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This paper describes the development and implementation of a project-oriented undergraduate-level fluid mechanics

laboratory experiment centered on evaluating the performance of a scale-model wind turbine. It seeks to provide a road

map for educators who wish to use the material within their engineering curricula, and to demonstrate that material’s

effectiveness. Technical concepts explored include power and energy, wind turbine theory and practice, dimensional

analysis, scientific uncertainty and engineering measurement. Instructions for assembling the laboratory set-up are

included, alongwith examples of results obtained by undergraduate students performing the experiment at theMechanical

Engineering Department of The University of Texas at Austin in the Spring 2013 semester. Students’ proficiency was

measured via pre- and post-project examination. Students were also invited to complete a survey to provide feedback on

their experience of completing the lab. Results of the examinations and surveys were mostly positive, with excellent

improvement in a broad range of tested competencies and high levels of student satisfaction. Methods for addressing the

areas that need improvement are discussed, in particular the content on dimensional analysis and scientific uncertainty.
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1. Introduction

In recent years, wind power has become the fastest-

growing electricity source in the U.S. [1]. This

growth, along with tax credits and other incentives,

has created substantial opportunities for prepared
engineers and scientists. Adaptation of educational

curricula to the market’s status quo is crucial for

university engineering programs to remain relevant,

and this is especially true of the innovative energy

sector.

Project-oriented, industry-related coursework

has facilitated this adaptation at The University of

Texas at Austin’s Mechanical Engineering Depart-
ment in the form of PROCEED (Project-Centered

Education). PROCEED is a curriculum reform

effort with the following primary objectives:

(1) to strengthen . . . students’ understanding of

fundamental engineering theory by continuously

tying it to tangible objects and systems; (2) to

strengthen [the] Department’s connections with
its industrial stakeholders by actively involving

them in the development and delivery of curricu-

lum content; (3) to provide . . . students with a

broad range of team-based experiences whichwill

better prepare them for growth and leadership in

the corporate and professional world. [2]

In accordance with the principles of PROCEED

and the state of the industry, a new fluid mechanics
laboratory experiment has been developed around

wind turbine performance measurement and eva-

luation. This serves to introduce students to indus-

try standards and practices, to increase their

understanding of fluid mechanics theory by inte-

grating it into a practical engineering problem, and

to develop group organizational and operational

skills in a project-oriented environment.

Although the curriculum developed in this paper

uses PROCEED’s pedagogical approaches, it does
not seek to directly evaluate its merits. In fact, this

paper is not meant to explore educational theory;

rather it seeks to provide technical content for

science and engineering educators within an estab-

lished teaching framework. There is some limited

feedback on the value of PROCEED in the context

of wind energy, fluidmechanics and the labmodule,

but the focus is essentially on the blueprint for
creating a similar module, alongside the learning

objectives and how well they were reached. That

being said, the authors feel that the material pre-

sented below can be easily scaled for different levels

of complexity and/or weighted toward different

learning objectives depending on the goals of the

implementer.

2. Background

Installedwind capacity in theU.S. has been growing

by 30–60% per year [1], and currently the top ten

wind-producing states provide 42 000–52 000 jobs

in the wind energy sector [3]. Projections put the

number of nation-wide wind power jobs at 100 000
by 2015 and 500 000 by 2030 [3].

Wind turbines extract kinetic energy from the

wind (in the form of air in motion), converting it

intorotationalmechanicalenergy,which isthenused
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to drive a generator to produce electricity. Losses

occur at each conversion step, as shown in Fig. 1.
The electromechanical efficiency characterizes

losses that occur due to things like bearing friction

and resistive losses in wiring. Electromechanical

efficiencies of full-size wind turbines are typically

very high, and get higher as turbines are scaled up.

This is one reason for the trend of larger turbines

over time [6]. The aerodynamic efficiency, com-

monly called the power coefficient (Cp), charac-
terizes how well the rotor extracts power from the

wind (i.e. what fraction of the wind’s power is

converted to mechanical energy). The product of

the power coefficient and the electromechanical

efficiency is the overall efficiency of the device.

�overall ¼ Cp�em ð1Þ

In 1919, German physicist Albert Betz deter-
mined that Cp could never be greater than approxi-

mately 0.593. In otherwords, even the best-designed

turbine could only hope to capture 59.3% of the

power in the wind. This is because there must be

some fluid rejected in order to maintain a velocity

gradient. If, for instance, the turbine extracted all of

the energy from the initially moving air, it would

then have zero velocity and stagnate just behind the
turbine [4].

