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Abstract

This study investigated the impact of vane desigrafretractable vane Savonius style Vertical Axis
Wind Turbine (VAWT). Five designs were tested wiad tunnel to find which design produces the
most torque on the rotor, and to obtain a valualfag coefficient and lift coefficient. Eight pasit

angles were selected to represent the infinite rurabvane positions possible compared to the timec
of the wind. The wind tunnel was not able to getecedr speeds great enough to reach the Reynolds
numbers (Re) required for similarity. Reynolds nemindependence was sought to justify extrapolation
to the required Re. In many cases extrapolationneaseasonable. Instead the data was analyzed
assuming a “best approximation” range for each \antkeposition. The testing setup introduced extra
uncertainty that was considered in analysis, ardumed to be harmonic motion of the setup andéor th
evidence of vortex shedding. The best vane desigvef to be an airfoil with a curved trailing edge,
although all designs proved feasible for power podidn. The curved airfoil design reduced possible
vortex shedding and the induced drag to becommtis consistent, high torque producer of the five
designs. The net torque seemed to be influenced mothe vane position than the vane design. Thus,
more importance may lie in the design of the réimacnechanism than in the vane design. With this
curved airfoil design, research can extend to dystdi retraction mechanisms, power production syste
and, eventually, construction.
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I ntroduction

In the global search for alternate ways to hareessgy, wind has been one of the first sources
investigated. All over the United States, Horizbteis Wind Turbines (HAWT) have been erected to
harvest the power of the wind. Comparatively litdsearch has been done with Vertical Axis Wind
Turbines (VAWT) compared to the HAWT due to theitghly low power conversion efficiency [1]. One
benefit of the VAWT is that it does not need tonheved or changed to face the wind correctly. The
VAWT will function regardless of the wind directiormhe efficiency of the turbine will be affecteg b
the way the vanes capture the wind directed anif,also by how well the vanes escape the wind when
moving into it. Therefore, this study seeks to ges functional vane shape which allows for retosgt
and to design a retraction mechanism to positiervéine relative to the wind to maximize efficientie
ultimate goal of this project is to construct atigal axis wind turbine that has retractable vaffrégure
1) with inexpensive, readily available materials #ohte it on Olivet Nazarene University’'s campus.
The proposed scale is to be sized for an indiviBudtling; one meter diameter rotor.

Figure 1: Concept for ultimate goal.

Background

Historical Background

Using wind power for electricity generation wasfidone in Denmark in the late 1800s, but did
not catch on in the United States until the 1920sAt this time the US Rural Electrification
Administration started programs that used the bhdti-bladed farm windmill (Figure 2) to bring
electric power to the west and the plains of théddinStates [3]. Enthusiasm for wind technologykeea
during World War II. After the war the enthusiason Wind power declined until the energy crisis that
started in the 1970s. During this time the priniakestigated use for wind power was the recharging
batteries. Beginning in the '70s the focus turmmechéss power production, especially in Europe and
North America. Many of the first wind turbines weret successful. With the government funding needed
for a good kick start, the US imported many windioges from countries such as Denmark and Germany.
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Even though the US investigated wind power earlynaginy nations in Europe have always been one step
ahead of the other countries with installing qyatiachines. [2]

The type of wind turbine that has become popularldegen the propeller type turbines that are
classified as Horizontal Axis Wind Turbindsigure 3. These are the turbines that are seen in the hug
wind farms that stretch for miles on the Midwestips and in Wyoming. These three bladed turbines
have also been located near the coasts, wheratbeyven larger than the ones found at a typiaad wi
farm inland [3]. The VAWT rotates around a vertiaals, moving parallel to the ground rather than
perpendicular to it as the HAWT do. The VAWRigure 3 have not been as popular due to the lower
efficiencies that are involved with them [1]. Theshefficient type of VAWT is the Darrieus turbine,
which uses airfoils to create lift that maintaiosation. The main difficulty of this design is thiaits not
self-starting. The other main VAWT is called thes&aius turbine, and a basic set up is easily fabeit
by cutting an oil barrel in half and connecting thve parts to a shaft. Though the VAWT have not
received near the attention of their horizontalntetparts, there still has been some research daneh
of it to improve the efficiency especially of tha®nius rotor [4] [5] [6] [7]. Some of these inckid
shields and funnels that direct the air to the Hidé allows for wind capture. This added featdom@ has
increased the efficiency by 10 % [7]. The Savomiesign is the least efficient rotor type, busithis
design that this research's design resembles riasstyc The largest difference in this study's dass
the retracting capability of the vanes, which wiicrease drag and improve the efficiency. [2] B3]6]

