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Offshore wind turbines are increasing in size through the years to 

reduce maintenance and increase efficiency. The increasing size of 

wind turbines have led to an increase in loads. There are several 

ways to deal with this but in this research active load control is 

studied. Microjets were already studied by A.M. Cooperman: Wind 

Tunnel Testing of Microtabs and Microjets for Active Load Control 

of Wind Turbine Blades and M.L. Blaylock: Computational 

Investigation on the Application of Using Microjets as Active 

Aerodynamic Load Control for Wind Turbines both studies done at 

the Mechanical and Aerospace Engineering. This research was 

initially an extension on the research of A.M. Cooperman eventually 

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 Mechanical 

and Aerospace wind tunnel research facility at UC Davis a series of 

static tests were done with a modified S819 airfoil in an open circuit 

wind tunnel at a Reynolds number of 500,000 for microjet flows with 

a momentum coefficient up to 0.005, the change in lift coefficient is 

studied as a function of the angle of attack alpha. With this 

information the open and, in a later stadium closed loop control can 

be formulated. In this study it was found that there is a linear 

correlation between the measured momentum coefficient and the 

angle of attack alpha, when the supply pressure is kept constant. 
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1 Introduction  
The increase in size of wind turbines is a trend seen in the last years. Increasing blade size has a positive 

effect on the turbine efficiency, the maximum output and on maintenance costs. Obviously there are a 

lot of economic benefits to this. But increasing 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 reinforced to withstand the higher 

loads, increasing material costs of the wind turbine. As an alternative load control devices can be used 

to minimize loads. There are several methods to apply load control on wind turbines, most well known 

are active pitch and variable rotational speed, another lesser known way to control loads is active 

aerodynamic load control. By changing the aerodynamic characteristics of the blades the lift coefficient 

can be changed to lower the load (the measured loads are proportional to the lift coefficient 

(Cooperman, 2012)).  

At UC Davis aerodynamic load control is researched through the appliance of micro-tabs and microjets. 

In this report only the microjets are looked at. Microjets are small jets of air blown out of the airfoil 

perpendicular to the surface. Dr. M.L. Blaylock did a computational investigation on the application of 

micro-jets (COMPUTATIONAL INVESTIGATION ON THE APPLICATION OF USING MICROJETS AS ACTIVE 

AERODYNAMIC LOAD CONTROL FOR WIND TURBINES). Part of this research was proven in a couple of 

wind tunnel experiments which were part of  Dr. A.M. CoopermanΩǎ research (Wind Tunnel Testing of 

Micro-tabs and Micro-jets for Active Load Control of Wind Turbine Blades). This 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 supply a 200 gallon air tank was installed, the next step was to implement a pressure and 

flow control device for the microjets that were to be controlled by the wind tunnel lab computer using 

labVIEW. In this report the process in which the setup was realized and tested is documented, describing 

the retailing and installation process of the experimental setup, in the 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  
In this section the companies that were contacted and what led to certain decisions regarding the 

experimental setup will be described. The first step that had to be done was to look for the equipment 

that was needed. Dr. Ir. A. Cooperman had been looking into a few options to start with, along the way 

some other options were found. Some turned out to be too complex, too expensive or too time 

consuming in the production process, which will be explained here. 

McMaster -Carr 

One of the options that were given was from McMaster-Carr, high flow air regulators with pressure 

gauge and motor-driven NPT threaded bronze butterfly valves. Because there was almost no 

information given on the performance of the instruments it was decided it was better to look further at 

other companies, described below.  

Proportion Air  
In my contact with Proportion Air I spoke with Melissa Gambrel about a device that could control 

pressure and flow speeds using labVIEW. After a few phone calls the engineering department had found 

a solution, a drawing is found in Figure 34 in Appendix A. The 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 was also 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 the dimensions and options which were available. To get pricing on some of the equipment I 

called SMCUSA, where I spoke to Monty Biles a sales representative, he wanted to visit us and see our 

setup. So an appointment was made and a few days later I showed him the setup. But the problem was 

that SMCUSA did not produce electronic valves larger than 1/2". We came 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 downstream, or build a manifold that could sustain the high 

pressure and downstream use multiple regulators and downstream of that six 1/2" 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 were available is seen in Table 1. The 

conclusion was that the options given by SMCUSA were to complex and would look for 1 1/2" valve else 

were, but decided to buy the 1 1/2" regulator, the SMCUSA NAR835-N14. 
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Table 1 Selection table 

Manufacturer Type of 
control 

Signal used Price Shipping Opinion 

McMaster.com 
 

Manual 
ǊŜƎǳƭŀǘƻǊ мΦрέ 
with motor 
driven 
butterfly valve 
мΦрέΦ /ȅŎƭŜ 
time is 2.5 sec. 

