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Beowulf’s Baptism
Mycal Tucker
The poem “Beowulf ” was written around 800 A.D., a time of transition
for England from a pagan culture into a Christian one. This change
must have pervaded society, sowing strife and eventually transforming England into a Christian nation. Given Christianity’s recent ascendance, one imagines that England lacked Christian heroes, a gap
that the earliest English writers were quick to fill. Thus enters Beowulf,
leader of the Geats, “a daunting man, dangerous in action / and eager
for it always” (629-630). Just as in traditional pagan epics, Beowulf believes
in fate, yet he always maintains a certainty in God. Beowulf ’s triumph
over evil Grendel symbolizes the recent triumph of Christianity over
paganism. Despite the frequent allusions to paganism throughout the
poem, the omnipresent references to God and symbolic fights illustrate the increasing Christian power and diminishing pagan influence,
and make “Beowulf ” a more Christian text than a pagan one.
The repeated references to fate in “Beowulf ” initially indicate a pagan
text. All the characters seem to accept the concept of fate. For instance,
when Hrothgar, a wise king, feels forebodings of events that occur
much later in the story—that Beowulf and he will never meet again—
he never questions such premonitions. Later, Beowulf himself states
that “[F]ate spares the man it has already marked” (573). Evidently, fate
exists in “Beowulf ” and controls people’s lives. Nonetheless, the poem
suggests that God may overturn fate. For example, God seems to control fate when “the Lord was weaving / a victory on His war-loom…”
(696-697). The weaving is an obvious allusion to paganism and fate;
in Roman paganism the three Fates, immortal goddesses, determined
how long one would live by cutting string or yarn. In “Beowulf,” however, God is more powerful than fate. The mixing of the ancient and
modern religions shows that pagan symbolism has been appropriated
by Christianity.
This paper was written for Lynn Anderson’s British Literature class
in the fall of 2009.
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The numerous conflicts between Beowulf and monsters also represent
victories of Christianity over paganism. “Beowulf ” is strewn with maneating monsters. The sea monsters, Grendel and Grendel’s mother,
personify paganism but are nonetheless easily dismissible. Although
these two ogres initially do as they please, God manages to overcome
them by interceding on behalf of mortals. For example, when Beowulf
starts to lose his fight against Grendel’s mother, “holy God / decided the
victory. It was easy for the Lord, / the Ruler of Heaven, to redress the
balance / once Beowulf got back up on his feet” (1553-1556). Beowulf ’s
numerous fights against monsters, like the entire poem, must be read
not only as a literal clash of hands and claws, swords and vertebrae,
but as a symbolic conflict between Christianity (supporting the Geats’
hero) and paganism, which spawned the hideous creatures of the day.
Perhaps even more obvious than the glutted and gutted monsters are
direct invocations of a Christian god and the Bible. God is first revealed
to the reader as early as the fourteenth line. Soon afterwards, Grendel is
said to have “dwelt for a time / in misery among the banished monsters,
/ Cain’s clan, whom the Creator had outlawed” (104-107). Later, God
is described as “He who wields power / over time and tide: He is the
true Lord” (1610-1611). God repeatedly triumphs over both Grendel
and his mother for “as long as God disallowed it, / the fiend [Grendel]
could not bear them to his shadow-bourne” (707-708). The omnipresence of God and his superiority over the monsters haunting the pages of
“Beowulf ” demonstrate a strong bias in the author towards Christianity.
The relationship between Christianity and paganism is further developed in the conflicts between pious Beowulf and his “God-cursed”
(711) nemeses. First of all, the reason for Beowulf ’s triumphs is not
solely his strength; it is also the will of God for Beowulf to win. While
deciding the future, God chooses that “they [Beowulf ’s men] would
crush their enemy and come through / in triumph” (699-700). After
Beowulf tears off the arm of his first enemy, Grendel staggers back to
the swamp until “hell claimed him there” (851). Even a pagan monster
like Grendel, “the Lord’s outcast,” (169) is forced into a Christian mold.
When Grendel’s mother poses a threat to Heorot and Beowulf decides
to defend the hall, Hrothgar thanks God, not fate. Later, when Beowulf
is fighting Grendel’s mother, he struggles until he finds a giant’s sword
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and, more importantly, does not win until “holy God / decided the
victory.” (1553-1554). Throughout the poem the various human characters believe that God can decide what happens, especially in viscerasplattered battles.
Thus “Beowulf ” illustrates the struggle between Christianity and
paganism that swept northern Europe around 800 A.D., a struggle
that Christianity eventually won. The poem demonstrates the triumph
of Christianity by making the protagonist Beowulf a symbol for the
religion itself. The great Geat overcomes pagan monsters, but
always with the aid of God: He allows Beowulf to win by dictating fate.
“Beowulf ” should therefore be perceived as more of a Christian text
than a pagan one. Perhaps unwillingly, “Beowulf ” also demonstrates
how some pagan beliefs eventually morphed into Christianity, as
God controlled fate. Few people today realize, for instance, that
candle-lighting on Christmas derives from the ancient Roman
holiday Saturnalia. Only with the help of texts like “Beowulf ” can one
track the course of religious change over time.

Works Cited
Heaney, Seamus, trans. Beowulf. Norton, 2000.
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Hemingway’s Bullfighting:
Blood, Brutes, and Beatitude
Robert Hurlbut
Bullfighting exemplifies the juxtaposition of the primal and the
civilized. The bull is reduced to a slab of meat that, with significantly
deliberate efforts, is pierced with a series of emotional and physical
spears that effectively destroy the wildness of the bull while restoring a
sense of pride in humanity. When the bullfighter executes his victim,
he additionally shapes his meat by caging the animal with his muleta
and his sword. He is containing the pervasive rage and danger with
human means, proving to his audience that one can force the chaos
of world into structural forms and keep order. From a more human
perspective, the crusades of the bullfighter give humans the hope that
they too can contain their own undomesticated souls. Hemingway’s
bullfights in The Sun Also Rises define humans as shapers of the natural
world who attack disorder with precision and control. Hemingway
uses this dichotomy to illustrate his conceptions of art, humanity, and
psychological chaos. In a brilliant paradox, the bullfighter’s engagement
with the primal activity of fighting a bull, because it is done with such
precision, embodies the human ability to create order.
Hemingway believed that the matador “must have a spiritual enjoyment
of the moment of killing. Killing cleanly and in a way that gives
one esthetic pleasure and pride has always been one of the greatest
enjoyments of a part of the human race” (Duffus). While the setting
of the bullfight is animalistic, it is up to the matador to captivate his
audience with purity and “esthetic pleasure.” In the novel, Jake favors
Romero’s bullfighting because it “gave real emotion, because he kept
the absolute purity of line in his movements and always quietly and
calmly let the horns pass him close each time” (Hemingway 171).
Hemingway believes bullfighting requires significant artistry as he
glorifies the matador’s interactions with the bull by suggesting that
the matador’s movements are “lines of purity.” Humanity is prized for
This paper was written for Vicky Greenbaum’s Modern Writers class
in the fall of 2009.
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being artistic in the presence of animalistic nature, transforming the
raging charge of a bull into the graceful swoop of the matador’s caped
arm. By interacting with nature and artistically extracting emotional
energy, the struggle between humanity and nature becomes beautiful.
Hemingway illustrates the idea that the chaos and struggle of human
passion can be manipulated and guided by the matador’s skillful limbs
into something emotional yet beautiful.
In The Dangerous Summer, Hemingway describes the perfection of a
matador’s interaction with a bull as “the most beautiful way to kill.” He
writes, “The bull has to be prepared for it all through the faena. It is also
the most dangerous since, if the bull is not perfectly controlled by the
left hand and raises his head, the horn wound will come in the chest”
(Hemingway 58). This description emphasizes the power humanity
must have in the dangerous presence of animals in order to prove its
civility. What separates humanity from the animal world is that, in a
dangerous confrontation, humanity accesses its artistry of skilled and
swift movement and uses these techniques to gain control over the bull.
Humanity may be defined as a group of beings that use art in order to
control and kill other animals. Not only does humanity transform the
primal into art, it also uses this transformation to conquer the primal.
The human art of bullfighting transcends the limitations of animals
and nature in a way that is not an engagement of human animalistic
behavior but instead a reassurance of art’s transcendental abilities over
the natural and animal world.
Hemingway notes the interactions of Brett with her bull’s ear, as she is
neither an artist nor a bullfighter. When Romero gives her the ear of
a bull he has killed, she shoves it “far back in the drawer of the bedtable” (Hemingway 203). Through this anti-artistic interaction with
the primal, Brett, rather than conquering the ear or channeling it into
art that transcends its bloody gore, preserves the primal and in turn
preserves it into herself. Because she merely responds to the animal
struggle of an ear with a hiding place, she is not embracing the artistry
of humanity and instead allows a small part of herself to preserve the
primal and become submissive to it. Hemingway portrays humanity
as a state of action of those such as the bullfighter. Brett, who interacts
with the bull but does not conquer it, seems to fall short of the artistic
expectations of humanity.
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While Brett preserves the primal, she also behaves aggressively and
indulges in her primal urges to manipulate the men in her life. Brett’s
role in life is not as a bullfighter but instead as a bull. Rather than
interacting with the inhumane in order to restore humanity, she seems
bullish in the sense that she enjoys a series of partners merely to satisfy
her brutish sexual hunger and craving for novelty. She fails to recognize
the art within her own human struggle and merely views this struggle
as a product of spontaneity and confidence. Through her physical
progress of activity and “life,” there is a non-artistic meaninglessness
in addition to an overindulgence of her sensory desires. Robert Cohn,
a previous lover, is said to “follow Brett around like a poor bloody
steer” (Hemingway 146). Rather than escaping the cycle of humanity
brooding to be brutish, Brett, unable to conquer the inhumane within
herself, perpetuates the brutish tendencies of mankind. She subtly
encourages characters like Cohn and Jake to pursue her so that she
can convince herself that she makes progress with her humanity and
sexual being when she rejects them and keeps them chasing her.
There is a quality of meaninglessness to her behavior, but it is mainly
animalistic as she fails to transcend the earthly cycles of new lovers
and new lives. Perhaps she strives to be more animalistic than not.
She seems to idealize the vivacity of bulls when she is entranced by a
“beautiful” bull (Hemingway 144). She may see the artistic reflection
of humanity as static while idealizing the visceral vigor of trotting
aimlessly through life, living rather than contemplating. Instead
of transforming the brutish and non-artistic into something more
substantial and intellectual, Brett runs around a ring of men, with her
horns down, charging forward at full throttle.
Cohn’s fight with Romero similarly demonstrates how Romero is
considered human because he conquers the inhumane. When Cohn
“went in and found Brett” and “massacred the poor, bloody bullfighter,” the characters emphasize his violence and immediately define
his behavior as unnecessarily volatile compared to the helpless and
level-headed bullfighter (Hemingway 205). While Cohn is considered
a “ruddy ass,” Romero is considered human because “he kept getting
up and getting knocked down again” (Hemingway 205–206). Romero
then begins to repeatedly knock Cohn in the face and in the morning
Brett is “looking after this Romero lad” (Hemingway 206). Cohn
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exhibits uncontrollable rage against Romero due to his lust or passion
for Brett, despite her current infatuation with the bullfighter. Cohn
has been known to act bull-headed—many of the characters have
referred to him as a “steer”—so his interaction with Romero in the
heat of a fight is consistent with Hemingway’s definition of humanity
(Hemingway 146). Romero is portrayed as humane despite the fact
that he, in the face of the vigorous threat posed by Cohn, fights and
conquers his brutal opponent. The relationship between humanity and
the animal world is merely a crusade where the human prevails due to
his ability to conquer animals with art.
Although the matadors of Hemingway’s fiction expertly balance the
inherent violence in their viscera with the sacred artistry of humanity,
Hemingway himself was strongly tempted towards his own brutish
instincts. When describing a gored matador in The Dangerous
Summer, a work of non-fiction, he sensed that the bullfighter’s
intensity was composed of “beatitude and intelligent, deadly anger”
(Hemingway 95). While the bullfighter considers making art that is
extrapolated from his physical interaction with the bull, there remains
an intelligent yet animalistic “anger” that slightly stains the “beatitude”
of his humanity. The matador, who is human, conquers the primal
by transforming animal struggle into artistic ceremony, but the force
that drives him derives from a natural rage all too similar to that
of the bull. Encapsulated within the artistic aspect of humanity is a
small vial of primal blood, distant but pulsating nonetheless. Brett has
a similar connection to the primal, as she is repulsed by the bloody
bull’s ear, yet she provides it with a permanent existence in the drawer
and attaches herself to it. While Hemingway credits humanity with
extracting artistic beauty from the chaos of the animal and natural
worlds, his observations of the bullfighter’s avenging, angry, and rash
energy—the same energy that invigorates him to create art—delivers a
nasty aftertaste to his pursuit of human achievement. This is the same
sour aftertaste left by the ever-present alcohol, a poisonous return to
reality after an attempted escape from emotional struggle. Whether
one escapes the personal calamities of mortality through alcohol or
destroys the animalistic with art in an audacious confrontation, the
blood of the bull swims in the minds of all, whether it finds one at
the end of carefree partying or acts as the energy that physically
invigorates one.
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The interaction of the bull and the bullfighter is a physically
intertwining experience, as Romero’s relationship with his bull is
valued for its intimacy. Romero “let the bull pass so close that the
man and the bull and the cape that filled and pivoted ahead of the bull
were all one sharply etched mass” (Hemingway 221). The closeness
of the bullfighter to its victim is idealized because it captures the
emotional attention of the audience and increases the danger for the
bullfighter. When Romero killed the bull, “he became one with the
bull, the sword [went] in high between the shoulders” (Hemingway
224). While this confrontation seems to be an example of Romero
transforming his struggle with the bull into something more humane,
it also demonstrates his essential similarity to the bull. The “sharply
etched mass” juxtaposes the bullfighter’s animal self with the bull’s. In
order for Romero to enter the territory of the bull and successfully
conquer it with humanity, he must recognize his own animalism and
attach himself to the bull. Hemingway suggests that in order to fully
embody humanity one must engage with one’s own primal existence. In
this way, a symbiotic relationship between the bull and the bullfighter
is created. Although the bullfighter’s humanity seems to make him
independent of the bull, the intimacy required in his extraction of art
conjoins his existence with the bull’s. The death of the bull becomes a
resonance of the bullfighter and his victim’s primal instincts, and in
nanoseconds the bullfighter recognizes his similarity to the bull, creates
an emotional connection, and uses this intimacy and closeness to kill
most efficiently. The bullfighter needs the bull to provide differentiation
between the humane and the primal and to understand his primal
self. The continuation of humanity simultaneously perpetuates man’s
connection to the primal, as a bullfighter becomes more aware of his
primal existence when he kills more bulls.
Hemingway portrays bullfighting, at first glance, as the continuation
of humanity, as the bullfighter destroys the chaos of an animal while
utilizing the interaction to create art. But Hemingway also reveals
man’s own animalism, as often the bullfighter interacts with the bull by
using his own personal primal emotions in order to pluck up enough
adrenaline to attack. Man requires intimacy in order to understand the
insides of his victim and ultimately uses this emotional competency
to kill his bull. While this defines humanity in a certain way, the plot
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of the novel interprets the human experience differently. Throughout
The Sun Also Rises, the characters come to the conclusion that life is
meaningless. Whether the characters drink in order to escape or indulge
the greed of sexuality, the constant exacerbation of stimulus generates
a meaninglessness that discourages the reader and presents the human
experience as a sad and prolonged process of decay. The main character,
Jake, ends the story with his love interest, Brett. Instead of commenting
on a significant culmination of their affections towards one another,
Brett remarks that they “could have had such a damned good time
together” (Hemingway 251). The taxi that they are riding in slows
down, and they slightly “press” together while both of them realize that
this contact is the closest that they will ever get. It was hardly a bullfight,
and hardly passionate (Hemingway 251). While the plot ends with an
air of hopelessness, a close analysis of the bullfight scenes perhaps
reveals Hemingway’s true sense of the human experience. Hemingway
seems to believe that humanity is a slowly rotting dandelion on the side
of the road, yet he also subtly provides an alternate definition. Humans
become fighters in the face of chaos, smearing the sweaty struggle on
the sand beneath their feet. Their fingers proudly clench their capes
and swords as their hearts race wildly with the thought of fighting for
survival. They clench their buttocks, sore from the previous goring
that scarred their reputations and boiled their blood in anticipation for
this next encounter. The beast is released, as the black mass thrusts its
entirety onto the intricate costumes that clothe the brave bodies. For
Hemingway, the human experience begins here. The raw energy and
passion that permeate the passages about bullfighting viscerally excite
the reader and present the human condition itself as a bullfight. It may
be a dangerous game, but it is wondrous nonetheless.
Works Cited
Duffus, R. L. “Hemingway Now Writes of Bull-Fighting as an Art.”
New York Times, 25 Sept. 1932.
Hemingway, Ernest. The Dangerous Summer. New York: Scribners, 1932.
—. The Sun Also Rises. New York: Scribners, 2006.