The three efficiencies described above are ratios of

the various power inputs and outputs shown in Fig.

1. These ratios, along with other quantities such as

the tip-speed ratio (defined by Equation 8), are non-

dimensional parameters, i.e. they no longer depend

on the scale of the system in question. These para-

meters are the key to comparing scale models with
their full-scale counterparts, allowing for drastically

reduced costs of experimentation and, in some

cases, enabling experimentation that would have

otherwise been impossible. In the case of wind

turbines, it is specifically useful to compare the

power coefficients and the tip-speed ratios of scale-

model and full-scale cases. Figure 2 shows a

common plot of these two parameters, with the

power coefficient as a function of the tip-speed

ratio. The scale model to be evaluated in this
laboratory should display similar trends to those

found in Fig. 2.

The first part of establishing the aforementioned

parameters is to quantify the power inputs and

outputs shown in Fig. 1. The power in the wind is

given by

Pwind ¼
1

2
�AU3

1 ð2Þ

where � is the fluid density (in this case, that of air),
A is the area swept out by the blades (and thus

excludes the rotor hub), andU1 is the velocity of the

fluid.

The rotational mechanical power coming from

the rotor is given by

Protor ¼ T! ¼ T
2�N

60
ð3Þ

where T is the torque on the rotor shaft, ! is the

angular speed in radians/sec of the shaft, and N is

the angular speed in RPM [6].

The electrical output power is measured over a

load (impedance/resistance), and is given by

Pelec ¼
V2
out

R
ð4Þ

whereVout is the voltage drop across the load and R

is the load [7].

Now, the expressions for the efficiencies can be

expanded into:

�overall ¼
Pelec

Pwind

¼
V2
out

R
1
2
�AU3

1
ð5Þ

�em ¼ Pelec

Protor

¼
V2

R

T!
ð6Þ

Cp ¼
Protor

1
2
�AU3

1
ð7Þ
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Fig. 1. Power flows and losses. A power flow diagram summarizes the important elements of a wind turbine system. Kinetic energy in the
motion of the wind is converted to mechanical energy of a spinning rotor via the turbine blades, with some losses due to aerodynamic
inefficiency. That mechanical energy is converted to electrical energy via an electrical generator, with additional losses due to
electromechanical inefficiency.



There is one other quantity of interest: the tip-
speed ratio (TSR or �). Cp has been shown to be a

function of the tip-speed ratio [9, 10], a dimension-

less parameter given by

� ¼ !r

U1
ð8Þ

where r is the radius of the rotor. Together, the tip-
speed ratio and power coefficient capture the rotor

performance characteristics, whether they are pro-

duced by geometric features or by ambient condi-

tions. They allow dimensional analysis to be

performed and two turbines of different shapes

and sizes to be compared (e.g. in prototype design

from scale models) [6].

During the implementation of the lab, students
were allowed to change the angle of attack of the

wind turbine blades to determine what effect this

would have on the device’s performance. This term,

also called the pitch angle or blade pitch, is usually

designated as � or �. Decreasing the pitch angle

generally results in higher peak aerodynamic effi-

ciency, while increasing it can be used to decrease

the angular speedof the turbine andprevent damage
in high-speed winds. See Fig. 3.

One other expression is necessary for this experi-

ment’s measurement and computation, and that is

Equation 9 used to estimate error propagation:

Sf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@f

@x

� �2

s2x þ
@f

@y

� �2

s2y þ
@f

@z

� �2

s2z þ :::

s

ð9Þ

where Sf is the estimate of the uncertainty of the

function f ðx; y; z; :::Þ, and si; i ¼ x; y; z; ::: is the

estimate of the uncertainty of each variable (taken

from the accuracy of eachmeasured quantity in this

context). The function f may be put in terms of only

independent variables for this calculation [16]. In

this way, errors in the measurement of quantities

such as the voltage, the angular speed and the wind
speed can be tracked through to the calculation of

such desired parameters as Cp and �.