 115 VAC at 
60 Hz.Have 
screw terminals 
with 
a 1/2" conduit p
ort 

$688.45 Next 
day 

Very cheap 
solution with not 
very accurate 
results, not much 
information 
ƎƛǾŜƴΦ 5ƻƴΩǘ 
know about flow 
characteristics 

Manual 
regulator мΦрέ 
with air driven 
butterfly valve 
мΦрέΦ /ȅŎƭŜ 
time is within 
2.0 sec. 

120 VAC at 60 Hz 
ǿƛǘƘ ѹέ ŎƻƴŘǳƛǘ 
port for input 
signal 

$674.81 Next 
day 

Faster cycle time 
than the motor 
driven. 

Proportion air Volume 
booster 
pressure 
ŎƻƴǘǊƻƭ мΦрέ 

0-10VDC/4-
20mA. 1.2 mil. 
Sec. step time 
respons  

$999.5 6 weeks Very linear V/P 
control. No flow 
control. The flow 
rate would be too 
high for PSR-B at 
650 scfm  

Volume/pressu
ǊŜ ŎƻƴǘǊƻƭ мΦрέ 

0-10VDC for the 
flow control and 
also for the 
pressure control. 
0-30psi pressure 
monitor 

$2691 6 weeks According to 
proportion air 
this system can 
modulate the 
flow to a max  air 
flow at 30 psi at 
150 scfm and 
minimum airflow 
is 15 scfm. Very 
complicated. 
Using 2 signals 
one for pressure 
and 1 one for 
flow rate. 

Control air Fairchild 
pressure 
ŎƻƴǘǊƻƭƭŜǊ ѹέ 
T90 60 0  05  
06 0 N/J F E 

24VDC supply, 
input 4-20 mA/0-
10VDC 

?? ?? This device can 
only control 
pressure not 
volume 

McMaster.com/th
evalveshop.com 

Manual 
ǊŜƎǳƭŀǘƻǊ мΦрέ 
with electric 
modulating 

0-10 volt with a 
24VDC electric 
actuator or the 
less expansive 

$138+$2436/
$1745 

Next 
day/1 
week  

V-port ball used 
might not be 
optimal for what 
we are using it 
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ōŀƭƭ ǾŀƭǾŜ мΦрέ 
A-T controls 

115VAC actuator 
operating time 
0-90 deg =12/14 
sec 

for. But overall 
flow 
characteristics 
seem good. But 
have to check for 
linearity of the 
valve. 

McMaster.com/th
evalveshop.com 

Manual 
ǊŜƎǳƭŀǘƻǊ мΦрέ 
with electro-
pneumatic 
modulator ball 
ǾŀƭǾŜ мΦрέ !-T 
controls 

4-20 mA DC with 
a 4-20mA 
electro-
pneumatic 
positioner for 
modulating 
control 

$138+$1597 Next 
day/1 
week 

,, 

SCMUSA 
 

Modular 
regulator 
ѹέόƳŀƴǳŀƭύ 
with electro-
pneumatic 
ǾŀƭǾŜ ѹέ 

Regulator is 
manual DIN 
entry. Response 
0.05s power 
amp. 
VEA250(24VDC 
power supply, 
input 0-5V 

6*$38.45+6*
$268.30 

2013-05-
07(regula
tor), 
2013-04-
29(valve) 

Not much info on 
flow 
characteristics. 
Also this setup 
with 6 regulators 
is not ideal 

Electro-
Pneumatic 
regulator with 
bracket 

24VDC supply 
with 0-10VDC 
input signal 

$527.75+$11
.15 

2013-
04-29  

We would have 
to convert this 
somehow. There 
is a second loop 
pressure control 
which needs to 
be converted to a 
volume 
controller.  

 

2.1.1 Valveshop 

Finding a valve that suited our application proved to be more difficult than finding a suitable regulator. 

For the size that was needed there were only a few options. Also manufacturers do not sell their 

products directly to customers, but only through retailers. An interesting options was the Valveshop, a 

retailer in California that sells valves for various applications. Because they are a retailer and not a 

manufacturer the information on their products was given by the manufacturer. Not all manufacturers 

present the same characterizing parameters; hence it was difficult to compare products from different 

manufacturers. However the Valveshop was willing to give advice on a modulating flow valve. The 

contact person was Bob Gates, he advised us to use an A-T Controls 60 degree v-ported ball valve with 

an electric actuator supplied by 115 volt alternating current (VAC) or 24 VAC. The 115 VAC model was 

less expansive and easier to use therefore this version was chosen.  