[7]

Single bladed Three-bladed U.S. farm windmill Bicycle
Double bladed multi-bladed multi-bladed

D D

|

Up-wind Down-wind
Sail wing

—

Enfield - Andreau

Multi-rotor Counter-rotating blades

Figure 2: Horizontal Axis Turbines|[8].
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Analytical Background Primarily drag-type
In order to create a VAWT that will function a:
desired, various areas must be investigated. Tdreses \X\
include the vane shape, retraction mechanismidnict
of moving parts, generator capabilities, and power . "
. . L - ed
analysis. In this research the vane shape is gtimar Savonius Mgrioli.lii

investigated. Wind tunnels are often used to tedt a
compare various wind turbine designs. When using ¢ Primarily lift-type
wind tunnel, the principles of dimensional analysisl
similarity are required to compare different design
ideas correctly.

The principle of similarity consists of three
parts: geometric, kinematic, and dynamic similarity
According to the geometric similarity conditiongth
model must be the exact same shape, although it me

be scaled by a consistent factor. Kinematic siritylar $-Darrieus A-Darrieus
entails that the velocity at any given point on ihedel

is proportional to the velocity at that same paintthe Figure 3: Vertical AxisWind
prototype. Dynamic similarity describes proportibiwsices Turbines[8§].

at any given point on the model and prototype. [9]

Non-dimensional numbers are typically used to ensimilarity because the units do not
interfere with the calculations. The most famoas-dimensional number is called the Reynolds number
It consists of the viscous force divided out of itmertial force. It can be expressed as

— Equation 1

Where
e pisthe density of the fluid
» Vs the speed of the fluid passing over the object
« L is the characteristic length of the object
e M is the viscosity of the fluid [9]
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Two other non-dimensional parameters that are géstiwhen looking at vane shape are the coefficient
of drag and lift. These are expressed as

E— EE— Equation 2

Where

* Fpisthe Drag Force

* [ isthe Lift Force

e pisthe density of the air

« Vs the speed of the air passing over the object
« Ais the frontal area (if not airfoil)

« Als planform area (if airfoil) [9]

These numbers can be used to identify similafibe Reynolds number for the prototype should
match the Reynolds number for the model. If therRéds number cannot be matched because of the
physical limitations of the wind tunnel, such asxrspeed, size, etc. several things can be doig. It
possible to use a bigger wind tunnel and modelaudifferent fluid, change the pressure, or ast la
resort, extrapolate the results to the requirechBlels number. This last option is possible due to
Reynolds number independence. As the Reynolds nuimtreases, the coefficient of drag gradually
becomes independent of the Reynolds number (seecHy. [9]

b i
{:ﬂ T :
;.r" 1'1“11 : :RE ; ;
vemmWl T Gesendénce
‘l‘ i

Unreliable data at low Re

Figure 4: Reynolds number independence[9].
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The wind tunnel velocities are obtained using aanaeter, which uses Bernoulli's equation to
relate the pressure and velocity differences ingidevind tunnel test section and outside the viimael.
When the pressure difference is known, the airspgeedlculated using Equation 3.

V= ZA—P Equation 3
P
Where
* Vs the airspeed
» AP is the pressure given with the manometer
* pisthe air density [9]

With the information gathered by the wind tunngbesiments in terms of drag and lift coefficientse t
forces present on the rotor assembly can be estihaatd used to predict the net torque on the rotae.
greater the torque is, the more power that mayapeeisted from the turbine.

Scope

This study compares five vane designs using th#ficieats of drag and lift. Three of the designs
were developed using the basics of Aerodynamiasidgged in [9], [10], and [11]. The goal of thisdstu
is to identify which of these five vanes can geteethe largest net torque on the rotor.