3. Previous work

Several key components of this paper have been

explored in otherworks. Colleagues in theElectrical

Engineering Department at the University of Texas

at Austin and the University of Texas, Pan Amer-

ican developed laboratory experiments exploring

‘wind turbine technologies and wind power experi-
ments for undergraduate-level engineering courses’

[12]. These experiments consisted of two parts: a

model-simulation section and a hardware-measure-

ment section. Similarly to the approach used here,
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Fig. 2. Power coefficient for different wind turbines. Power coefficients for the most efficient designs of the
various wind turbine types are shown in Fig. 2 (Cp is shown on the vertical axis while the tip-speed ratio is
shown on the horizontal axis). The general Betz limit is the upper bound for the plot [5].



the authors used a DC motor to specify the torque/
power input to the turbine’s generator. This

allows for the isolation of the electromechanical

and aerodynamic efficiencies, but in their case, the

experiment’s focus was very much on the electro-

mechanical performance of various types of gen-

erators associated with wind energy capture (i.e.

aerodynamic performance was assumed). In con-

trast, the emphasis of this paper’s labmodulewas on
wind energy in the context of fluidmechanics, so the

majority of the focus is placed on aerodynamic

behavior and performance. In other words, the

isolation of parameters using the DC motor allows

students to get at the essence of the fluid mechanics

within wind turbine performance problems. An

earlier paper from Carlos III University of Madrid

also explores the use of a DC motor to run a wind
turbine’s generator as a way to enable wind turbine

emulation in a laboratory environment. The

authors intend for the set-up to be used to investi-

gate the effects on power quality of ‘themean torque

. . . [and] the oscillating torque due towind shear and

tower shadow’, and as an educational tool [13].

Likewise, though, that paper does not explore the

aerodynamic side of the wind turbine’s dual nature.
Furthermore, neither of those papers presents ped-

agogical assessments of their work.

There are at least two previously published

papers that use the context of wind energy to teach

engineering concepts and provide pedagogical

assessments of their curricula. The first, from Cali-

fornia State University, Chico, details the set-up

and implementation of two renewable-energy labs:
a solar photovoltaic performance evaluation lab

and a wind turbine performance evaluation lab. In

the latter, the authors use a full-scale, 400W turbine

mounted outside (ambient conditions) and the

turbine’s performance is monitored over several

days. The paper describes the lab as ‘primarily a

data reduction exercise since the system operates
automatically after it is turned on’ [14]. This differs

from the live, scale-model, controlled conditions

under which this paper’s experiments are run.

Also, the paper does not isolate the aerodynamic

and electromechanical efficiencies from each other.

Finally, though the paper allows students to provide

feedback via a survey on the effectiveness of the labs,

it does not explore how well students assimilated
and/or employed the knowledge and skills intended

to be gained by doing them.

The second paper, published by two engineering

teachers from the Andover Public School district in

Massachusetts, details a project-based enhance-

ment to middle school engineering curriculum

based on the testing and redesign of model wind

turbines. They find that ‘project-based active learn-
ing is integral in a successful engineering education

program,’ albeit in a middle school environment

[15]. Regardless, since project-centered education

comprised the framework of both papers’ pedago-

gical approaches, their assessments reaffirm the

decision to orient this paper’s undergraduate curri-

culum around PROCEED. In other ways, the two

papers are more difficult to compare, as the techni-
cal content of undergraduate labs is inevitablymore

in-depth. At the same time, there was overlap in the

learning objectives of both, such as power and

energy concepts and engineering measurement.

Rather than laying out a plan for an individual lab

module, though, the authors focus on the merits of

project-based learning,with thewind turbine testing

and redesign being just one realization of the active
learning they espouse. Additionally, their examina-

tion of student performance is somewhat indirect,

relying on state standardized tests as opposed to

targeted, quantifiable testing. The authors do pro-

vide substantial qualitative evidence of students’

improvement.
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Fig. 3. Power coefficient vs. tip-speed ratio for various pitch angles (called � here).
Higher pitch angles mean that the blades cut into the wind like an airplane wing,
whereas lower pitch angles mean the blades face flat against the wind [8].



The authors of this paper opine that the singular

application here of PROCEED to a wind turbine

engineering lab in the context of fluid mechanics

make it of unique value to educators in science and

engineering. Other works lack the use of scale

models in controlled environments that allow the
exploration of dimensional analysis, an important

tool in engineering and specifically in fluid

mechanics. The separation of aerodynamic and

electromechanical efficiency parameters (and the

subsequent focus on variable changes’ effects on

those aerodynamic trends) is also particular. Lastly,

this paper’s extensive pedagogical assessments pro-

vide an excellent picture of how this curriculum
positively impacted students. Even so, there is

much merit in the works described above, and any

reader interested in the content presented here

would also benefit from perusal of these papers.

4. Set-up and procedure

The lab is divided into two stations: one utilizing the

wind tunnel in order to obtain �overall and one

utilizing a DC electric motor to obtain �em. A list

of tools and materials used in this version of the

experiment for each station is provided, along with

the experimental procedure. In addition to the
following, examples of the lab documentation can

be found at: www.me.utexas.edu/~hidrovo/papers/

manual/Example%20Lab%20Preparation%20Guide

%20and%20Manual.pdf.

