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ABSTRACT

As our nation’s continuing dependence on fossil energy and the problems that result from
that dependence grow more apparent, we must look to alternative sources of energy to
power the country. As a global scientific and technological leader, MIT is expected to take
a part in the search for and support of alternative energy sources. One such source that has
tremendous potential, yet tends to be underrepresented, is wind energy.

Following the previous wind resource analysis done by Richard Bates, Samantha Fox,
Katherine McCusker, and Kathryn Pesce, I have expanded upon the suggestions made at
the conclusion of their analysis. The Eastgate building on MIT’s campus was identified as
one possible location for small scale wind turbines. I completed a computational fluid
dynamics (CFD) analysis on that building as well as the Johnson Athletic Center to
determine if there were adequate wind resources to make the installation of a wind turbine
on one of these buildings economical.

The results of the CFD analysis show that the west edge of the roof on the Johnson Athletic
Center is a promising location for the installation of a roof-top wind turbine. Further
investigation of the wind resources at that location should be conducted.

Thesis Supervisor: Paul D. Sclavounos
Title: Professor of Mechanical Engineering and Naval Architecture
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Section 1 — Introduction

It is undeniable that the world, and especially the United States, is in the midst of an energy
crisis. With a consumption rate of 15 Terawatts of power worldwide and nearly ninety
percent coming from fossil fuels' that contribute to global warming, a new approach to
energy is needed. Current work is being done to build large-scale power plants that utilize
renewable sources of energy. These plants, which largely replace coal-fired power plants,
employ solar, wind or geothermal energy to create electricity. While power plants on the
Megawatt scale are definitely a step in the right direction, more universal action is needed.
There exist several wind turbine manufacturers that build models in the 1-3 Kilowatt range

that are specifically designed for small installations on homes and other buildings.

The Massachusetts Institute of Technology has long been a leader in technology and seen
as a role model for society. The MIT Energy Initiative was founded to advance research in
the field of renewable energy with the goal of helping leaders in industry develop better
products that provide clean energy®. One area of research that the MITEI has been
involved in is small scale wind production. At its location in Cambridge, Massachusetts,
MIT is not the ideal place to install a large MW wind turbine. There are very few, if any,
places in the crowded city where a turbine of that magnitude could be installed and have
enough wind resources to make it economical. With that iﬁ mind, architectural wind
turbines, which are installed over the edges of building rooftops as seen in Figure 1, may be

a way to incorporate wind energy into MIT’s campus.



Figure 1. Example of roof-mounted wind turbines’.

When a current of air encounters a solid structure in its way, it must find a way around that
structure. The wind finds the shortest path, either around or over the building, and in the
process speeds up. This phenomenon is a result of the Venturi effect, in which a moving
fluid speeds up as it flows into a narrow region. As the wind accelerates over the edge of
the roof, a region of high velocity wind is created, which becomes an ideal spot for
electricity generation. In Figure 2, the lines represent streams of air as they encounter a
building. When these streamlines flow over the top edge of the building, they become

closer together, indicating an increase in velocity of the air stream.



e
Figure 2. Diagram showing wind acceleration over edge of building®.

Because of this effect, a smaller, more efficient turbine can operate in a region where a

large wind turbine would be ineffective.

World Consumption of Primary Energy by Energy Type and Selected Country Groups.
“About MITEL”

AeroVironment, Inc.

Mertens, et. al

LD



Section 2 - Prior Work

In the Spring of 2007, Richard Bates, Samantha Fox, Katherine McCusker, and Kathryn
Pesce, under the guidance of Dan Wesolowski, completed a report titled “Wind Study:
Feasibility Study and Recommendations for Implementing Wind Power on MIT’s

Campus.” This study is a continuation of the work completed for that paper.

In the study done by Bates et.al., seven locations were chosen around MIT’s campus and
anemometers were placed on the buildings to record wind speed and direction. The
research for this paper was to take one of the locations from the previous investigation,
Eastgate graduate student dormitory, as well as another building, Johnson Athletic Center,
and perform a computer-based wind simulation. Eastgate Dormitory was chosen because,
at 90 meters’, it is one of the tallest buildings on campus and situated close to the Charles
River, meaning that the prevailing winds are unobstructed. Johnson Athletic Center is not
a very tall building (only 22 meters)®, but it is located next to a large athletic field,
unobstructed by any other buildings. These simulations were completed using the data
gathered in the previous paper regarding prevailing wind direction (205 degrees SSW), and

average wind speed (4.9 meters per second, or 10.9 mph) for MIT’s campus’.

