design of the wintunnelis well suited for thepplication andcan quickly increase or decrease the
air velocityto modelgusts Also the pressure vessel size only supmlespressed air for only
approximately20 secondsHigh ramp up or down speeds make sure that tieating time can be
minimized sdhere is enough compressed air to maintain test conditions constant for the period of time
needed to simulate a gust.
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Figure3 UC Davis Aeronautical Wind Tunf@boperman, 2012)

3.2 Airfoil

Theairfoil used, for testingf the micro-jets,is amodified S819 profilethe tail section has been
thickened to make room for the micfiet plenums. A comparison of the S819 and the profile used for
testing can be seen iRigure4. As can be seen in the picturiee profile is thickened from mid chord
towards the trailing edge. At 95% chord length the thickness is douthlisds the positio where the
lower surface micrts positioned In Table5 all the parameters that concern the airfoil can be found.

Original S819
I T I 1
0.7 0.8 0.9 1.0
x/c

Figure4 Comparison of original S819 airfoil compared to the one used by UC Davis.

The span of the blade is build out of glgnticalpieces closed off by a bottom and a ceiling cdpe 6

airfoil pieces are connected to each other using lislgnment pindghat are fitted intoon the airfolil

piece next to it For each individual airfoil piece the holes are located on the bottom side of the airfoil, at
the same place at the top side of the airfpiéce the notches are foun@his way when the airfoil pieces
are put together they will be alignedll pieces arenold togetherusingtwo steel treaded suppontods
fastened withnuts onthe bottom and ceiling side of the bladeachairfoil piece is 536 in(136

millimeter) wide and consists out of a body and a tail connected with a dovetail joint, the joint is located
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at 53% chord for both the pressure and suction surféwehe sides of the body there atkree holes
for the alignment pinsThis isllustrated inFigure5. However this particular picture is for the micotab
system, therefore disregard the linear actuators and tabs.

stabilizing _
rods alignment dovetail  get
alignment pins B cerew

pin

linear
actuators

tabs

Y Y
body tail

Figure5 Cross section of a airfoil piece with microtab system.

There is a large round opening in the icgjlcap for the hoses to supply the airthe plenumsThe
hoses are fed through a hole in the top of the wind tunnel testsecfitve bottom cap is connected to
the blade pieces through the steel treaded support rods by two nithe. fitting and opening can be
seen inFigure6. The placement of the plenums inside the hollow blade can be seEigime?.
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Figure6 Left the bottom cap with fitting o the nuts, on the right the ceiling cap with opening for tubing.

upper surface plenum

lower surface plenum

hose barb

space for

support rod

Figure7 Single section of the model with the lower micfet plenum installed.

Table5 Physical parameters of thenodified s819model used to fit the microjet plenums.

Element Amount
Chord 18 in.(457 mm)
Span

With end caps

Without end caps

Joint location of body and tail
Maximum thickness

Material

Weight, complete model with hollow tails with
jet assembly

Slot location

Upper surface

Lower surface

Slot

Width

Length

Gabs between slots

33 1/8in.(841mm)

32 1/8in.(816 m)

53% chord

3.8 in.(96 mm) at 21% chord
6061 aluminum

66 1bs(29.93 kQ)

90% chord
95% chord

0.09 in.(2.3 mm)
5.1in. (120 mm)
0.26 in. (6.6nm)
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3.3 Microjet assembly

3.3.1 Plenums

The micrgjets ae located at 90% chord ahe suction sidesurface and at 95% chord on the pressure
sidesurface They are 0.09 incf2.29millimeter) wide and 5.1 incl§129.54millimeter) long in span wise
direction. The plenumaredesigned to use as much as possilfithe availablespacein the model An
example of one of the pieces with thpeessure and suction sig@enumsin place can be seen Figure

7. Most of thedimensionsvere already mentioned but can also be found ableb.

The plenums have @435inch (11.05millimeter) opening which is referred to as the hose bavihich
connects them to the aitubing. From there on the cross section keeps increasimgntil the outflow
point of the plenumthis is doneo minimize energy losse$here aresixplenums for the pressure side
jets and 6 plenums for suction sigis. With increase of lift the jets on the suction side will be used and
when the lift decreases thiets on the pressure side wilk usedto compensége the loads on the blade
Eventually ira later stadium othe research pstream of the plenums there will be a switchdieoose
between the pressure or suction side jets. Two manifolds will be used tdtepliarge stream of air
(one and a half inchipio twelve, half inchiubes connecting the suction or pressure side jétse
manifold used can be seenigure8.