Permanence of an Ideal: The True Triumph
of the French Revolution
Adriana Mendez Leal
Between April and May of 1945, after six years of war, a series of surrenders by both German and Italian forces ended an era of destruction
and death across Europe. With the surrender of Japan a few months
later, the Second World War was finally over, but more than 52,199,262
people had been killed and millions more left devastated. Six million
Jews were killed in Europe, a Holocaust that left a lasting mark on
the global community.1 It was out of these horrors that, on October
24th, 1945, the United Nations was incorporated. An entity dedicated
to maintaining international peace and security, improving the quality of life worldwide, and mediating interactions between countries, it
was meant to prevent any similar conflict in future years.2 In one of its
earliest actions, the UN created a document known as the Universal
Declaration of Human Rights. The declaration began:
“All human beings are born free and equal in dignity and rights. They
are endowed with reason and conscience and should act towards one another in a spirit of brotherhood. Everyone is entitled to all the rights and
freedoms set forth in this Declaration, without distinction of any kind,
such as race, colour, sex, language, religion, political or other opinion,
national or social origin, property, birth or other status.” 3
While many of the themes of this document do relate to the American
Bill of Rights of 1789, the inclusion of several “natural rights,” such as
education, employment, and the ability to participate in cultural life,
shows indisputably the influence of the French Revolution of 1789 and
of the Declaration of the Rights of Man and the Citizen.4 This idea that
all are entitled to certain human rights is one that until recent times
has been controversial, but has developed, as a result of its widespread
acceptance, into something often taken for granted. The Revolution
This paper was written for Katharine Hanson’s Modern World
History class in the fall of 2009.
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of 1789 wasn’t just the angry reaction of a crazed and belligerent mob,
nor, despite its collapse into the Reign of Terror, was it evidence for
the inability of the lower class to rule, as was argued by many scholarly contemporaries. While it did fail in the short term, converting a
movement intent on preserving peace, liberty, and the rights of man
into a reign of horror and death, ultimately the Revolution was indeed
successful, as it defined the natural rights to which we are entitled at
birth, and greatly influenced the modern mainstream perspective on
human rights.
The French Revolution sprang out of the need of the population to
feel that they had representation, and that the decisions made daily
for them by their monarch would reflect the best interests of the people as a whole, instead of just those of the wealthy or politically connected. The French people felt constricted under the Estates system,
which gave them no rights other than the right to exist and expected
them to dedicate their lives to the service of the king and more directly
their lords. The wealthy and the clergy, along with the king, received
all of the benefits of society’s production while remaining tax free, and
controlled every aspect of the lives of the less fortunate, despite the
fact that these privileged few made up only two percent of the population. The rest of the population worked constantly, as doctors, lawyers,
peasants, merchants, and craftsmen, in order to support an élite that
never reciprocated. However, the power of the ruling class was so great
that it would take an outrage before the oppressed dared to stand up
against their oppressors. In 1789, King Louis XVI called into session the
Estates General and, by a vote of all three Estates, exacerbated the
financial devastation of the Third Estate (everyone but nobles and
clergy) through an increase in taxes. The revolutionary movement
finally took hold. To retaliate, the rebels formed the National Assembly, a system very similar to a parliament, and published, as a declaration of their independence from the oppressive rule of the Crown,
the Declaration of the Rights of Man. This iconoclastic document outlined, for the first time in France, the rights of the impoverished, the
uneducated, the wealthy, the middle class, and everyone else, as being
irrevocable and identical. It summarized the main goals of the revolutionaries: to establish liberty and equality for all, to better the lives of
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the people as a unit,5 and to switch the political direction of France to
one that did not tolerate oppression.6 It also made provisions for the
right to property, made arbitrary arrests illegal, and gave the people the
right to free speech. In theory, these goals seem reasonable, and from a
modern perspective even necessary: the work of persecuted men with
the desire to be truly free.
However, passion in combination with unaccustomed freedom like
that given to the revolutionaries can often lead to errors in judgment,
and power, whether absolute or not, always has the potential to corrupt. Under the strain of political, social, and economic conflict, the
French Revolutionaries’ new government devolved into a tyranny that
violated the rights they had so recently given the people. After establishing control, they were immediately thrown into war with the rest
of Europe. After they defeated their attackers, a new kind of revolutionary emerged, trying to create a new beginning for France. Despite
endowing their new regime with an idealistic outlook—creating an
adapted constitution in the year 1793 that detailed a democratic world
from all angles—they never lost sight of the enemies they were convinced were hiding just around the corner, even as they were faced
with food shortages, war, and inflation. After only a short period of
time in control, the newly christened National Convention passed legislation detailing the kinds of people whom France would no longer
house—namely, according to the Law on Suspects of September 17,
1793, those who supported other forms of government from that of the
Revolution, former nobles who had not cemented a friendship with
the Revolution, or anyone who had emigrated during the Revolutionary Wars and then returned after its conclusion. In fact, the decree
called for the arrest and imprisonment of all of these. Former public
officials, non-citizens, and those who couldn’t show evidence of their
contribution to society were also persecuted. The convention outlawed
women’s clubs and popular societies to prevent protest over the poor
circumstances in which people were living.7 As a result of the constant
turmoil, they lost sight of their original goals, and never actually put
their constitution in place. France became the stage for myriad new
power struggles, between the Girondins and the Montagnards (the two
main political groups), between women and men, and between revolu-
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tionaries and their enemies.8 Eager to ensure dominance, the National
Convention’s Committee of Public Safety began executions of any who
fell under the Law of Suspects, leading to the public deaths of tens
of thousands of their opponents.9 A government that had been established to advocate freedom, social and political equality, and fair treatment was now completely contradicting its own values. Perhaps the
most conspicuous and reproachable offense was the institution of the
Law of 22 Prairial Year II, passed on June 10, 1794, which removed the
previous legal trial system and eliminated lawyers and both oral and
written testimony, declaring them to be too easily manipulated and
susceptible to corruption. The new system did not allow defendants to
state their case, and led to over 1,515 executions in just two months.10
The government seemed to have truly lost its way and all sense of
justice. The constitution created under the same politicians declared that
“[T]he law ought to protect public and personal liberty against the
oppression of those who govern. … [N]o one ought to be punished
except after having been heard or legally summoned, and except in
virtue of a law promulgated prior to the offense. The law which would
punish offenses before it existed would be a tyranny; the law ought to
impose only penalties that are strictly and obviously necessary.”11 They
had lost the liberty that they had fought so hard for. For this reason,
the revolution failed in the short term. The same men who had represented relief from oppression had become its advocates and enforcers.
Still, the ideas nurtured during the Revolution of 1789 did not die in
later years. Almost immediately after the Revolution, the population of
Haiti, a French Caribbean colony consisting of 500,000 slaves, 30,000
free “people of color” and 40,000 Europeans, declared their independence from France, using many of the same ideas instituted by the
French Revolution itself. A massive slave revolt began in 1791, echoing the protests of the poorer Europeans who wanted economic equality for citizens. A quasi-civil war ensued, with people from different
walks of life fighting against each other for the “unalienable rights”
that the Declaration had given them. On January 1, 1804, Haiti finally
achieved formal political independence after the slaves had successfully defeated their oppressors. The new régime gave all citizens equal
rights, regardless of class, socio-economic background, or race. While
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these ideals didn’t last, and whites were afterwards persecuted in Haiti,
the ideas inherited from the French Revolution were a key factor in
the liberation of the Haitian colony and in the government that they
attempted to establish.12 Their new government promoted equality, at
least in theory, due to the influence of the French rights movement.
When a third model of the French Republic came into existence in
1870 after the defeat of Napoleon III by Prussia and the political turmoil it caused, it echoed many of the principles of the Revolution of
1789, focusing in particular on the responsibility of the government to
the people.13 It gave the people the rights that they were supposed to
have been given by the Constitution of 1793. The movement promoting egalitarianism continued to flourish, giving power to these newly
inalienable rights and transforming political France into a Republic
that gave power to all the people.14 And in fact, these ideals did reach
all the way to the modern world when after the Second World War a
nascent entity as important as the U.N., charged with the protection of
the rights of humankind, chose to adopt the values of those impoverished men of 200 years before, and gave their ideals primacy over other
ideologies, cementing them worldwide.
The Revolutionaries of 1789 could not have known how deeply their
policies would impact the world nor how long-lived their ideas would
ultimately be. Their vision of a society that accepts the views of its entire people, whether that society is a democracy or not, changed the
global definition of “human rights.” They advocated certain entitlements, protecting individuals from exploitation, persecution, or false
prosecution. They connected the social and political aspects of life in
an unprecedented manner. As a result, even though the Revolution of
1789 was not successful in the short term, due to its devolution into the
Reign of Terror, it was nevertheless ultimately successful in terms of its
monumental impact on future societies.
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The Subconscious Shift to Negro Slavery
Sarah Rosales
What was the principal cause of the switch from White indentured
servitude to Black slavery as the primary form of unfree labor in the
colonial Chesapeake? And why didn’t Indian slavery ever reach the
same scale as Black slavery? There was no sudden decision that all
Blacks in the Chesapeake would become slaves, but rather a long and
gradual transition period that produced nearly this result. Slavery was
the least expensive, and therefore most profitable, form of labor. Due
to the abundance of land and scarcity of labor, unfree labor was the
cheapest and easiest way to maintain a stable work force. However, the
economic benefits were secondary aims; monetary motives cannot explain the shift from Whites to Blacks as the primary laborers. Instead,
subconscious prejudice drove the colonists to enslave Africans, resulting in the profitable system of unfree labor that thrived in the colonial
South for two hundred years. Many historians argue that the process
was in fact reversed; they argue that economic ambition caused slavery,
which caused racism. While these arguments have some validity, they
fail to account for the racial shift in the work force. Had the colonists’
motives been primarily economic, Whites and Blacks alike would have
been enslaved. Prejudice was the principal cause of the shift in the unfree labor force. Historically, the English had fought wars against other
nations and foreign people. Thus, their captives were usually physically, culturally, and spiritually different from them. Because these war
captives usually became enslaved, the colonists instinctively connected slavery with physical and religious “otherness.”1 To the Whites, the
Negroes’ Black skin and pagan religion categorized them as foreigners,
which in turn made them eligible for slavery.
One might also think that because Native Americans had dark skin
and their own religious views, they would be considered foreigners as
well. This is an important point; if slavery was caused by racism and
religious discrimination, then why did the institution of Native AmeriThis paper was written for Dr. Charles Hanson’s Advanced
Placement U.S. History class in the spring of 2009.
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can slavery fade long before Black slavery did? In fact, why did it fade
even before it arose in full? If racial and religious prejudice were the
primary causes of slavery, then there must also be an explanation for
why some non-White non-Christians remained free while the Blacks
were enslaved. Native Americans were not spared such religious discrimination, but the discrimination affected them differently in two
ways. First, Indians may have been left alone because they were partially assimilated into the White, Christian culture. Native Americans
seemed more familiar religiously and, at times, linguistically than
Blacks did. Second, many local Indian slaves were traded to the West
Indies, often in exchange for Black slaves or non-local Indian slaves.
Indians, not Blacks, were shipped away because they revolted or escaped more often than Blacks did. Thus, the differing levels of assimilation and of rebellious behavior between Native Americans and Blacks
caused the two populations to be affected by the colonists’ prejudice
in different ways. Because colonists either sympathized with Native
Americans or despised their rebellion, Blacks came to be the “different” people to whom the “foreign” standard applied most harshly. Due
to the racial and cultural differences between Blacks and Whites, the
colonists unconsciously equated Negroes with slavery. While Native
Americans were sometimes thought of as slaves for the same reasons,
the Whites’ subconscious prejudice affected Native Americans differently from Blacks because the two non-White populations differed
from each other, and not only from the Whites.
Economic Ambition: Things Happen Because of Money
Some historians argue that economic convenience was the principal
cause of the shift from White indentured servitude to Black slavery.
They argue that the scarcity of labor combined with the abundance of
land called for a more drastic form of unfree labor than servitude. One
colonist confirmed this theory, writing,
I doe not see how we can thrive until we get a stock of slaves…for our
children’s children will hardly see this great continent filled with people,
soe that our servants will desire freedom to plant for themselves, and not
stay but for verie great wages2
While it is true that colonists could not “thrive” without slave labor, it
is not true that slavery was inevitable given the situation, or that it was
necessary to survive. Economic ambition drove colonists toward slav-
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ery, which would provide a cheap, stable work force. Laborers bound
to the master forever, not merely employed or indentured for a finite
length of time, provided this stability. Servants’ indentures eventually
expired, and planters had to pay them well to make them stay. As a result of their high wages, the workers quickly had enough money to buy
property for themselves, so planters lost their work forces. For example,
so many former indentured servants were able to purchase land that
they made up about a third of Virginia’s landowners in 1666.3 Slaves,
on the other hand, were bound for life. Moreover, their children were
slaves as well, creating even more stability in the labor force.4 Planters
then owned a self-perpetuating work force, which granted security in
times of scarce labor. Slaves were also less expensive than indentured
servants. A labor inventory from 1648 shows that a White servant
indentured for six years was worth £1500 while a “Negro man” with
no specific indenture time, most likely a slave, was worth £2000.5 If a
planter could purchase three lifetimes of work for the same price as the
services of four servants for six years each, he would surely choose the
three slaves over 24 man-years of indentured servants’ labor.
Furthermore, Blacks may have been more self-reliant and skilled at
farming than Whites were. A Virginian wrote in 1683, “Blacks can make
[tobacco] cheaper than Whites.”6 If there was a lower cost to production
ratio for Blacks than there was for Whites, then the landowners could
increase their revenue by merely using Black slaves instead of White indentured servants. Robin Blackburn argues that European servants demanded food, clothing, and shelter from their employers, which was a
large financial burden. In contrast, Africans born in Africa or the West
Indies were less expensive to maintain because their upbringings made
them more capable of building their own shelters and growing, collecting, hunting, or catching their own food.7 A Massachusetts colonist
wrote to his brother-in-law in 1645, “[W]ee shall maynteyne 20 Moores
[Negroes] cheaper than one English servant,” possibly estimating based
on Blacks’ and Whites’ relative self-sufficiency.8 Not until 1705 did the
Virginia Court require that masters clothe, shelter, and feed their slaves
competently, which increased a slave’s cost to its master.9 Before then, it
would have been legally possible to minimize costs by providing inadequate care to slaves. Even after 1705, there was no strict enforcement
mechanism to uphold the law, so people could still manage to provide
less than satisfactory necessities for their slaves.
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Despite the economic advantages of Black slaves over White servants,
monetary motives alone fail to account for the fundamental shift in
the labor force from White to Black. The prejudices that caused the
transition to Black slavery brought about a desired economic outcome.
Plantation slavery was, to be sure, a highly profitable business model
that greatly reduced costs by eliminating the requirement to pay laborers and reducing slaves’ clothing, food, and sleep to the minimum
necessary for them to be able to work.10 While this was not the case
on every plantation, the production that resulted from slaves’ brutal
mistreatment allowed the South’s economy to thrive. But who could
have fathomed this model beforehand and promoted it so much that
the aspiration to such a model caused the shift to slavery? Profits were
a rational justification for keeping slavery, but they were not a primary
cause of its adoption in the first place. Economic motives surely took
part in setting in motion, and later justifying, the switch from servitude to slavery, but the ultimate causes of the shift towards Black slavery were deeply and subliminally rooted in cultural history.
•