Page | 10  
 

2.1.2 Valve selection process  

To check if the recommended valve would suit the microjet application a quick method for selecting 

valves was used. This will be described in detail below, but the main parameter in this process is the 

flow coefficient (Cv), which is used to select the size of a valve, or can be used to compare control valves 

from different manufacturers. The flow coefficient is based on a relationship between the flow rate (Q) 

and the square root of the specific gravity (G) multiplied by the inverse pressure drop across the valve 

όɲtύ. It considers the flow restrictions in the valve and makes it easier to calculate the flow properties. A 

manufacturer finds the flow coefficient by testing the valve in a specific setup, using a standard testing 

method developed by the Instrument Society of America (Swagelok, 2007). 

ὅ ὗ
Ὃ

ῳὖ
 

The valve type that was recommended was a ball valve with a v-shaped opening, the opening size is 

ǇǊŜǎŜƴǘŜŘ ōȅ ǘƘŜ ŀƴƎƭŜ ʰ ƭƛƪŜ ƛƭƭǳǎǘǊŀǘŜŘ ƛƴ Figure 1. V-ported ball valves have higher accuracy than 

normal ball valves, ǿƘŜƴ ǘƘŜ ŀƴƎƭŜ ʰ ƛǎ ƛƴŎǊŜŀǎŜŘ ǘƘŜ Ŧƭƻǿ ǊŀǘŜ ƛƴŎǊŜŀǎŜǎ ōǳǘ ǘƘŜ ŀŎŎǳǊŀŎȅ ŘŜŎǊŜŀǎŜǎΦ A-T 

Controls produced three standardized geometries to choose from; 30, 60 and 90 degree.  

In the documentation on the v-ported ball valve by A-T Controls, presented in Table 2, the specific flow 

values for h  ƛǎ 30, 60 and 90 degree. Which are given for valves ranging from 1/2" to 6". In Table 2 from 

left to right the valve is stroked from 0% to 100%, where 0% being fully closed and 100% being fully 

opened. Below the table the FL and Xt values are given for every given stroke value. FL being the Liquid 

pressure recovery coefficient, which is a dimensionless coefficient that describes the pressure drop 

when the valve is choked. And Xt is the maximum pressure drop ratio. However these parameters are 

not used in the valve selection process. The 30 degree ball valve was found to be the best fit for the flow 

characteristics of the microjet application.  

  

 

Figure 1 V-ported ball for in a valve. 
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Table 2 chart for V-ported ball chart of A-T Traig  (TRIAG, n.d.) 
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Figure 2 Flow coeficient 

For selection and sizing of a valve there are a few things to look at and they are described in the list 

below (Haslego, 2011). However there were some troubling issues with this. For instance there was no 

data on the pressure loss in the system and besides this there was no well defined operational flow rate 

so an educated guess had to be made. Also the process described by (Haslego, 2011) is 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 the air can be considered incompressible.  

1. Determine the system: flow characteristics (Maximum flow rate, operation flow rate  and 

minimum flow rate), total pressure drop (30 PSI), the medium (Air), temperature (70° F), 

pressure and specific density (1 for air)  

2. Determine the maximum allowable pressure drop (rule of thumb says 10 PSI is reasonable 

(Haslego, 2011)). 

3. Calculate the flow characteristics ὅ ὗ   , Q = design flow rate(SCFM), G = specific gravity 

relative to air (1 by definition) and ɝ0 is the allowable pressure drop across a wide open 

valve(PSID). 

4. Preliminary valve selection: avoid using the lower 10% and upper 20%, stay between 10% and 

80% of the valve stroke. 

5. Check the gain across applicable flow rates. The gain is defined as the change in flow divided by 

the change in stroke, by rule of thumb the difference between the gains should be lesser than 

50% of the highest gain. If this value is too high the sensitivity of the control valve will be too 

high, causing difficulties in controlling the flow rate carefully. 

6. Table 3 the flow rates and stroke values are defined, the change in flow rate and stroke and the 

gain are given in Table 4. 
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Table 3 Flow parameters 

 Flow 
(SCFM) 

Flow (GPM) Cv 
((GPM)/(
PSI)0.5) 

Stroke (%) 

Minimum 20 150 1.08 24.8 
Operation 80 598 4.38 46.9 
Maximum 150 1122 8.13 61.8 

 

 

Table 4 Change in flow rates and stroke also the gain is given. 

 Change in 
flowrate 
(GPM) 

Change in 
stroke (%) 

Gain (delta flow (GPM) /delta 
stroke (%)) 

Operation - 
minimum 

448 (3.3) 22.1 20.27 

Maximum - 
operation 

524 (3.75) 14.9 23.71 

 

The difference between the gain values is lower than 50% of the higher value: 23.71 - 20.27 = 3.44. Also 

the gain should never be lower than 0.5, which is true in this case. Therefore the valve should be well 

fitted for this flow application.  