This study focuses on the:
* Vane Design
» Coefficients of Drag and Lift
» Drag and Lift Forces
* Reynolds numbers
* Individual vane Torque
* Net Torque
» Airfoil Retracting Mechanism

This study does not investigate

e  Power
e Generators
e Circuitry

» Construction of Prototype
» Other Retraction Mechanisms
Setup and Procedures

First the five vane designs were developed. THeViahg designs were chosen: the (a) bucket
vane, (b) curved airfoil vane, (c) straight airfegne, (d) bucket vane with a lip, and (e) straajHbil
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vane with a lip (Figure 5). When researching reétoicmechanisms, the idea of extending airfoils to
retract the vane using its lift and drag componeatse forth. After researching airfoils and estinmt

the lift and drag forces required to act as a npshechanism, the airfoil design resembling the
NACAZ2712 type airfoil was chosen [12] and drag comgnts came forth. After researching airfoils and
estimating the lift and drag forces required toasch closing mechanism, the airfoil design resiegbl
the NACA2712 type airfoil was chosen [12]

Figure5: Vane Designs
a) Bucket Vane
b) Curved Airfoil Vane
c) Straight Airfoil Vane
d) Bucket Vanewith Lip
e) Straight airfoil Vane
with Lip

The elliptical airfoil design was considered aftading research supporting the idea that an
elliptical trailing edge is more efficient than ainfoil with a straight trailing edge [10]. The ket vane
idea was adopted from the design of a water wiSete that design is functional for water, it was
assumed it would work for other fluids also, sustaa. Eight possible positions on the rotor were
selected (Figure 6) to be tested to provide a gmtidhate of the forces involved around the rottwus,
each of the five designs had eight different modefsesponding to a certain position on the rofbese
actual designs were developed on PTC Pro|Enginddfiid/' 5.0 software. The models that were tested
were created by exporting these files and fabrigatiiem with a Zcorp ZPrinter® 310 Plus.
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Wind Direction

Figure6: The eight selected vane positions on therotor.
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Once the models were printed, the base was fiittated with GorillaSuper Glue to giv
maximum strength to the junction between the vamkthe mounting bolt. The model was then fur
infiltrated with Minwax Wood Finist
to penetrate, and Minwax
Polyurethane to seal.

These models were thi
tested using a GDJ inModel 360
Flotek Wind Tunnel (Figure 7)LE].
Two setups were requiredne for the
drag tests (Figure 8) arhe for the
lift tests (Figure 9). Eachnodel was
used for 12 testsn each of the te
setups. These 30 secaedts were .
combination of four differenwind
speedswith three repeats at ea
speed. The Vernier software,
LoggerPro, was used to measthe
forces involved for each setup. sused for thetesting.
LoggerPro would yield an avera
force and a standard deviation twas recordedl'he LoggerPro software required the recalibratibtihe
force sensor every four to five vanes that wertete The sensor was also zetbafter each run f
eliminate the effects of hysteresis in the foraesse The wind tunnel’s air speed was measured us
manometer measuring in inches of water column tlhed converted to Pasci

A

9: Lift Setup
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Data Resultsand Calculations

The testing had some interesting developmentst, Firere seemed to be electrical interference
on the force sensor that would scramble the readingoccasion. When this happened, the sensor was
not precise enough to register good readings. Tdlgigm seemed to be fixed when the force sensor was
isolated from the setup using electrical tape. Aapbbservation noted was the presence of harmonic
motion in the test setup for certain vanes. Ataiarivind speeds, the vane excited frequencies that
showed up in the data. In many cases there wamagive that may be attributed to vortex shedding,
which is a phenomenon that occurs frequently ildduOther possible causes were fan vibration and
other structural vibrations. This variation wasueeld in the results by using the average force mneds

The data was sorted into tables which used thernpats, wind speed in inches of water column
and the average force, to calculate Reynolds nwsrdret the coefficient of lift or drag. Equation asv
used to calculate the Reynolds numbers for eaghtdriact as a measure of wind speed. Equatiorns2 wa
used to calculate the coefficients of drag andibfhg the average force and its other equation
components. In order to evaluate Reynolds numlaepiendence Excel was set up to plot the coefficient
of drag data versus the Reynolds number as sdegunes 10- 19.

When these data were collected for all the vas@gds, they were compiled into a separate
spreadsheet that did further analysis to relatedledficients of lift and drag to the Net Torquetbm
rotor. Sincelorque = Force X Distance, the contribution of both the drag and lift foressimated
from the data is seen to have a measurable effettteorotor’s rotation. The distance was calculated
using the rotor radius, and the distance along#me to its center of mass. The center of masxatdd
at one fourth the chord length from the leadingeedlg the airfoil [9]. The i and j components ofsho
lengths were then used to compute the vector guashict with the force to determine the torque. The
drag and lift forces are estimated using Equatiand Equation 5.