•

•

Racism: It’s a Black Thing
The shift towards Black slavery was caused by racism against Blacks.
The court verdict of Re Negro John Punch discriminated between
Blacks and Whites, sentencing three runaway servants, one Black and
two Whites, to vastly different punishments for the same offense. The
Black man, John Punch, was condemned to slavery for life while the
Whites only had one year added to their indentures, and there was no
explanation provided for the difference in sentence length.11 Because
there was no stated rationale for the court’s disproportionate verdict,
one can infer that there was nothing to justify it beyond mere racial
prejudice. There was racism, and at least on this occasion, racism directly caused slavery; because John Punch was Black, he was sentenced
to a lifetime of bondage while the punishment for the two Whites was
much less severe. John Punch was clearly a case in which a fully conscious decision to enslave a Black based on race occurred, but it is possible to infer that if there were public, de facto, decisions to enslave
people based on race, then there must also have been numerous de jure
enslavements that stemmed from racism. In addition, a Virginia slave
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code from 1661 eliminates the possibility of White de jure slaves. The
code mentions “Negroes who [we]re incapable of making satisfaction
by addition of time” because they were already enslaved for life, but
fails to mention any Whites that were already serving for life.12 It is
then plausible to conclude that there were Blacks, but not Whites, officially enslaved for life because the Whites mentioned in the law were
assumed to be able to add time to their indentures, suggesting that
they were servants, while some Negroes were not able to extend their
service time, suggesting that they were slaves.
Religious Difference
Part of the Blacks’ “foreignness” to Whites was their religion. England’s
past war captives had religiously differed from their captors; because
these captives were enslaved, the English subconsciously connected
slavery with people of pagan religions. The fact that Blacks were not
Christian, but some Native Americans had converted or at least pretended to desire baptism, caused Blacks and Native Americans to be
considered differently in the colonists’ eyes. Non-Christians were not
only more associated with the historical traits of slaves, but could also
be more effectively dominated by their masters. As the English Reverend William Gouge noted in his 1622 book, Domesticall Duties, “Masters had a more absolute power [over non-Christian servants] than
others.”13 Because religious difference would justify harsher methods
that rendered better economic results, enslaving non-Christians would
have been more appealing to planters. In fact, the Old Testament seemed
to condone enslaving people of other nations or religions, saying,
“[S]laves are to come from the nations around you . . . . [You] can make
them slaves for life, but you must not rule over your fellow Israelites
ruthlessly.”14 Social conventions and religious sources alike sanctioned
the enslavement of pagans, which, for the most part, made both Blacks
and Indians eligible for such treatment. Indians, however, had been
exposed to English missionary activity for a longer period of time than
had been the case with Negroes. Thus, some of the Native Americans
would have converted to Christianity while the others would have had
enough knowledge of it to feign an aspiration to become a follower.
Because of this, colonists would have perceived fewer religious differences between themselves and the Native Americans, resulting in a less
striking impression of “otherness.” In fact, one Indian slave was set free
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by the Virginia Assembly in 1662 because “he sp[oke] perfectly the
English tongue and desir[ed] baptism.”15 That Indian was assimilated
into White culture and therefore seemed less foreign, which made him
exempt from the norm that applied to non-White pagans. Because
this Native American, a foreigner to English culture, was freed from
slavery, general racial differences appear not to have been the primary
motive to enslave. That in turn suggests that Indians and Blacks were
not necessarily treated the same way just because they were both of
non-European race. Religious discrimination in tandem with racism
led to the subconscious selection of Blacks as the overwhelming majority of slaves. Based on their understanding of the Bible, the Whites
may have sympathized with that particular Indian’s desire to be baptized, becoming reluctant to enslave a Christian brother. The majority
of Negroes, on the other hand, neither spoke fluent English nor heeded the Christian faith in the 17th-century Chesapeake. Consequently,
because Africans had not been raised Christian and were foreign in
skin color, language, manners, and customs, they were easier targets
for enslavement. Further proof that religion was a primary factor in
the determination of slavery is a 1705 law that requires all non-Christian immigrants, with few exceptions, to become slaves for life.16 Only
non-Christians “in amity with her Majesty” or people who were free in
predominantly Christian nations were exempted, which suggests that
the ‘civilized’ non-Christians were accepted while the ‘uncivilized heathens’ were slave material.
Indians Exempted
Furthermore, it was only racism against Blacks, not racial prejudice
in general, that caused the shift from White indentured servitude
to Black slavery. Indians were not treated the same as Blacks. While
both groups on the surface seemed completely foreign to the English,
Black slavery endured but Native American slavery did not. What factors important to the Whites exempted Native Americans from the
consequences Negroes suffered? It is not that the colonists were not
racist against the Indians, but rather that their racism resulted in fear,
which sometimes led them to react even more harshly to Indians than
they did to Blacks. On the other hand, in some cases they were not
racist, seeing in the Indians elements of their own culture with which
they sympathized.
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First, the Indians’ threat to both the colonists’ safety and social stability
deterred Whites from enslaving them. Some Indians that failed to sell
in 1627 were turned over to the colony and eventually hanged because
they had stolen goods, attempted murder, and tried to run away.17
This is proof of the hell-raising and mischief some Native Americans
caused, which in turn resulted in a stereotype that spread elsewhere.
Due to the Indians’ rumored menace and the conflicts they posed to the
stability of colonial society, racism alone was not enough to cause them
to become enslaved on a large scale. If Native Americans were only
going to cause trouble for the colonies, why enslave them? Blacks, on
the other hand, were less able to rise up against leadership at first; Negro
slave insurrections were planned and some took place, but at least in
Virginia during the early years, most were impeded or quickly quelled.
Insiders betrayed both the 1663 Gloucester County conspiracy and a
1710 plot in exchange for their freedom. Leaders of the Northern Neck
slave revolt of 1687 were executed. Only the Stono Rebellion of 1739
had some success. Even as late as 1800, a rebellion near Richmond was
quickly stifled. Nat Turner’s 1831 revolt was the first victorious slave
revolt in Virginia.18 The results of racism played out in Blacks’ fates
because they were unable to successfully rebel while Native Americans
stirred up enough trouble to discourage Whites from enslaving them.
The fact that Native Americans belonged to tribes caused White
colonists to respect them as members of a separate nation rather
than as individuals in the way that the colonists perceived the Blacks.
Colonists tried to avoid enslaving members of amiable tribes, which
demonstrated this respect. As a result, the colonists often enslaved
those friendly tribes’ enemies, who would then attack to retrieve their
kin. Subsequently, colonists shipped their Native American slaves to
the West Indies in exchange for Blacks, who had no one to set them
free and were therefore less dangerous.19 Individuals did not command
the sort of respect that a cohesive community inspired. A tribe of
Native Americans, however, was a more daunting foe, and at the same
time one that evoked a feeling of familiarity and even admiration.
Indian tribes resembled separate nations, and the Whites may have
identified with or respected this Native American quality of autonomy.
On the other hand, because colonists had to live with their Negroes,
they formed closer contacts, forcing them to view the Negro as a single
person rather than as one of many tribesmen. Thus, because Blacks
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lacked the Indians’ strong sense of community, and therefore the
Whites’ subconscious esteem, Blacks could be viewed and dominated
as individuals rather than as a group.20 And this domination, of course,
eventually led to the domination of the entire race.
Conclusion
The argument that racial and religious discrimination caused the shift
from White indentured servitude to Black slavery gives a reason other
than greed for slavery, but it also sparks another debate: what were
the effects of slavery? Proximately, the most prominent effect was economic efficiency. For two hundred years—half of American history—
the colonial and then national economy were in large part propelled by
Southern agriculture. Ultimately, slavery caused the Civil War. Its most
important legacy, however, is racism that has yet to subside. Slavery and
the racism it engendered both entailed social, economic, and political subordination. Slavery was oppressive and dehumanizing. So how
does one go about ending it? If the two major causes of Black slavery
were racial and religious prejudices, and if the next most driving factor
was economic ambition, then one could seek to eliminate those causes
in order to stop the cycle. Alternatively, one could simply argue that
slavery is morally repugnant on its face. The former approach would
involve fostering religious and racial tolerance, essentially trying to
rewire the human brain not to make judgment about others. The latter,
the abolitionist argument from morality, would try to evoke empathy,
relying on human virtue to solve a problem that human judgment and
greed created. It would seem, however, that neither method is sufficient
to truly abolish slavery, a persistent condition still hidden all around
the world today. Can we, then, effectively change the mindset that so
easily judges and subjugates others? Can we enforce international law
that defines slavery as a crime against humanity? Can human greed be
subdued enough to allow people to realize that enslavement cannot
be justified by economic profit? Is there hope? If the answer to these
questions is no, then slavery’s effects must be permanent; but if not,
then we must find a way to reverse them. An understanding of the
causes that gave rise to slavery can help us find ways to end it.
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Modern-Day Slavery in West Africa
Tara Basu Trivedi
Imagine being torn away from your parents at the innocent, delicate
age of twelve, and then being forced to work jobs that some never have
to do in their lifetimes. Girls and boys all over Ghana are made to live
this nightmare. In 2004, over sixty-three of these children were rescued
from Ghana Town, Gambia—a 5000-person community of Ghanaian
fishermen in Gambia. Boys were (and still are) made to be fisherman
and farmers on agricultural land. Girls do housework during the day.
At night, they work as prostitutes and live in constant fear of being
raped by their male masters. Even worse is that when they leave home,
they leave willingly with excitement because of false pretenses of a
better future. “Sometimes parents are told that the child will work as a
domestic for rich folk and will be able to send back remittances to ease