5. “Maps and Floorplans.”
6. “Maps and Floorplans.”
7. Bates, et.al.
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Section 3 - Experimental Setup

While this study does not focus its attention on the physical collection of wind data, that
information is used to create the computer simulations. I will briefly discuss the method
for collecting the data. As shown in Figure 3 below, a stand with three anemometers was
placed near the edge on the roof of Eastgate dormitory. The three anemometers are placed

at heights of 5 feet, 9 feet, and 13 feet above the parapetg.

Figure 3. Setup of anemometers on Eastgate roof’.

The anemometers sent wind speed information to HOBO micro station data loggers every

30 seconds, which was then collected with the HOBOware software, as seen in Figure 4.
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The data, as shown in the figure, contains both wind speed over time, as well as gust speeds

at discreet points in time.
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Figure 4. HOBOware data acquisition program.

The data collected from these anemometers were used to derive the average free-flow wind
speed. Additionally, historic data from the Beverly Municipal Airport were used to
determine average wind direction, shown in Fi gure 5. For further information about the
derivation of free-flow wind speed and wind direction, please see Bates et. al, “Wind

Study: Feasibility Study and Recommendations for Implementing Wind Power on MIT’s

Campus.”
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Historical from AWS TrueWind

Figure 5. Historical predominant wind direction at Eastgate".

8. Bates, et.al.
9. Bates, et.al.
10. AWS TrueWind.
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Section 4 - Model of wind flow generated by CFD program

The models in this study were created using a Computational Fluid Dynamics (CFD)
program called PHOENICS. The name is an acronym that stands for Parabolic
Hyperbolic Or Elliptic Numerical Integration Code Series''. CFD programs employ a
numerical method for solving complex fluids dynamics problems. The equations that the

program solves are based on the Navier-Stokes equation, shown in Figure 6.

p (gt_‘i +v- Vv) = ~Vp +uV> + f+ (4u/3 + p*)V(V - v)

Figure 6. Navier-Stokes Equations employed by the CFD program.

Although the computer cannot solve the equations for a continuous fluid, an approximate
solution is attained by breaking down all parts of the system to finite elements'>. The
moving air is made into many small particles, and the objects that the air particles interact
with are broken down into a mesh of smaller parts. As the subdivisions become smaller
and smaller, the results of the analysis become more accurate, but more processing power

and time are required to do so.

PHOENICS has a graphical interface that lets the user build their environment, including
the ground, sky, buildings and air inlets and outlets. Once the environment is created and
the incoming wind flow is defined, the CFD program calculates the wind speed at every
point in the environment. Another graphical interface displays the result of these

calculations as colored vector fields representing various wind speeds.

11. “PHOENICS Overview.”
12. “Introduction to Finite Element Analysis.”
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Section 4.1 — Eastgate wind model

The following model for Eastgate dormitory was made using the free wind speed of 4.9 m/s
(10.9 mph) and wind direction of 205 degrees SSW. Figure 7 shows a profile of the
building with arrows indicating wind direction, and a colored gradient indicating wind
speed. The incident stream of air is coming in from the left side of the picture, and the

region of highest wind speed is approximately 15 meters above the back edge of the roof.

Velocity, m/s Probe value
.523807 ” 4.906504
.183637 Average value
.843467 3.330830
503297
.163127
.822958
.482788
.142618
.802449%
. 462279
~122109
. 781939
.4417869
.101600
. 761430
. 421260
.0810%0

iSRS ]

QQOQOFRF RFFEFNRNNWLWWBDL&E OO

Eastgate Only

4

Figure 7. Wind velocity profile around Eastgate.
In the following picture, Figure 8, a solid region of the maximum wind speed is defined.

The model clearly shows that there is an increase in the velocity of air as it flows around

15



the building due to the Venturi effect described above. The maximum wind speed given in

the model is 5.5 m/s, a 13% increase over the incident wind speed of 4.9 m/s.

Velocity, m/s
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Figure 8. Region of peak wind velocity surrounding Eastgate.