2.2 Issues with The valve shop and  A-T control  
In the initial contact with the valve shop I looked at two different valve actuator types, the Electric and 

Electro-Pneumatic type. Because using an electrical power supply is easier than supplying power 

pneumatically the preference was for the electrical system. Initially it was thought that the stroke time 

of both systems were about the same. In the specification sheet there were several different systems 

explained, for some of those systems a difference was listed for a 50 or 60 hertz power supply for others 

only 50 or 60 hertz was listed. When bot 50 and 60 hertz were listed the values would be in the same 

cell but segregated by a dash, this was misunderstood by me for a fraction because all the other values 

round figures. 

Besides having contact with Bob Gates at the valve shop there was also contact with A-T controls to get 

a second opinion. In this conversation various things where mentioned including that the stroke time 

was under one second. There must have been some misunderstanding as they agreed on this.  

2.3 New actuator with positioner from Process Instruments  
Eventually it was decided that a replacement valve was needed. The Valve Shop did not take back the 

electric actuator with servo card because 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 

replacement part for full price. It was decided it would be best to look for an electro-pneumatic actuator 

with a positioner elsewhere. 
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M. Czasnojc from Process Instruments was willing to sell the electro-pneumatic actuator with positioner 

with 100 dollar discount for 1150. According to him it would work with 80 PSI shop air, however if the 

pressure would drop it might cycle slower or stop. To be certain the electro-pneumatic actuator with 

positioner met the specs Martin Czasnojc took a look at the windtunnel with the microjet setup. To 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, consisting of the windtunnel, the modified S819 airfoil with the 

microjets installed and the air supply installation with the regulator and electric valve. The 

electropneumatic actuator with positioner is also explained at the end of this section. 

3.1 Windtunnel  
The UC Davis Aeronautical Wind Tunnel used for the experiments is an open circuit wind tunnel 

manufactured by Aerolab. An example of the wind tunnel can be seen in Figure 3. 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 section dimensions are 33.6 in. (0.85 m) high, 

48 in. (1.2 m) wide and 12 ft. (3.7 m) long. In the test sections are two turn tables and a pitot tube that 

can be positioned with a traversing mechanism. 

Downstream of the test section the diffuser is found. The purpose of the diffuser is 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 current motor. The electric controller has 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 150 lbs, drag up to 50 lbs and the pitching moment 

can be measured up to 50-ft lbs. The accuracy of measurement is 0.1% of full scale of each different 

component. Because we are using a two dimensional model (there is no wing tip and the cross section 

of the airfoil is constant) the lift measured is registered in the data as side force, the angle of attack is 

registered as ‪Ȣ But in the report this will be referred to as lift L and angle of attack ‌.   

The design of the wind tunnel is well suited for the application and can quickly increase or decrease the 

air velocity to model gusts. Also the pressure vessel size only supplies compressed air for only 

approximately 20 seconds. High ramp up or down speeds make sure that that testing time can be 

minimized so there is enough compressed air to maintain test conditions constant for the period of time 

needed to simulate a gust.  
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Figure 3 UC Davis Aeronautical Wind Tunnel (Cooperman, 2012). 

3.2 Airfoil  
The airfoil used, for testing of the micro-jets, is a modified S819 profile, the tail section has been 

thickened to make room for the micro-jet plenums. A comparison of the S819 and the profile used for 

testing can be seen in Figure 4. As can be seen in the picture the profile is thickened from mid chord 

towards the trailing edge. At 95% chord length the thickness is doubled, this is the position where the 

lower surface microjets positioned. In Table 5 all the parameters that concern the airfoil can be found. 

 

Figure 4 Comparison of original S819 airfoil compared to the one used by UC Davis. 

 

The span of the blade is build out of six identical pieces, closed off by a bottom and a ceiling cap. The 6 

airfoil pieces are connected to each other using little alignment pins that are fitted into on the airfoil 

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 airfoil piece the notches are found. This way when the airfoil pieces 

are put together they will be aligned. All pieces are hold together using two steel treaded support rods 

fastened with nuts on the bottom and ceiling side of the blade. Each airfoil piece is 5.36 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 surface. In the sides of the body there are three holes 

for the alignment pins. This is illustrated in Figure 5. However this particular picture is for the micotab 

system, therefore disregard the linear actuators and tabs. 

 

 

  

 

Figure 5 Cross section of a airfoil piece with microtab system. 

 

There is a large round opening in the ceiling cap for the hoses to supply the air to the plenums. The 

hoses are fed through a hole in the top of the wind tunnel testsection. The bottom cap is connected to 

the blade pieces through the steel treaded support rods by two nuts. The fitting and opening can be 

seen in Figure 6. The placement of the plenums inside the hollow blade can be seen in Figure 7.  
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Figure 6 Left the bottom cap with fitting of the nuts, on the right the ceiling cap with opening for tubing. 