the family’s grinding poverty. The promises soon vanish into thin air.
Many parents never see or hear from their children again.”1 In 2005,
the Gambian government passed a law to combat child trafficking and
slavery, but it was not effective, and so exploitation of children still
goes strong.
The victims targeted for the Atlantic slave trade were men and
women to be shipped to the Americas, whereas the Ghana-Gambia
trade relies on impoverished children who will leave home willingly.
The men and women worked on plantations. The children fish and
work as prostitutes. Although this modern-day scenario of slavery in
Gambia differs slightly from the Atlantic slave trade that arose in the
16th century, the two are still fundamentally the same because of the
parallels between how buyers are able to take victims away, the bringing
of the slaves into a foreign land, and the treatment of victims.
In both cases, the victims’ own people sold them in exchange for
something better. In the 1500s and later, African sellers sold their own
neighbors to the Europeans, who gave them firearms, rum, and horses
This paper was written for Stephanie Portman’s Modern World
History class in the fall of 2009.
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in return. In Ghana, the uncles and aunts told the parents of victims
that the kids were going to have a better life, education, and income
with a host family overseas. That way, the children could send money
back home. The children are left in possession of their relatives, who
then meet the slave traders and sell their nieces or nephews for money.
In an impoverished country like Ghana, it is not unusual for relatives
to exchange their own blood for a profit.
Next, the slaves are transported into a foreign land to disorient and
intimidate them. Atlantic slave traders brought the captives to the
African coast and from there shipped them to the Americas. The small
Ghanaian children are brought into Gambia. The advantage of a foreign
land is that the victims do not speak the native language—making
it hard for them to get help to escape; and even if they do, they are
smuggled illegally with no documentation. The children do not speak
either English or native Gambian languages, and if they run away and
are caught by police, they will not have proof of working as a sex slave.
The master’s power only grows more oppressive.
The treatment of slaves was atrocious then, and is still horrendous
now. Enslaved Africans from the 1600s on were abused, dehumanized,
squeezed into tiny spaces and had no rights. In the 21st century, more
than twelve girls were found living in one room; the children cannot go
to school; they are exploited; they only eat once a day; they are forced
to do jobs beyond their strength; and the children are subjected to
physical and mental abuse by their employers. The greedy motivations
of money and desire are the same, and people will be people, so when
the masters want something out of their slaves, they torture it out of
them. Even after 400 years, the treatment of slaves has not changed.
Although today’s society separates itself from slavery, slavery (with its
same essence in the same form) does exist and is thriving in many parts
of the world, including West Africa. The Atlantic slave trade might
have been formally eradicated in all countries (except Saudi Arabia
and Angola) by the late 1800s, but it left a lasting impact on the world,
which will affect communities for generations to come.
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An Active Ferrofluid Display
Kevin Taylor
1 The Big Idea
The goal of my project is to create a moving, flowing exhibit of ferrofluid.
There will be a shallow basin filled with the fluid and several iron minisculptures protruding through the liquid. On the underside, each of
those iron shapes will have wire coils wrapped around it, so that the
entire hunk of iron will behave like an electromagnet. By varying the
power of the electromagnets, I hope to create a visually inspiring piece
that will be a wonderful way to interest people in science.
My inspiration came from my previous explorations of non-Newtonian
fluids (of which magnetic fluids form one category) and also from
videos I have viewed on the Internet that showed truly stunning
behaviors of ferrofluid. In particular, the works of Sachiko Kodama [1]
and Martin Frey [2] stimulated my interest in ferrofluid.
There will be several new frontiers for me in this project. I have much
to explore in the field of fluid dynamics before I have a complete grasp
of the behaviors of ferrofluid. Additionally, there are several options for
the control mechanism for the electromagnets, and all of them require
me to delve more deeply into the world of electronics and perhaps
microcontrollers as well. My goal for the control scheme is to design
ways to run automated routines as well as an interactive element that
would allow the audience to manipulate the electromagnets by plugging
in their own music player or moving the electromagnets themselves.
An audio input option will suffice for both of these applications.
This would also be able to process actual music files into a coherent
ferrofluid show. Anyone could plug in their iPod and see their favorite
song playing in ferrofluid. No large computer unit would be necessary
to control the electromagnets, as any music player would do.
This paper was written for Dr. James Dann’s Applied Science
Research class in the spring of 2009.

34		

Kevin Taylor

For the pre-planned routines, I will be using the two audio outputs
(left and right speakers) as analog outputs whose amplified signal will
control the electromagnets. The sound file can easily be created and
modified in Audacity, a free music-editing application. The ferrofluid’s
behavior could be changed by altering the frequency or amplitude of
the audio signal. If I want slow, gradual changes, I will have to find an
amplifier that will not filter out signals that are near-DC, unless I find
that amplitude is a better control mechanism than frequency. A diode
in the circuit cuts out any negative signal.
2 What is Ferrofluid?
Ferrofluid is a liquid that contains nanoscale iron particles, usually
magnetite or a similar magnetizable compound. The magnetic particles
are so small (~10 nm) that they can be stably suspended by Brownian
motion and will not settle when left undisturbed for indefinite periods
of time. I have found this to be true for time periods of at least two
weeks. An additive called a surfactant prevents the ferrous particles
from clumping together or precipitating out of the fluid. Surfactant is
a long hydrocarbon molecule with a charged end that electrostatically
attracts the magnetite particles, and a nonpolar end that buffers it
from other particles. This prevents magnetite particles from clumping
together and becoming too large to suspend, even in the presence
of very strong magnetic fields. The electric repulsion forces between
molecules will always be greater than any magnetic field I could create.
This also ensures that the magnetic properties of the liquid are evenly
distributed. The most common surfactant is oleic acid, but there are
others, such as soy lecithin, which is an edible surfactant used in food
preparation [3].
Ferrofluid is therefore known as a colloidal suspension, a substance with
the properties of both a liquid and a solid. Normally, ferrofluid behaves
just like a liquid, but magnetic fields reveal the solid structure provided
by the ferromagnetic particles. The particles align with the magnetic
field, pushing themselves into small peaks that look like magnetic field
lines (see Figure 1). I will exploit this effect to create my display.
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Commercially, ferrofluid is used as a fast-responding lubricant (due to
the oil components of ferrofluid) in applications that involve magnetic
fields. Also, they can dynamically form hermetic seals against vapors
or gas, even in high vacuums. Since ferrofluid can be manipulated by
altering the magnetic field, it provides seals or valves with unprecedented
control. They are well suited to lubricate speaker heads, for example,
and seal components within computer hard drives [6].

Figure 1: Ferrofluid forms spikes in the presence of a magnetic field.
(Photo: Gregory Maxwell, Wikimedia)

3 Why Does it Behave that Way?
It might seem odd that a magnetizable substance, especially a liquid,
would not simply flatten itself along the surface of a nearby magnet or
form a smooth dome. The magnet, whose surface has the greatest local
magnetic field, would attract the substance towards it, but ferrofluid
seems to defy that. Some parts of the fluid are pushed upwards into
spikes instead of gathering near the magnet. Those mysterious spikes
arise when a magnet is brought near, even though each particle in the
fluid is drawn to the magnet. It may seem counterintuitive, but it helps
to illuminate exactly what is going on.
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Each particle of magnetite, usually encompassing only a single domain,
has two poles, just as every solid magnet does. When a magnet comes
near the fluid, one pole of the particle is attracted, and the other is
repulsed. The particle then orients itself so that the attracted side is
pointing towards the magnet, and now, since that side is closer to
the magnetic field source than the opposite pole, the attraction force
is stronger than the repulsion force. Thus the fluid will follow the
movement of a magnet as you trace it around.
Spikes form because billions of particles of magnetite and their much
larger attached surfactants are aligning in the same direction along the
same axis; in effect, they are stacking on top of one another. Notice that
in places where the magnetic field is not perpendicular to the plane
of the fluid, no spikes form because the magnetite is orienting itself
horizontally and the fluid spreads out evenly. The origin of the spikes is
due to the amplification of microscopic perturbations already present
in the fluid [4]. However, the force of the magnetic field in creating
these spikes is being resisted by the surface tension of the ferrofluid. As
the magnetic field becomes more powerful, surface tension becomes
less potent by comparison and a greater number of smaller, shorter
spikes form [5]. (See Figures 2 and 3.) This phenomenon is called
normal field instability [5]. Overcoming gravitation and surface
tension, the magnetic particles arrange themselves in a magnetically
ideal formation. This vividly illustrates the proportion of magnetic
field lines versus distance from their source, since surface tension
remains constant. The number and height of spikes vary greatly in
ferrofluids with different surface tensions arising from the use of
different surfactant or altered reagent proportions.
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Figure 2: A small number of large spikes are formed when the magnet is distant.
(Photo: Gregory Maxwell, Wikimedia)

Figure 3: A large number of small spikes form in areas of large flux.
No spikes form where the field is not perpendicular to the plane of the fluid.
(Photo: Gregory Maxwell, Wikimedia)
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The particles of magnetite will settle in the lowest energy state, i.e.,
the place where the attracted end feels a strong magnetic field and the
repulsed end feels a weak magnetic field. In other words, a place where
the magnetic field varies greatly over distance is the site of greatest
magnetic flux. Since the magnetic field varies proportionally to 1/R2,
the greatest magnetic flux occurs nearest the surface of the magnet.
The ferrofluid will always be attracted to areas of greater magnetic flux.
When the magnet’s shape is irregular, flux will be greatest at places
where ridges and edges form, since the field drops off so quickly from
those points. (See Figure 4.) Therefore, ferrofluid could be guided
to move along a path of increasing magnetic flux, a spectacle well
employed in the projects of Sachiko Kodama.