Figure8 Manifold connectingsix micro-jets (1.5 inch inlet on the right and 8.5 outlets for the microjets on the left)

Pressurized tankand regulator
Outside the windunnel the air supply is found:200gallon air tankhat will bepressurized up t&0
P3. The tank isnanufactured by Manchester TafkB, n.d.)it can be seen ifrigure9 on the right The
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tank hasconnections ranging from 0.26ch to 2 inchthe openingon top of the tankwas used to attach
a pressure gauge and on thettom a drain can be found.he tank is filleavith a shop airinstallation

that delivers air at 80 psisinga 0.5 inchquickrelease connectoon the lower front sideof the tank like
seen on the right sida Figure9. Theoutflow of the tank uses a 1iichNPTconnection herethe
regulator and electronic valve are connected to reguldie pressure and the flow amounthd

regulator can be seen on the left Kigure9. The knob on top oflie regulator is used to set the psrge
and o, the back of the regulator a gauge is foutids can be seen in the picture of the tank when
looked closely. Between the galator and the tank there ismanual valve with a largeeifow handle to
open or obse it as an extra safety featurthere is also a safety relief valve on the right side of the tank
(between the tank and the wintlinnel) that is rated to 150 PSI.

Figure9 Left: SMCUSA NAR 83%14G Right:Manchester Tank wittregulator attached.
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Table6 Physical parameters pressurized air tank

Property Amount

Size (H,D) 80 in. x 30 in.
Volume(V) 200 Gal(757 L)
Max Pressure(R.) 200 PS(1378 kPa)
Weight 450 Ib (204 kg)

Using the ideal gdaw the maximum flow time can be calculated. All physical parameters for the
pressurized air tank can be foundTiable6. At 80 PSI the tank containggamol air.All variables can be
found inTable7.

2 e s g s v Co
0 W ¢ Y'P ¢ Ny p@Qlol 1
Table7 Variables concerning the air pressure tank.
Variable Amount
High pressurePiign) 80 PSI (551 kPa)
Low pressureRow) 15PSI 103kPa)
Molar mass air if1,;) (Anon., 2013) 0.06384 Ibs.mal (0.02896 kg.md)
Volume tank ¥) 200 Gal (0.757
Temperature T) 75 F (29K)
Universal gas constan®] 8.31 J.K.mol*

The micrgjets are supplied with air at 1BSI| pressure measured at the regulator. Therefore the
pressure in the tank cannot drop beldl® PSI. AlL5 PSI there is still g, mol of air left in the tank.

0 ® & Y'?P¢ b o od 11
Ve d
Therefore there is at thenaximumé € £ p T il &f air that can be usedAtfull

capacity the micrgets use 125 SQFM of #Cooperman, 2012 he density is assumed to drépearly
when the tank is emptied. The average density,) can be calculated with the perfect gas laen the
pressure drop is known.

0 " 'YOo” VYTISIQTbEéEOOEﬂJwES
Now themass floncan be calculated usify 08 |, considering that Q = 125 SCEM05899m?/s)
the mass flowst =0.5066 Ib/s(0.2298 kg's) or 7.935mol.miri*.With thisit canbe calculated that it

takes17 .64 seconds for the tank to drop from 80 PSIL®PSipressureat a flowrate of 125 SCFM.
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3.4 Modulating valve

34.1

Electric actuator/digital positioner

The electric actuator and servo card together are called a @Dt is build by AT controls and is
advertised to be used with ball valvéelow the features of a standard WE0O0 actuatorare stated a
picture of it can be seen Rigurel(TRIAG, n.d.)

1.

n

o0k w

Compact and light due to high grade aluminum alloy housing.

High resistance to corrosion due to hard anodizing on inside and outside with polyester powder
coating on external surface.

Output torque: 530 Idbs.

The actuator motor is a reversible, high torque and low current design.

Weatherproof (IP67, NEMA 4, 4X)

Position indicator on top.

Figurel0 WE500 actuator
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The model we used was setup to be powered by a 110V AC source, this was the most cost efficient
option and is also easiest to ubecauseno adapter was needed. The perfante can be seen ifable
8.