For every measurement that students take, they

also record the relevant accuracy of that measure-

ment (given in the lab manual on a per device basis,

e.g. the vane anemometer has an accuracy of
�ð2%þ 0:2 m

s
Þ). In this way, students can track the

propagation of uncertainty through their calcula-
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Fig. 4.Diagram of Station 1. A vane anemometer measures the wind speed directly. The infrared tachometer is used to
measure the turbine angular speed via reflective tape on the rotor. Finally, the turbine is connected to a resistive load and
a voltmeter is used to measure the voltage drop across that load.



tions of the desired quantities, namely Cp and the

tip-speed ratio. See Equation 9 and its explanation

for more information.

4.1 Overall efficiency characterization (�overall)
(Station 1)

Equipment:

� Wind tunnel (test section dimensions approxi-

mately 16616 inches, capable range of velocities

approximately 0–20 m/s)

� Extech 407113 CFM metal vane anemometer,

heavy duty

� DT-2234C+ digital tachometer with reflective
tape

� Horizon Fuel Cell Technologies WindPitch wind

turbine

� Omega HHM16 Multimeter

� 220 O resistor (3–5 W power rating)

Not listed here are the materials needed to mount

the wind turbine and vane anemometer inside the
wind tunnel.

A diagram and photograph of Station 1 are

shown in Figs 4 and 5, respectively.

In this station, students vary the air velocity by

adjusting the wind tunnel motor speed. For each

wind tunnel setting, they take measurements of the

air velocity (using the vane anemometer), the angu-

lar speed (using the infrared tachometer, with
reflective tape attached to the turbine rotor hub),

and the voltage drop across the load resistance

(using a voltmeter). Students may also measure

the wind turbine rotor radius � and the load

resistance R, or they may be given these values.

Using the equations detailed in the above section,

they use this information to find the power in the

wind (Pwind ), the electrical output power (Pelec), and
thus find the overall efficiency �overall .
The wind turbine used in this experiment includes

a generator connected to a rectifier bridge, and thus

produces essentially DC power.

A summary of the procedure is presented below.

1. Vary the wind tunnel motor setting.

2. Allow 10 seconds for equilibration.
3. Record the air velocity.

4. Record the angular speed.

5. Record the voltage drop across the load.

6. Repeat until enough data has been obtained.

Interested students can be encouraged to repeat

the above procedure after adjusting the angle of

attack of the wind turbine blades. This wind turbine
model allows for this function, so some groups can

collect two data sets at different blade angle settings.

After the Station 1 procedure is completed,

students switch to Station 2.

4.2 Electromechanical efficiency characterization

(�em) (Station 2)

Equipment:

� Mastech Hy1803d variable DC power supply

� Faulhaber Micromo 2237 006 CXR DC electric

motor

� DT-2234C+ digital tachometer with reflective

tape

� Generator from Horizon Fuel Cell Technologies
WindPitch wind turbine (removed from device)

� Omega HHM16 multimeter

� 220 
 resistor (3–5 W power rating)

� Ruland Manufacturing 4 beam clamp coupling

(bore 363 mm)

Not listed here are the materials needed to mount/
support the electric motor and generator.

A diagram and photograph of Station 2 are

shown in Figs 6 and 7, respectively.

Just as students vary ‘input’ power via the wind
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Fig. 5. Photograph of Station 1. A photograph of inside the wind
tunnel test section is shown. The model wind turbine can be seen
on the left and the vane anemometer can be seen on the right.



tunnel setting in Station 1, they do so in Station 2 by

varying the voltage applied to a DC electric motor

(via a variableDCpower supply) driving the turbine

generator. The electric motor has well known char-
acteristics (e.g. the angular speed with no load

applied varies linearly with the voltage supplied to

the motor, as described below). The characteriza-

tion of the motor (performed by the manufacturer)

allows themechanical power reaching the generator

to be calculated (Protor). As in Station 1, the infrared

tachometer is used to measure shaft speed (using

reflective tape affixed to the coupler) and a voltmeter
is used to measure the voltage drop across the load

(which must have the same value as the load in

Station 1) and thus Pelec can be calculated. Students

may then calculate �em.
A summary of the procedure is presented below.

1. Vary and record the DC Power Supply setting.
2. Allow 10 seconds for equilibration.

3. Record the angular speed.

4. Record the voltage drop across the load.

5. Repeat until enough data has been obtained.

It is important to match the range of data

obtained in Station 2 to that obtained in Station 1.