Figure 4: Magnetic flux density is greatest where edges converge: on corners,
ridges, and points. (Photo: Sachiko Kodama.)

4 Introduction
The final product of my project will be similar to an Exploratoriumstyle exhibit. There will be the chance for the audience to tinker and
experiment with a really fascinating phenomenon. Along with audience
participation, there will be simple explanations of the physics of what is
going on. The intention is to fascinate as well as educate, and get people
interested in both physics and in engineering (and in ASR itself).
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5 Design

Figure 5: The ferrofluid basin with control scheme.

Figure 6: Underside view showing the wire coils wrapped around the bottom of
the iron shapes.
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6 Electronics
The audio input first enters a common emitter amplifier circuit. (See
Figure 7.) This filters out near-DC signals and increases the voltage
output of the remaining signal. This output is then sent into a Darlington
Pair of transistors to multiply the current. The Darlington Pair is made
of two NPN transistors linked together to form one transistor with hfe
equal to hfe1 • hfe2. (See Figure 8.) The first transistor is a low-power
transistor to detect the small input signal, and the second is a power
transistor easily capable of handling several amps of current. This allows
a tiny input signal to control a power-thirsty wire coil without blowing
any circuits. The same power source was used for both circuits, 40V
DC. See Appendix C for more information on circuit components.

Figure 7: Common emitter amplifier circuit.
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Figure 8: Darlington Pair current multiplier. Device is connected between the
transistor collectors and +V.

7 Materials
Part

Need

Cost

Vendor

Plastic Basin

Container for
ferrofluid

$8

Home Depot

1L Ferrofluid

Core material

$170

Teachersource.com
OEM: Ferro Tec

Iron Rebar

Electromagnet core

No cost x 10

Menlo Facilities

Frequency to
Voltage Chip

Convert sounds
into voltage for
electromagnets

$2.10 x 2

Digikey

Music player

Compact sound
source

No cost

N/A

Audacity

Music Editing
Software

No cost

N/A

DC Amplifier

Amplify signal to
power electromagnets

Components
on hand

N/A

Wire

Electromagnet coils

On hand

N/A
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8 Changes
The design of my ferrofluid display was not perfect to begin with, and it
went through several iterations before components became functional.
The electronics were far and away the largest problem I wrestled with
during my project. The nature of the problem made it difficult to find
an easy solution. I had to integrate two extremes of scale: I had to take
an input of frequency across the entire hearing range (20-20,000 Hz),
with a vanishingly small voltage, just 1-2 mV, and boost it into a 40
V, 2 A output of the power-hogging electromagnet. The difficulty of
stitching together the small-scale delicate parts to the power-handling
parts frustrated me, because it was difficult to know what order of
magnitude of current or voltage the output was going to be for any
given part of the circuit.
The frequency-to-voltage chip seemed like a promising avenue to
explore, but the results it produced from normal audio files weren’t
very interesting. The advantage of simply amplifying the audio is that
changes in both amplitude and frequency make a visible effect on the
fluid. With frequency-to-voltage, only frequency changes would make
a difference, and the show wasn’t nearly as dynamic.
The iron parts that would have been ideal for making interesting
ferrofluid displays were hard to come by in scrap bins. Solid metal
conical objects or conical screws are rarities in commercial applications
or consumer goods, and nothing in the hardware stores would suffice
either. It would have been a better use of my time to create a CAD
model and have a part machined, since the shape that I desired is not a
commonly found one. The shapes in use now are composed of several
screws or nails arranged in such a way that magnetic flux increases at
the higher points of the shape, drawing the fluid upwards. This is not
ideal, but the fascination of the fluid itself makes up for it.
9 The Maker Faire/Lunch Presentation
There are still more modifications to be made before I would be truly
satisfied showing the display off in public. Not least I would like to
finally design an iron shape that works well with ferrofluid and shows
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off its climbing abilities. Additionally, I plan to allow the observers
another dimension of interactivity: the electromagnets underneath
the basin will not be affixed to a single place. They will rest in mobile
stands that serve to both stabilize the electromagnet and keep hands
off the wires, which can get quite hot if left on for too long. Also, I may
toss a bunch of small screws and nails into the basin, hidden beneath
the surface of the ferrofluid, that will reveal themselves in the form
of unexpected patterns in the fluid when the magnet is passed by. I
have thought about providing permanent magnets to the observers,
but I think they may mistakenly hold the magnet above the fluid basin,
resulting in disaster as ferrofluid stains their hands.
Accompanying the exhibit, I will write a blurb, partially excerpted
from the explanation provided here, explaining the science behind the
spectacle. I want to exploit the focus of attention to demonstrate that
the principles behind the behavior of ferrofluid are just as neat as the
spikes themselves.
10 Notes
[1] There is another class of magnetic fluid called a magnetorheological
fluid with particles sized 1-10 μm, which solidifies when a magnetic
field is applied, instead of remaining liquid, as ferrofluid does. This
property gives unique advantages to both fluids, and explains why
ferrofluid is often used as a lubricant or ring-sealant.
11 Citations
[1] Kodama, Sachiko. “Protrude, Flow;” “Morphotowers.”
http://www.kodama.hc.uec.ac.jp/index-e.html
[2] Frey, Martin. “SnOil -A Physical Display Based on Ferrofluid.”
http://www.freymartin.de/en/projects/snoil
[3] Vitori, William S. Experiments in Nanotechnology: Ferrofluids.
Carnegie Mellon University, July 2005.
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[4] R. Friedrichs, A. Engel. Statics and dynamics of a single
ferrofluid-peak. The European Physical Journal B Condensed Matter
and Complex Systems, vol. 18, no. 2, pg 329-335. November 2000.
[5] University of Wisconsin Materials Research Science and
Engineering Center. “Ferrofluids.” http://mrsec.wisc.edu/Edetc/
background/ferrofluid/index.html
[6] Ferro Tec Corporation. “Magnetic Liquid Technology,”
“Ferrofluid Seal Technology.” http://www.ferrotec.com/
12 Appendices
12.1 Appendix A: Earliest Outline for Project
• Make the Ferrofluid
o http://www.sci-spot.com/Chemistry/liqimag.htm
o http://mrsec.wisc.edu/Edetc/nanolab/ffexp/
o Decide on desired amount
o Acquire materials
		
• 2M HCl
		
• 1M FeCl3 (4mL)
		
• 2M FeCl2 (1 mL)
		
• 1M NH3 (50mL)
		
• Distilled Water
		
• Choice of Suspension:
		
• 25% C4H13NO Tetramethylammonium hydroxide (2mL)
		
• OR
		
• Oleic Acid (5mL/7.5)
		
• Kerosene (lOOmL/7.5)
o Make
o OR purchase: http://www.teachersource.com/			
ElectricityAndMagnetism/Ferrofluid/BulkFerrofluid.asp
• Design the Basin
o Decide on material.
o Think carefully about its usage and anything that could go wrong.
o Proceed accordingly.
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• Engineer the Electromagnets
o What wire are you going to use?
o Are you going to wrap it yourself?
o Get appropriately-sized iron cores.
o Test before making more!
• Think of Iron Core Designs
o What’s going to make the coolest shapes?
o (sharp edges, ridges)
o Test thoroughly
o Try out things you have on hand
• Machine the Iron parts
o Design in CAD program
o Go to tech shop or send to a machine shop
• Design a control system and interface
o Learn this new-fangled electricity thing.
o Need individual control of each electromagnet,
scaled through the entire spectrum of voltage.
o Write program to control this thing. Would a computer
run it? A really small one? Microcontrollers? What cables
would connect it?
o Code an interface?
o Control system - buttons, some other form of input,
like audio or light or tilt?
12.2 Appendix B: Properties of Wire Coil/Electromagnet
Height: 8 cm
Diameter: 4 cm
Turns: >1500
Resistance: 20 Ω room temperature, 22 Ω hot, after running for 30 s at 40 V
Core of iron rebar, 8 cm height, l cm width
Magnetic field produced along axis of coil:
At the surface of the coil/core, there was a permanent magnetic field of
1.75 mT, which is a result of the induced magnetization in the iron core
after being subjected to strong constant magnetic fields. Connected
directly to voltage, the magnetic field at the surface was estimated
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(based on data points for which the magnetic field sensor was not
overloaded) over a range of voltages. The data suggest that it varies
proportionally to Voltage over Distance.
Distance: 0 cm
10V: 10 mT
20V: 20 mT
30V: 26 mT
40V: 30.4 mT
Magnetic field along axis of coil adjusted for ambient magnetic field
of Earth:
280 mV =
l mT

On
(10V)

On
(20 V)

On
(30 V)

On
(40 V)

2800
mV

5600
mV

7280
mV

8512
mV

B @ 10 cm

75
mV

150
mV

195
mV

228
mV

Dist @
2000 mV

1 cm

2.4 cm

3 cm

3.4 cm

Dist @
1000 mV

2.6 cm

3.4 cm

4.4 cm

4.8 cm

B @ 0 cm

Earth
1 MV

Off
(0cm)
490
mV

				

Estimated:
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12.3 Appendix C: Circuit Details

Figure 9: Common Emitter Amplifier Circuit

Optimized for frequencies of 200 Hz and V+ of 40 V
Cin: 0.4 µF
R1: 100K Ω
R2: 10K Ω
R3: 10K Ω
RE: 1K Ω
CE: 20 µF
12.4 Appendix D: Summary of Action Plan, March 11
There are two components of my project to work on currently:
electronics and the physical display. The materials for the physical
display have not all been acquired yet. I have purchased the basin that
will contain the ferrofluid, as well as the ferrofluid itself. I have also
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begun to craft my electromagnets, using iron rebar for a core and many
hundreds of turns in the wire. I have not yet ascertained that they will be
adequate to provide the necessary field, but their strength is promising.
What remains are the structures that will form the electromagnetic
component of the display. I am attempting to use a few placeholders,
such as a twisted coat-hanger (which will probably be unable to trap
enough flux), extra rebar, and screws with large threads (with which
I can observe ferrofluid being drawn upwards to greater flux). After
testing, I have to consider which designs will be the most effective.
The shapes I design should have some way to draw up ferrofluid along
ridges so that the ferrofluid coats the entire shape when it becomes
magnetized. I will visit junkyards to find appropriate parts if I can, and
visit the Tech Shop to mill my own design if I can’t. Going forward
with electronics, I will have to build or find a DC amplifier, and for
the next generation of control tweak the Frequency-to-Voltage circuit
to work well within the range of audio outputs. There are currently no
showstoppers in sight.

A Three-Phase, Four-Pole Brushless Motor
Alex Chang, Drew Schleck & Raphaël Townshend
1 Abstract
In this project, an electric motor was designed, built, and tested. The
main goal of this three-phase, four-pole motor was to achieve a high
rotational speed. Electromagnets were operated by direct current and
were turned on and off via Hall chips. The magnetic forces created by
the electromagnets acted on the four magnets and forced the inner
rod, to which these four magnets were attached, to spin. The highest
measured rotational speed was approximately 1800 rpm, the highest
rotational torque was measured to be 0.0078 N ∙ m, and the efficiency
of the motor was found to range from 7.08% to 0.37%.
2 Motivation and History
The goal of this project was to illustrate and understand the concepts of
an electric motor by building a simple one. An electric motor is a device
that converts electric energy into mechanical energy. The first attempt
to build an electric motor was performed by Sir Humphry Davy and
William Hyde Wollaston at the Royal Institution in London in 1821
[1][2]. Though they were unsuccessful, they discussed their points of
difficulty with the British chemist and physicist Michael Faraday [1].
In that same year, Faraday went on to build two devices demonstrating
electromagnetic rotation, the more notable being the first homopolar
motor [1][2][3][4].