Table8 WE500 performance

Type Maximum  Operating Mountin  Full Load Amps Locked Rotor Amps Duty Number Weight
(model) Output Time gSize Cycle  of Handle

Torque  60/50 Hz AC 1PH. 50/60Hz ACIDC__AC 1PH. 50/60Hz AC/DC Turns

In-Lbs. 90° ISO5211 110V 220V 24V 110V 220V 24V S2 N Lbs.
WE500 530 12 or 14 FO3/FO5 0.4 0.2 0.8 0.5 0.25 25 70% 8 6.61
seconds [FO7

The electronigositioneror servo card uses a TDC100 and is bolted onto the actuator. It has a
resolution of 450 point$or aquarter turn.For controlit has a 3 buttodayoutandcanbe configured for
various command types-20mA, 15VDC, &VDC and-A0VDC. The last option is the omged The
features quoted by{TRIAG, n.dare:

1. Positions to £0.1° with quarteurn actuators ranging from 2 sec to 120 gedth or without a
brake).

2. Adaptive Control feature continuously adjusts for load and actuator conditions and eliminates
calibration procedures and autcal operations.

3. Three button control provides easy setup and eliminates the need for instrumentation.

4. Polarity Detection feature allows direct or reverse acting operation withowtirang.

5. Electronic Brake feature can eliminate need for a mechanical brake in many applications, and
extends mechanical brake life when used.

6. Stall Detection feature protectctuator motor from a stall condition.

7. Automatic Duty Cycle Control feature prevents shutdown of a process due to a thermal overload
of the actuator motor, and allows actuators rated for 25% duty or more to be safely used.

8. Operating temperature range oftd 60°C.

The installation is clearly described in the operation and maintenance manual @bAtrol. But the
actuator and electric positiomavere already assembiewhen it was received. Only the signal and
power wires needed to be installed@he ouline of the TDC 108 given inFigurell, it is clear that the
signal wire needs to be connected to terminafd2ine 4 and 6, and the power cableeds to be
connected to terminal Jir lines 1, 2 and 3.
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TDC-100 TDC-100C (CE ready)
TDC-100B TDC-100E (CE ready)

ELECTRICAL
CONNECTIONS

117VAC
234vAC TDC-100A TDC-100D €€
24VAC
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— 0-5VDC(_) OPEN
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/7 |Dooooo|jooooooon
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Figurell Outline of the TDC100 117 VACRIAG, n.d.)
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3.4.2 Electo-pneumatic actuator with positioner

Theelectro-pneumaticactuator withpositioner, shown inFigurel?, is alsomanufactured by Al

controls The package is build out 2iifferent elementsthe 2R13MA double acting air actuatand

the Rotary Type EPR1000 positioner controlled by2@ mAsignal and powered by 80 PSI compressed
air. The output characteristics are linear. Most important parameters can be fouhahie9.

Figurel2 Photo of the electro pnuematic actuator/positioner attached to the valve and éhematic representation of the
EPR100QTRIAC, n.d.)

A schematic representation of the positioner can be seerhe rightin Figurel2. When the current to

the positioner increaseshe armature will be rotating in counter clockwise direction, moving the
counterweight tothe left. This will increase the clearance diste between the flapper arithe nozzle
causinghe nozzlebackpressuréo decrease. Because of this taghaust valve of the pilot valve moves

to the right, and the otput pressure of the of OUT 1 increasessoutput pressure OUT 2 decreases
(TRIAC, n.d.;A schematic representation of the actuator is seefigurel3. The outmt channels of the
positioner are connected to port A and B of the double acting actuator. When the air pressure supplied
to port A is increased the pistons are forced away from each other, this then rotates the drive pinion
counterclockwise. When the giressure to port B is increased the pistons are forced together and the
pinion will rotate in clockwise direction.
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T,
] [ )

A B A B
Figurel3 Double acting actuatofTRIAG, 2012)
Table9 Characteristic parameters of A controls modulating valve.
Characteristic parameter Amount
V-ported valve Valve used A-T Controls V8T S150/2R4DEX6
Specific flow constant range (Cv) 0-20

Stroke range 20 to 125 SCFM
Double actingactuator used
Double acting torque

/| 80tS ¢AYSA 6aSO2YyR
Positioner used

Input signal

Input Resistance

Supply pressure

Linearity

Sensitivity

Hysteresis

Repeatability

QX

21.8%- 64.8%

A-T Controls 2R130DA actuator
1054 (inLbs)

1.2 sec.