Fp = % pV? AC) Equation 4
1 2 :
F; = 5 pV- AC, Equation 5

The net torque cannot be the value that is comparasss the different vanes. The reason for this
is the variation in the planform area of each efdifferent designs. One vane has a much largarthes
another, so the amount of air pressing on it taterdrag is larger as well. In order to place tees on
the same playing field, the torques had to be nlizathon a torques per unit area basis. This allins
vanes to be compared to each other. This was sidgplg using Equation 6.

Net Torque

Torque per Area = Equation 6

Planform Area
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Coef. Drag vs Re for the Curved Airfoil
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® Vane Position 6

-+ Vane Position 7

Figure 10: The graph of drag coefficient vs. Reynolds number of the Curved Airfoil.

Coef. Lift vs Re for the Curved Airfoil
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Figure 11: Thegraph of lift coefficient vs. Reynolds number of the Curved Airfail.
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Coef. Drag vs Re for the Rectangular Airfoil
3.500
3.000 -+
é ¢ oo
2.500 @ Vane Position 1
o M Vane Position 2
© 2.000 .
o A Vane Position 3
o
é 1.500 | u o= X Vane Position 4
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1.000
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o o ® ()
0.500 + Vane Position 7
0.000 .! x. X K X . =Vane Position 8
10000 30000 50000 70000 90000 110000
Reynolds #

Figure 12: Thegraph of drag coefficient vs. the Reynolds number of the Rectangular
Airfoil.

Coef. Lift vs Re for the Rectangular Airfoil
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Figure 13: Thegraph of lift coefficient vs. Reynolds number of the Rectangular Airfoil.
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Coef. Drag vs Re for the Regular Vane
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Figure 14: Thegraph of drag coefficient vs. Reynolds number of the Regular Vane.

Coef. Lift vs Re for the Regular Vane
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Figure 15: Thegraph of lift coefficient vs. Reynolds number of the Regular Vane.
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Coef. Drag vs Re for the Regular Vane with Lip
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Figure 16: Thegraph of drag coefficient vs. Reynolds number of the Regular Vane with

Lip.
Coef. Lift vs Re for the Regular Vane with Lip
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Figure 17: Thegraph of lift coefficient vs. Reynolds number of the Regular Vanewith Lip.
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Coef. Drag vs Re for the Airfoil with Lip
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Figure 18: Thegraph of drag coefficient vs. Reynolds number of the Airfoil with Lip.

Coef. Lift vs Re for the Airfoil with Lip
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Figure 19: Thegraph of lift coefficient vs. Reynolds number of the Airfoil with Lip.
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Using these data, the coefficients of drag andwéfte estimated and the values outlinedaile
1 were selected. The drag coefficients were seldzdedd on the Reynolds independence, but there is n
clear relationship between Reynolds number andditficient. For this research the assumption was

made that the lift coefficient does not greatlyrdawith Reynolds number. Therefore the values
represented in Tablkare rough averages of the range of data for each position and design.

Table 1: The coefficients of drag and lift obtained from the graphs.