This paper was written for Dr. James Dann’s Applied Science
Research class in the fall of 2009.
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Figure 1: Faraday’s homopolar motor

For this motor, Faraday suspended wires into two cups of mercury with
permanent magnets protruding out of each cup (See Figure 1). On the
left, the magnet is attached with wire while the wire is immobile. On
the right, the magnet is immobile and the wire is suspended freely.
When current flowed through the circuit (mercury is a good conductor), an electromagnetic field was produced, which interacted with the
magnetic field from the permanent magnet. This caused the magnet to
rotate around the wire on the left, or the wire to rotate around the magnet on the right. Barlow’s Wheel, a refinement of Faraday’s homopolar
motor, was created by the British mathematician and physicist Peter
Barlow in the following year [3][4]. In 1827 and 1828, the Hungarian
Ányos Jedlik experimented with devices he called “lightning-magnetic
self-rotors,” which introduced three main components of a practical
DC motor—the stator, rotor, and commutator—though the motor described in this paper did not use a commutator [4][5]. Also unlike our
motor, Jedlik’s only used electromagnetic components, with no perma-
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nent magnets. Electric motors had to this point been largely used for
teaching purposes only, with few practical applications. But in 1832,
the British physicist William Sturgeon created a motor capable of turning machinery [4][6].
Today there are many types of motors, mostly of two types—alternating current (AC) or direct current (DC). A synchronous electric
motor is an AC motor that is synchronized in that the coils on the
rotor pass magnets on the stator at the same rate as the alternating
current. Single-phase synchronous motors are used in mechanical
clocks, audio turntables, tape drives, telescope drive systems, and strip
chart recorders. Three-phase synchronous motors are used in traction
motor applications and TGV locomotives in France. An asynchronous electric motor or an induction motor is an AC motor in which a
rotating magnetic field induces a current in the conductors on the
rotor via electromagnetic induction. Single-phase induction motors
are used for household appliances such as fans, washing machines, and
clothes dryers. Three-phase induction motors are used for high-power
applications such as heavy-duty electrical networks and locomotives.
The brushed DC motor is the classic DC motor with carbon brushes
and slip-ring commutators that allow current to flow through electromagnets on the rotor. The electromagnetism of the rotor interacts with
magnetic fields from the stator that cause the rotor to turn. They are
used for treadmills and automotive starters. A brushless DC motor is
similar to a brushed DC motor except that the brushes and commutators are replaced with external electronic switches that are triggered
according to the rotor’s position. They are used in computer hard
drives; CD, DVD, and tape cassette players and recorders; and office
products such as laser printers and photocopiers. A stepper motor has
“toothed” electromagnets arranged around a gear-like rotor. The electromagnets are controlled by an external circuit, and the motor takes
“steps” according to which electromagnets are turned on or off. Thus,
the rotor can be turned at precise angles and step forwards or backwards. They are used in sophisticated positioning drives such as printers and floppy drives. Finally, universal motors can operate on both
DC and AC current. They are found in vacuum cleaners, food blenders
and mixers, small power tools, hair dryers, and other appliances that
operate at high speeds for short periods of time.
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3 Theory of Operation and Design
The motor designed is a three-phase four-pole brushless DC motor.
It is composed of a rod with four magnets attached to it at 90 degrees
from each other, with the magnets glued on opposite sides of the rod
having the same magnetic pole protruding outward. The rod and the
magnets have the ability to rotate freely. Surrounding this setup are
three locking Hall chips evenly spaced at 120-degree intervals and facing towards the center of the motor. They are placed so that when the
rod begins to spin, the magnets attached to it pass within millimeters
of the Hall chips, providing for maximum effect. In addition, there are
three electromagnets, also evenly spaced at 120 degrees and facing the
center. However, these solenoids are placed such that each one is directly opposite the Hall chip that controls the current flow through it.
The theory behind this motor is that when the North pole of one of the
magnets passes a Hall chip, it switches on the electromagnet directly
opposite from that Hall chip. That electromagnet generates an electric
field that repels the North pole magnet, which is directly next to the
electromagnet in question, and attracts the South pole of the magnet
that is already rotating towards the electromagnet due to momentum.
As soon as the South pole of the magnet reaches the switched-on electromagnet, the other magnet with the South pole protruding outwards
(which is positioned 180 degrees away from the first South pole magnet) is coming into contact with the Hall chip that initially turned the
electromagnet on, causing the solenoid to shut off so that it does not
continue attracting the magnet after it has passed. Thus there is always
at least one electromagnet that is switched on (and two at most).
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Diagram 1: The circuit diagram for this motor. Each locking Hall chip controls
one transistor and can turn its electromagnet on or off by controlling the current
passed into the electromagnet.

Figure 2: Top view of motor.
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Figure 3: Cross-section.

Figure 4: Side view.

Alex Chang et al.
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Figure 5: End view.

Figure 6: Perspective view.
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4 Results (see Appendix A for example calculations)
This motor was designed to achieve a high speed in rotations per minute. To measure the rotational speed, a photogate was used along with
voltage probes. The rotational speed was calculated by counting the
number of times the photogate detected itself being blocked, and the
voltage was measured using the voltage probe. During construction,
the motor was primarily tested at approximately 6 V. When the performance at 5.82 V was calculated with the photogate, the motor operated
at approximately 13 rotations per second. When tested at 11.79 V, the
motor was found to be rotating at approximately 26 rotations per second. The highest voltage test, at 14.9 V (see Table 2), measured a speed
of 30 rotations per second. A test was conducted at even higher voltages, but an unglued magnet flew off of the motor and the Hall chips
burned out without measurements being taken.

Voltage (V)

Current (A)

Rotations per second

5.82

0.82

13

9.93

1.02

23

11.79 (Calculated)

1.42

26

Table 1: Rotations per second tests performed with a HP/Agilent 6237B DC
power supply.

Voltage (V)

Current (A)

Rotations per second

6.06

0.42

21

12.45 (Calculated)

1.5

28

13.28 (Calculated)

1.6

28

14.94 (Calculated)

1.8

30

Table 2: Rotations per second tests performed with an Instek DC power supply.
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Figure 7: A graph of current vs. rotations per second. The squares are from tests
performed with an Instek power supply, and the circles are from tests performed
with the HP/Agilent power supply. At low current the motor seems to have an
unreliable rotational speed.

To measure the torque of the motor, multiple tests were performed at
both approximately 4.2 V and approximately 6 V. A string was attached
between a force meter and a piece of PVC pipe wrapped around the rod.
The string was long enough that it could wrap around the PVC pipe
while the motor was reaching its maximum rotational speed; when
the slack in the string finally ran out, the motor was forced to stop.
After the motor appeared to reach an equilibrium where it was pulling
on the string but wasn’t moving, the force was recorded. The distance
was simply the length of the string between the rod and the force motor, which in the tests conducted was 70 cm. The measured force varied between runs, primarily due to the position where the motor was
stopped. In a position where the magnets were far away from the electromagnets the torque was low, and in a position were they were close
the torque was high. At both voltages, the highest force measured was
approximately 0.56 N. Though it is surprising that the force was almost
equal at both voltages, the measured data does make sense because
the force is proportional to voltage and inversely proportional to the
distance from the magnets to the electromagnets. Rotational torque
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is merely force multiplied by the distance from the center of rotation,
which for this data was 14 mm. Therefore, the largest rotational torque
measured for this motor was 0.00784 N ∙ m.
Voltage (V)

Current (A)

Force (N)

Torque (N ∙ m)

5.98

0.79

0.56

0.0078

6.01

0.79

0.24

0.0034

4.23

0.072

0.12

0.0017

4.15

0.11

0.56

0.0078

6.00

0.053

0.23

0.0032

Table 3: The measured torque for a variety of tests.

Figure 8: A graph of current vs. torque. This graph suggests current has little to
do with the torque. However, the most likely explanation was that the torque
depended on what position the motor was stopped in.

To measure the efficiency of the motor, the power that was outputted
was divided by the power used. To calculate the power outputted, a
drill bit weighing 11.39 g was lifted vertically 70 cm. The time taken to
lift it was measured, and the power output calculated by multiplying
the force times the distance lifted divided by the time. The best power
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test that was performed lifted the drill bit 70 cm in 2.51 s. Measuring
the time was hard, because there were only a few positions where the
motor would start lifting under its own power without human assistance. However, in that run the power output was 0.032 W. Because the
energy output is power times time, the energy output during this run
was 0.080 J. Measuring the power input was easier, because power is
equal to the voltage times the current. The voltage was measured by the
LabQuest as 6.04 V, and the calculated current was approximately 0.79
A. Therefore the power input was 4.77 W, and the efficiency was 0.7%.

Time
(s)

Voltage
(V)

Current
(A)

Power Input
(W)

Power Output
(W)

Efficiency
(%)

6.53

4.23

0.075

0.32

0.013

4.06

4.93

4.23

0.056

0.24

0.017

7.08

6.76

6.04

0.54

3.26

0.012

0.37

2.51

6.04

0.79

4.77

0.032

0.67

Table 4: The calculated power inputs, outputs, and efficiencies for this motor.