 

Figure 7 Single section of the model with the lower micro-jet plenum installed. 

Table 5 Physical parameters of the modified s819 model used to fit the microjet plenums. 

Element Amount  

Chord 18 in. (457 mm) 
Span  
With end caps 
Without end caps 

 
33 1/8 in. (841 mm) 
32 1/8 in. (816 m) 

Joint location of body and tail 53% chord 
Maximum thickness 3.8 in. (96 mm) at 21% chord 
Material 6061 aluminum 
Weight, complete model with hollow tails with 
jet assembly 

66 lbs (29.93 kg) 

Slot location 
Upper surface 
Lower surface 

 
90% chord 
95% chord 

Slot  
Width 
Length 
Gabs between slots 

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

3.3.1 Plenums 

The micro-jets are located at 90% chord on the suction side surface and at 95% chord on the pressure 

side surface. They are 0.09 inch (2.29 millimeter) wide and 5.1 inch (129.54 millimeter) long in span wise 

direction. The plenums are designed to use as much as possible of the available space in the model. An 

example of one of the pieces with the pressure and suction side plenums in place can be seen in Figure 

7. Most of the dimensions were already mentioned but can also be found in Table 5.  

The plenums have a 0.435 inch (11.05 millimeter) opening, which is referred to as the hose barb, which 

connects them to the air tubing. From there on the cross section keeps increasing up until the outflow 

point of the plenum, this is done to minimize energy losses. There are six plenums for the pressure side 

jets and 6 plenums for suction side jets. With increase of lift the jets on the suction side will be used and 

when the lift decreases the jets on the pressure side will be used to compensate the loads on the blade. 

Eventually in a later stadium of the research upstream of the plenums there will be a switch to choose 

between the pressure or suction side jets. Two manifolds will be used to split the large stream of air 

(one and a half inch) into twelve, half inch tubes connecting the suction or pressure side jets. The 

manifold used can be seen in Figure 8. 

 

Figure 8 Manifold connecting six micro-jets (1.5 inch inlet on the right and 6, 0.5 outlets for the microjets on the left)  

Pressurized tank and regulator 

Outside the wind tunnel the air supply is found: a 200 gallon air tank that will be pressurized up to 80 

PSI. The tank is manufactured by Manchester Tank (LB, n.d.), it can be seen in Figure 9 on the right. The 
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tank has connections ranging from 0.25 inch to 2 inch, the opening on top of the tank was used to attach 

a pressure gauge and on the bottom a drain can be found. The tank is filled with a shop air installation 

that delivers air at 80 psi using a 0.5 inch quick release connector on the lower front side of the tank like 

seen on the right side in Figure 9. The outflow of the tank uses a 1.5 inch NPT connection; here the 

regulator and electronic valve are connected to regulate the pressure and the flow amount. The 

regulator can be seen on the left in Figure 9. The knob on top of the regulator is used to set the pressure 

and on the back of the regulator a gauge is found, this can be seen in the picture of the tank when 

looked closely. Between the regulator and the tank there is a manual valve with a large yellow handle to 

open or close it as an extra safety feature. There is also a safety relief valve on the right side of the tank 

(between the tank and the wind tunnel) that is rated to 150 PSI. 

 

Figure 9 Left: SMCUSA NAR 835-N14G, Right: Manchester Tank with regulator attached. 
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Table 6 Physical parameters pressurized air tank. 

Property Amount 

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

 

Using the ideal gas law the maximum flow time can be calculated. All physical parameters for the 

pressurized air tank can be found in Table 6. At 80 PSI the tank contains nhigh mol air. All variables can be 

found in Table 7. 

ὖ ὠ ὲ ὙὝO ὲ
ὖ ὠ

ὙὝ
ρφω ÍÏÌ 

Table 7 Variables concerning the air pressure tank. 

Variable Amount 

High pressure (Phigh) 80 PSI (551 kPa) 
Low pressure (Plow) 15 PSI (103 kPa) 
Molar mass air (mAir) (Anon., 2013) 0.06384 lbs.mol-1 (0.02896 kg.mol-1) 
Volume tank (V) 200 Gal (0.757 m3) 
Temperature (T) 75 F (297 K) 
Universal gas constant (R) 8.31 J.K-1.mol-1 

 

The micro-jets are supplied with air at 15 PSI pressure measured at the regulator. Therefore the 

pressure in the tank cannot drop below 15 PSI. At 15 PSI there is still nlow mol of air left in the tank. 