In other words, students must calculate �em for the

same angular speeds that were measured in Station
1. This can be done either in series by recording the

angular speed in Station 1 and reproducing it by

changing the DC power supply setting until the

same speed is obtained or by recording Station 2

data over the same range and curve fitting/inter-

polating. The latter was used in the implementation

of this lab at UT Austin to allow two teams to

alternate using the stations.
With both �overall and �em now in hand, students

may calculateCp. They also have all the information

necessary to calculate the tip-speed ratio, �.

4.3 Characterization of the DC motor and

generator

As described above, a DC electric motor is utilized

during the lab to specify the torque input to the
turbine generator, and so the equations describing

its behavior are also necessary. The torque supplied

by the motor can be calculated using constants

provided by the motor manufacturer and the fol-

lowing:

T ¼ �T
�n

½knðVmotor � VoffsetÞ �N� ð10Þ

where �T�n is the slope of the n–M curve (N–m/RPM),

generally denoted as �M�n by industry. It describes

how the motor’s speed responds to changes in the

load. kn is the speed constant (RPM/V), which

describes how the motor’s no-load speed responds

to changes in the voltage applied to the motor.
Vmotor is the voltage applied to the motor. Voffset is

the minimum voltage that can be applied to the

motor at no load before it begins to rotate. N is the

measured angular speed of the motor shaft (RPM).
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Fig. 6.Diagramof Station 2. A variableDCpower supply runs aDC electricmotor. Themotor is coupled to the generator from themodel
wind turbine. The generator is connected to the same resistive load as in Station 1, and a voltmeter measures the voltage drop across the
load. The infrared tachometer is used to measure angular speed with reflective tape placed on the mechanical coupling.

Fig. 7. Photograph of Station 2. From left to right are the
voltmeter, resistor, tachometer, generator and DC motor, and
the variable DC power supply.



The quantity knðVmotor � VoffsetÞ is the no-load

speed for the applied voltage [7, 11].

In this case, Voffset was not provided by the

manufacturer and had to be determined experimen-

tally by applying different voltages to the motor

with no load, measuring the angular speed of the

motor, and using a linear fit to find the intercept.

This offset represents the voltage required to over-
come internal, static friction and ‘start’ the motor.

Figure 8 provides an example of this curve fit, where

kn is the slope and Voffset is the y-intercept.

Likewise, the generator within the wind turbine

can be characterized by a linear relationship

between voltage out (Vout) and angular speed (N).

Once data from Station 2 has been collected, stu-

dents establish this relationship via a linear curve fit.

This equation (Vout as a function ofN) is substituted

into Equation 4 to obtain an expression of Pelec in

terms of N. Finally, this expression is substituted
into Equation 6, resulting in a formula describing

nem in terms of N. This result is plotted over the

angular speed range from Station 1 (and compared
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Fig. 8.DCmotor characterization. Supplied voltage is shownon the horizontal axis and angular speedwith no load
applied to the motor shown on the vertical axis. A linear fit confirms the manufacturer’s specifications of kn and
provides Voffset.

Fig. 9. Station 2 student results. Angular speed is shown on the horizontal axis and electromechanical
efficiency on the vertical axis. Also shown is the curve fit that students used for interpolation to find
efficiency values at specific angular speeds.



with the empirical results obtained in Station 2) and

is shown in Fig. 9.

5. Example of student results

A sample of student results is presented here. This

student group performed the experiment as part of

the core curriculum of their Mechanical Engineer-

ing degrees at UT Austin in the Spring of 2012.
Figure 9 shows the results from Station 2—an

empirical plot and fit of the electromechanical

efficiency versus angular speed of the wind turbine

generator.

Next are the results obtained from Station 1—the
overall efficiency versus wind speed, shown in Fig.

10.

Finally, using the above data and the theory

presented earlier, the student group was able to

determine the aerodynamic efficiency and tip-

speed ratio. The results are shown in Fig. 11.

The trends compare favorably with those pre-

dicted by Figs 2 and 3 for full-size turbines. Power
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Fig. 10. Station 1 student results. Wind velocity is shown on the horizontal axis and overall efficiency
on the vertical axis. Results are shown for two different pitch angles (Pitch Angle 1 < Pitch Angle 2).