Figure 9: A graph of current vs. power output. As in Figure 3, it is difficult to tell
whether the motor was properly running at 4.23 V and whether the motor was
started in the optimum position.
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5 Conclusion
The motor built functioned well. The circuit elements, which were not
rated for the high voltages and currents used, started to break and the
frame of the motor started to experience structural weakness, but at
normal voltages the motor proved very stable. Though the motor was
not as fast as some of its competitors, a rotational speed of 30 rotations
per second shows that the project was successful. A notable advantage
of the design was the ease of making adjustments. All three of the electromagnets could be moved closer and further from the rod, and the
bottom two were able to rotate and face a different direction.
Still, some elements of the design could have been improved. The most
notable feature that separated this motor from its competitors was the
scale. This motor used larger magnets, on a larger rod, with larger electromagnets. Minimizing the size of the magnets on the rod might give
the motor less mass to accelerate and less air resistance, allowing it to
increase its rotational speed. During the final stages of testing, there
were several questions about the placement of the Hall chips and the
electromagnets they controlled. In the current design there are certain
positions where the electromagnets attempt to drag the motor backwards, and while those positions do not cause visible problems they
are nonetheless slowing it down. Another problem was determining
how close the magnets could be to the electromagnets. The closer they
were the more force the electromagnets could exert, but at a certain
distance the force of magnetic attraction between the magnet and the
screw inside the electromagnet became too great and the motor would
not spin.
The measurements taken for this motor, with the exception of the rotational speed, were very difficult to record. Perhaps the largest problem
with the data was that a number of data points were taken when the
voltage was approximately 4 V. The collected data at that voltage appears to be extremely unreliable, and one likely reason is that the Hall
chips used were not rated for that low a voltage. At such a low voltage
they may not have been locking or unlocking at the appropriate times.
Another recurring difficulty was calculating the current and voltages
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at high levels. The 1 Ω resistor that was inserted in series with the rest
of the circuit was most likely not exactly 1 Ω. In fact, the highest calculated voltage, 14.94 V, appears to be too low. Because resistors are
only guaranteed within a certain tolerance, the resistor used likely was
at a lower resistance than 1 Ω and reduced the accuracy of the calculated currents and voltages. The torque measurements were most likely
the least accurate of the three measurements taken. Figure 8 suggests
that the torque has nothing to do with the current, but since the magnetic field created by the electromagnets is proportional to the current,
that is most likely wrong. Instead, the most likely explanation is that
the equilibrium position where the motor was applying a force on the
force meter without moving kept changing and was independent of the
current. Because the distance from the electromagnets kept changing,
the force applied on the magnets kept changing and so the torque kept
changing. The power measurements were also difficult for similar reasons. To avoid wrecking the apparatus the motor was allowed to start
spinning and pulling up the drill bit itself instead of having a human
spin it initially. However, depending on the starting position of the
magnets the initial rotational speed could vary greatly.
In the big picture, this motor is primarily useful as a teaching tool.
As an illustration of designing a very simple brushless DC motor out
of easily accessible materials it functions very well. The construction
and circuit are simple and easy to understand, and the results are very
impressive. However, there are many ways that it could be improved,
especially as to the efficiency of the motor. This motor is entirely
useless for practical purposes, but so were the early experiments of
Faraday and Jedlik.
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6 Appendices
6.1 Appendix A
The following are examples of the calculations used in the results.
Current:
I = V1 Ω resistor / 1 Ω
I = 0.82 V / 1 Ω
I = 0.82 A
Torque:
τ = Force · Distance from center of rotation
τ = 0.56 N · 14 mm
τ = 0.0078 N · m
Power input:
P = IV
P = 0.79 A · 6.04 V
P = 4.77 W
Power output:
P = Force · Distance / Time
P = (11.93 g · 9.8 m / s2) · 70 cm / 2.51 s
P = 0.032 W
Efficiency:
Efficiency = Poweroutput / Powerinput
Efficiency = 0.032 W / 4.77 W
Efficiency = 0.67%
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6.2 Appendix B
After collecting all of the data with a Vernier LabQuest, we discovered
that the voltage probes could not measure voltages above 10.114 V. A
method was devised to calculate the voltage, but it assumed that the
resistor obtained was almost exactly 1 Ω. Because that is a tenuous
assumption and the voltage of the power supply was set near the 20
V mark, the validity of this number is in doubt. This calculation relies
upon placing voltage probes across a 1 W resistor that was placed in
series with the rest of the motor’s circuit. By calculating the resistance
of the entire circuit with data that was taken while the voltage was
below the 10.114 V threshold, a calculated voltage should be more
accurate than the 10.114 V the LabQuest measured.
To calculate the resistance of the entire circuit:
R=V /I
R = Vpower supply / (V1 Ω resistor / 1 Ω)
R = 5.8 V / (0.7 V / 1 Ω)
R = 8.3 Ω
To calculate the voltage:
V = IR
V = (V1 Ω resistor / 1 Ω) · 8.3 Ω
V = 1.8 V/ Ω · 8.3 Ω
V = 14.9 V
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Testing the Potential Energy Production of
Wind and Solar Farms at High Altitude
Ashu Desai, Jackson Badger, Jay Dumanian,
Jonathan Melgar, Amanda Mui & Raphaël Townshend
1 Abstract
Power output of a wind turbine and solar cells was measured at high
altitude (a maximum of 340 m), and pressure and temperature were
measured to determine their usefulness in estimating altitude. In order to perform these experiments, a weather balloon was filled with
helium and used to lift a payload containing instruments to collect
the necessary data. The assumed relationships between pressure and
altitude as well as temperature and altitude were confirmed. Additionally, it was determined that there was little significant increase
in power generated from solar cells at high altitude. Due to difficulties
measuring wind speed at high altitude, however, it remains to be
determined whether wind farms at high altitude are an efficient way of
generating electricity.
2 Introduction
2.1 Background
2.1.1 Atmosphere
The Earth’s atmosphere is critical to the survival of humans as well as
other living things. This is because it is made up of various layers of
gasses that absorb ultraviolet radiation as well as help maintain a moderate environment by regulating the Earth’s temperature [1].
The atmosphere is composed primarily of the gasses nitrogen, oxygen, argon, and carbon dioxide. The concentration of these gasses is
This paper was written for Dr. James Dann’s Applied Science
Research class in the fall of 2009.
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lower at higher altitude and higher at a lower altitude. Additionally, the
Earth’s atmosphere is essentially in hydrostatic equilibrium, meaning
the upwards force of air due to pressure gradients is equal to the force
of gravity. Since air is assumed to work like an ideal gas, that upward
force of air is caused by higher pressure molecules attempting to move
into areas of lower pressure. However, gravity keeps the atmosphere
stratified; its force keeps those molecules from equalizing the atmosphere and causes the air to be denser at lower altitudes. Denser air
results in a higher barometric pressure. As pressure decreases, temperature also decreases because the fewer molecules there are, the less kinetic energy the space contains. This is demonstrated by the Ideal Gas
Law PV = nRT (where P is pressure, V is volume, n is amount of gas
measured in moles, R is the gas constant, and T is temperature). Thus,
as altitude increases, pressure and temperature both decrease [2].
These principles clarify what we know about the atmosphere and why
it is a critical component of life on Earth. The two primary benefits of
our atmosphere are the absorption of UV rays and the heating of the
Earth via the greenhouse effect. Oxygen and ozone gasses, primarily,
absorb almost all wavelengths of light shorter than 300nm, making this
harmful radiation unable to reach the Earth. The greenhouse effect is
essentially the atmosphere’s ability to trap heat trying to escape the
Earth. When light hits the Earth it is absorbed and reemitted as infrared radiation (due to the properties of the Earth’s surface). Greenhouse
gasses, such as water vapor and carbon dioxide, absorb this infrared
radiation and reemit it back to the Earth, thus continuing to heat both
the air and the Earth’s surface. This prevents heat from the Sun from
escaping and allows the Earth to maintain livable temperature conditions. The great value of the atmosphere makes it of interest to study
and continue to investigate [3].
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2.1.2 Renewable Energy
In recent years there has been a drive towards renewable energy due
to the environmental crisis we are now facing. One potential source
of energy that has begun to be used is wind power. However, to date
most turbines that tap into this source of energy have been land-based,
which some argue is not the most efficient way of harnessing this energy. The wind at low altitude is subject to surface friction, which slows it
down considerably. However, the wind higher up in the atmosphere is
considerably stronger since it is not subject to as much friction. Theoretically, this would yield a higher amount of energy than the current
models [4] [5].
Another potential source of energy is solar energy. This raises a similar question as to whether it would be more efficient to produce solar
energy at higher altitudes, closer to the sun and thus not subject to
the filtering effects of the atmospheric gasses. Theoretically, at high
enough altitudes it would be significantly easier to harness solar energy. But for both of these energy sources, it is unclear whether the
advantage gained of producing energy at a high altitude is worth the
costs of sending a balloon up to the sky.
2.2 Theory
2.2.1 Balloon Liftoff
For both experiments, it was necessary to perform tests at varying altitude. In order to do this, a weather balloon was filled with helium
and sent up to an altitude of approximately 1000 ft. The balloon was
tethered to the reel and maintained its maximum altitude for a while,
then was reeled back down.
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Figure 1: Overall Setup of the Experiment. A weather balloon with a radius of
approximately 0.9 meters lifts the payload 1,000+ ft. into the atmosphere. The
outside of the payload includes a temperature probe, photogate, four solar panels
wired in series, and wind turbine. The temperature probe is used to measure the
outside temperature. The photogate is used to measure the rotation of the wind
turbine. The solar panels are used to measure solar energy in the atmosphere.
The wind turbine is used to measure wind power in the atmosphere.

A payload was attached to the balloon to hold the apparatus (see Appendix B) needed to perform the various experiments. The maximum
payload weight had to be determined, as well as the force that would
need to be applied by the reel in order to anchor the balloon and bring
it back down to Earth.
In order to compute the buoyant mass (the maximum load that can
be lifted) of the weather balloon ensemble, the volume of helium contained by the balloon must first be determined [6] [7].
r = 3ft = 0.914 m
V = _43 πr3
V = 3.2 m3
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And from the volume, the buoyant mass can be calculated
(ρhe = density of helium at 20oC and 1atm).
BuoyantMass = (ρair − ρhe) · V
BuoyantMass = (1.21 kg/m3 − 0.16 kg/m3) · 3.2 m3
BuoyantMass = 3.36 kg

Figure 2: Underside of the constructed payload. Wind turbine and photogate are
mounted to the bottom of the aluminum box to measure wind power and wind speed.

From this value, the mass of the weather balloon (0.20 kg) is subtracted, which gives a maximum mass of 3.16 kg for the payload. However, the payload ended up being 1.63 kg, allowing for the apparatus
to maintain some net buoyancy. The net buoyancy (after attaching the
payload) was:
NetBuoyancy = (BuoyantMass − Mballoon − Mpayload) · g
NetBuoyancy = (3.36 kg − 0.2 kg − 1.63 kg) · 9.83 m/s2
NetBuoyancy = 15.0 N
However, if the reel used to anchor the balloon is locked, the balloon’s
ascent is blocked, and by Newton’s Third Law the net force applied on
the balloon is transferred to the reel, making the net force on the reel
15.0 N when the reel is locked. Similarly, the same 15.0 N of force is
required by the reel system in order to pull the balloon down at a constant velocity.
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Figure 3: Sketchup of reel system. Rope (not shown) wraps around main shaft and
attaches to balloon. Motor turns shaft to unspool rope and let balloon rise or to
reel balloon back down.

2.2.2 Pressure and Temperature
Pressure and temperature data were taken to estimate altitude above
sea level. The section of atmosphere within which the experiment was
conducted is called the troposphere. Inside the troposphere, according to the U.S. Standard Atmosphere Model, pressure and temperature
both decrease as altitude increases. Up to the roof of the troposphere,
11 km above sea level, the equation T = T0 · (1 − h/44329 m), where T0
is equal to the absolute temperature at sea level, 288.15 K, can be used
N
to find the temperature in Kelvin. The pressure in Pascals ( —
m2 ) can be
5.255876
determined by the equation P = P0 · (1 − h/44329 m)
, where P0
is equal to the standard air pressure at sea level, 101.325 kPa [8].
To prove this relationship existed, a brief experiment was conducted
where pressure data was taken at three known altitudes. One data
point was taken at 167 ft. above sea level (50.90 m), another at 63 ft.
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above sea level (19.20 m), and the final one at sea level. This confirmed
the theory that pressure decreases as altitude increases (see Figure 4).
In order to collect data on pressure and temperature, a barometer and
a temperature probe were placed on the payload to read data to the
LabQuest. Data was collected during ascent and descent of the balloon
to estimate altitude.

Figure 4: Graph of pressure vs. altitude. Although the calculated values of pressure
differ slightly from the actual measured values (as expected at such low altitudes),
there is a marked decrease in the measured atmospheric pressure from 19.20 m to
50.90 m. That is consistent with the equation and NASA’s model.
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Figure 5: Interior of the payload. There is a camera, LabQuest, GPS, and
barometer. The camera lens is sticking through a hole in the bottom of the
payload. The camera is shooting a time-lapse video, taking a photo every second.
The barometer is measuring the atmospheric pressure and is protruding from
the side of the payload. The GPS is used to find the longitude and latitude of the
payload. The temperature probe is protruding from the lid of the payload and is
measuring the outside temperature. The LabQuest is recording the data of the
devices connected to it: barometer, solar panels, the wind turbine, the GPS, the
temperature probe, and the photogate.

2.2.3 Wind and Solar Energy
The experiment performed with the on-board wind turbine during the
weather balloon’s flight sought to verify the validity of the claim that
turbines at higher altitudes yielded energy more efficiently by comparing the wind speed to the power outputted by the wind turbine and
graphing the windspeed against the altitude.
The wind turbine was attached to the bottom of the payload (see Figure
7) and its power output was measured. The fan of the turbine turned
a generator that completed a circuit with a 10 Ω resistor. The voltage
drop across the resistor was measured to find the power dissipated usV2
ing the equation P = —
R .
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The windspeed was measured using a photogate measuring the motion
of the wind turbine blades. Since the photogate gave a reading in terms
of linear velocity, an equation to relate the linear velocity reading of
the photogate and the windspeed was found by doing in-house testing of the photogate at known windspeeds. After a natural logarithm
curve was fitted to the resulting points (see Figure 6), it was found that
velocity measured by the photogate = 0.52 · ln(1.43 · windspeed). This
formula would then allow us to directly plot windspeed against power
output of the wind turbine.

Figure 6: Graph of linear wind turbine blade speed vs. windspeed. Windspeed
was measured using altimeter, and wind was generated using fans at various
settings. The fans were then placed at the same distance from the wind turbine in
order to determine the linear speed reading of the photogate at each wind speed.
The relationship between the windspeed and linear speed is logarithmic because
the more power the wind turbine generates, the more load on it, meaning the
turbine grows increasingly difficult to spin faster.

The experiment performed with the solar panels was designed to investigate whether a change in altitude made a significant difference in
the power output of the solar panels. The solar cells were attached on
the outer walls of the payload (see Figure 7) in order to receive sunlight
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regardless of the relative position of the sun. The cells were connected in
series to a 10 Ω resistor and, as with the wind turbine, the voltage drop
across the resistor was measured in order to find the power dissipated.

Figure 7: A closer view of the payload. Payload is a 0.177 m x 0.076 m x 0.229
m aluminum box with a lid and measuring devices mounted to the outside of the
box. Outside of the payload are a temperature probe, photogate, four solar panels
wired in series, and wind turbine. Temperature probe is used to measure the
outside temperature. The photogate is used to measure the rotation of the
wind turbine. Solar Panels are used to measure solar energy in the atmosphere.
The wind turbine is used to measure wind power in the atmosphere.

3 Results and Error
3.1 Pressure and Temperature
The data gathered for pressure during the ascent of the balloon somewhat resembled what we expected. As the altitude rose, the pressure
dropped faster and faster. As a result, the data fit an exponential curve
Pressure = 101.1 − 0.03 · e0.016·Altitude. However, the NASA model
for atmospheric pressure is far more linear at such low altitudes. It
shows pressure decreasing fairly constantly as the altitude increases.
This discrepancy is likely due to the capability of the barometer. In
order for it to accurately measure the pressure at a certain altitude,
it must maintain that altitude for a long period of time, so it was un-
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able to accurately gauge the pressure levels during the balloon’s ascent.
However, when the balloon was able to sit at a certain altitude, the
barometer was able to accurately measure the pressure, providing a
consistent pressure reading at 282 m (the range finder’s maximum distance where the balloon was suspended for a short period of time). The
balloon was then allowed to rise further and the minimum pressure
reading corresponded to an altitude of 340 m (in accordance with the
NASA model). [9]

Figure 8: Altitude (m) vs. pressure (kPa) graph displaying change in pressure
as the weather balloon ascended into the atmosphere. Raw data with curve fit.
Error bars were calculated by the square root of 101.35 minus the pressure in
order to obtain error of the change in pressure. The ground pressure of the launch
was assumed to be 101.35 kPa. Altitude was measured from the ground with a
rangefinder. Time of rangefinder and LabQuest were aligned and the corresponding data matched. NASA model for pressure is also graphed for comparison.