ὖ ὠ ὲ ὙὝO ὲ
ὖ ὠ

ὙὝ
σς ÍÏÌ 

Therefore there is at the maximum ὲ ὲ ὲ ρτπ ÍÏÌ of air that can be used. At full 

capacity the micro-jets use 125 SQFM of air (Cooperman, 2012). The density is assumed to drop linearly 

when the tank is emptied. The average density όávg) can be calculated with the perfect gas law when the 

pressure drop is known.  

ὖ ”ὙὝO ”
ὖ

ὙὝ
πȢπςτσρ ÌÂȢÆÔσȢψωυ ËÇȢÍ  

Now the mass flow can be calculated using ά ὗȢ” , considering that Q = 125 SCFM (0.05899 m3/s) 

the mass flow ά = 0.5066 lb/s (0.2298 kg/s) or 7.935 mol.min-1.With this it can be calculated that it 

takes 17.64 seconds for the tank to drop from 80 PSI to 15 PSI pressure at a flow rate of 125 SCFM. 
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3.4 Modulating valve  

3.4.1 Electric actuator/digital positioner  

The electric actuator and servo card together are called a WED-500, it is build by A-T controls and is 

advertised to be used with ball valves. Below the features of a standard WE-500 actuator are stated, a 

picture of it can be seen in Figure 10(TRIAG, n.d.). 

1. Compact and light due to high grade aluminum alloy housing. 

2. High resistance to corrosion due to hard  anodizing on inside and outside with polyester powder 

coating on external surface. 

3. Output torque: 530 In-lbs. 

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

5. Weatherproof (IP67, NEMA 4, 4X) 

6. Position indicator on top. 

 

 

Figure 10 WE-500 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 use because no adapter was needed.  The performance can be seen in Table 

8. 

Table 8 WE-500 performance 

Type 
(model) 

Maximum 
Output 
Torque 

Operating 
Time  
60/50 Hz 

Mountin
g Size 

Full Load Amps Locked Rotor Amps Duty  
Cycle 

Number  
of Handle  
Turns 

Weight 

AC 1PH. 50/60Hz AC/DC AC 1PH. 50/60Hz AC/DC 

In-Lbs. 90° ISO5211 110V 220V 24V 110V 220V 24V S2 N Lbs. 
WE-500 530 12 or 14 

seconds 
F03/F05
/F07 

0.4 0.2  0.8 0.5 0.25 2.5 70% 8 6.61 

 

The electronic positioner or servo card used is a TDC100 and is bolted onto the actuator. It has a 

resolution of 450 points for a quarter turn. For control It has a 3 button layout and can be configured for 

various command types: 4-20mA, 1-5VDC, 0-5VDC and 0-10VDC. The last option is the one used. The 

features quoted by (TRIAG, n.d.) are: 

1. Positions to ±0.1° with quarter-turn actuators ranging from 2 sec to 120 sec (with or without a 

brake). 

2. Adaptive Control feature continuously adjusts for load and actuator conditions and eliminates 

calibration procedures and auto-cal operations. 

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

4. Polarity Detection feature allows direct or reverse acting operation without re-wiring.  

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 protects actuator 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 of 0 to 60°C. 

The installation is clearly described in the operation and maintenance manual of A-T control. But the 

actuator and electric positioner were already assembled when it was received. Only the signal and 

power wires needed to be installed. The outline of the TDC 100 is given in Figure 11, it is clear that the 

signal wire needs to be connected to terminal J2 for line 4 and 6, and the power cable needs to be 

connected to terminal J2 for lines 1, 2 and 3. 
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Figure 11 Outline of the TDC100 117 VAC  (TRIAG, n.d.) 
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3.4.2 Electo-pneumatic actuator with positioner  

The electro-pneumatic actuator with positioner, shown in Figure 12, is also manufactured by A-T 

controls. The package is build out of 2 different elements: the 2R130DA double acting air actuator and 

the Rotary Type EPR1000 positioner controlled by a 4-20 mA signal and powered by 80 PSI compressed 

air. The output characteristics are linear. Most important parameters can be found in Table 9. 

 

Figure 12 Photo of the electro pnuematic actuator/positioner attached to the valve and a schematic representation of the 
EPR1000 (TRIAC, n.d.). 

 

A schematic representation of the positioner can be seen on the right in Figure 12. When the current to 

the positioner increases, the armature will be rotating in counter clockwise direction, moving the 

counterweight to the left. This will increase the clearance distance between the flapper and the nozzle, 

causing the nozzle backpressure to decrease. Because of this the exhaust valve of the pilot valve moves 

to the right, and the output pressure of the of OUT 1 increases as output pressure OUT 2 decreases 

(TRIAC, n.d.). A schematic representation of the actuator is seen in Figure 13. The output 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 air pressure to port B is increased the pistons are forced together and the 

pinion will rotate in clockwise direction. 
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Figure 13 Double acting actuator (TRIAG, 2012). 