Fig. 11. Final student results. Aerodynamic efficiency is shown on the vertical axis and tip-speed ratio on the
horizontal axis. Results for two different pitch angles are shown (Pitch Angle 1 < Pitch Angle 2).



coefficient trends show a vaguely parabolic shape,

with peak Cp ranging from about 0.1 to 0.15. In the

laboratory write-ups, students used this data to

compare and contrast the performance of full-
scale turbines, and draw conclusions about those

differences and similarities. As the efficiency does

not reach that expected for a modern HAWT,

students were able to critique the model’s design.

Similarly, as the pitch angle was reduced, opera-

tional tip-speed ratio range shifted and peak Cp

increased.

6. Assessments

This section consists of examinations of student

competency in target areas both before and after

having completed the lab experiment and student

surveys to collect feedback on the perceived efficacy

of the lab. For the former, students were given a 26-

question multiple choice and true/false quiz that

tested them on three main areas: Wind turbines/
Fluid mechanics (15), Scientific uncertainty (8), and

Dimensional analysis (3). These quizzes were admi-

nistered online and data was assembled and orga-

nized so that student identities were excluded. As

such, before vs. after performance was only tracked

at the class level. The quiz used can be found in the
Appendix. Results for the whole and the specific

areas are summarized in Table 1.

Noticeable gains were made by the class as a

whole. Analysis of these results on a question-by-

questionbasis reveal thatmany students alreadyhad

a good grasp of the lab module’s material (i.e. the

percentage of correct responses in the before quiz

was greater than 70%), aswith scientific uncertainty.
This implies that the labcouldbemodified to include

more advanced content on uncertainty analysis.

Excluding thosequestions, overall average improve-

ment was at 38.5%. Further analysis also revealed

areas that still need attention (questions with less

than 70% correct response in the after quiz), such as

questions about power and wind velocity, blade

pitch angle and aerodynamic efficiency, turbine
types, and the estimation of uncertainty.

Students were invited to complete an optional

survey after they had completed the Spring offering
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Table 1. Pre- and post-lab results of student examinations. There were 138 graded pre- attempts and 120 graded post- attempts

Pre % correct Post % correct Improvement/�

Overall average 61.6% 84.6% 23.0%
Wind turbines/Fluid mechanics 52.3% 82.5% 30.2%
Scientific uncertainty 81.1% 85.5% 4.4%
Dimensional analysis 56.0% 93.0% 37.0%

Fig. 12. Student assessments of Lab #4. There were 90 respondents to the survey. Responses may not add up to
100% due to rounding and unanswered questions.



of the fluid mechanics laboratory class (ME 130L).

The survey consistedof ten statements about the lab,

and students rated their level of agreementwith each

statement using the Likert scale. Comments were

accepted for each question. Results are shown in

Fig. 12,with a sample of comments shown inFig. 13.
On average, feedback was 87% positive (35%

Strongly Agree / 52% Agree), while only 2% of

feedback was negative (0% Strongly Disagree / 2%

Disagree). The first set of questions in the survey are

oriented around what the students learned from

performing the lab (1–5), while the second set of

questions are oriented around students’ satisfaction

with the lab (6–10). In other words, students eval-
uated the lab via their individual development, then

evaluated the lab directly.

Although response was generally positive, the

surveys helped identify areas to target for improve-

ment. Question 3, which asked students about their

understanding of scientific uncertainty, had 42%

selecting Neutral or Disagree. Question 4, on

dimensional analysis, saw 14% mark Neutral, Dis-
agree, or Strongly Disagree. These were two of the

more difficult concepts in the lab, and the survey

revealed that changes might be made to the proce-

dure or lab resources to guide students better

through the uncertainty calculations and dimen-

sional analysis. These results may also be indicative

of the lack of exposure that students receive to these

concepts before ME 130L; the foreignness of the

ideas makes it more difficult for students to work
through the material.

More specifically, dimensional analysis should be

introduced in the lecture portion of the Fluid

Mechanics curriculum before students are required

to perform the lab. Students typically feel over-

burdened when asked to, at the same time, learn

thematerial conceptually and apply it in a hands-on

scenario. This would not be a difficult alteration,
since dimensional analysis can stand alone (i.e. does

not depend as heavily on previous lecture material

as other concepts) and thus can be moved easily

within the curriculum’s chronology. Also, some

effort could be made to make the lab exercises

more similar to those covered in the lecture, thereby

making the lab exercises less intimidating. This last

would be best left to the prerogative of those
implementing the lab/lecture, as toomuch similarity

could undermine students’ opportunity for problem

solving.
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Fig. 13. Sample comments from student surveys. Commentswere generally alignedwith ratings shown inFig. 12.