Rectangula Curved Airfoil Regular Van | Regular Vane w| Airfoil with Lip
Airfoll Lip
Vane Co C. Co C. Co C. Co C. Co C
Position
1 5.61 -0.E | 5.2F -0.E 7.€ 1 8.2 -0.1 5.8¢€ -0.E
2 3.2¢ 2.2 |3.2i 2.1 5.€ 2.5 4.¢ 3.7 n/e n/e
3 0.1Z 0.6¢€ 0.1¢ 1.2 6.7 0 5.€ 1.2F n/e n/e
4 0.1¢ 0 0.22°¢ 0.€ 6.7 0 5.E 1.2t 0.1¢ 0.1
5 0.1¢€ 0 0.22f 0.€ 6.7 0 5.€ 1.2F 0.1¢ 0.1
6 1.3¢ -1. 2.7¢ -2 2.€ -0.4 4.C -1.5 n/e n/e
7 5.€ 1 5.4k 0 7 -1 8.& -0.5 n/e n/e
8 2.2 2.2 1.7 1.€ 4. 4 5.6 6 1.5t 1.t
Table 2 shows the values that were obtained | Table 2: Estimated Valuesfor Torque.
using these calculations. These are estimates thiage Torque Torque
were calculated from coefficient information thatdha [Nm] per Area
certain amount of uncertainty. The error was calkad [Nm/m?]
using the LoggerPro software. The stats function Rectangular 228 1520
displayed the mean force as well as the standasidtimn | Airfoil +14.1 +94.3
of the data. The uncertainty is given underneath th Curved 184 1748
torque that was calculated using the wind tunretl te | Airfoil $2.9 +27.7
results. The error measurements were adapted ngtak | Regular 25 1598
the standard deviation of the force and relatirig the Yane 2.4 t153.4
. . LipVane 26 1681
torque. Figure 21 shows the torques per unit afréauo 108 +184.4
first vane designs as displayed in Table 2. Lip Airfo 29 1527
+11.25 75

Analysisand Discussion

For these data to have statistical significartee conditions of similarity must be met. The

Reynolds number for the prototype situation withiad speed of 25 m/s was calculated to be 3.97x10
but the fastest wind tunnel Re numbers were omttier of 8x16, which was not good enough for
similarity. Since this was the case and there wmaiteld time and budget, a water tunnel or a largedel
and wind tunnel were not feasible. Thus, the nekiba available was extrapolating these data to the
ranges of Reynolds numbers that were requireddoificance. Some of these data were reasonable
enough that extrapolation would work, as seengui 20, and resembles Reynolds number
independence as seen in Figure 4.
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Figure 20: Data fitting the Reynolds number independence curve.

The prediction curve is an equation especiallyeslior these data suggested by Dr. Schroeder telmod
the desired approach to Reynolds independencealt exponential curve fit with the equation:

Cp=C,xeC2*Re 4 g Equation 7

Where
» Cpis the coefficient of drag
» Ci, G, and G are coefficients computed by Excel
* Re s the Reynolds number

This curve-fit line first has arbitrarily select€lvalues. Excel’s solver program then optimizescilmee
fit by choosing the Cralues to minimize the sum of the squares of éis&luals. The residual is the
difference at each data point between the datgeetiction.

In some instances, the data were not consistenighrfor this curve fit to be more than just a
straight line. When this is the case, the distdhatneeds to be extrapolated is just too grethelf
estimation is only slightly off the actual valubeterror will be much greater after it has been
extrapolated. These data were not as statistiballyful as was hoped. Therefore these data camnot b
used to compare with data from other researchecs #i does not meet the similarity constraints.

The purpose of these data was to help selecte$tevane of these five designs. The data,
although not statistically conclusive, is still @l fulfill its purpose. Based on the how the drag
coefficient vs. Reynolds number curve acts (sedtigare 4), it is known that the data observeddghér
than the independent drag coefficient [9]. Usirig thformation the data can still be compared thdate
a “best” vane design.
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Figure 21: Vane comparison

The black error ranges shown in the top of eaclsbaws the variability in the data. The first
things that are noticed are that the Curved Aiifothe highest bar and has the smallest variafibhe
other designs have a larger range that the acéad vnight fall in. The Rectangular Airfoil has the
lowest torque values, and the Airfoil with Lip prasks a net torque per unit area of 7 N/m greater th
the Rectangular Airfoil. The data for the Regulan€ and the Vane with Lip both have variation zones
that reach to or beyond the range for the CurvetbihiThe problem is that the variation ranges swe
large that they could perhaps yield the best tqrqueery close to the worst torque possible. Tliues
Curved Airfoil should consistently perform withits irelatively small range of torque values. Sintefa
the values in this torque range are higher thdeaat 50 percent of the torque ranges of the ofdiees,
the Curved Airfoil is determined to be the besticador the rotor.

Conclusion

The purpose of this study was to identify a funwdilovane that will lead to a net positive torque
on the rotor of a VAWT. To accomplish this, fivesiiins were selected and tested to see which wauld b
the best choice to continue research with. All fiesigns achieved a positive net torque, and so all
designs meet the minimum requirements for the r@bthe five designs the Curved Airfoil stands out
due to its higher torque and considerably smabeiation zone. The higher torque may be attribted
having less induced drag [10], and the smalleratian may be attributed to its ability to contrairiex
shedding that in turn reduced the sine curve \itmat The coefficient of drag and coefficient df Wwere
plotted versus Re to establish grounds for Re ieddgnce, but the results were not conclusive.