Table 9 Characteristic parameters of A-T controls modulating valve. 

Characteristic parameter Amount 

V-ported valve Valve used  A-T Controls V8C-TS-150/2R4D-EX-6 
Specific flow constant range (Cv) 0-20 
Stroke range 20 to 125 SCFM  21.8% - 64.8% 
Double acting actuator  used A-T Controls 2R130DA actuator 
Double acting torque  1054 (in-Lbs) 
/ȅŎƭŜ ¢ƛƳŜǎ όǎŜŎƻƴŘǎ ǇŜǊ фл 5ŜƎΩǎύ 1.2 sec. 
Positioner used A-T Controls EPR1000 
Input signal 2-20 mA DC 
Input Resistance норҕмрҠ 
Supply pressure 80 PSI 
Linearity  Within ±1.5% Full Scale 
Sensitivity  Within 0.5% Full Scale 
Hysteresis Within ±1.0% Full Scale 
Repeatability Within ±0.5% Full Scale 
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3.5 Sensors used 

3.5.1 Flow meter  

The flow rate through the microjet plenums is measured using a Foxboro vortex flow meter(Model #84-

U1HS1SSTJF). Inside the piping of the flow meter there is a shedder bar in the centre, It measures the 

frequency of the shredding vortex.  When the Strouhal number is known the stream velocity can be 

evaluated using the following formula: Ὓ
қ
. Here n is the frequency, D the pipe diameter, Ὗқ the 

stream velocity and S the Strouhal number. The Strouhal number is dependent on the Reynolds number, 

the relationship can be seen in Figure 14. Even for the lowest flow rate of 20 SCFM the Reynolds number 

is well above 103, therefore the Strouhal number is constant and the velocity can be determined.  

 

Figure 14 Relation between the Strouhal and the Reynolds number. 

3.5.2 Pressure Measurement   

There are two fast pressure transducers installed on the airfoil. The piezoresistive transducers are 

manufactured by Endevco (model 8507c-1), a four-arm strain gauge bridge diffused into a sculptured 

silicon diaphragm, specifications can be found in  

Table 10. The full scale output of the transducer is approximately 230 mV. The signal is amplified using 

an Endevco VDC amplifier (model 136), increasing the full scale output at 1 PSI to 5V. The amplifier 

conditions the signal using a low-pass filter, specifications are found in  
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Table 10. The low-pass filter is used so that the frequency response is maintained below 11 kHz because 

of the resonant frequency of the diaphragm at 55 kHz.  

Table 10 Endevco 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) 
Transducer combined uncertainty ( non-linearity, 
hysteresis and non-repeatability)  for FPT1 (serial 
number 10355) 

0.0110 PSI 

Transducer combined uncertainty ( non-linearity, 
hysteresis and non-repeatability) for FPT2 serial 
number 10241) 

0.0147 PSI 

Transducer change in sensitivity due to 
temperature changes for FPT1 across 
temperature range of 0° F to 200° F (-18° C to 93° 
C) 

3.26% 

Transducer change in sensitivity due to 
temperature changes for FPT2 across 
temperature range of 0° F to 200° F (-18° C to 93° 
C) 

2.44% 

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

 

The fast pressure transducers are installed below the surface of the airfoil directing into the airfoil. In 

the surface of the airfoil there are small orifices. The orifices have a diameter of 0.031 inch (0.78 

millimeter). Metal tubes with an outer diameter (OD) of 0.028 inch (0.71 millimeter) are press-fit into 

the orifices extending into the airfoil for 0.2 in. (5.08 millimeter). The orifices with the metal tubes 

attached are referred to as pressure tabs, these where initially used to connect hoses for static pressure 

measurement in research for microtab (Cooperman, 2012) load control but are now used to support the 

fast pressure transducers. In total there are 41 pressure tabs, to get an idea how this looks like study 

Figure 15.  Obviously  the location fast pressure transducers cannot be changed during testing, therefore 

a single location has to be chosen. At x/c = 0.125 (x denotes the position along the chord c starting at 0, 

the leading edge of the airfoil, and maximizes at x = c, at the trailing edge) the pressure difference gives 

a good representation of the change in lift (M. Gaunaa, 2009). However 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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Figure 15 Section with pressure tabs on the top and bottom surface. 

 

The transducers size is preferably small so it fits into the airfoil, hence there also is only a small distance 

between the surface and the point of measurement. The shape of the transducers is cylindrical, with the 

measurement diaphragm on one side and the venting tube and electric wire for the signal on 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 found in Figure 16, tubing sizes can be found in Table 

11.  