Improvement with respect to scientific uncer-

tainty is more challenging, though, as the cause of

difficulty is less clear. Of respondents, 38% chose

Neutral, and 4% chose Disagree. The question’s

wording means that the Neutral selection could

indicate that students were not challenged enough.
In otherwords, their understandingdid not improve

because they already knew thematerial or they felt it

was trivial and so no significant improvement took

place. This hypothesis is supported somewhat by the

quiz results presented above. Alternatively, stu-

dents might simply be unsure about whether or

not their understanding had improved because of

their remaining confusion over the topic. Students
could be challenged and tested for competency at

the same time if they were required to perform

unguided uncertainty calculations for the lab con-

ducted after this one. As the calculations for this lab

are guided, an unguided, foreign context would

motivate students to seek assistance (those that

needed it, from teachers, teaching assistants, or

fellow students) or would at least reveal an accep-
table level understanding.

Drawing conclusions from the written responses

was just as important, as some of the most specific

feedbackwas given there. A repeated complaint was

that the efficiencyof the scalemodel didnot compare

well enough with the full-scale turbine. Students

would like to see a better match between the two in

order to confirm their expectations of dimensional
analysis. Although finding differences in the perfor-

mance of the two can be just as instructive, it may be

better to use a higher quality wind turbine (i.e. one

with a higher power coefficient and that operates

closer to the range of the full-scale HAWT).

In contrast with questions 3 and 4, 98% agreed

with the statement that the lab increased their

knowledge of wind turbine theory and practice.
90% agreed that their understanding of power,

efficiency and losses had improved because of the

lab. Thesewere high priorities in the development of

the lab, and survey results confirmed the effective-

ness of the implementation.

More overarching questions met with very posi-

tive response. About 91% of students felt that they

benefited from that tangible system used in the lab,
and 93% thought that the Mechanical Engineering

program was enhanced by the lab’s project-

oriented, industry-related curriculum. 89% felt

that the lab was a worthwhile assignment. These

results strongly support the tenants of PROCEED

that guided the development of the lab.

7. Concluding remarks

The goal for this paper is to present a blueprint for

using wind power technology to teach a variety of

concepts and terminology through analysis and

evaluation via a project-centered approach.

Through this project, students received exposure

to the technical side of an increasingly important

sector of the economy while, at the same time, they

applied concepts learned in their classes (e.g. fluid
dynamics, dimensional analysis and efficiency char-

acterization).

Assessments indicated quantifiable improvement

in all targeted content, with especially good results

for wind turbine and fluid mechanics concepts.

Surveys confirmed that the curriculum engaged

students in a multifaceted way, with very positive

feedback given for the project-based approach and
the technical content. Identified areas of improve-

ment include picking a wind turbine model that

better matches the full-scale version to allow for

more direct comparisons. Also, dimensional analy-

sis needed more conceptual treatment and prepara-

tion before students applied it in the lab.

This experiment is considered a starting point

from which other concepts can be taught. Once
students know how to measure and characterize

turbine performance, they can begin varying design

parameters to improve or optimize the system.

Changing the pitch angle is just one example. Other

simple options for this include changing the gener-

ator’s load, using different blade shapes (included

with the model turbine presented here), or reposi-

tioning the turbine within the air stream. More
complicated avenues for experimentation include

making comparisons with computation fluid

dynamics (CFD) predictions of performance or

evaluations during dynamic load/wind conditions.

It is hoped that this experiment will help educa-

tors to enhance their engineering curriculum

through connecting content to real-world applica-

tions through a project-oriented environment.
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Appendix

Wind turbine lab student performance evaluation quiz

ME 130L

Experimental Fluid Mechanics

Assessment Quiz Lab #3—Dimensional Analysis of a Scaled Down Wind Turbine

Please choose the best answer.

1.Wind turbines capture i energy from the wind and convert it into ii energy, which is then used

to drive a generator that produces iii energy.

A. i—mechanical, ii—electrical, iii—kinetic

B. i—kinetic, ii—electrical, iii—mechanical
C. i—mechanical, ii—kinetic, iii—electrical

D. i—kinetic, ii—mechanical, iii—electrical

2. HAWT stands for

A. High Altitude Wind Turbine

B. Heat Assisted Wind Transfer

C. Horizontal Axis Wind Turbine

D. Hydro Axial Wind Turbine
E. Hot-wire Anemometer Wind Tunnel

3. For a typical wind turbine, label the following points (i, ii and iii) in the plot of wind speed vs. wind turbine

electrical power output:

A. i—Maximum power, ii—Top speed, iii—Low speed

B. i—Rated speed, ii—Cut-out speed, iii—Cut-in speed
C. i—Top speed, ii—Maximum power, iii—Rated speed

D. i—Cut-in speed, ii—Cut-out speed, iii—Rated speed
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4. The aerodynamic efficiency of a wind turbine (also known as the power coefficient), Cp, is the

A. Ratio of the electrical power to the wind power ðPelec=PwindÞ
B. Ratio of the mechanical power to the wind power ðProtor=PwindÞ
C. Ratio of the electrical power to the mechanical power ðPelec=ProtorÞ
D. Ratio of the wind power to the mechanical power ðPwind=ProtorÞ
E. Ratio of the mechanical power to the electrical power ðProtor=PelecÞ
5. The wind power, Pwind , is proportional to the wind velocity, V1, raised to the

A. First power ðV1Þ B. Second power ðV2
1Þ

C. Third power ðV 3
1Þ D. Fourth power ðV4

1Þ
6. The i Limit describes a wind turbine’s maximum theoretical ii , and its value is approxi-

mately iii .

A. i—Reynolds, ii—overall efficiency, iii—0.45

B. i—Nusselt, ii—aerodynamic efficiency, iii—0.56

C. i—Betz, ii—electromechanical efficiency, iii—0.77

D. i—Reynolds, ii—electromechanical efficiency, iii—0.63
E. i—Betz, ii—aerodynamic efficiency, iii—0.59

7. The tip-speed ratio, �, is described by the following equation, where:

! the wind turbine rotational speed

Rrotor the radius of the wind turbine’s rotor (for HAWTs)

V1 wind velocity, free stream

A. � ¼ !Rrotor

V1
B. � ¼ Rrotor

!V1
C. � ¼ !V1

Rrotor

D. � ¼ !V1Rrotor

8.Mark answers as

A. True B. False

a. The most efficient, ideal wind turbine would be able to capture all the energy in the wind.
b. If all the energy in the wind were captured, the wind velocity would be reduced to zero.

c. The faster a wind turbine spins, the more efficient it will be.

d. Modern wind turbines change their blade angle and use mechanical brakes to control their speed.

e. Larger wind turbines generally have better electromechanical efficiency.

f. Lower blade pitch angles make turbines more aerodynamically efficient.

g. Savonius turbines have the most efficient design.

9. The power coefficient, Cp, describes the aerodynamic efficiency of a wind turbine, and �em is the

electromechanical efficiency. The overall efficiency, �overall is then

A. Cp�em B. Cp � �em C. �em � Cp D.
Cp

�em
E.

�em
Cp

10. Experimental uncertainty propagation refers to how

A. Mistakes in lab procedure affect the final experimental results

B. The error in one measured value affects the error in another measured value
C. Limitations of instrumentation affect measured values

D. Errors in measured values affect dependent, calculated values

11. For the following scenarios, select whether it is an example/description of

A. Systematic error B. Random error

a. Miscalibration of the vane anemometer results in velocity readings that are consistently 5 m/s greater than

they should be.

b. Ambient air temperature measurements in the lab vary with no apparent pattern from 70ºF to 75ºF.

c. Data is precise but not accurate.

d. Data is noisy.

e. Differences in the measurements of one quantity that vary unpredictably.
f. Differences between the measured value and the expected quantity that arise from a bias.
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12.The uncertainty of a function f ðxÞ can be estimatedwith the following equation,where sx is the uncertainty
of x.

A.

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@f

@x

� �2

s2x

s

B.

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@f

@x

� �
s2x

s
C.

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@f

@x

� �2

sx

s

D.

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@f

@x

� �
sx

s

13. Dimensional analysis allows one to

A. Compare similar phenomena at different scales

B. Derive mathematical relationships using the units of the quantities of interest

C. Check derived equations for consistency

D. Use laboratory models to predict prototype behavior

E. All of the above

14.Which of the following expressions represents a dimensionless parameter, where

� ¼ density
�
e:g:

kg

m3

�
V ¼ fluid velocity

�
e:g:

m

s

�

l ¼ characteristic length ðe:g: mÞ � ¼ fluid dynamic viscosity
�
e:g:

kg

m � s
�

u ¼ fluid kinematic viscosity
�
e:g:

m2

s

�

A.
�Vl

�
B.

�Vl

v
C.

pV

v
D.

��l

v

15. The Buckingham Pi Theorem states, simply, that an equation involving k variables and r unique

dimensions/units can be reduced to a relationship among independent, dimensionless products.

A. k þ r B. r� k C. k � r D. kr E.
k

r
.
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