As all the vane designs are reasonably similtinértorque they produce, it seems that the vane
position may have more significance in the sucoé#isis VAWT design than the vane shape. Therefore,
the mechanism that ensures the optimum vane positay be of greater importance than the vane
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design. This project chose an airfoil as the mefraction mechanism; however, the performed tedts d
not gauge the potential of an airfoil closing matdkm. Further tests are encouraged to determine the
exact capabilities of an airfoil closing mechanism.

Even though the results show a design that seetter Isuited to the needs of the turbine, these
numerical results are not very accurate. Sincthaltests were taken under similar conditions,gliie®
vanes may be compared to one another. Howeveg Bagnolds number independence was not metin
the wind tunnel, the requirements for similituder@vaot met either. The resulting data were goodigho
to consider a best estimate for each vane and atsopaand for feasibility of the retractable vane
concept, but will not satisfy the needs for codédiits of drag and lift comparisons. Other drag lé&hd
data cannot reliably be compared to the resultkisfresearch.

Relation to the Ultimate Goal

Now that the best vane design has been selectbeé &urved Airfoil, the research may continue
until a working prototype has been created. Thezesaveral areas that must be investigated before a
efficient working prototype can be made. Furthetitgy must be done to determine the capabilitiesnof
airfoil retracting mechanism. Should this prove twabe a good method, another retracting mechanism
must be identified and tested until a working syste identified. At that point a power study may be
launched to determine or develop an efficient posegverting process to change the kinetic energy in
electrical energy. Also, there may be a numberaoieg that optimize the power gleaned from the wind.
Finally, a material needs to be selected so thatutbine may easily be fabricated in places wéth f
resources. Now that the merit of this turbine desigs been proven, it can continue on to become a
reality.

Cost Report

In the proposal, $500 was set aside for Instrunti@mtavhile $400 was set aside for Materials
and Fabrication. As it turns out, all the instrutegion already owned by the University was suffitit
get the data needed for this research. No newiimstntation was purchased. The materials needed to
fabricate the models and the method of fabricatiusts totaled $124.64, well within the budget. The
funds used are outlined in Table 3

Table 3: Cost Report

Date Reason Price Running
Total

6/13/2011 Bolts $1.33 $1.33
6/16/2011 Bolts $6.56 $7.89
6/30/2011 Gorilla Super Glue S$5.97 $13.86
7/5/2011 MinWax Stain $8.99 $22.85
7/7/2011 Polyurethane and bolts $14.79  $37.64
7/25/2011 Printing Costs $87.00 $124.64

Total $124.64
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Research Impact

This research has been a great learning experienage as | have picked up many skills that
will help me in my life. | have never excelled itetature searches, and finding sources. Duringdgtte
10 weeks | have learned tricks and been given adwichow to use my literature search time wisety. F
example, when | am researching to learn about vanays to set up for testing, | will contact the
Technical Support of the company that manufacttiresnstrumentation | plan to use and see if they
have any literature to offer relating to my studigsis skill will greatly benefit me as | plan ttend
Graduate School. | have developed the habit ohglirg what | am working on and what my thoughts
are about it. This has proved itself a great hdipmi was preparing this report. | was able to Ibakk in
my notes and relate some observations and fealingst the project | had forgotten about. | havened
how to be productive and prepared in meetings. Mgtings with Dr. Schroeder have prepared me to
present the status of a project, and how to opsgudsion about a certain issue. This will increage
value as an Engineer.

| have also learned skills in Microsoft Word, Excatd OneNote that will allow me to organize
my life and schooling more efficiently in the fugul have also learned skills in those programsutiia
help me in my professional life as an Engineer.

| have learned to use the University's wind turarad 3D printer, and | am currently the only
student attending Olivet that knows how to usetakd care of that equipment. This will allow me to
share that knowledge with other students as the wo various projects of their own. This has akolw
me to become a help and an asset to the Engindeeipgrtment.