A-T Controls EPR1000
2-20 mA DC
HoppMp K

80 PSI

Within £1.5% Full Scale
Within 0.5% Full Scale
Within £1.0% Full Scale
Within £05% Full Scale
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3.5 Sensors used

3.5.1 Flow meter

The flowrate through the nicrojet plenums is measured using a Foxboro voftew meter(Model #84
U1HS1SSTJH)side the piping of the flow meter theis a shedder bar in the centri#,measures the
frequency of theshreddingvortex. When the Strouhal number is known the stream velpcian be

evaluated using the folloing formula:"Y —. Herenis the frequencyD the pipe diameterf\g the

K
stream velocity an&the Strouhal numberThe Strouhal number is depdent on the Reynolds number,
the relationship can be seén Figurel4. Even for the lowest flow rate of 20 SCFM the Reynolds number
is well above 19 therefore the Strouhal number is constant and the velocity can be determined.

Figurel4 Relation between the Strouhal and the Reynolds number

3.5.2 Pressure Measurement

There arawo fast pressure transduee installed on the airfoilThe piezoresistive transducers are
manufactured byEndevco (model 8507L%), a four-arm strain gauge bridge diffused into a sculptured
silicon diaphragmspecifications can be found in

TablelO. The full scale output of the tresducer is approximately 230 mV. The signal is amplified using
an Edevco VDC amplifier (model J3@creasing the full scale output at 1 PSI to 5V. The amplifier
conditions the signal using a legpass filter specificationsre foundin
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Tablel0. The lowpass filter is used so that the frequency respwissmaintained below 11 kHz because
of the resonant frgquency of the diaphragm &5 kHz.

Table10Endevco transducer and amplifier specifications.

Description Specifications
Transducer diaphragm resonant frequency 55 kHz, allowing freq. respons of 11 kHz
Transducer range differential -1 to 1 PSI (+6.89 kPa)

Transducercombined uncertainty( nortlinearity, 0.0110 PSI
hysteresis and noswrepeatability) for FPT1 (serial

number 10355)

Transducer combined uncertaintynortlinearity, 0.0147 PSI
hysteresis and nowepeatability) for FPT2 serial

number 10241)

Transducerchange in sensitivity due to 3.26%
temperature changes for FPT1 across

temperature range of OF to 200 F(-18° C to 93°

C)

Transducer change in sensitivity due to 2.44%
temperature changes for FPTaross

temperature range of 0° F to 200° A.8° C to 93°

C)

Amplifier low-pass fiter gain -3dB
Amplifier low-pass filter phase (corner frequency 10 kHz

The fastpressuretransducers ee installed below the surface of the airfoil directing into the airfoil. In

the surface of the airfoil there are smaliifices The orifices have diameterof 0.031 irch(0.78

millimeter). Metal tubes with a outer diameter(OD) of 0.028 incf0.71millimeter) are pressit into

the orifices extending into the airfoil for 0.2 ifh.08millimeter). The orifices with thenetal tubes

attached are referred to as pressure tabs, these where initially used to connect hoses for static pressure
measurement in research for midab (Cooperman, 201dpad controlbut are now used to support the

fast pressure transducerdn total there are 41 pressure tabs, to get an idea how this looks like study
Figurel5. Obviouslythe location fast pressure transducers canbetchanged during testingherefore

a single location has to be chosét x/c = 0.125x denotes the positiomlong thechordc starting ato,

the leading edge of the airfgiand maximizes at x 5 at the trailing edgejhe pressure differencgives
agood representation of the change in Iffl. Gaunaa, 2009However at this precise location there is

no pressure tab installed, therefore the closest pressure tab was chosen, which is located at x/c = 0.15.
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Figurel5 Section with pressure tabs on the top and bottom surface.

The transducers size is preferably small so it fits into the ainiilcethere alsois onlya small distance
between the surface and the point of measurement. The shafghe transducers is cylindrical, with the
measurement diaphragm on one side and the venting tabeé electric wire for the signah the other

side. To fit the tubing into the metal pressure tabs a smaller diameter tube is glued into the tubing with
the transducer inside it. A visual representation is founBigurel6, tubing sizes can be found Trable

11

Tablell1 Tubing sizes

Description of tubing Size

Tubingto hold transducer inner diameter (ID) 3/32in.(2.38 mm)
Tubing to fit onto metal pressure 1D 1/32in. (0.71 mm)
tabs, and into3/32 in. ID tubing oD 3/32in.(2.38 mm)

on the other end.

Figurel6transducer with Tygon tubing, ready to install onto metal pressure tgoperman, 2012)
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4 Building the setup

Here the installation of the model with all its facets will be described. This irs/titeanstallation of
the model, alibration of the tunnel equipment and the general procedure tisahvolved withrunning
the windtunnel experiment.

4.1 Installati on of the model

As explained earlier the airfoil exists outsisections and a bottom and ceiling cap, all kept together
by two alignment pins. All the plenumfar the upper and lower surfagets, were already instéd and
connected to the tubing an earlier time. The tubingrasdirected to the top of the airfoilhrough the
ceiling cap like seen on the right sideFadure6.