The data gathered for temperature during the ascent of the balloon was
more sporadic than expected. For low altitudes it is assumed that temperature decreases fairly constantly (similarly to pressure) as altitude
increases. While the overall trend of the data demonstrated that rela-
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tionship, the data varies from this trend a lot. This is likely due to the
temperature sensor, which, like the barometer, needs time to provide
an accurate reading. As a result, our temperature data could not help
us accurately estimate the altitude of the balloon.

Figure 9: Altitude (m) vs. temperature (°C) graph displaying change in temperature
as weather balloon ascended into the atmosphere. Raw data with curve fit.
Error bars were calculated by the square root of 13.03° C minus the temperature
in order to obtain error of the change in temperature. The ground pressure of
the launch was measured to be 13.03° C. It is important to remember that the
temperature probe takes approximately 10 minutes to find accurate temperature.
Altitude was measured from the ground with a rangefinder. Time of rangefinder
and LabQuest were aligned and the corresponding data matched.

3.2 Wind and Solar Energy
The data gathered from the wind turbine was fairly inconclusive for
two reasons. First, there was insignificant wind on the day of the experiment, and second, the photogate was unable to take data at high
altitudes. Because of the lack of wind, the power generated by the wind
turbine was under 15 mW at all altitudes. There was some rise in power
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with a rise in altitude, but because it was such a small rise it is unclear
whether a small gust of wind could have caused a spike in the data. It
is assumed that windspeed increases at higher altitudes, but as it was
a still day, there was little evidence of this. Additionally, the method of
measuring windspeed (using the photogate data) was rendered useless.
This is thought to be because at high altitudes the sunlight interfered
with the laser mechanism of the photogate, resulting in no photogate
data during the period of highest altitude.

Figure 10: Altitude (m) vs. wind power (mW) graph displaying wind power
produced as the weather balloon ascended into the atmosphere. Wind power was
calculated with the wind turbine voltage data and with the equation P = V2/R.
Resistance was 10 Ω. As the power produced was too small to be displayed in
Watts, it was converted to milliWatts. Altitude was measured from the ground
with a rangefinder. Time of rangefinder and LabQuest were aligned and the
corresponding data matched.

The data gathered from the solar panels was fairly straightforward.
When the panels were out of direct sunlight, shaded by buildings and
trees, the power output was fairly minimal. However, as soon as the solar panels received direct sunlight, the power output clearly increased.
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As predicted, the closer the solar panels got to the sun, the more power
they produced; however, this change was minimal.

Figure 11: Altitude (m) vs. solar power (mW) graph displaying solar power
produced as the weather balloon ascended into the atmosphere. Solar power was
calculated with the solar cell voltage data and with the equation P = V2/R.
Resistance was 10 Ω. As the power produced was too small to be displayed in
Watts, it was converted to milliWatts. Altitude was measured from the ground
with a rangefinder. Time of rangefinder and LabQuest were aligned and the
corresponding data matched.

3.3 Error
There were many sources of error in the experiment, though mostly due
to the equipment used. For the temperature and pressure experiments,
accurate measurements could not be taken because the instruments
required time to collect accurate data. The solar energy experiment did
not have any visible errors; however, the wind turbine experiment was
filled with them. First, the wind was not consistent enough to provide a
strong clear voltage reading, so there were many sporadic data points.
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Second, the windspeed was not possible to measure due to sunlight
interfering with the photogate.
4 Conclusion
Both experiments, the atmosphere experiment and energy experiment, had a success and a failure. Both failures were due to an unforeseen or inevitable problem. Despite the failures there is still much to be
learned. Each experiment was able to provide insight, whether into the
understanding of Earth’s atmosphere or the discovery of more efficient
ways to harness renewable energy. The atmosphere experiments evidenced the variation of pressure and temperature as altitude changes.
They also proved the difficulty of accurately measuring air temperature due to the many variables that play a role, including how the sun
or wind affects the temperature probe. The solar energy experiment
proved to us that getting closer to the sun is not the most efficient way
of getting electricity. Nevertheless, this insight can drive new ideas on
how to maximize the time solar panels are exposed to the sun or to
better their ability to harness all of the light they absorb. The wind
energy experiment proved fairly inconclusive due to the lack of wind
during the experiment. While it is very plausible that more energy can
be produced using a wind farm at high altitudes, what was learned is
that on calm days there is minimal benefit to be gained, thus it may
not be worth spending the energy to lift a wind farm into the sky in
order to gain a small benefit in energy produced. This insight can also
drive people to look to new solutions to better utilize renewable energy
sources. Hopefully researchers in both fields, atmosphere and renewable energy, can continue to better understand their respective areas of
study, because knowing more about the atmosphere, what we need in
order to survive, and energy, what we want in order to live, can benefit
society and hasten its progress.

80		

Ashu Desai et al.

5 Citations
[1] Wikipedia contributors, “Atmosphere of Earth,”
Wikipedia, The Free Encyclopedia, http://en.wikipedia.org/w/index.
php?title=Atmosphere of Earth&oldid=330473217
(accessed December 8, 2009).
[2] University of Arizona. How Hydrostatic Equilibrium Works.
http://ircamera.as.arizona.edu/NatSci102/text/hydrostat.htm
(accessed December 5, 2009).
[3] Wikipedia contributors, “Greenhouse effect,” Wikipedia,
The Free Encyclopedia, http://en.wikipedia.org/w/index.php?title=
Greenhouse effect&oldid=328094900 (accessed December 9, 2009).
[4] David R. Baker, Inventors float ideas to tap wind’s power,
San Francisco Chronicle, November 6, 2009.
[5] Wikipedia contributors, “Wind,” Wikipedia,
The Free Encyclopedia, http://en.wikipedia.org/w/index.
php?title=Wind&oldid=330187537 (accessed December 8, 2009).
[6] Wikipedia contributors, “Lifting gas,” Wikipedia,
The Free Encyclopedia, http://en.wikipedia.org/w/index.
php?title=Lifting gas&oldid=325419604
(accessed December 8, 2009).
[7] “Density,” The Physics Hypertextbook, http://physics.info/density/
(accessed December 8, 2009).
[8] Santa Cruz Institute for Particle Physics.
US Standard Atmosphere, 1976. UC Santa Cruz.
http://scipp.ucsc.edu/outreach/balloon/atmos/1976%20Standard%20
Atmosphere.htm (accessed December 5, 2009).
[9] NASA. Earth Atmosphere Model. http://www.grc.nasa.gov/
WWW/K-12/airplane/atmosmet.html (accessed December 8, 2009).

THE MENLO ROUNDTABLE

81

6 Appendices
6.1 Appendix A: Experiment Protocol Sheet
6.1.1 In the morning (at least an hour before beginning of experiment):
1) Plug in LabQuest to ensure that it is fully charged for the experiment
2) Hook up barometer, surface temperature sensor, and both voltage
probes respectively connected to solar cell circuit and wind turbine to
LabQuest channel ports
3) Hook up photogate installed on wind turbine to LabQuest digital port
4) Hook up GPS Sensor to LabQuest USB port
5) Verify that all components are in place for experiment
6) Verify that the data collection for each component is set correctly
6.1.2 In the afternoon (directly before beginning of experiment):
1) Install reel (with rope) at launch site and bring out gondola
2) Verify that GPS is properly set up (must display latitude and longitude
on LabQuest display)
3) Attach both carabiners attached respectively to rope and gondola
onto the weather balloon’s metal ring
4) Start data collection on LabQuest, start video on camera, and place
lid on gondola
5) Rapidly let out the rope in order to quickly maximize balloon’s
height, measure height of balloon with rangefinder every minute
6) Once balloon is at maximum height, slowly reel back in balloon
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6.2 Appendix B: Equipment Specification Sheet
6.2.1 Vernier LabQuest
Handheld device that records various types of data in experiments with
variable components and devices that can be attached at preference.
Settings can be adjusted to specification and is able to run multiple collections simultaneously. It can either be attached to a computer and run
with logger pro or use its own built-in system. In all the brain of the operation that collects all data and presents it in data tables and graphs.
Instructions: Completely recharge batteries. Turn on LabQuest. Plug
in GPS to top port. Plug in photogate, surface temp. probe, barometer,
voltage probe from solar cells, and voltage probe from wind turbine.
Set collection to one data point per second. Click “collect data.” Click
“stop collecting” when retrieved/ done with collection.
6.2.2 Global Positioning System
Vernier GPS sensor collects real time latitude, longitude, and altitude.
Connects to LabQuest and displays coordinates.
Instructions: Plug in to USB port on top right (make sure in all the
way). Data collection begins when “collect data” hit.
6.2.3 Solar Panel (x4)
A solar panel takes the energy from light and converts it into electricity; specifically the photons of light hit the semiconducting material
on the cells and cause the electrons to come loose from their atoms
and travel, creating direct current. Four of these panels are attached in
series with a resistor at the end of the circuit, which causes a voltage
drop across it. A voltage drop sensor is attached on each side and the
drop is recorded in the LabQuest.
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Instructions: Attach four solar panels to each side of the payload. Connect the solar panels in series. Attach a 10 Ω resistor to circuit. Attach
voltage probe leads on each side of the resistor. Attach the probe to
LabQuest. Data collection begins when “collect data” hit.
6.2.4 Wind Turbine
A wind turbine simply converts wind into electricity. The rotating
blades are attached to a magnet with a coil on top and under it. When
the blades rotate the magnet rotates and current is created in the coils.
A resistor is attached to the coil circuit, which induces a voltage drop
across it and the voltage drop sensor is attached there.
Instructions: Attach photogate to wind turbine (make sure blades trigger beam). Attach a 10 Ω resistor to wind turbine circuit. Attach voltage probe on each side of resistor. Attach the probe to LabQuest. Install
wind turbine at the bottom of payload with bolts and screw. Data collection begins when “collect data” hit.
6.2.5 Photogate
Vernier photogate can be used for many experiments, but in this case it
serves to calculate the period of the rotating turbine. A laser is passed
in between the gate and when it is blocked the LabQuest records a data
point as long as the blades are in direct path of laser.
Instructions: See wind turbine for attachment. Connect port to LabQuest.
Data collection begins when “collect data” hit.
6.2.6 Surface Temperature Probe
Vernier temperature probe that works in liquids and air and takes temperatures in a range of -40° to 135° C. Just expose tip to area of choice
and record on LabQuest.
Instructions: Attach probe facing up in any corner of payload. Plug
into LabQuest. Data collection begins when “collect data” hit.
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6.2.7 Camera
Basic digital camera that takes a picture when trigger is pressed, with
settings to take multiple pictures over a time lapse.
Instructions: Completely recharge batteries. Turn camera on. Set to
take a picture once a second. Place lens in hole facing down. Hit “start”
before lid closed. Hit “stop” when payload recovered.
6.2.8 RangeFinder
Rangefinder measures distance from an observer to a target.
Instructions: Turn on rangefinder. Set to appropriate measurement
system. Scan sky and once payload in view, record reading.
6.2.9 Barometer
Vernier barometer is designed for weather experiments and has a range of
0.8 to 1.05 atm. Plug in and expose the white tip and data will be collected.
Instructions: Insert white tip of barometer in hole for sensor. Make
sure majority of it is exposed to the outside. Connect to LabQuest port.
Data collection begins when “collect data” hit.
6.3 Appendix C: Atmosphere Data
6.3.1 NASA Empirical Model vs. Exponential Model of Atmosphere
Layer of Atmosphere

Standard Model
Pressure

NASA Empirical
Model Pressure

Difference

Troposphere
(5.5 km)

50.505 kPa

50.600 kPa

0.095 kPa

Lower Stratosphere
(18 km)

7.503 kPa

7.570 kPa

0.067 kPa

Upper Stratosphere
(50 km)

0.0759 kPa

0.0849 kPa

0.090 kPa
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6.3.2 Atmosphere Composition
Gas

Volume

Nitrogen (N2)

780,840 ppmv (78.084%)

Oxygen (O2)

209,460 ppmv (20.946%)

Argon (Ar)

9,340 ppmv (0.9340%)

Carbon dioxide (CO2)

387 ppmv (0.0387%)

Neon (Ne)

18.18 ppmv (0.001818%)

Helium (He)

5.24 ppmv (0.000524%)

Methane (CH4)

1.79 ppmv (0.000179%)

Krypton (Kr)

1.14 ppmv (0.000114%)

Hydrogen (H2)

0.55 ppmv (0.000055%)

Nitrous oxide (N2O)

0.3 ppmv (0.00003%)

Xenon (Xe)

0.09 ppmv (9·10-6%)

Ozone (O3)

0.0 to 0.07 ppmv (0% to 7·10-6%)

Nitrogen dioxide (NO2)

0.02 ppmv (2·10-6%)

Iodine (I)

0.01 ppmv (1·10-6%)

Carbon monoxide (CO)

0.1 ppmv (0.00001%)

Water vapor (H2O)

~0.40% over full atmosphere, typically
1%-4% at surface
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6.4 Appendix D: Menlo

Figure 12: Menlo from above.
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