Special Thanks

| wanted to take a moment and a section an expmgsgpreciation to the people who have
helped me. First, | want to say thank you to thedeeBoyce program and their supporters for beimg ab
and willing to fund my project. | have learned Ekthrough this work that | would not have obtained
elsewhere. | thank you for giving me this greataymity. Next, thanks to the members of the Pence
Boyce committee that selected my project to be dédndlam so glad you gave me this chance. | alsd wa
to thank Dr. Schroeder for spending the time ardgythe extra mile to help me with what | neededuY
have taught me more in these 10 weeks than inlasg about research, school and life. Rick Shelton
has been a great help and enthusiastic obsentethwtcreation and fabrication of the test setup an
models. Thanks Rick! | also want to express my egiption to the rest of the Engineering department
faculty. They have all helped me from time to tiraed supported me in this research as well as in my
schooling. Thanks also to anyone | forgot to mentio
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Appendix

woo Jeaulogd MMM
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Figure22: Low Friction Track used for the Drag Tests.

Wind Tunnel Setup (Drag)

The low friction track Figure 2i) was mounted on the wind tunnel
test area bottom section. The pulley was then neabon the floor o
the test area lined up with the hole for the stridgxt, the bolt part ¢
the vane was threaded into the low friction slidieis important tha
the puley and the airfoil are at the same height. If, tloé angle wouli
introduce avoidable error. Adjustmewill be made using the angle it
is off the horizontal in order to get good resLThe distance between
the pulley and the low friction track was far as reasonably possible tq
reduce that angle off the horizoniAlso, the farther the pulley is, the
less effectt will have on the wind and how it moves around #irfoil.
The mounted airfoil was then set on the front eftitack (closer to th
pulley). After the force sensor was calibrated, diswnounte:
underneath the hole in the wind tunnel floor amseeheFigure 23. A
line was attached to the front of the airfoil amdwend the pulley to th

Dual Force Sensor. The line was taut andzontal to minimize error. igure 23: Force sensor
The software LoggerPro and D-Range Force Sensor from AU Physic ocation for drag tests.
Enterprises and Vernier was used to measure thed@xperienced t

the models during testing.

Configuring LoggerPro

In order to get LoggerPro ready to collthe data, the sensor must be calibrated. The ddciion
file for dual force sensors is located under Experits/Probes & Sensors/Force Sensors/Dual F
Force Sensors. The file required for these tedt®idON Dual Range.cmbl. To calibrate thrce sensor,
the sensor was mounted so it could measure wesgdgen i Figure 24 In LoggerPro, the calibra
function is located in the Experiment tab >> Caltr>> Dual Range Force. In the Sensor Setting
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calibrate tab was selected and the Cate Now button pressed. After making sure therenedising or
the force sensor, "0" was inputted into Readingd the Keep button selected. For the second valif
gram weight was placed on the force sensor andegitering the valu0.49 in the fidd for Reading 2 the
Keep button was pressed again. That is how theoseras calibrate:

Figure 24: Setup for Sensor calibration.

Wind Tunnel Setup (Lift)

After all the apparatus from the drag measuremeipswas removed, the Force Sensor was m
to be right below the hole in the center of th@flboard(Figure 25) The airfoil was then fixed thread
straight bolt and mounted through the center in the floor board to the dual force sen:
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Figure 25: Force Sensor location for Lift tests.

Testing Procedure

The first thing to do is to set the collection titoe30 seconds. This was done using the commar
thecollections menu which is accessed by clickingdhg collections button. The sensor was zeroe
selecting the Zero button on the toolbar. This d@se before every test. The temperature was
measured in Celsius, using a glass thermometemegorded in the data table corresponding to the
type in the Temp [C] column. When turning on thedviunnel, the controls were first set to zerovoich
an impulse response from the model. While watctHiegMlanometer, the speed was increased un
correct pressure value was reached. The givenyefem the manometer was thecorded in the
“Measured Heighttolumn. At this point the LoggerPro software wativated by pressing the "Collec
button. Each trial runs for 30 seconds to providonsistent average force. The tunnel was then tt
off, and the speed control set to zero. To getidta from the LoggerPro software, a trend linehefdate
was created by pressing the "Statistics" buttahéntoolbar. After the mean force value documented
in the data table, the file was saved and a nenofiened in LoggerPro. Steg-11 were repeated f
each of the preselected velocities given in tha tiile. This was then repeated for each of thes
whose drag and lift forces were mured.
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