Installing the fast pressure transducers

The fast pressure transducerere recalibrated after thewere usedast time. Therefore they needed

to be rewired becausehe wire was too shorto be connected to thenalogto-digital converter(ADG.

The soldering process can be seeFRigurel?. After this the separate wires @re isolatedand a larger

piece of tubing was put over all the wires to increase the robustness. Finally the wiring needed to be
pulled through the opening in the ceiling cap towards mid of the span through the tubing that was
already in place.

The fast pressure trasducer was fastened on to an Electrical wire to guide it towards mid span between
the tubing.When it was irthe mid of span it was connected to one of the pressure tat@e on this

will be explained in the sectidbata acquisition

Figurel7 Soldering of the transducer wiring (left), Installation of the pressure transducers on the pressure tabs (right).
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Putting the model in the windtunnel

Because¢he model was quite heavy the airfoil waut in the test sectioof the wind tunnelwith 3
persons2 persons on each side of the test section dngkrson on top of the wind tunnel to support
the tubing andwiring of the fasfpressure transducers.

Before the model was put dide the wind tunnel test sectiothe seatwas installed The forces and
momentswere cbsely monitored to make suthat the applied torque did not surpagke load limitsof
the balancewhichare specifiedr Tablel2.

Tablel2Load limits of the balance and measurement system

Property Limit
Lift +300 Ib
Drag +50 Ib
Side Force +150 Ib
Pitching Moment +70 ftlb
Rolling Moment +50ft-Ib
Yawwing Moment 50ft-Ib
Angle of Attack hbOpS
Angle of Jaw pbNpe

The airfoil was secured with 4 screws inserted imotthes in the bottom cap like seenkigure6 on the
left. The notchesvere taped ovetater to ensire the flow was not disturbedl he tubing and fast
pressure transducer wiring thatewe coming out of the ceilingf the airfoil was fed through a hole in
the top of the wind tunneltest secton. The fast pressure traducer wiring was connected to the
Endevco VDC amplifigrat was already calibrated. TRDC amplifiewas in turn connected to a
connector block whiclcts as an interface between the sensors and ta@dwal Instruments (N Data
Acquisition DAQ card in the pcthe data flow is depicted iRigurel8.

1 Connector Block 1 Cable NI PCI-6731 Software

Figure18 Connection scheme NI hardware (www.ni.com)

4.2 Tubing and connecti on of the Foxboro vortex flow meter

The tubing connected to the jetsfed to themanifold, kere six0.5 in tubes arecombined into one
large 1.5n.tube. The 1.5 intube isthen connected to thé-oxboro vortex flow meter, this can lseen
in Figurel9. Due to time limitations the flow meter was constrained with a rather-baked solution
using climbing ropeA more permanent solution would be to use-2ails and aset ofclamps. The crails
could be fastened onto a etal platewhich could be screwed ihe holes that are on each sidé the
top plateof the wind tunnel test sectiothe same holes are used to sectbhe pitot tube positioning
mechanismIn Figurel9the white tubing goes towards thair tank and is connected to the electric
valve,the transparent tubing lead®wards thejets and is connected to themanifold.
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Figure19 Topside view 6the windtunnel at the beginning of the test section, showing how the vortex flow meter was
installed during testing.

4.3 Calibrating the turntable

After the model was installed and the tubing connegttte turn table was calibratedn lideal cases this
needs to be redone before every test, but in this case it was done only®efajor changes in the
setup were madejlke when switching from the suction side jets to the pressure side jets.

In the calibratiorprocess the turntable is set ero by aligninghe turntable with the zero marking on
the wind tunnel floor and repeating this for all even numbered angles of atHuk was donap to 20
degrees angle of attack. Mén 20 degreegvasreached the tablevasturned in the other direction and
again for # even angles of attack down -20 degrees agle of attack the turn table waaigned with

the markings on the tunnel floor. For each angle of attack a voltage is given, this way a correlation
between the angle of attack and voltage that the ttaible sensr is supplying to labVIEW found

4.4 Setup of the 4-20 mA Current Loop

The Foxboro vortex flow meter outpugs4 to 20 nilliampere (nd) at a constant 24 volt direct current
(VDCYepending on the flow speedhis is often uséfor industrial equipment beausevoltage based
transducers suffer from voltage drop over large distan8ag.the National instrument DAQ only reads
0-10 VDC signals.
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