Table 11 Tubing sizes 

Description of tubing Size 

Tubing to hold transducer inner diameter (ID)  3/32 in. (2.38 mm)  
Tubing to fit onto metal pressure 
tabs, and into 3/32 in. ID tubing 
on the other end.  

ID 1/32in. (0.71 mm) 
OD 3/32 in. (2.38 mm) 

 

 

Figure 16 transducer with Tygon tubing, ready to install onto metal pressure tabs (Cooperman, 2012). 
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4 Building the setup 
Here the installation of the model with all its facets will be described.  This involves the installation of 

the model, calibration of the tunnel equipment and the general procedure that is involved with running 

the wind tunnel experiment. 

4.1 Installati on of the model  
As explained earlier the airfoil exists out of six sections and a bottom and ceiling cap, all kept together 

by two alignment pins. All the plenums, for the upper and lower surface jets, were already installed and 

connected to the tubing at an earlier time. The tubing was directed to the top of the airfoil through the 

ceiling cap like seen on the right side of Figure 6.  

Installing the fast pressure transducers 

The fast pressure transducers were recalibrated after they were used last time. Therefore they needed 

to be rewired, because the wire was too short to be connected to the analog-to-digital converter (ADC). 

The soldering process can be seen in Figure 17. After this the separate wires were isolated and  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 transducer was fastened on to an Electrical wire to guide it towards mid span between 

the tubing. When it was in the mid of span it was connected to one of the pressure tabs, more on this 

will be explained in the section Data acquisition.  

 

 

Figure 17 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 the model was quite heavy the airfoil was put in the test section of the wind tunnel with 3 

persons, 2 persons on each side of the test section and 1 person on top of the wind tunnel to support 

the tubing and wiring of the fast pressure transducers. 

Before the model was put inside, the wind tunnel test section the seat was installed. The forces and 

moments were closely monitored to make sure that the applied torque did not surpass the load limits of 

the balance, which are specified in Table 12. 

Table 12 Load limits of the balance and measurement system 

Property Limit 

Lift ±300 lb 
Drag ±50 lb 
Side Force ±150 lb 
Pitching Moment ±70 ft-lb 
Rolling Moment  ±50ft-lb 
Yawwing Moment 50ft-lb 
Angle of Attack ҕорɕ 
Angle of Jaw  ҕпрɕ 

 

The airfoil was secured with 4 screws inserted in 4 notches in the bottom cap like seen in Figure 6 on the 

left. The notches were taped over later to ensure the flow was not disturbed. The tubing and fast 

pressure transducer wiring that were coming out of the ceiling of the airfoil was fed through a hole in 

the top of the wind tunnel test section. The fast pressure transducer wiring was connected to the 

Endevco VDC amplifier that was already calibrated. The VDC amplifier was in turn connected to a 

connector block which acts as an interface between the sensors and the National Instruments (NI) Data 

Acquisition (DAQ) card in the pc, the data flow is depicted in Figure 18.  

 

Figure 18 Connection scheme NI hardware (www.ni.com) 

4.2 Tubing and connecti on of the Foxboro vortex flow meter  
The tubing connected to the jets is fed to the manifold, here six 0.5 in. tubes are combined into one 

large 1.5 in. tube. The 1.5 in. tube is then connected to the Foxboro vortex flow meter, this can be seen 

in Figure 19. Due to time limitations the flow meter was constrained with a rather half-baked solution 

using climbing rope. A more permanent solution would be to use 2 c-rails and a set of clamps. The c-rails 

could be fastened onto a metal plate which could be screwed in the holes that are on each side of the 

top plate of the wind tunnel test section the same holes are used to secure the pitot tube positioning 

mechanism. In Figure 19 the white tubing goes towards the air tank and is connected to the electric 

valve, the transparent tubing leads towards the jets and is connected to the manifold.  
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Figure 19 Topside view of the 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 connected, the turn table was calibrated. In ideal cases this 

needs to be redone before every test, but in this case it was done only before major changes in the 

setup were made, like when switching from the suction side jets to the pressure side jets. 

In the calibration process the turntable is set to zero by aligning the turntable with the zero marking on 

the wind tunnel floor and repeating this for all even numbered angles of attack. This was done up to 20 

degrees angle of attack. When 20 degrees was reached the table was turned in the other direction and 

again for all even angles of attack down to -20 degrees angle of attack the turn table was aligned 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 turntable sensor is supplying to labVIEW is found.  

4.4 Setup of the 4-20 mA Current Loop  
The Foxboro vortex flow meter outputs a 4 to 20 milliampere (mA) at a constant 24 volt direct current 

(VDC) depending on the flow speed. This is often used for industrial equipment because voltage based 

transducers suffer from voltage drop over large distances. But the National instrument DAQ only reads 

0-10 VDC signals.  




























