A more complete model of Eastgate dormitory was also made, including several of the
surrounding buildings that might have had an effect on the wind speed profile of Eastgate.
As can be seen in Figure 9, the other buildings in this model decrease the size of the region
of maximum wind velocity on the side of Eastgate. However, there is no appreciable effect

on the region of maximum wind velocity on the roof.
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Velocity, m/s . Probe value
. 773499 5.177607

.423460
.073421
.723382
.373344
.023305
.673267
.323228
. 973180
. 623151
.273112
.923074
.573035
. 222997
.872958
.522919
.172881

COOFRFPFEFPNNMNNMNWWLELNOW

Figure 9. Region of peak wind velocity surrounding Eastgate influenced by surrounding buildings.

One point of concern from this model is the fact that the region of maximum wind velocity
does not occur directly at the edge of the building. In fact, that region occurs 15 meters
above the roof and far away from the edge where wind is flowing over. Also, the roof of
Eastgate is not completely flat, as is shown in this model. The more complicated geometry
could potentially interrupt the region of high wind velocity. Because of these two factors,
the roof of Eastgate does not seem like a place where an edge-mounted architectural wind

turbine could be practically installed.

1



Section 4.2 — Johnson wind model

The second building for which a CFD model was made is Johnson Athletic Center. This
building was chosen for its location next to the athletic fields. As shown in Figure 10, the
building faces directly over the football field and track, with several hundred more meters
of open field beyond that. That means that there are about three hundred meters of

uninterrupted air flow before the wind hits the building.

o 73

" ; w / i
Johnson Athletic Center

Figure 10. Overhead view of Johnson Athletic Center and surrounding area".

The CED model was built with the assumptions that the wind hits the edge of the building
perpendicular to the face at the previously calculated speed of 4.9 meters per second.

Figure 11 shows the results of running that model through the simulation.

18



Velocity, m/s Probe value
6.346250 5.795307

.975778 Average value

. 605307 4.399315
.234835

5
5
5
4.864363
4
4
3

Figure 11. Wind velocity profile around Johnson Athletic Center.

As seen in the above figure, the wind comes from the right hand side and impacts the
building, forcing it up and over the front edge. The red, egg-shaped region in the picture
represents a wind speed of 6.3 meters per second, or a 29% increase in wind speed. Figure

12, below, shows the solid region of the maximum wind velocity.

Velocity, m/s Probe value

6.346250 5.795307
5.975778 ) oAl

5.605307
5.234835

418704

Figure 12. Region of peak wind velocity surrounding Johnson Athletic Center.

The results of this simulation are very promising. There is a large increase in the velocity

of the incident wind, and the region of maximum wind speed is at the edge of the building,

19



approximately 5 meters above the roof. It seems that despite a lack of height, Johnson
Athletic Center, standing at just over 22 meters, makes a great candidate for a building

edge-mounted wind turbine.

A possible explanation for the larger increase in wind velocity at Johnson over Eastgate is
the difference in geometry of the two buildings. The high wind velocity region around
Eastgate was not just at the roof of the building, but also vertically along the sides.
Because Johnson is much shorter compared to its width, the wind is more likely to be
accelerated up and over the top of the building rather than around the sides as was the case

at Eastgate.

13. Google Maps
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Section S — Results and Suggestions for Future Work

The results of the CFD analysis of this study have proven useful in defining the next step
that MIT can take towards the ultimate goal of installing a wind turbine on campus. While
that goal is not immediately achievable, we are closer to finding a suitable place to install a
building rooftop wind turbine. As a next step, I suggest that anemometers be installed on
the west edge of the roof of Johnson Athletic Center at a height of 5 meters. For a more
complete picture of the wind profile, an array of anemometers located at different heights

and at different points along the edge of the roof should be installed.

There is high potential for the application of small scale wind energy collection systems on
MIT’s campus. The Johnson Athletic Center consumes approximately 250 kW of power™,
equaling over two million kWhr per year, while a Skystream 3.7 has an annual energy
output of 3761 kWh, assuming a 15% capacity factor”. In order to fully offsct the encrg
use of Johnson Athletic Center, hundreds of small wind turbines would be needed. Despite
this high number, an installation would still help to offset energy usage, while making a

statement about MIT’s commitment to renewable sources of energy.

I encourage MIT to continue to pursue this endeavor. Installing a wind turbine on top of a
building would provide a great opportunity to learn more about the dynamics of small-scale
wind turbines and what can be done with smaller wind resources that are not suitable for
larger turbines. The whole world is watching what is done here, and we need to set a good

example for others to follow.

14. “MIT Campus Energy Use.”
15. “Post Report Analysis.”
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